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Preface

Recent advances in our understanding of immunological tolerance and the
processes that lead to its breakdown have helped to illuminate the etiology of
many of the autoimmune diseases that affect up to 1 in 20 members of the popu-
lation.  The prospect of reestablishing a state of self-tolerance in the face of
progressive autoimmunity is no longer the distant possibility it once seemed:
various strategies have proven successful in animal models of disease, raising
hopes for their eventual application in the clinic. Furthermore, the demonstra-
tion that tolerance may be extended from self to foreign tissues offers tangible
alternatives for the treatment of transplant rejection, which may one day avoid
the need for immunosuppression with its attendant risks and long-term side ef-
fects. Such an exciting transition phase in the field of immunological tolerance
requires rigorous analysis to gauge the effectiveness of novel approaches to its
induction. Immunological Tolerance: Methods and Protocols seeks to address
this need by providing a comprehensive guide to the techniques currently used
for culturing and characterizing the cell types responsible for imposing self-tol-
erance and the experimental models employed to study their function both in
vitro and in vivo.

Immunological Tolerance: Methods and Protocols has been divided into
four sections, each of which is introduced by one or more overview chapters
intended to place the material in context and highlight relevant questions that
remain to be addressed. Part I focuses on the those cell types whose contribu-
tion to the induction of tolerance is unequivocal: while thymic epithelial cells
are instrumental to central tolerance and regulatory T cells to dominant toler-
ance in the periphery, dendritic cells may influence the T cell repertoire in
either context, whether imposing negative selection in the thymus or polariz-
ing responding T cells in the periphery towards a regulatory phenotype. This
section therefore documents methods for the generation and culture of each of
these critical cell types and approaches to their subsequent characterization.
Part II describes protocols for the study of tolerance in vitro either by gene
expression profiling of the relevant cell types or by recreating the specialized
microenvironments in which the necessary cell-cell interactions may occur.
While fetal thymus organ cultures and reaggregates of thymic stromal cells
have historically illuminated the mechanisms of T cell repertoire selection, the
use of three-dimensional collagen matrices represents a recent development
which has begun to address the inadequacy of conventional in vitro approaches
to the study of immune cell dynamics.
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Part III explores issues related to the study of tolerance in vivo by describ-
ing animal models of autoimmunity, inflammatory disease and transplantation
while documenting recent techniques for monitoring the outcome of therapeu-
tic intervention. Finally, Part IV outlines novel and established strategies for
the induction of tolerance experimentally through mixed chimerism, the adop-
tive transfer of regulatory T cells or the administration of biologicals such as
monoclonal antibodies or exosomes derived from tolerogenic dendritic cells.
Needless to say, many of the protocols in these sections involve procedures on
live animals: since the regulatory framework surrounding such experiments
varies considerably between countries, it is important to ensure that local ethi-
cal committee approval and the necessary licenses have been obtained before
implementing the protocols described.  With this proviso in mind, may I wish
all readers success in applying the insights described in this volume within
their chosen field of study.

I am, of course, most grateful for the efforts and dedication of all the authors
who have contributed, not only the protocols they have developed or modified
for the study of tolerance, but also for their first-hand experiences of immunol-
ogy, gained from many years at the bench. I am also deeply indebted to my
mentors, both past and present, who have instilled in me their enthusiasm and
passion for the study of tolerance: to Jonathan Austyn, who first introduced me
to the fascination and foibles of dendritic cells; to David Wraith, with whom I
spent several fond years in Cambridge, grappling with autoimmunity, and to
Herman Waldmann, whose immeasurable contribution to the field of tolerance
I can only dream of emulating.

Finally, my heart-felt thanks go to Jackie, my wife, and Richard, my son, for
their unfaltering love and support throughout the preparation of this volume,
even when their own immunological tolerance had undoubtedly been pushed
to the limit!

Paul J. Fairchild
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Frontiers of Immunological Tolerance

Giorgio Raimondi, Hēth R. Turnquist, and Angus W. Thomson

Summary
Herein, we succinctly review mechanisms underlying self-tolerance and the roles of dendritic

leukocytes (DCs) in T-cell tolerance to self and foreign antigens. We also consider the properties
of naturally arising and other populations of regulatory T cells (Treg), together with growing evi-
dence that interplay between DCs and Treg cells can sustain antigen-specific tolerance. B-cell tol-
erance and the role of hematopoietic cell chimerism in the induction and maintenance of
tolerance are also discussed, as is the impact of cosignaling pathway manipulation on tolerance
induction. This overview also surveys prospects for technological advances in the monitoring and
prediction of tolerance and the application of genomic and proteomic analysis. In addition, we
consider potential novel therapeutic targets for promotion of tolerance induction.

Key Words: Tolerance; dendritic cells; T cells; regulatory T cells; B cells; costimulation
blockade; chimerism; monitoring of tolerance.

1. Introduction
Improved understanding of the cellular and molecular regulation of immuno-

logical tolerance is of fundamental importance in basic immunology. It is also of
major significance in the clinic, as we pursue mechanisms that underlie the
breaking of self-tolerance in various autoimmune disorders and design strategies
to restore tolerance to self-antigens (Ags). In transplantation, as in autoimmune
diseases, the ability to induce or to restore and maintain tolerance to donor tis-
sue-specific Ags would eliminate dependency on nonspecific immunosuppres-
sive agents, the use of which, is often associated with serious morbidity. The
ability to promote Ag-specific tolerance is also the goal of many investigators
seeking to eliminate adverse immune reactions in patients with allergic hyper-
sensitivity. On another immunological front, for researchers and clinicians bat-
tling cancer and infectious disease, the breaking of tolerance to tumor or viral
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Ags, with restoration of immune effector mechanisms capable of disease eradi-
cation, are important, keenly sought-after goals. Although tolerance can be
induced with comparative ease using a variety of approaches in small animal
models, it has proved difficult to achieve in human disease. At the same time,
although there are many well-established, laboratory-based assays and in vivo
tests for monitoring immunity (1) there are no reliable “tolerance assays” in the
clinic. In this short review chapter, we highlight several current conceptual and
technologic “frontiers” in immunological tolerance as an overture to more
detailed treatment of these topics in subsequent chapters of this book.

2. Regulation of Self Tolerance
There has been considerable progress in understanding how sets of gene

products coordinate self tolerance mechanisms and how failure of these con-
trols can predispose to autoimmune disease (2). Many of the genes and proteins
involved are conserved between commonly used experimental animals and
humans, allowing extrapolation between mechanisms defined in animals and
clinical investigations. The strategies used to regulate self-reactive receptors
during T- or B-lymphocyte differentiation are (1) cell deletion, (2) “editing” of
the offending receptor to reduce binding to self Ag (3), (3) use of intrinsic mech-
anisms that result in clonal anergy or biochemical “tuning” and, should the cells
evade these mechanisms, (4) extrinsic controls that limit the supply of crucial
growth factors, costimulatory molecules (CD40 ligand [CD154], B7 family
ligands and Toll-like receptor [TLR] ligands), inflammatory mediators, and
other factors. These extrinsic controls also include active suppression by regula-
tory T cells (Treg) through mechanisms that are as yet poorly understood (4).

It appears that these successive mechanisms can provide “back-up” to control
all but a few exceptional forbidden receptors. Many genes, such the autoimmune
regulator gene (5), BIM (BCL-2-interacting mediator of cell death), the tyrosine
kinase ZAP70, and FAS are involved in these “checkpoints.” Because the rate at
which new autoimmunity genes are being discovered is high, it is very likely that
most of the candidate genes have yet to be identified. Therapeutic strategies
designed to prevent or treat autoimmune disease will need to correct weak check-
points, reinforce back-up mechanisms and avoid interference with mechanisms
that could allow breakthrough of forbidden clones. Effective approaches will
require a more comprehensive map of both the genes and cellular mechanisms that
regulate self tolerance, in addition to improved means of identifying individual
variation and personal risk factors (e.g., HLA complex and associated genes [6]).

3. Dendritic Cells and Tolerance
Dendritic cell (DC) biology has recently shifted focus from the role that

these uniquely well-equipped Ag-presenting cells play in the induction of
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immunity, to their pivotal role in immune tolerance (7,8). The tolerizing
function of both classic myeloid DC (mDC) and more recently identified
plasmacytoid DC (pDC) subsets has become apparent, as has the fact that
both immature and mature DC can be tolerogenic. Moreover, the tolerizing
properties of DCs appear to be linked to effects on Treg. Furthermore, the
unique ability of DCs to capture and cross-present exogenous Ag on major
histocompatibility complex (MHC) class I molecules can be used to induce
Ag-specific CD8+ T-cell tolerance under noninflammatory conditions.
Immature  mDC above DCs, that express low surface levels of MHC class II
and costimulatory molecules (CD40, CD80, CD86), can induce Ag-specific
T-cell tolerance, whereas mature mDCs that express much higher levels of
these molecules, induce T-cell immunity. This paradigm has been widely
supported by data from experimental animal models, including observations
that immature DCs of either donor or host origin can promote transplant
tolerance induction. For example, one injection of immature, donor-derived
DC, 7 d before organ transplant, extends (9) or prolongs indefinitely (10)
mouse MHC-mismatched heart allograft survival in a donor-specific manner.
This effect is markedly potentiated by blockade of the CD40–CD154
costimulatory pathway (11). “Alternatively activated” or “regula-tory” DCs,
that also exhibit very low costimulatory ability, can protect mice from lethal,
acute graft-vs-host disease (12) and, if administered 7 d before transplant,
prolong the survival of fully MHC-mismatched skin grafts (13). Similarly, heart
allograft survival is prolonged significantly in rats when immature DC of host
origin are given 1 d before transplantation (14). Moreover, impressive
synergistic effects and indefinite (>100 d) donor-specific heart graft survival
are achieved, when these immature DCs are combined with suboptimal
immunosuppression (15).

Notably, there is also evidence that mature DCs can promote tolerance. In a
cell culture system in which human monocyte-derived DCs cross-presented Ag
to CD8+ T cells in the absence of CD4+ T-cell help, maturation of DCs with
tumor necrosis factor (TNF)-α and prostaglandin E2 led to proliferation of
T cells with tolerogenic properties (16). In separate studies using human autol-
ogous DCs and T cells in the absence of Ag, mature but not immature DC
induced CD4+ T cells expressing the transcriptional repressor Forkhead 
winged helix protein-3 (Foxp3) (Treg) that inhibited allogeneic mixed leuko-
cyte reactions (17). In vivo, bone marrow-derived DCs matured with TNFα, but
not lipopolysaccharide or anti-CD40 Ab, protected mice from CD4+ T cell-
mediated experimental autoimmune encephalomyelitis, despite strong expres-
sion of MHC class II and costimulatory molecules (18). It also is evident that
immature or mature DC can prime Treg that prevent autoimmunity (19–21), as
discussed below.
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As the molecular basis of tolerance induction becomes better defined, it may
become possible to use DCs derived from embryonic stem cells (22) to “repro-
gram” the immune system to tolerate grafted therapeutic tissues derived from
the same embryonic stem cell line.

4. Plasmacytoid DCs and Tolerance Induction
There is growing evidence of the role of pDCs in immune tolerance. Defined

originally by their capacity to secrete large amounts of type I interferons in
response to viruses (23), pDCs also play an essential role in protection against
inflammatory responses to harmless (inhaled) Ags (24). As discussed below,
mature DCs can induce Treg responses in vitro (25,26), whereas in mice, pre-
pDCs appear to be the principal cell type that facilitates allogeneic hematopoi-
etic stem cell engraftment and the consequent induction of donor-specific skin
graft tolerance (27). Moreover, donor-derived pre-pDCs infused 7 d before vas-
cularized heart transplantation, significantly prolong subsequent graft survival
in the absence of immunosuppressive therapy (28). As with mDCs (11), this
effect is markedly enhanced by anti-CD154 monoclonal antibody (MAb)
administration (29). Thus, it appears that both mDCs and pDCs can function as
tolerogenic antigen-presenting cells (APC), and that maturation by itself is not
the feature that distinguishes their immunogenic from their tolerogenic func-
tion. Indeed, maturation is more of a continuum than an “on-off” switch, and a
“semi-mature” state, in which DCs are phenotypically mature, but remain poor
producers or proinflammatory cytokines, has also been linked to tolerogenic
function (18,30).

5. Regulatory T Cells
Regulatory T cells comprise many subpopulations: naturally arising

CD4+CD25+ Treg; CD4+ type 1 (interleukin [IL]-10-producing) regulatory cells
(Tr1); transforming growth factor (TGF)-β-secreting T cells (Th3); CD8+ sup-
pressor cells (that include Qa-1-restricted CD8+ T cells and non-Qa-1-restricted
CD8+CD28– T cells), and NKT cells. Treg are the most investigated by far, but
definitive answers to questions related to their ontogeny/selection, lineage
markers, Ag specificity, mechanisms of action, and regulation of suppression
are still lacking.

5.1. Naturally-Arising Treg

Treg develop in the thymus through a selection process that generates a 
T-cell receptor (TCR) repertoire (31) with the ability to interact more efficiently
with MHC class II-bound self peptides than normal CD4 T cells (32). The
importance of this population in the control of self reactivity has been demon-
strated extensively: thus, (1) neonatal thymectomy (around d 5) leads to overt
autoimmune reactivity, associated with the absence of Treg, that can be 
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prevented by their adoptive transfer; and (2) depletion of Treg (with depleting
antibodies) results in uncontrolled anti-self reactivity of T cells that can be
reversed by injection of new Treg. These experiments have been made possible
by the identification of Treg as cells that constitutively express the α-chain of the
IL-2 receptor (CD25). However, the same molecule is expressed by activated T
cells, restricting Treg isolation to animals with no ongoing immune reactions.
The identification/isolation/purification of Treg remains a challenging issue as
no specific surface markers have been discovered (all proposed candidates are
also expressed by activated T cells). However, an important discovery has been
the association between mutation of the transcriptional regulator forkhead box
P3 (Foxp3; formerly scurfin), that causes a severe lymphoproliferative autoim-
mune syndrome in mice and humans, and Treg deficiency. This has led to the
demonstration that Foxp3 controls the development and function of Treg.
Moreover, its expression (intracellular) is associated with suppressive function
(33). The recent generation of Foxp3gfp mice with a Foxp3 knock-in allele,
encoding a green fluorescence protein (gfp)-Foxp3 fusion protein, allows direct
analysis of Foxp3 expression at the single cell level (33). This model is being
used to unravel the developmental and functional cytokine regulation of Treg
(34,35), and will be a valuable model in future work continuing to assess the
role of Treg in immunological tolerance.

Treg Ag-specificity is a challenging need that must be met to convert these
cells into therapeutic agents. Although it has been demonstrated that the regu-
latory activity of Treg is initiated by TCR engagement (36), there is also evi-
dence that Treg function in a nonspecific manner once activated, leading to
questions as to how these cells contribute to the maintenance of tolerance in
vivo, without compromising immunity to pathogens. This issue is made more
complex by our lack of detailed insight into the molecular mechanisms that
control unwanted immune reactions. Cell–cell contact is required for suppres-
sion in vitro (36), but the molecules at the Treg–T cell interface that are
involved in this activity have not been identified. A role for cytotoxic T lympho-
cyte Ag-4 has been proposed (as mAb-mediated blockade prevents suppres-
sion), but the process of “reverse-signaling” via CD80/CD86 (or other, unknown
molecules) that should prevent activation, has not been elucidated (37).
Inhibition of IL-2 production (that generally characterizes T-cell activation) in
vitro, has been ascribed to transcriptional control, but it has never been demon-
strated whether this represents the main target of Treg suppressive activity, or
whether it simply represents the outcome of a series of molecular events that
prevent T-cell activation. IL-10 and TGF-β produced by Treg (in particular sur-
face-bound TGF-β) could also play important roles, but contrasting results
obtained in vitro and in vivo have not confirmed these roles. More recently,
cytolytic ability, targeted mainly toward activated T cells and mediated by
granzyme A/B expression, has been attributed to Treg (38).
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5.2. Natural Killer T Cells

NKT cells are another, naturally occurring population that possesses regu-
latory properties. These cells express receptors of the natural killer (NK) line-
age, as well as a TCR (a defined “invariant” α chain, paired with a limited
number of possible β chains). The TCR recognizes lipid Ags presented by the
MHC class Ib molecule CD1d (39). Although identified originally as cells able
to lyse a variety of tumor cells (40), NKT cells were later implicated in the reg-
ulation of autoimmune diseases (41–43). This role is thought to be linked to
the fact that, following Ag stimulation (via the TCR), NKT cells secrete large
amounts of IL-4 and interferon (IFN)-γ, as well as TGF-β, IL-13, and IL-10
(43,44), that influence activation of cell types important in mediating both
innate immunity and Th2-type adaptive immunity. In support of this hypothesis,
it has been shown that NKT cells affect the course of experimental autoim-
mune disease, in particular the type-1 diabetes (nonobese diabetic) mouse
model and the EAE model of multiple sclerosis. A reduction in number or
altered function of NKT cells has also been correlated with autoimmune dis-
ease in humans (45).

5.3. Tr1 Cells

In addition to “natural arising” cells with suppressor activity, it has been
shown clearly that other types of regulatory T cells can develop under specific
(but yet not completely defined) conditions. Tr1 represent probably the most
widely investigated population of this genre. Upon TCR-mediated activation,
these cells produce high levels of IL-10 and TGF-β, IFN-γ, and IL-5 (a unique
pattern of cytokine production). Tr1 cells were defined initially as able to pre-
vent inflammatory bowel disease in vivo (46). They can be generated in vitro
by activation (e.g., interaction with allogeneic monocytes) in the presence of
exogenous IL-10 that causes the development of long-lasting, Ag-specific
anergic cells. Tr1 cells exert their suppressive function partially via IL-10 and
TGF-β, but other mechanisms, including cell–cell contact-dependent mecha-
nisms have been suggested (47,48). As with Treg, no specific membrane
marker has been identified that allows unequivocal isolation of Tr1, but this
has not hampered the identification of Tr1 cells in patients (49), confirming
that these cells can be generated in vivo by processes that still have to be clar-
ified. It is significant that stable, long-term acceptance of pancreatic islet allo-
grafts can be achieved following the induction of Tr1 cells in diabetic mice
treated with a combination of rapamycin and IL-10. Roncarolo et al. (50), have
shown that it is possible to isolate Tr1 cells from the spleens of these tolerant
animals and that CD4+ T cells are sufficient to transfer Ag-specific tolerance to
“new” recipients.
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5.4. CD8+ Regulatory T Cells

CD8+ T cells were the first suppressor cells identified. Qa-1-restricted regu-
latory CD8+ T cells (51,52) are specific for self Ag (not yet identified) presented
by nonclassical MHC class 1b molecules (Qa-1). Interestingly, Qa-1 is
expressed preferentially on activated, but not resting T cells and its surface
expression is short-lived. This pattern is compatible with the observation (44)
that the role of Qa-1 on regulatory CD8+ T cells in the control of autoimmune
disease is evident during secondary, but not primary, immune responses. This
supports the idea that initial stimulation of the immune system can promote the
generation/activation of Qa-1-restricted CD8+ T cells (recognizing self pep-
tides) that can then control successive activation of T cells. Even for Qa-1
restricted CD8+ T cells, the mechanisms involved in their suppressive activity
have not been delineated (differentiation into specific CTL and/or secretion of
inhibitory lymphokines have been suggested). In addition to Qa-1-dependent
regulatory CD8+ cells, another population has been recently described:
CD8+CD28– T cells. These cells, isolated from peripheral blood of transplant
recipients, can suppress immune responses by interacting directly with Ag-
presenting DC and rendering these cells tolerogenic (53–55). Many aspects of
CD8+CD28– T-cell generation and their mechanisms of action remain obscure.

Thus, multiple T-cell subsets can exert suppressive effects and are employed
by the immune system in different phases/conditions to maintain a healthy state
of self tolerance. Autoimmunity may not reflect deficiency in a single subset of
regulatory cells, but instead a defect in an integrated system of immunoregula-
tion, mediated at different levels by distinct T-cell subsets. Successful manipu-
lation of this complex system for the induction (or alteration) of tolerance will
only be possible when various challenging questions are answered. The identi-
fication of specific markers to allow purification of regulatory cells remains one
of the highest priorities, as, once purified, these cells (generally present in low
number) can be expanded with appropriate protocols that have already been
delineated (56). Moreover, clarification of the Ag-specificities of these cells,
together with elucidation of the molecular mechanisms of suppression, will be
key to the design of approaches that will target (promote or repress) their regu-
latory functions. Furthermore, comprehension of the interactions between the
subsets of regulatory T cells described above, and their interactions with other
immune cells, will be of fundamental importance for identification of the
parameters that it will be necessary to manipulate to induce a self-sustained
(robust) state (of tolerance or immunity). This aspect is of particular relevance,
as it is evident that APC can control the suppressive properties of regulatory 
T cells. Identification of the molecular mediators involved will reveal new tar-
gets for innovative therapies. In conclusion, although many questionmarks
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characterize current knowledge of regulatory T-cell subsets, there is consider-
able expectation that therapeutic approaches employing/targeting these cells
will soon be available.

6. Interplay Between Tolerogenic DCs and Regulatory T Cells
Regulatory T cells are emerging as key players in the downstream effects of

tolerogenic DCs. In mice, CD4+ CD25+ Treg expand following stimulation by
Ag-loaded mature DC, a process that is dependent, in part, on costimulation,
and can be used to block autoimmune diabetes in nonobese diabetic mice
(20,21). In vitro maturation of human pDCs with cytosine-poly-guanine
oligodeoxynucleotides promotes their ability to prime CD4+ CD25+ Treg (26).
Similarly, CD154-stimulated mature human pDCs, but not mDCs, prime naive
CD8+ T cells to become IL-10-producing regulatory T cells (57). On the other
hand, repeated exposure of human naïve peripheral blood CD4+ T cells to
immature, allogeneic monocyte-derived DCs induces Treg (58). Large numbers
of alloAg-specific Tr1 cells can be generated in this manner for potential clinical
use (59). Recent efforts to render stably immature, human monocyte-derived
DCs for the generation of regulatory T cells have focused on inhibition of
nuclear factor-κB and oxidative pathways (60). An innovative approach is the
creation of tolerogenic human DCs via intracellular cytotoxic T lymphocyte
Ag-4 (that prevents CD80/CD86 expression) (60). Consistent with the ability of
immature DCs to generate Treg in vitro, administration of immature DCs is
effective in promoting Treg responses and graft survival in rodent models. Taner
et al. (61) reported that immature host DCs pulsed with donor alloAg induced
Ag-specific T-cell regulation, associated with alloAg-specific heart transplant
survival in the mouse. The DCs were maintained in an immature state before
infusion, by exposure to the immunophilin ligand, rapamycin, one of numerous
anti-inflammatory and immunosuppressive drugs that inhibit the functional
maturation of DCs and enhance their tolerogenicity (62). In rats, pretransplant
infusion of immature donor (F1)-derived DCs prolongs kidney allograft survival
and most notably, prevents the development of transplant vasculopathy, associ-
ated with the induction of indirect pathway CD4+ Treg (63). In these studies,
immaturity of the DCs was sustained by exposure to dexamethasone and IL-10.
Similarly, allogeneic rat DC rendered immature by transfection with a dominant
negative form of IKK2 (to block nuclear factor-κB activation), induce potent
CD4+ Treg in vitro (19). Interestingly, inhibition of murine DC maturation in vivo
by vitamin D3 and mycophenolate mofetil is associated with increased frequency
of CD4+ CD25+ Treg, which can adoptively transfer transplant tolerance (64).
Alternatively, use of a 15-deoxyspergualin analog, combined with induction of
CD4+ CD25+ Treg through administration of Ab to CD45RB, is associated with
long-term heart allograft acceptance in mice (65). Evidence of a positive feedback
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loop between immature DCs and Treg (65), suggests that targeting both of these
cells may ultimately be the most effective means to achieve indefinite graft sur-
vival. Notably, marked inhibition of DC maturation in secondary lymphoid tis-
sue is associated with the induction of stable renal transplant tolerance in
rhesus monkeys (66). Overall, the evidence suggests that harnessing the
tolerogenic properties of immature DC (at least of immature myeloid/mono-
cytoid DC) may be key to achieving their tolerogenic potential in organ
transplantation.

Although there have been compelling demonstrations of the therapeutic
potential of “DC therapy” and of in situ targeting of Ag to DCs in small animal
transplantation or autoimmune disease models, the challenge now is to ascer-
tain the safety and efficacy of these approaches for human application, and the
clinical conditions under which they can be tested. Proof of principle that
immature human DC can induce Ag-specific regulatory T cells (CD8+) and
inhibit effector T-cell function in humans has already been documented in
healthy volunteers (67). The challenge now is to ascertain the safety and effi-
cacy of these approaches for human application, and the clinical conditions
under which they can be tested, and hopefully utilized successfully to regulate
allo- and autoAg responses in transplantation and autoimmunity.

7. B-Cell Tolerance
Historically, the principal association between B lymphocytes and tolerance

has concerned the capacity of plasmablasts and plasma cells (the end products
of B-cell differentiation) to produce self-damaging Abs. These autoreactive Abs
bind self-Ags and interfere with normal cell functions, as well as harness
immune effector mechanisms to generate autoimmune pathology. Analysis of
transgenic mice that generate a restricted repertoire of Ag-specific B cells has
permitted identification of cellular events responsible for the control of self-
reactivity. A process of V(D)J recombination, similar to that which generates
TCR genes in T cells during their differentiation in the thymus, is responsible
for the assembly of unique B-cell receptors (BCR) in the bone marrow. As with
T cells, this process generates a significant proportion of receptors that bind to
one or more self-components. Four different strategies employed by the
immune system, to keep those potential auto-reactive B cells at bay, have been
delineated by recent discoveries.

As alluded to above, a first “checkpoint” is activated during the develop-
ment of B cells in the bone marrow. If intracellular signals generated by a
self-reactive BCR on an immature B cell exceed a certain threshold, then the
cell rapidly internalizes the “offending” BCR. This is followed by arrest of
maturation characterized by: (1) the absence of homing receptors necessary to
enter lymphoid organs, (2) an increased dependence on B-cell survival factors,
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(3) the rearrangement of a new BCR light chain to replace the original. If a B
cell expressing a forbidden receptor fails to edit to a less self-reactive receptor,
cell death occurs within 1–2 d. Although the molecular mechanisms that charac-
terize these processes are currently being elucidated, there is no clear evidence
as yet that defects in BCR editing or deletion contribute to human autoimmunity.

A second regulatory “checkpoint” can occur both in primary and secondary
lymphoid tissues and is represented by a series of intrinsic biochemical changes
in cells displaying self-reactive BCR. Several intrinsic mechanisms of anergy
(reversible unresponsiveness to BCR stimulation) are well documented in autore-
active B cells (68–70). This state can be induced by decreased surface expression
of the self-reactive BCR, or by biochemical “tuning” that involves alteration of
the level/function of proteins that increase the threshold for B-cell activation. A
third strategy is the “survival of the fittest,” a process that selects on the basis of
subtle differences in affinity for self Ags and relates to the dependency of B cells
on the molecule BAFF, a member of the TNF cytokine family, to survive. The
engagement of a self-reactive BCR below the threshold required to trigger matu-
ration arrest in the bone marrow is sufficient to induce an elevated requirement
for BAFF. This system allows the existence, in the periphery, of a certain number
of B cells with intermediate affinity for self-Ags that could be highly specific for
microbial Ags. Their potential as auto-reactive cells is controlled by the fact that
(unless stimulated during infection or other pathological conditions that cause
levels of BAFF to increase) their survival under homeostatic conditions is limited
by competition with a large number of circulating B cells that sequester the avail-
able BAFF resulting in their death (71). The final checkpoint is determined by
the requirement for two signals in short succession that must be received by the
B cell to generate an Ab response, signal one from Ag binding to the BCR and
signal two from T helper cells. The existence of tolerance mechanisms that
control T cell self reactivity should guarantee that autoreactive B cells are not
stimulated. However, it is possible that signal two from T helper cells responding
to foreign Ag could be misdirected to B cells that recognize self components
associated with microbial components.

A second pathway of B-cell activation involves the recognition of microbial-
derived products by specific receptors normally associated with the innate
immune response (e.g., TLR), that can substitute for T-cell help (probably to
allow Ab control of microorganisms, even in T-cell-deficient individuals).
However, relatively little is known about how TLR signaling is dampened to
ensure that the threshold for stimulation is high enough to stop activation of
self-reactive B cells. Each of the aforementioned checkpoints has been
demonstrated in control of the auto-reactivity generated by V(D)J recombina-
tion in primary lymphoid organs; however, self-reactive BCRs are also generated
in a second wave of receptor-gene diversification through somatic hypermutation
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in germinal-center follicles of peripheral lymphoid tissues (2). One of the cur-
rent challenges to our understanding of B-cell tolerance is comprehension of the
mechanisms that normally deal with self-reactive BCRs that arise in germinal
centers, and how the same mechanisms are altered in human autoimmunity.

Besides the production of autoAbs, B cells play a role in alteration of self
reactivity through other functions, i.e., secretion of inflammatory cytokines, Ag
presentation, augmentation of T-cell activation, and generation of ectopic lym-
phogenesis (72,73). This has led to growing interest in therapeutic approaches
for the re-establishment of tolerance based on depletion of B cells. Three strate-
gies constitute the mainstay approaches: (1) use of depleting Ab against B-cell
surface proteins, (2) generation of fusion proteins or Abs that block B-cell sur-
vival signals, and (3) generation of Abs that activate proapoptotic signals. Based
on the notion that surface immunoglobulin crosslinking, in the absence of
coreceptor engagement, can induce apoptosis in mature B cells (74–76), a pro-
tocol employing mAbs directed against surface IgD has been developed. This
approach reduces circulating B cells, but is likely to have limited therapeutic
use because most pathogenic cells have switched isotypes and do not express
surface IgD. Other targets have been investigated. Abs against human CD20 are
the most advanced among the B cell-depleting armamentarium in autoimmune
disorders. Anti-CD20 mAbs successfully deplete human peripheral B lympho-
cytes for periods ranging from 3 mo to more than 1 yr, through mechanisms
involving Fc- and complement-dependent killing, as well as possible proapop-
totic and other signals. CamPath® is a humanized mAb directed against CD52,
an Ag expressed on normal as well as malignant B and T cells, a subset of
CD34+ bone marrow cells, NK cells, monocytes, macrophages, and tissues
within the male reproductive system (77). Ongoing development of therapies
directed against additional B-cell targets, including CD23, CD80, and HLA-DR,
will provide greater insights into the principles of cellular immunotherapy.

Although preliminary results from testing of these agents indicate promising
potential, two important aspects remain unresolved. The first concerns transla-
tion from animal models to humans, a phase during which many promising
potential therapies have failed. The second is the absence of specificity for all
of the developed therapeutics that could compromise the ability of the immune
system to respond adequately to pathogens. A possible solution could derive
from the previously mentioned dependency of B-cell survival on the availability
of BAFF, and the discovery that potential self-reactive B cells are more
dependent on this factor than normal cells. Partial antagonism of BAFF may be
a particularly powerful approach to enhance autoimmune B-cell sensitivity to
natural tolerance mechanisms. Furthermore, it may also be a valuable adjunct
to B cell-depleting therapies that might otherwise increase BAFF availability
and favor the survival of self-reactive B cells.
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In addition to their role in autoimmunity, B cells are involved in the allograft
rejection response. Their role is particularly evident during hyperacute rejec-
tion, which occurs in presensitized patients that possess preformed, donor-
specific Abs. As with autoimmunity, selective targeting of B cells that produce
antidonor Ab would be most beneficial. Promising results (that also indicate
potential in cases of autoimmunity) derive from work on transplant tolerance
induction. Studies in animal models indicate that induction of mixed chimerism
(see below) is a promising approach to simultaneously tolerize T cells and both
preexisting and newly developing B cells (78). Another intriguing approach
derives from the susceptibility of immature B cells to apoptosis induced by
stimulation of the BCR. Specific treatments of mature B cells can result in their
adopting an immature B-cell response phenotype (79). It will be of great value
to verify whether manipulation can be achieved in vivo, and whether it might
represent a “magic bullet” for the elimination of B-cells responsive to alloAgs,
as well those involved in autoimmune reactions.

Finally, B cells are APC with potential as tools for tolerance induction. Small
resting B cells can induce robust tolerance to defined Ags in vivo (80). Even
more interestingly, it has been shown recently that persistence of Ag presenta-
tion function by B cells plays a dominant role in their ability to induce T-cell
tolerance as it can even override the activation state of the presenting cell
(81,82). This could represent an important advantage over DCs that could render
B cells more attractive therapeutic tools in at least some forms of autoimmunity,
however further experimentation is necessary to test this concept.

Targeting autoreactive B cells or using B cells for tolerance induction repre-
sents a challenging frontier that still has to be confronted. Well-targeted interven-
tions will require the development of a complete map of the cellular mechanisms
and genes underpinning self tolerance, but recent advances and the development
of more sophisticated techniques may allow rapid progress in this direction.

8. Hematopoietic Cell Chimerism in Immunological Tolerance
The significance of donor cell chimerism in transplant tolerance has been

recognized both clinically and experimentally for the past half century (83), and
the establishment of donor hematopoietic cells in graft recipients as a means to
tolerize the recipient to donor alloAgs remains at the forefront of basic and trans-
lational immune tolerance research. Hematopoietic chimerism appears to repre-
sent a key mechanism for maintenance of specific cytotoxic T-cell unresponsiveness
(84) and persistence of donor cells, even at the microchimeric level (<1%),
appears to be an important goal in optimizing allograft acceptance, even under
minimal immunosuppression. To date, the establishment of hematopoietic
mixed chimerism, defined as the coexistence of hematopoietic cells from the
donor with those of a recipient, has been demonstrated to be one of the most
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successful and consistent methods to induce T- and B-cell tolerance to allo- and
xenografts in rodent models, and possibly in both nonhuman primates (NHP)
and humans (78,85,86). Although these developments are impressive, there
remain several barriers and questions that currently limit the widespread appli-
cation of the induction of hematopoietic chimerism in allograft and autoim-
mune tolerance induction (87,88). To date, experiments involving NHP and
limited clinical trials, have established that even rigorous induction regimens,
including use of cyclophosphamide, total body irradiation, thymic irradiation,
and anti-thymocyte globulin, may only establish a transient state of mixed
chimerism following bone marrow cell infusion. Less severe protocols must be
established to safely and more widely exploit chimerism induction as a means
to reduce immunosuppressive drug treatment of patients for allograft rejection
and autoimmunity. Furthermore, it is critical that these protocols (at least with
respect to transplantation) are tested in NHP models, as an accurate assessment
of the level of donor cell engraftment necessary to establish clinically relevant
tolerance to alloAgs in the presence of possible cross-reactive T cells may only
be obtained in animal models with heterologous immunity through previous
exposure to diverse Ags and pathogens (89).

Furthermore, it is understood that the major mechanisms operating to estab-
lish donor-specific tolerant states following establishment of chimerism are
central deletion and clonal exhaustion of reactive T cells, especially CD8+ T
cells (83,84). However, the recent development of reagents (e.g., Abs to Foxp3
or glucocorticoid-induced TNF family related receptor and CD25+-depleting
Abs) are beginning to allow better assessment of the role of regulatory T cells
in the process of T-cell deletion and the establishment of donor cell chimerism
(90). Graft-vs-host disease remains a very significant risk factor following
chimerism induction after hematopoietic stem cell transplant. Accumulating
findings suggest that DCs and regulatory cells both play active and determining
roles in its manifestation, but also may offer potential therapeutic means to
prevent and/or regulate graft-vs-host disease (91–94).

The role of naturally arising microchimerism (<1% chimerism), a small
number of cells or DNA persisting from one individual in another (e.g., fetal
cells in a mother), has drawn attention as a possible basis for induction of
autoimmunity and is another area of chimerism-related research. Limited stud-
ies, driven by the observation that autoimmune diseases are more common in
women and increase in incidence following childbirth, have suggested a
possible etiological association between microchimerism and the development
of autoimmune responses. However, microchimerism is widely detected in
healthy individuals and in organs not prone to autoimmune responses. Thus,
the negative or positive outcome from the establishment of divergent HLA
microchimerism is yet to be fully elucidated (95).
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9. Manipulation of Cosignaling Pathways
A balance between stimulatory and inhibitory molecular signals is neces-

sary for maintaining tolerance. Signaling through both the original and
newer members of the B7-CD28 pathway provides second signals that can
regulate the activation, inhibition and “fine tuning” of T-cell responses (96).
The five new B7 family members, PD-L1 (B7-H1), PD-L2 (B7-DC), B7-H3,
B7-H4, and ICOS ligand, are expressed on professional APC and regulate T-
cell activation and tolerance. The novel CD28 family members, PD-1, ICOS,
and BTLA are expressed inducibly on T cells and regulate previously acti-
vated T cells. PD-1 and BTLA are also expressed on B cells. The PD-1:PD-
L1/PD-L2 pathway plays a critical role in regulation of T-cell activation and
tolerance, whereas the ICOS-ICOSL pathway appears to be important in
stimulating effector T-cell responses, T cell-dependent B-cell responses, and
in regulation of T-cell tolerance. As recently discussed (96), manipulation of
the PD-L1:PD-1 and ICOSL:ICOS pathways in autoimmune disease and
transplantation models offers considerable therapeutic potential for control-
ling T-cell responses.

Acquired immune responses are dependent on signaling via the CD40-CD40
ligand (CD154) pathway, blockade of which can prevent and inhibit cell- and
Ab-mediated autoimmune disease and promote transplant tolerance in experi-
mental models (97). Blockade of this pathway is particularly effective if anti-
CD154 is administered together with donor Ag to the quiescent immune system
before the inflammatory response caused by organ transplantation. Thus, as
demonstrated recently, infusion of donor alloAg (apoptotic cells) plus anti-
CD154 before transplant can induce indefinite survival of vascularized heart
grafts free of transplant vasculopathy linked to the deletion of allospecific 
T cells and induction of regulatory T cells (98). Studies such as these are pro-
viding remarkable insights into the process of allospecific tolerance.

10. Frontiers in Monitoring and Predicting States of Tolerance 
and Therapeutic Targets to Influence Self- and Allo-Responsiveness

Basic and clinical research findings continue to provide insight into the spe-
cific cells, including specific subsets of DCs, Treg, and NK cells, in addition to
the soluble factors and genes, that are directly responsible for the regulation of
immunological tolerance. As such, developing avenues of study seek to apply
this knowledge and to improve our capacities to both dynamically assess, and
then regulate or adjust patient treatment based on immunologic indices of
responsiveness/tolerance to the relevant Ag(s). A conceptual framework for the
application of in vitro and in vivo assays to assess donor-specific unresponsive-
ness in organ (liver) transplant patients has been discussed in detail (99). Recent
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analysis of circulating DC subsets was found to correlate with clinical 
unresponsiveness to donor Ags in stable liver transplant patients off all
immunosuppression and thus (in conjunction with other assays) may help facil-
itate the future direction of patient selection for weaning off immunosuppres-
sion (100,101). Interestingly, analysis of circulating Treg (CD4+CD25hi) in
operationally tolerant, human pediatric live donor liver transplant recipients
revealed significantly elevated levels of these cells compared with controls
(102). In a separate vein, assessment of both the cellular composition of
hematopoietic stem cell transplants and the resultant circulating recipient and
donor immune cells has been utilized recently to establish clinical correlates
that may predict disease-free outcomes or transplant-related complications
(e.g., acute or chronic graft-vs-host disease [103–105]).

Through their constant interaction with other immune cells and the local envi-
ronment, DCs, T cells and B cells are altered biochemically, both temporarily
(e.g., cellular signaling cascades and transient gene expression following recep-
tor ligation) and more permanently (e.g., functional gene expression and protein
production following lymphocyte differentiation or DC maturation). As new
technologies evolve, they allow probing of these internal molecular records. As
one example, current analysis utilizing phospho-specific Abs in combination
with multiparameter flow cytometric analysis, is beginning to demonstrate the
value of quantitative, real-time dissection of single cell-type signaling pathways,
particularly in T cells (106,107). Thus, it can be envisaged that this type of
analysis, when combined with the determination of immune cell composition
(100,101), will provide an indication (based on both the level of cells and their
detected activated signaling pathways) of the extent of functioning cells and,
thus their potential to influence immunological tolerance. The further recent
advancement of “humanized” mice, in which severe combined immune defi-
ciency mice are used to establish a surrogate of the human immune system,
offers an important model to rapidly test these and other new assays. These mice
are not new, however recent models, incorporating transplanted fetal thymus and
liver with CD34+ cell transplants, are the first to demonstrate the ability of these
“humanized” mice to mount an adaptive immune response as well as to reject
xenotransplants (108,109). Thus, it is expected that these mice will be valuable
models to both correlate clinical conditions and test novel therapies.

11. Genomic and Proteomic Analysis of Immune Tolerance
Historically, the assessment of graft function, presence of autoimmune-

related pathology and analysis of circulating immune cell components and
function, the latter through quantification of serum proteins (such as allo- and
autoAbs, complement or cytokines), have been used as biomarkers to assess the
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level of immune responses related to tolerance and immunity. However, earlier
and more informative indicators and prognosticators of the pathological or 
tolerant states in graft rejection and autoimmunity are now being sought via
proteomic approaches, such as protein arrays, surface-enhanced laser desorp-
tion ionization/time-of-flight mass spectrometry, and two-dimensional gel elec-
trophoresis combined with mass spectrometry (110,111). Although these
technologies are in their infancy with regards to applications in immunological
systems, they have potential, in the long-term, for greater sensitivity and provi-
sion of information than is currently available using enzyme immunoassay and
other clinical or laboratory measures.

Likewise, microarray analysis continues to evolve as a broadly applicable
and powerful method to identify candidate genes, expression levels of which
are altered during diverse biological processes. Recent studies have aimed,
through array analysis, to dissect the processes underlying allograft changes
during surgery and transplant rejection or acceptance (112–114), as well as in
organ-specific autoimmune responses (115). Furthermore, the central impor-
tance of DCs to tolerance regulation has lead to focused examination of their
gene regulation following exposure to tolerogenic (e.g., IL-10, vitamin D3)
(116,117) or inflammatory stimuli (e.g., TLR ligands) (118). Similarly, peri-
pheral blood mononuclear cells possess global patterns of gene expression dic-
tated by their exposure to immunomodulatory cytokines and other factors, and
as such, the resultant molecular signature of these cells may disclose the condi-
tion of the body. Bennett et al. (119) demonstrated the power of microarray
analysis of peripheral blood mononuclear cells when they confirmed the role of
IFN-γ in the pathogenesis of systemic lupus erythematosus, based on a pattern
of upregulated IFN-induced genes, which was lost upon successful steroid
treatment of the disease. These array data also established a possible role for
immature granulocytes in systemic lupus erythematosus (119). As these data
clearly indicate, informative gene expression patterns are contained in the
circulating leukocyte population. As continued, focused analysis of DC, T-, and
B-cell populations in various tolerant or reactive states of transplant, cancer,
and autoimmunity are completed, a more precise and comprehensive picture of
the immune vs tolerant state will emerge.

As these phenotypic, genomic, and proteomic analytic and diagnostic tools
continue to evolve and become standardized, their use as (potentially powerful)
clinical tools to rapidly and broadly assess patterns of immune reactivity or
tolerance, and their utilization to distinguish patients who may be “predis-
posed” to tolerance, or require immunosuppressive therapy, can be envisaged.
Similarly, their value in rapid, real-time assessment of the impact of novel ther-
apeutic strategies aimed at modifying the immune response to self, tumor-
associated or alloAgs, is likely to be realized.
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Balancing Tolerance and Immunity
The Role of Dendritic Cell and T Cell Subsets

Elena Shklovskaya and Barbara Fazekas de St. Groth

Summary
The interaction between dendritic cells and T cells is crucial for the regulation of immunolo-

gical tolerance and immunity. Although our understanding of the mechanisms responsible for
these phenomena has advanced significantly in recent years, we are still lacking a fully integrated
model of how dendritic cell phenotype correlates with function, and how complex interactions
with multiple dendritic and T cell subpopulations shape the course of the immune response in
vivo. In this review, we summarize the current state of knowledge in the field, highlighting the
areas where further investigation is likely to advance our understanding of this fundamental
immunological interaction.

Key Words: Dendritic cell; T cell; tolerance; immunity.

1. Introduction
Maintaining an appropriate balance between tolerance and immunity is at the

heart of the interaction between the adaptive and innate immune systems.
Dendritic cells (DCs) serve as interpreters between the two systems, by inte-
grating environmental signals both directly (via surface receptors such as those
in the Toll-like receptor [TLR] family) and indirectly (via interactions with cells
such as natural killer [NK] and natural killer T [NKT] cells). The principal tar-
gets of DCs are T cells, and it can be argued that the final arbiter of the deci-
sion between tolerance and immunity is the CD4+ T cell subset, which in turn
controls the responses of both CD8+ T and B cells (1). Dendritic cells in sec-
ondary lymphoid tissues are unique in their ability to activate naïve CD4+

T cells via high level expression of major histocompatibility complex (MHC)
class II and costimulatory molecules, driving and controlling both primary and
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secondary immune responses. Decisions between tolerance and immunity are
thus confined to the professional lymphoid tissues where maximum control can
be exerted to ensure that self-reactive responses are not permitted.

The role of individual DC and T cell subsets in the decision between toler-
ance and immunity remains highly controversial. Many factors have made this
one of the most challenging areas of immunological investigation, but one of
the most important has been our inability to successfully recapitulate induction
of the tolerant state ex vivo. Development of in vivo models of DC function has
also been severely hampered, in comparison to those aimed at understanding T
and B cells, by the difficulty of DC reconstitution in vivo. Unlike lymphocytes,
DCs home very poorly to their original location after harvesting, so that corre-
lation of phenotype and function requires sophisticated experimental models
such as those using transgenic and “knock-in” technology.

2. Dendritic Cell Subsets In Vivo
DCs are defined functionally by their ability to stimulate naïve T cells, a

property that requires antigen uptake, processing, and presentation in associa-
tion with MHC, together with expression of costimulatory molecules. DCs have
been classified according to a number of different schemes, based on tissue dis-
tribution, surface phenotype, maturation state, hematopoietic lineage, and func-
tion. In general, the relationship between phenotype, lineage, and in vivo
function remains highly controversial. In addition, the expression of the cur-
rently characterized DC surface molecules differs between mouse and man,
making it difficult to draw parallels between the two species.

2.1. Basic Terminology: Immature, Mature, and Activated DCs

Much of our understanding of DC biology comes from in vitro studies of
DC differentiation from bone marrow (BM) precursors (2) or blood monocytes
(3). In culture, newly differentiated DCs are identified by virtue of their
expression of MHC class II and ability to stimulate T cells in an antigen-specific
manner. At this “immature” stage they have the capacity to capture soluble and
particulate antigens and/or pathogens through several mechanisms including
macropinocytosis, receptor-mediated endocytosis, and phagocytosis. Immature
DCs are poor stimulators of T cells as cell surface antigen–MHC class II
complexes are short-lived and expression of costimulatory molecules is low
(reviewed in ref. 4). When immature DCs are exposed in culture to CD40 
ligand (CD40L) or lipopolysaccharide (LPS), they rearrange their antigen 
processing machinery from “antigen uptake” mode to “antigen presentation”
mode in which they express stable peptide-loaded MHC class II and I mole-
cules on the cell surface and upregulate expression of costimulatory molecules
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(5). These changes in the ability to present antigen have been termed “matu-
ration,” and are associated with the ability to stimulate potent responses by
naïve T cells.

By analogy to the in vitro studies, DCs with “immature” and “mature” pheno-
type have been identified in vivo and it has been suggested that they are also
linked by a precursor–product relationship. Thus BM-derived DC precursors
that migrate through blood to peripheral tissues are believed to give rise to
immature DCs, which then move to the draining lymph nodes (LN) after
antigen/pathogen capture. This migration is chemokine-driven and therefore
associated with changes in chemokine receptor expression, as well as matura-
tion en route (4). Mature DCs localize in the T cell area of the LN where they
are potent inducers of primary T cell responses and drive the generation of
immunological memory (6,7). In addition to DCs that migrate from nonlym-
phoid sites, blood-borne DC precursors are also believed to migrate into lym-
phoid tissues such as LN and spleen, and to generate immature DCs in situ.
Thus, the mature and immature DCs in the LN are presumed to correspond to
migrated and resident DCs, respectively (8).

However, this model does not account for all the properties of DCs in vivo.
In addition to migration and maturation induced by capture of pathogens such
as bacteria, at least some subsets of DCs in peripheral nonlymphoid tissues are
capable of steady-state migration. Mucosal- and epidermal-derived DCs that
migrate in the steady state, without exposure to pathogens, also display changes
characteristic of “mature” DCs once they reach a draining LN (8–10). However,
antigen presentation by these DCs is associated with tolerance rather that
immunity, indicating that not all mature DCs induce immunity (11–13).
Moreover, LPS and CD40L, which are employed in vitro to induce “matura-
tion,” produce “activation” of DCs in vivo, a process associated with high
expression of costimulatory molecules, interleukin [IL]-12 production, and
generation of immunity rather than tolerance (14–16). Thus the terms “mature”
and “activated” are used to refer to analogous processes in vitro and in vivo,
respectively. This difference between terminology in the two experimental sys-
tems is not solely an issue of semantics, but highlights a major problem in our
understanding of the biology of DCs. By using the term “mature” to describe
activated DCs in vitro, we are glossing over the fact that mature nonactivated
DCs equivalent to those that induce immunological tolerance in vivo have not
yet been generated in vitro. So far, in vitro models have been unable to recapit-
ulate the crucial process of tolerance induction in naïve T cells.

2.2. Distribution and Phenotype of DCs

DCs are strategically located at places where they can capture antigen and/or
meet T cells for antigen presentation—body surfaces (epithelia of skin, airways,
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and gut), interstitial spaces of many organs, central and secondary lymphoid
organs as well as blood and afferent lymphatics. Most peripheral DCs have a
short life span (3–5 d) and are therefore continuously replaced from blood-
borne precursors (17). A circulating population of committed DC precursors
has been defined in human (18,19) and mouse blood (20,21). DCs at epithelial
surfaces can position themselves between epithelial cells. Thus epidermal
Langerhans cells are held in place by E-cadherin-mediated adhesion to ker-
atinocytes (10). DCs can also reside just beneath the epithelial layer, protruding
dendrites through the junctions between epithelial cells into the intestinal or air-
way lumen to sample antigens (22,23). DCs are also abundant within gut-
associated lymphoid tissue where they can access antigens transported by
M-cells. After antigen sampling, epithelial DCs migrate to the draining LNs in
response to chemokines CCL19 and CCL21; once in the LN, they are quickly
immobilized within the network of LN resident DCs (7).

In the mouse, most DCs within secondary lymphoid organs belong to one of
three major subpopulations displaying the “immature” phenotype CD11c+MHC
class IIint CD80/86low. Best characterized in the spleen, the three subpopulations
comprise CD8+DEC205+ DCs, principally located in the T-cell areas, and
CD8–DEC205–CD4– and CD8–DEC205–CD4+ DCs that are concentrated within
the marginal zone (24,25). Importantly, exposure to a “danger” signal such as
LPS changes this localization and induces relocation of CD8–DEC205– DCs into
the T cell area (26,27). In addition to the CD11c+ DCs previously described, a
murine homologue of human interferon (IFN)-α-producing DCs (IDC) has been
identified (28). Mouse IDCs, which are B220+CD11clowCD4+Ly6C+, are also the
principal producers of type I interferons in response to viral infections. In con-
trast to human IDCs, mouse IDCs also produce IL-12 (28). Most likely, IDCs are
not involved in stimulating antigen-specific T cells as they express relatively low
levels of MHC class II and costimulatory molecules (29).

Although mouse DCs have been phenotyped extensively, lack of human DC-
specific markers has thus far prevented detailed characterization of human DC
subsets and tissue distribution. In addition, DC phenotyping efforts have been
concentrated on blood rather than tissues, making interspecies comparisons dif-
ficult. Human blood DC precursors (termed preDC) comprise two subpopula-
tions, preDC1 (Lin–CD11c+MHC class II+) with monocyte-like morphology
and preDC2 (Lin–CD11clowIL-3Rα+) with plasmacytoid morphology (19,30).
When isolated from blood, preDC1 respond to granulocyte-macrophage
colony-stimulating factor (GM-CSF) in vitro and stimulate Th1 responses,
whereas preDC2 respond to IL-3 and stimulate Th2 responses (30). PreDC1 are
believed to represent an analogue of mouse DC precursors that differentiate into
tissue DCs, sample antigens in the periphery and migrate to LNs (4). PreDC2
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migrate to secondary lymphoid organs via the blood stream and develop into
type 1 interferon-producing IDCs that are homologous to murine IDCs (31,32).
Recently, use of phage antibody libraries allowed characterization of a new
DC-specific marker, nectin-like protein 2, whose expression is paralleled in
human splenic T-zone DCs and mouse splenic CD8α+ DCs (33). The use of the
phage approach by Galibert et al. was predicated on the assumption that some
subset-specific DC markers are highly conserved and thus specific monoclonal
antibodies (mAbs) against these molecules will not be raised using traditional
immunization techniques. It is anticipated that the discovery of further parallels
between human and mouse DC subsets will require additional non-mAb-based
techniques.

2.3. DC Development In Vivo and In Vitro

DC development in vivo has been studied extensively in the mouse. Both BM
myeloid-committed precursors (common myeloid precursors [CMPs], lineage
[Lin]–CD34+Sca-1–IL-7Rα–ckit+FcγRII/IIIlo) and lymphoid-committed precursors
(common lymphoid precursors [CLPs], Lin–Thy1–Sca-1intIL-7Rα+ckitint) can
give rise to DCs upon transfer into lethally irradiated animals (34,35). In addi-
tion, thymic precursors that are committed to the lymphoid lineage
(CD4lowThy1highckit+) can provide transient DC reconstitution after transfer into
irradiated hosts (34–36). It is remarkable that, after lethal irradiation and recon-
stitution, all three populations of precursors can give rise to DCs with all the pheno-
types so far described, including IDCs (37) and Langerhans cells (38,39),
although lymphoid restricted progenitors generally give rise to a higher propor-
tion of CD8+ DCs. Importantly, only the subpopulation of CMPs or CLPs that
expresses flt3 receptor has DC reconstitution potential in vivo (37,40), which is
in line with the activity of flt3 ligand as an in vivo DC expanding agent (41,42).

In humans, DCs can be generated in vitro from CD34+ BM or cord blood
precursors in the presence of tumor necrosis factor-α and GM-CSF (2,43,44).
Once again, flt3 ligand induces human DC expansion in vivo, confirming its
primary role in regulating development of DCs (45). In vivo reconstitution
studies using human myeloid and lymphoid-restricted progenitors have not
been performed to test whether both can give rise to DCs. Although such
experiments remain of scientific interest, most human studies have concen-
trated on sources of DC precursors for clinical scale DC propagation. For this
purpose, the fact that monocytes can differentiate into DCs in vitro in the pres-
ence of cytokines such as GM-CSF and IL-4 has proven very useful (3). In
addition, monocytes acquire DC characteristics upon migration through the
endothelial cell monolayer, suggesting that this differentiation pathway may
also be of physiological relevance (46).

Balancing Tolerance and Immunity 29

02_St Groth  4/4/07  8:25 AM  Page 29



The ability of committed murine progenitors from two distinct hematopoietic
lineages to generate what appears to be the same spectrum of DCs suggests a
highly unusual case of convergent evolution; alternatively, it may indicate that
DC precursors in lethally irradiated hosts may display unusual differentiative
plasticity, or that we have not yet discovered phenotypic markers that correlate
with important functional differences between DC subsets. We have previously
proposed that the DCs generated from lymphoid- and myeloid-restricted pro-
genitors may differ in one crucial property—the ability to induce tolerance or
immunity (27). According to this model, lymphoid-derived DCs are the consti-
tutive antigen-presenting cells to which naïve T cells are exposed in the T cell
zones of lymphoid tissues, whereas myeloid-derived DCs are segregated in the
marginal and interfollicular regions where they wait for the pathogen-derived
signals that will cause them to become activated, to relocate to the T cell zones,
and to generate an immunogenic response from the resident T cells. This model
is satisfying from an evolutionary standpoint, as it explains why a new type of
DC was required at the time the lymphoid system arose (27). In addition, it fits
neatly with the binary nature of the in vivo decision between tolerance and
immunity (47).

There are currently no known markers that distinguish murine DCs of lym-
phoid and myeloid origin. It was previously assumed that expression of CD8 by
peripheral DCs correlated with lymphoid origin, so that CD8+DEC205+ DCs
were often referred to as “lymphoid,” in contrast to CD8–DEC205– “myeloid”
DCs. This distinction was based on the assumption that thymic and peripheral
CD8+ DCs were developmentally related. Thymic CD8+ DCs, which are
involved in negative selection (and therefore tolerance), can be generated in situ
from intrathymic lymphoid-committed precursors (48), and approx 25% of
steady-state thymic CD8+ DCs contain lymphoid-specific mRNA rearrange-
ments suggestive of lymphoid origin (49). Although the same thymic precursor
can generate CD8+ DCs in the periphery when transferred into irradiated ani-
mals (48), in general, peripheral DCs do not contain mRNA transcripts specific
for the lymphoid lineage (49). Moreover, as previously mentioned, all periph-
eral DC subsets, and in particular CD8+ DCs, can be generated from CMP, CLP,
and thymic progenitors. Some experimental evidence suggests that CD8+

DCs can induce peripheral tolerance to tissue-associated antigens (50),
although the same subset has also been implicated in priming CTL immunity to
viruses (11,51).

There is an additional level of complexity to the in vivo DC network: DCs
may exchange captured material via a number of mechanisms including cross-
presentation (52), exosome secretion (53,54), and membrane exchange (55); as
a result, peptide–MHC complexes may be presented to the T cell by a DC that
did not participate directly in antigen capture (56).
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3. Interactions Between T Cells and DCs
3.1. Role of DCs in Central Tolerance

The primary site where self-tolerance is imposed on the T cell repertoire is
the thymus. Here, developing T cells are exposed to self-antigen presented by
BM-derived DCs in the thymic medulla under conditions that ensure deletion
of high affinity TCRs (reviewed in ref. 57), either by deletion of the cells bear-
ing them (negative selection) or by editing of the TCR to an acceptable speci-
ficity (58). Although it has long been recognized that TCRs reactive with
antigens expressed ubiquitously, or accessible via the circulation, will be
purged from the repertoire, recent studies of “ectopic” antigen synthesis in the
thymus have indicated that a number of peripheral tissue-specific self-antigens
appear to be synthesised there expressly to ensure negative selection of the TCR
repertoire (59). A particular subset of thymic epithelial cells (TECs) present in
the thymic medulla appears to be responsible for synthesis of these self-
antigens, and the process is driven by a dedicated transcriptional regulator, the
autoimmune regulator (AIRE) gene (60). TEC-mediated central tolerance can
occur via direct recognition of self-peptide–MHC complexes displayed by
TECs themselves or after transfer of these complexes to BM-derived DCs (61).
Patients with mutations in the autoimmune regulator gene show increased sus-
ceptibility to a number of autoimmune conditions, indicating the importance of
central tolerance in preventing autoimmune disease. However, the clinical syn-
drome usually does not manifest until adolescence or early adulthood, showing
that peripheral regulatory mechanisms directed against high affinity anti-self 
T cells are also highly effective in the short and medium term.

The important role of BM-derived elements for the induction of central tol-
erance was recognized by Owen 60 yr ago (62) and has subsequently been uti-
lized in the mixed hematopoietic chimerism approach to solid organ
transplantation (reviewed in ref. 63). Although long-term mixed hematopoietic
chimerism is a highly effective approach to maintaining transplantation toler-
ance, it remains unacceptable in a clinical setting as preparative regimen for
solid organ transplantation, mainly because of high risk of life-threatening
graft-vs-host disease (63). Nonmyeloablative strategies of chimerism induction
that exclusively target T cells and therefore pose a lesser risk of graft-vs-host
disease are now being developed (63).

3.2. Peripheral Mechanisms of T-Cell Tolerance

According to Burnet’s theory of tolerance, lymphocytes pass through a stage
at which contact with antigen induces obligatory tolerance, after which antigen
recognition always leads to immunity (64). Although the induction of obliga-
tory tolerance to self-antigen in the thymus is consistent with the theory, it is
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clear that tolerance can also be induced in the mature peripheral T-cell compart-
ment, either by administration of foreign antigen via a tolerogenic route
(65,66), or by experimentally induced contact with self-antigen in the periphery
(67). Several different mechanisms have been invoked to explain how tolerance
can be induced in the periphery, including deletion of responding cells, induc-
tion of a state of unresponsiveness termed anergy, and differentiation of regula-
tory or suppressor cells that prevent other cells from responding to antigen. 
In addition, the active immune response may be deviated toward a functional
phenotype that avoids pathology. Under many experimental conditions, multiple
mechanisms operate simultaneously, increasing the difficulty of unravelling the
underlying biochemistry.

It has often been assumed that the administration of tolerogenic foreign
antigen, or the manipulation of experimental models so that naive T cells first
contact high affinity self-antigen in the periphery, recapitulates a process
whereby self-tolerance is induced and maintained in vivo. However, compari-
son of the TCR repertoire to tissue-specific self-antigens in normal animals vs
those in which the antigen is absent as a result of a genetic lesion (68) shows
that they are not equivalent. Thus, normal animals have deleted the highest
affinity tissue antigen-specific cells in the thymus and the residual repertoire
of self-reactive T cells in the periphery is of lower average affinity than an uns-
elected repertoire exposed to that self-antigen for the first time. On the other
hand, when a foreign antigen is administered in a tolerogenic fashion to mimic
the induction of self-tolerance, it is recognized by an unselected repertoire that
will include TCRs of high affinity. This difference is important for our under-
standing of peripheral tolerance to exogenous antigen (high affinity) vs self-
antigen (low affinity).

3.3. Role of DCs in Peripheral Tolerance to High Affinity Antigen

In general, protein antigens administered in the absence of adjuvant (or any
substances that bind to TLRs) are tolerogenic. In particular, the intravenous,
inhalational, and oral routes are well characterized means of inducing tolerance
to foreign antigens (66). The intravenous route is postulated to target DCs in a
resting or “immature” state in the T cell zones of secondary lymphoid tissues.
This phenomenon has led to the idea that contact between naïve T cells and
“immature” DCs is tolerogenic. There is considerable experimental evidence in
support of this model. For example, administration of high doses of soluble
antigen results in presentation of the antigen by steady state peripheral DCs
as well as thymic DCs, which leads to simultaneous central and peripheral
deletion of antigen-specific T cells (69,70). Antigen delivery to the DC endo-
cytic compartment by targeting the DEC205 receptor results in peripheral 
tolerance through deletion of the majority of adoptively transferred antigen-specific
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CD4+ or CD8+ T cells and induction of anergy in the remaining cells (71,72).
Targeting of DC-SIGN, another endocytic receptor important for uptake of some
mycobacteria species and HIV-1, has been shown to induce immunosuppression
by interfering with LPS-induced DC maturation (73). Another means of antigen
targeting that does not result in DC maturation or activation is uptake of apop-
totic cells by DCs (74). Antigens expressed by apoptotic cells can be presented
to specific CD4+ and CD8+ T cells via direct or cross-presentation (74–77). In
contrast, phagocytosis of necrotic cells results in DC activation, probably via
concomitant release of inflammatory cytokines that activate DCs (74).

These findings support a model in which DCs that present antigen without
receiving an activation signal are tolerogenic. However, the precise phenotypic
and functional characteristics of the DCs that induce tolerance in these models
are not clear, nor are the molecular mechanisms that they use to signal tolerance
to T cells. Moreover, their origin (lymphoid and/or myeloid) is also unknown at
this time.

3.4. Conversion of High Affinity Peripheral Tolerance to Immunity

Activation of DCs in vivo is associated with the induction of primary T-cell
immunity and the generation of memory. A number of different stimuli can
activate DCs and induce immunogenic responses. Activated NKT cells
responding to ligands presented by CD1d molecules on DCs can transmit acti-
vation signals (78). Pathogens can directly stimulate DCs via production of
ligands that bind to TLRs expressed either on the DC surface (TLR 2,4) or
intracellularly (TLR 3,7,9) (reviewed in ref. 79). Importantly, the activation
state of the DC, rather than its maturation status, is important for the priming
of memory. Thus immature DCs incubated with agents such as dexamethasone
(80), vitamin D3 (81), or the Rel-B inhibitor Bay 11-7082 (82) can induce
peripheral tolerance, despite expressing levels of CD86 equivalent to those of
mature DCs. The tolerogenic effect is due to inhibition of the CD40L-CD40
DC activation pathway, and can be mimicked by use of DCs generated from
CD40–/– mice or RelB–/– mice (82,83). A DC that has received a CD40 acti-
vation signal from the CD4+ T cell is considered “licensed” to fully activate
CD8 T cells (15,16,84). Thus presentation of a viral epitope in vivo by resting
DCs induces antigen-specific CD8+ T-cell tolerance unless the DCs are acti-
vated by administration of anti-CD40 (85). Similarly, mature DCs induce
CD8+ T-cell tolerance to the cross-presented influenza virus antigen unless
they are activated via the CD40 pathway (86).

It is often assumed that the effect of DC activating agents is to convert tolero-
genic DCs into immunogenic DCs by changing their phenotypic and functional
characteristics. For example, one of the proposed mechanisms of CD40-
dependent DC activation is release of DCs from steady state inhibitory interaction
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with regulatory T cells (see below) (87). Consequently, DCs stop producing
indoleamine 2,3-dioxygenase, an enzyme involved in catabolism of trypto-
phan required by proliferating T cells (88). However, DC activating agents are
also capable of inducing the movement of DCs from the periphery of lym-
phoid organs into the central T cell zones, raising the alternative possibility
that the movement of a subset of specialized immunogenic DCs into contact
with naïve T cells is responsible for the conversion of tolerogenic to immuno-
genic responses. Distinguishing between these two possibilities is technically
difficult, especially because of the lack of an in vitro model for peripheral
naïve T cell tolerance. Restriction of antigen-presentation to defined subsets
of DCs in vivo is an experimental maneuver that we are currently applying to
this problem (47).

3.5. Are There Specialized Subpopulations of Regulatory DCs?

As discussed above, antigen presentation by resting DCs (i.e., in the absence
of a CD40 signal) leads to peripheral tolerance, suggesting that steady state
contact between DCs and naïve T cells is, by default, tolerogenic (50,85,89).
Similarly, DCs that acquire antigen upon mucosal exposure generally mediate
antigen-specific tolerance (12). There is some evidence that IDC exert regula-
tory functions. Thus, acute depletion of IDC resulted in an asthmatic reaction
to otherwise harmless inhaled antigen (90). Conversely, administration of mobi-
lized stem cell preparations containing higher numbers of plasmacytoid preDCs
was associated with lower risk of graft-vs-host disease in the posttransplant
period (91).

In addition, two recently described mouse DC subsets can regulate ongoing 
T cell responses via production of IL-10. The first is a CD11clowCD11b+CD45RB+

subset of regulatory DCs (DCreg) with plasmacytoid morphology, present in nor-
mal spleen and LN and enriched in IL-10 transgenic or Leishmania-infected mice
(92,93). DCreg differ from IDCs in phenotype (B220–Gr1–DEC205intCD4int

CD8–) and function, producing IL-10 rather than IFN-α. They inhibit antigen-
dependent proliferation and Th1 cytokine production of CD4+ T cells in vitro and
in vivo and B-cell antibody isotype switching in vivo (92,93), in addition to driv-
ing the differentiation of IL-10-producing regulatory Tr1 cells (see below).

A second population of regulatory DC, termed differentiated DC
(diffDC), can be generated by means of cell division of fully matured bone-
marrow derived DCs cocultured with splenic stromal cells. They exhibit a
CD11clowMHC class IIlowCD86lowCD40hiCD80hiCD11bhi phenotype (94).
Most strikingly, diffDC generation requires a direct cell–cell contact and 
is partially TGFβ-dependent. DiffDC inhibit antigen-dependent proliferation
of CD4+ T cells in vitro and in vivo in a nitric oxide- and IL-10-dependent
manner.
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3.6. Peripheral Tolerance to Low Affinity (Self) Antigen

In contrast to the high affinity T cell repertoire described above, the self-
reactive T cell repertoire is of relatively low affinity. Insufficient self-antigen is
generally available in the periphery to provide an activation signal for these
cells and they remain naïve. However, they can, under defined circumstances,
make significant anti-self-responses that have the potential to develop into full-
blown autoimmune disease. This implies that the threshold at which the thymus
imposes deletional tolerance must be quite close to the normal activation
threshold in the periphery. Why the thymic threshold is not set lower remains
an interesting question, but it is reasonable to assume that preservation of a suf-
ficiently large repertoire of anti-foreign specificities requires that purging for
anti-self-reactivity be limited.

What are the circumstances in which activation of low affinity anti-self
T cells will generate autoimmune pathology? Although it has long been held
that infection with a pathogen expressing a cross-reactive epitope is sufficient
to break self-tolerance, there is little experimental support for this notion.
Indeed, in early experiments designed to induce autoimmune disease, gross dis-
turbance of the T-cell compartment (for example, via adult thymectomy com-
bined with irradiation, treatment with anti-lymphocyte globulin, or use of
cyclophosphamide) was necessary (reviewed in ref. 1). Models in which gross
disturbance of the T-cell compartment is required usually induce a state of
CD4+ T cell lymphopenia. Indeed, it was by studying one of these lymphopenic
models that Sakaguchi first realized the importance of CD4+CD25+ regulatory
cells (Treg) in maintaining self-tolerance (95).

4. Regulatory T Cells
4.1. CD4+ Regulatory T Cells Constitutively Expressing CD25

The evidence in support of a role for CD4+CD25+ regulatory T cells (Treg)
in the maintenance of self-tolerance in the normal, low affinity self-reactive 
T cell compartment is now well accepted. Not only is a deficit in Treg associ-
ated with development of spontaneous autoimmune disease, but reconstitution
of this T cell subpopulation can prevent disease in animal models (95). Treg are
selected by their specificity for self-antigen in the thymus, and the currently
available evidence suggests that they represent those cells with the highest anti-
self-affinity among the population that escapes negative selection, i.e., that they
have an anti-self affinity intermediate between that of cells that are deleted and
cells that undergo conventional positive selection (96,97). In one experimental
model, it has been demonstrated that thymic epithelium is the source of the
selecting antigen (98). However, the process of selection is dependent on
CD28-B7 interactions, suggesting that antigen is probably transferred to a
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thymic DC for presentation to Treg (99). Like positive selection, selection of
Treg is stochastic, because not every T cell with a permissive TCR is selected
into the Treg compartment (100). Treg display an activated phenotype in the
thymus, consistent with exposure to a TCR signal-mediated selective event
(96). Once in the periphery, their phenotype reflects the degree to which they
continue to receive TCR-mediated signals from self-antigen and any environ-
mental antigens that cross-react with self.

The master regulator transcription factor Foxp3 is essential for Treg selection
and function. Mice with defective Foxp3 develop multisystem inflammatory dis-
ease and succumb at an early age (101,102). In humans, Foxp3 mutations have
been found in patients with the severe IPEX syndrome (103,104). Interestingly,
this syndrome is more akin to Metchnikoff’s “horror autotoxicus” than the
APECED syndrome in which negative selection in the thymus is defective
because of decreased expression of self-antigen, indicating the relative impor-
tance of thymic vs peripheral mechanisms in the maintenance of self-tolerance.

The mechanism of action of Treg is controversial. In vitro studies have indi-
cated that a cell–surface interaction with conventional T cells is required to sup-
press the proliferation of the latter cells. No candidate molecules have been
identified, apart from surface TGF-β, a result that has been disputed by several
investigators (105,106). However, evidence from in vivo studies suggests that the
in vitro assay may not mimic the in vivo situation. In lymphopenic mice, the
development of autoimmune disease is dependent on proliferation of self-reactive
CD4+ T cells that would not normally undergo any proliferation at all. Thus,
Treg appear to prevent the recruitment of T cells into division, rather than reduc-
ing the division rate as they do in vitro. Second, in vitro assays are not dependent
on the presence of DCs, but reflect the ratio of Treg to conventional T cells. In
vivo, on the other hand, the ratio of Treg to conventional T cells appears to be
preserved in many of the lymphopenic models in which spontaneous auto-
immune disease develops, whereas the ratio of Treg to DCs is decreased.

Direct confirmation of the importance of interactions between Treg and DCs
has come from recently published studies using intravital microscopy to track
Treg in living lymphoid tissue, in which Treg formed stable associations not
with conventional T cells but with DCs (107). Our own unpublished studies of
the interaction between Treg and DCs in vivo indicate that Treg control expres-
sion of costimulatory molecules by DCs (Koh, W. -P., Power, C., and Fazekas
de St. Groth, B., unpublished observations). Evidence for this model also comes
from in vitro studies in which Treg were able to reduce expression of CD86 by
DCs isolated from the spleen (108). By reducing the level of costimulation,
Treg have a relatively greater effect on low affinity responses such as those to
self-antigen, as the requirement for costimulation is greater when antigen avail-
ability and affinity are low. Thus the function of Treg may be differentially
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focused on anti-self-responses not only because of the self-reactivity of their
TCR repertoire, but also because of their enhanced effectiveness in suppressing
low rather than high affinity responses.

Interestingly, soluble mediators such as IL-10 and TGF-β have been impli-
cated in Treg function in vivo, although it is not clear whether Treg actually rely
on these suppressive cytokines for functional activity. Recent data indicate that
Treg express high levels of receptors for IL-10 and TGF-β (109), so the in vivo
data indicating a requirement for these molecules in Treg function may relate to
their effects on Treg themselves, rather than on conventional T cells or DCs.

Studies from the laboratory of von Boehmer have indicated that Treg can dif-
ferentiate from conventional CD25– T cells in the periphery under conditions of
very low avidity signaling (110). Thus the signaling requirements for Treg devel-
opment in the thymus and periphery are similar (96). Peripheral Treg express many
of the same molecules as Treg selected in the thymus, including CTLA-4 and
Foxp3. However, they may also manifest as yet undefined differences.
Interestingly, although some investigators have shown that transfection with Foxp3
or treatment with TGF-β (which drives expression of Foxp3) can confer suppres-
sive activity in vitro (111), others have not reproduced these results (112). Given
the avidity constraints on the TCR repertoire of Treg selected in vivo, these results
may indicate that only cells of intermediate affinity can exert regulatory function.

4.2. Regulatory T Cells Generated in Response to Foreign Antigen

In contrast to Treg, Tr1 are derived from conventional naive CD4+ T cells
after peripheral contact with high doses of foreign antigen. They produce high
levels of IL-10 and mediate IL-10-dependent suppression in vitro and in vivo
(113). In vivo they may develop under the influence of IL-10-producing DCs
such as the DCreg and diffDC mentioned above. In vitro, Tr1 cells are usually
generated in the presence of pharmacological levels of IL-10, and their place
within the spectrum of in vivo regulatory mechanisms is unclear. Although cells
producing large amounts of IL-10 have been isolated ex vivo from patients with
highly abnormal immune systems (114), spontaneous pathology in IL-10-
deficient mice is limited to inflammation of the bowel (115), indicating that the
function of IL-10 at other sites may be redundant.

A third subset of regulatory T cells is the Th3 cells that produce TGF-β. These
are particularly associated with mucosal surfaces where TGF-β levels are high.
Like Tr1, they arise after stimulation of conventional naive CD4+ T cells with
foreign antigen (116). There is some evidence that DCs derived from mucosal
sites have the ability to drive T-cell differentiation toward a Th3 phenotype
(117). TGF-β has a wide range of activities apart from its immunosuppressive
properties and, once again, a detailed analysis of its effects on individual T cell
and DC subsets in vivo has not been performed.
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5. Tolerance Induction Using DC Vaccines: Current Approaches
Human DCs generated ex vivo have so far been used for induction of immu-

nity rather than tolerance, particularly in the field of clinical cancer
immunotherapy. An understanding of how DCs induce immunity vs tolerance
is crucial not only for the development of such vaccines (118,119), but for
expanding their use in autoimmune diseases and in solid organ transplantation.
Several approaches have been trialed, including prevention of DC activation in
vivo after transfer of immature DCs by use of nuclear factor-κB deficient DCs
or coinjection of anti-CD40L mAb, and generation of tolerogenic DCs by phar-
macological treatment in vitro, using cytokines such as IL-10, TGF-β1, PgE2,
vitamin D3 metabolites, specific nuclear factor-κB inhibitors, rapamycin, and
other immunosuppressive drugs. In addition, targeting resting DCs through the
administration of apoptotic cells is a possible means of inducing donor-specific
tolerance in organ transplantation (reviewed in ref. 120).

6. Conclusions
Maintenance of tolerance is a complex and demanding role for the adaptive

immune system. The generation of a semirandom repertoire of antigen-receptors,
while providing the means to develop antigen-specific memory for virtually every
possible epitope, brings with it the daunting task of controlling the inherent self-
reactivity of the system. At the heart of this control is the interaction between the
DC and the T cell. As we learn about these interactions in more detail, using in
vivo models that can adequately mimic the normal decision-making process
between tolerance and immunity, we will gain insights that can improve the trans-
lation of experimental immune manipulation into the clinical setting.

Acknowledgments
Barbara Fazekas de St. Groth is supported by a Principal Research

Fellowship from the National Health and Medical Research Council of
Australia. This work was funded by a Program Grant from the National Health
and Medical Research Council of Australia. The support of the New South
Wales Health Department through its research and infrastructure grants pro-
gram is gratefully acknowledged.

References
1. Fazekas de St. Groth, B. (1995) Regulation of the immune response: lessons from

transgenic models. Aust. N. Z. J. Med. 25, 761–767.
2. Caux, C., Dezutter-Dambuyant, C., Schmitt, D., and Banchereau, J. (1992) GM-

CSF and TNF co-operate in the generation of dendritic Langerhans cells. Nature
360, 258–261.

38 Shklovskaya and Fazekas de St. Groth

02_St Groth  4/4/07  8:25 AM  Page 38



3. Sallusto, F. and Lanzavecchia, A. (1994) Efficient presentation of soluble antigen
by cultured human dendritic cells is maintaned by granulocyte/macrophage
colony-stimulating factor plus interleukin 4 and downregulated by tumor necro-
sis factor α. J. Exp. Med. 179, 1109–1118.

4. Banchereau, J., Briere, F., Caux, C., et al. (2000) Immunobiology of dendritic
cells. Annu. Rev. Immunol. 18, 767–811.

5. Trombetta, E. S. and Mellman, I. (2005) Cell biology of antigen processing in
vitro and in vivo. Annu. Rev. Immunol. 23, 975–1028.

6. Inaba, K., Pack, M., Inaba, M., Sakuta, H., Isdell, F., and Steinman, R. M. (1997)
High levels of a major histocompatibility complex II-self peptide complex on
dendritic cells from the T cell areas of lymph nodes. J. Exp. Med. 186, 665–672.

7. Lindquist, R. L., Shakhar, G., Dudziak, D., et al. (2004) Visualizing dendritic cell
networks in vivo. Nat. Immunol. 5, 1243–1250.

8. Wilson, N., El-Sukkari, D., Belz, G. T., et al. (2003) Most lymphoid organ den-
dritic cell types are phenotypically and functionally immature. Blood 102,
2187–2194.

9. Liu, L., Zhang, M., Jenkins, C., and MacPherson, G. G. (1998) Dendritic cell het-
erogeneity in vivo: two functionally different dendritic cell populations in rat intes-
tinal lymph can be distinguished by CD4 expression. J. Immunol. 161, 1146–1155.

10. Jakob, T., Ring, J., and Udey, M. C. (2001) Multistep navigation of Langerhans/den-
dritic cells in and out of the skin. J. Allergy Clin. Immunol. 108, 688–696.

11. Allan, R. S., Smith, C. M., Belz, G. T., et al. (2003) Epidermal viral immunity
induced by CD8alpha+ dendritic cells but not by Langerhans cells. Science 301,
1925–1928.

12. Akbari, O., DeKruyff, R. H., and Umetsu, D. T. (2001) Pulmonary dendritic cells
producing IL-10 mediate tolerance induced by respiratory exposure to antigen.
Nat. Immunol. 2, 725–731.

13. Steinman, R. M., Turley, S., Mellman, I., and Inaba, K. (2000) The induction of tol-
erance by dendritic cells that have captured apoptotic cells. J. Exp. Med. 191,
411–416.

14. Matzinger, P. (1994) Tolerance, danger, and the extended family. Annu. Rev.
Immunol. 12, 991–1045.

15. Ridge, J. P., Di Rosa, F., and Matzinger, P. (1998) A conditioned dendritic cell can
be a temporal bridge between a CD4+ T-helper and a T-killer cell. Nature 393,
474–478.

16. Bennett, S. R. M., Carbone, F. R., Karamalis, F., Flavell, R. A., Miller, J. F. A. P.,
and Heath, W. R. (1998) Help for cytotoxic-T-cell responses is mediated by CD40
signalling. Nature 393, 478–480.

17. Kamath, A. T., Pooley, J., O’Keeffe, M. A., et al. (2000) The development, matu-
ration, and turnover rate of mouse spleen dendritic cell populations. J. Immunol.
165, 6762–6770.

18. Romani, N., Gruner, S., Brang, D., et al. (1994) Proliferating dendritic cell pro-
genitors in human blood. J. Exp. Med. 180, 83–93.

Balancing Tolerance and Immunity 39

02_St Groth  4/4/07  8:25 AM  Page 39



19. Grouard, G., Rissoan, M. -C., Filgueira, L., Durand, I., Banchereau, J., and Liu,
Y. -J. (1997) The enigmatic plasmacytoid T cells develop into dendritic cells with
interleukin (IL)-3 and CD40-ligand. J. Exp. Med. 185, 1101–1111.

20. Inaba, K., Steinman, R. M., Pack, M. W., et al. (1992) Identification of prolifer-
ating dendritic cell precursors in mouse blood. J. Exp. Med. 175, 1157–1167.

21. del Hoyo, G. M., Martin, P., Vargas, H. H., Ruiz, S., Arias, C. F., and Ardavin, C.
(2002) Characterization of a common precursor population for dendritic cells.
Nature 415, 1043–1047.

22. von Garnier, C., Filgueira, L., Wikstrom, M., et al. (2005) Anatomical location
determines the distribution and function of dendritic cells and other APCs in the
respiratory tract. J. Immunol. 175, 1609–1618.

23. Niess, J. H., Brand, S., Gu, X., et al. (2005) CX3CR1-mediated dendritic cell
access to the intestinal lumen and bacterial clearance. Science 307, 254–258.

24. Vremec, D. and Shortman, K. (1997) Dendritic cell subtypes in mouse lymphoid
organs. Cross-correlation of surface markers, changes with incubation and differ-
ences among thymus, spleen and lymph nodes. J. Immunol. 159, 565–573.

25. Steinman, R. M., Pack, M., and Inaba, K. (1997) Dendritic cells in the T-cell areas
of lymphoid organs. Immunol. Rev. 156, 25–37.

26. De Smedt, T., Pajak, B., Muraille, E., et al. (1996) Regulation of dendritic cell num-
bers and maturation by lipopolysaccharide in vivo. J. Exp. Med. 184, 1413–1424.

27. Fazekas de St. Groth, B. (1998) The evolution of self tolerance: a new cell is
required to meet the challenge of self-reactivity. Immunol. Today 19, 448–454.

28. Asselin-Paturel, C., Boonstra, A., Dalod, M., et al. (2001) Mouse type I IFN-
producing cells are immature APCs with plasmacytoid morphology. Nat.
Immunol. 2, 1144–1150.

29. Liu, Y. J. (2005) IPC: professional type 1 interferon-producing cells and plasma-
cytoid dendritic cell precursors. Annu. Rev. Immunol. 23, 275–306.

30. Rissoan, M. -C., Soumelis, V., Kadowaki, N., et al. (1999) Reciprocal control of
T helper cell and dendritic cell differentiation. Science 283, 1183–1186.

31. Cella, M., Jarrossay, D., Facchetti, F., et al. (1999) Plasmacytoid monocytes
migrate to inflamed lymph nodes and produce large amounts of type I interferon.
Nat. Med. 5, 919–923.

32. Siegal, F. P., Kadowaki, N., Shodell, M., et al. (1999) The nature of the principal
type 1 interferon-producing cells in human blood. Science 284, 1835–1837.

33. Galibert, L., Diemer, G. S., Liu, Z., et al. (2005) Nectin-like protein 2 defines a
subset of T-cell zone dendritic cells and is a ligand for class-I-restricted T-cell-
associated molecule. J. Biol. Chem. 280, 21,955–21,964.

34. Wu, L., D’Amico, A., Hochrein, H., O’Keeffe, M., Shortman, K., and Lucas, K.
(2001) Development of thymic and splenic dendritic cell populations from differ-
ent hemopoietic precursors. Blood 98, 3376–3382.

35. Manz, M. G., Traver, D., Miyamoto, T., Weissman, I. L., and Akashi, K. (2001)
Dendritic cell potentials of early lymphoid and myeloid progenitors. Blood 97,
3333–3341.

40 Shklovskaya and Fazekas de St. Groth

02_St Groth  4/4/07  8:25 AM  Page 40



36. Martin, P., Martinez del Hoyo, G., Anjuere, F., et al. (2000) Concept of lymphoid
versus myeloid dendritic cell lineages revisited: both CD8α- and CD8α+ dendritic
cells are generated from CD4low lymphoid-committed precursors. Blood 96,
2511–2519.

37. D’Amico, A. and Wu, L. (2003) The early progenitors of mouse dendritic cells
and plasmacytoid predendritic cells are within the bone marrow hemopoietic pre-
cursors expressing Flt3. J. Exp. Med. 198, 293–303.

38. Merad, M., Manz, M. G., Karsunky, H., et al. (2002) Langerhans cells renew in the
skin throughout life under steady-state conditions. Nat. Immunol. 3, 1135–1141.

39. Anjuere, F., Martinez del Hoyo, G., Martin, P., and Ardavin, C. (2000)
Langerhans cells develop from a lymphoid-committed precursor. Blood 96,
1633–1637.

40. Karsunky, H., Merad, M., Cozzio, A., Weissman, I. L., and Manz, M. G. (2003)
Flt3 ligand regulates dendritic cell development from Flt3+ lymphoid and
myeloid-committed progenitors to Flt3+ dendritic cells in vivo. J. Exp. Med. 198,
305–313.

41. Maraskovsky, E., Brasel, K., Teepe, M., et al. (1996) Dramatic increase in the
numbers of functionally mature dendritic cells in Flt3 ligand-treated mice: multi-
ple dendritic cell subpopulations identified. J. Exp. Med. 184, 1953–1962.

42. Pulendran, B., Lingappa, J., Kennedy, M., et al. (1997) Developmental pathways
of dendritic cells in vivo: Distinct function, phenotype, and localization of den-
dritic cell subsets in FLT3 ligand-treated mice. J. Immunol. 159, 2222–2231.

43. Bernhard, H., Disis, M. L., Heimfeld, S., Hand, S., Gralow, J. R., and Cheever,
M. A. (1995) Generation of immunostimulatory dendritic cells from human
CD34+ hematopoietic progenitor cells of the bone marrow and peripheral blood.
Cancer Res. 55, 1099–1104.

44. Caux, C., Massacrier, C., Vanbervliet, B., et al. (1997) CD34+ hematopoietic pro-
genitors from human cord blood differentiate along two independent dendritic
cell pathways in respones to granulocyte-macrophage colony-stimulating factor
plus tumor necrosis factor α: II. Functional analysis. Blood 90, 1458–1470.

45. Maraskovsky, E., Daro, E., Roux, E., et al. (2000) In vivo generation of human
dendritic cell subsets by Flt3 ligand. Blood 96, 878–884.

46. Randolph, G. J., Beaulieu, S., Lebecque, S., Steinman, R. M., and Muller, W. A.
(1998) Differentiation of monocytes into dendritic cells in a model of transendothe-
lial trafficking. Science 282, 480–483.

47. Fazekas de St. Groth, B., Smith, A. L., Bosco, J., Sze, D. M. -Y., Power, C. A.,
and Austen, F. I. (2002) Experimental models linking dendritic cell lineage, phe-
notype and function. Immunol. Cell Biol. 80, 469–476.

48. Ardavin, C., Wu, L., Li, C. -L., and Shortman, K. (1993) Thymic dendritic cells
and T cells develop simultaneously in the thymus from a common precursor pop-
ulation. Nature 362, 761–763.

49. Corcoran, L., Ferrero, I., Vremec, D., et al. (2003) The lymphoid past of mouse
plasmacytoid cells and thymic dendritic cells. J. Immunol. 170, 4926–4932.

Balancing Tolerance and Immunity 41

02_St Groth  4/4/07  8:25 AM  Page 41



50. Belz, G. T., Behrens, G. M., Smith, C. M., et al. (2002) The CD8alpha+ dendritic
cell is responsible for inducing peripheral self-tolerance to tissue-associated anti-
gens. J. Exp. Med. 196, 1099–1104.

51. Belz, G. T., Smith, C. M., Eichner, D., et al. (2004) Conventional CD8 alpha+

dendritic cells are generally involved in priming CTL immunity to viruses.
J. Immunol. 172, 1996–2000.

52. Carbone, F. R., Belz, G. T., and Heath, W. R. (2004) Transfer of antigen between
migrating and lymph node-resident DCs in peripheral T-cell tolerance and immu-
nity. Trends Immunol. 25, 655–658.

53. Thery, C., Regnault, A., Garin, J., et al. (1999) Molecular characterization of den-
dritic cell-derived exosomes. Selective accumulation of the heat shock protein
hsc73. J. Cell Biol. 147, 599–610.

54. Thery, C., Duban, L., Segura, E., Veron, P., Lantz, O., and Amigorena, S. (2002)
Indirect activation of naive CD4+ T cells by dendritic cell-derived exosomes. Nat.
Immunol. 3, 1156–1162.

55. Smith, A. L. and Fazekas de St. Groth, B. (1999) Antigen-pulsed CD8α+ dendritic
cells generate an immune response without homing to the draining lymph node.
J. Exp. Med. 189, 593–598.

56. Itano, A. A., McSorley, S. J., Reinhardt, R. L., et al. (2003) Distinct dendritic cell
populations sequentially present antigen to CD4 T cells and stimulate different
aspects of cell-mediated immunity. Immunity 19, 47–57.

57. Stockinger, B. (1999) T lymphocyte tolerance: from thymic deletion to peripheral
control mechanisms. Adv. Immunol. 71, 229–265.

58. McGargill, M. A., Derbinski, J. M., and Hogquist, K. A. (2000) Receptor editing
in developing T cells. Nat. Immunol. 1, 336–341.

59. Derbinski, J., Schulte, A., Kyewski, B., and Klein, L. (2001) Promiscuous gene
expression in medullary thymic epithelial cells mirrors the peripheral self. Nat.
Immunol. 2, 1032–1039.

60. Anderson, M. S., Venanzi, E. S., Klein, L., et al. (2002) Projection of an immuno-
logical self shadow within the thymus by the aire protein. Science 298, 1395–1401.

61. Gallegos, A. M. and Bevan, M. J. (2004) Central tolerance to tissue-specific anti-
gens mediated by direct and indirect antigen presentation. J. Exp. Med. 200,
1039–1049.

62. Owen, R. D. (1945) Immunogenetic consequences of vascular anastomoses
between bovine twins. Science 102, 400–401.

63. Lechler, R. I., Sykes, M., Thomson, A. W., and Turka, L. A. (2005) Organ trans-
plantation-how much of the promise has been realized? Nat. Med. 11, 605–613.

64. Burnet, F. M. and Fenner, F. (1949) The Production of Antibodies. Macmillan,
New York.

65. Smith, R. T. (1961) Immunological tolerance of nonliving antigens. Adv.
Immunol. 1, 67–129.

66. Weigle, W. O. (1973) Immunological unresponsiveness. Adv. Immunol. 16, 61–123.
67. Rocha, B. and von Boehmer, H. (1991) Peripheral selection of the T cell reper-

toire. Science 251, 1225–1228.

42 Shklovskaya and Fazekas de St. Groth

02_St Groth  4/4/07  8:25 AM  Page 42



68. Targoni, O. S. and Lehmann, P. V. (1998) Endogenous myelin basic protein inac-
tivates the high avidity T cell repertoire. J. Exp. Med. 187, 2055–2063.

69. Smith, A. L., Wikstrom, M. E., and Fazekas de St. Groth, B. (2000) Visualizing
T cell competition for peptide/MHC complexes: a specific mechanism to mini-
mize the effect of precursor frequency. Immunity 13, 783–794.

70. Zhong, G., Reis e Sousa, C., and Germain, R. N. (1997) Antigen-unspecific B
cells and lymphoid dendritic cells both show extensive surface expression of
processed antigen-major histocompatibility complex class II complexes after sol-
uble protein exposure in vivo or in vitro. J. Exp. Med. 186, 673–682.

71. Hawiger, D., Inaba, K., Dorsett, Y., et al. (2001) Dendritic cells induce peripheral
T cell unresponsiveness under steady state conditions in vivo. J. Exp. Med. 194,
769–779.

72. Bonifaz, L., Bonnyay, D., Mahnke, K., Rivera, M., Nussenzweig, M. C., and
Steinman, R. M. (2002) Efficient targeting of protein antigen to the dendritic cell
receptor DEC-205 in the steady state leads to antigen presentation on major
histocompatibility complex class I products and peripheral CD8+ T cell tolerance.
J. Exp. Med. 196, 1627–1638.

73. Geijtenbeek, T. B., Van Vliet, S. J., Koppel, E. A., et al. (2003) Mycobacteria tar-
get DC-SIGN to suppress dendritic cell function. J. Exp. Med. 197, 7–17.

74. Sauter, B., Albert, M. L., Francisco, L., Larsson, M., Somersan, S., and Bhardwaj, N.
(2000) Consequences of cell death: exposure to necrotic tumor cells, but not pri-
mary tissue cells or apoptotic cells, induces the maturation of immunostimulatory
dendritic cells. J. Exp. Med. 191, 423–433.

75. Albert, M. L., Sauter, B., and Bhardwaj, N. (1998) Dendritic cells acquire anti-
gen from apoptotic cells and induce class I-restricted CTLs. Nature 392,
86–87.

76. Albert, M. L., Pearce, S. F., Francisco, L. M., et al. (1998) Immature dendritic
cells phagocytose apoptotic cells via αvβ5 and CD36, and cross-present antigens
to cytotoxic T lymphocytes. J. Exp. Med. 188, 1359–1368.

77. Huang, F. P., Platt, N., Wykes, M., et al. (2000) A discrete subpopulation of den-
dritic cells transports apoptotic intestinal epithelial cells to T cell areas of mesen-
teric lymph nodes. J. Exp. Med. 191, 435–444.

78. Fujii, S. -I., Shimizu, K., Smith, C., Bonifaz, L., and Steinman, R. M. (2003)
Activation of natural killer T cells by {alpha}-galactosylceramide rapidly induces
the full maturation of dendritic cells in vivo and thereby acts as an adjuvant for
combined CD4 and CD8 T cell immunity to a coadministered protein. J. Exp.
Med. 198, 267–279.

79. Rifkin, I. R., Leadbetter, E. A., Busconi, L., Viglianti, G., and Marshak-Rothstein, A.
(2005) Toll-like receptors, endogenous ligands, and systemic autoimmune dis-
ease. Immunol. Rev. 204, 27–42.

80. Rea, D., van Kooten, C., van Meijgaarden, K. E., Ottenhoff, T. H., Melief, C. J.,
and Offringa, R. (2000) Glucocorticoids transform CD40-triggering of dendritic
cells into an alternative activation pathway resulting in antigen-presenting cells
that secrete IL-10. Blood 95, 3162–3167.

Balancing Tolerance and Immunity 43

02_St Groth  4/4/07  8:25 AM  Page 43



81. Adorini, L., Penna, G., Giarratana, N., and Uskokovic, M. (2003) Tolerogenic
dendritic cells induced by vitamin D receptor ligands enhance regulatory T cells
inhibiting allograft rejection and autoimmune diseases. J. Cell. Biochem. 88,
227–233.

82. Martin, E., O’Sullivan, B., Low, P., and Thomas, R. (2003) Antigen-specific sup-
pression of a primed immune response by dendritic cells mediated by regulatory
T cells secreting interleukin-10. Immunity 18, 155–167.

83. Hochweller, K. and Anderton, S. M. (2004) Systemic administration of antigen-
loaded CD40-deficient dendritic cells mimics soluble antigen administration. Eur.
J. Immunol. 34, 990–998.

84. Smith, C. M., Wilson, N. S., Waithman, J., et al. (2004) Cognate CD4+ T cell
licensing of dendritic cells in CD8+ T cell immunity. Nat. Immunol. 5, 1143–1148.

85. Probst, H. C., Lagnel, J., Kollias, G., and van den Broek, M. (2003) Inducible
transgenic mice reveal resting dendritic cells as potent inducers of CD8+ T cell
tolerance. Immunity 18, 713–720.

86. Albert, M. L., Jegathesan, M., and Darnell, R. B. (2001) Dendritic cell matura-
tion is required for the cross-tolerization of CD8+ T cells. Nat. Immunol. 2,
1010–1017.

87. Serra, P., Amrani, A., Yamanouchi, J., et al. (2003) CD40 ligation releases imma-
ture dendritic cells from the control of regulatory CD4+CD25+ T cells. Immunity
19, 877–889.

88. Fallarino, F., Grohmann, U., Hwang, K. W., et al. (2003) Modulation of trypto-
phan catabolism by regulatory T cells. Nat. Immunol. 4, 1206–1212.

89. Martin, P., Del Hoyo, G. M., Anjuere, F., et al. (2002) Characterization of a
new subpopulation of mouse CD8alpha+ B220+ dendritic cells endowed with
type 1 interferon production capacity and tolerogenic potential. Blood 100,
383–390.

90. de Heer, H. J., Hammad, H., Soullie, T., et al. (2004) Essential role of lung plas-
macytoid dendritic cells in preventing asthmatic reactions to harmless inhaled
antigen. J. Exp. Med. 200, 89–98.

91. Arpinati, M., Green, C. L., Heimfeld, S., Heuser, J. E., and Anasetti, C. (2000)
Granulocyte-colony stimulating factor mobilizes T helper 2-inducing dendritic
cells. Blood 95, 2484–2490.

92. Wakkach, A., Fournier, N., Brun, V., Breittmayer, J. P., Cottrez, F., and Groux, H.
(2003) Characterization of dendritic cells that induce tolerance and T regulatory
1 cell differentiation in vivo. Immunity 18, 605–617.

93. Svensson, M., Maroof, A., Ato, M., and Kaye, P. M. (2004) Stromal cells direct
local differentiation of regulatory dendritic cells. Immunity 21, 805–816.

94. Zhang, M., Tang, H., Guo, Z., et al. (2004) Splenic stroma drives mature dendritic
cells to differentiate into regulatory dendritic cells. Nat. Immunol. 5, 1124–1133.

95. Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M., and Toda, M. (1995)
Immunologic self-tolerance maintained by activated T cells expressing IL-2
receptor α-chains (CD25). J. Immunol. 155, 1151–1164.

44 Shklovskaya and Fazekas de St. Groth

02_St Groth  4/4/07  8:25 AM  Page 44



96. Fazekas de St Groth, B., Smith, A. L., and Higgins, C. A. (2004) T cell activation:
in vivo veritas. Immunol. Cell. Biol. 82, 260–268.

97. Sakaguchi, S. (2004) Naturally arising CD4+ regulatory T cells for immunologic
self-tolerance and negative control of immune responses. Annu. Rev. Immunol.
22, 531–562.

98. Jordan, M. S., Boesteanu, A., Reed, A. J., et al. (2001) Thymic selection of
CD4(+)CD25(+) regulatory T cells induced by an agonist self-peptide. Nat.
Immunol. 2, 301–306.

99. Salomon, B., Lenschow, D. J., Rhee, L., et al. (2000) B7/CD28 costimulation is
essential for the homeostasis of the CD4+CD25+ immunoregulatory T cells that
control autoimmune diabetes. Immunity 12, 431–440.

100. Apostolou, I., Sarukhan, A., Klein, L., and von Boehmer, H. (2002) Origins of
regulatory T cells with known specificity for antigen. Nat. Immunol. 3, 756–763.

101. Hori, S., Nomura, T., and Sakaguchi, S. (2003) Control of regulatory T cell devel-
opment by the transcription factor Foxp3. Science 299, 1057–1061.

102. Khattri, R., Cox, T., Yasayko, S. A., and Ramsdell, F. (2003) An essential role for
Scurfin in CD4+CD25+ T regulatory cells. Nat. Immunol. 4, 337–342.

103. Bennett, C. L., Christie, J., Ramsdell, F., et al. (2001) The immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by muta-
tions of FOXP3. Nat. Genet. 27, 20–21.

104. Wildin, R. S., Ramsdell, F., Peake, J., et al. (2001) X-linked neonatal diabetes
mellitus, enteropathy and endocrinopathy syndrome is the human equivalent of
mouse scurfy. Nat. Genet. 27, 18–20.

105. Nakamura, K., Kitani, A., and Strober, W. (2000) Cell contact-dependent
immunosuppression by CD4+CD25+ regulatory T cells is mediated by cell-
surface-bound transforming growth factor β. J. Exp. Med. 194, 629–644.

106. Piccirillo, C. A., Letterio, J. J., Thornton, A. M., et al. (2002) CD4+CD25+ regu-
latory T cells can mediate suppressor function in the absence of transforming
growth factor beta1 production and responsiveness. J. Exp. Med. 196, 237–246.

107. Tang, Q., Adams, J. Y., Tooley, A. J., et al. (2006) Visualizing regulatory T cell
control of autoimmune responses in nonobese diabetic mice. Nat. Immunol. 7,
83–92.

108. Cederbom, L., Hall, H., and Ivars, F. (2000) CD4+CD25+ regulatory T cells
down-regulate co-stimulatory molecules on antigen-presenting cells. Eur. J.
Immunol. 30, 1538–1543.

109. Marie, J. C., Letterio, J. J., Gavin, M., and Rudensky, A. Y. (2005) TGF-beta1
maintains suppressor function and Foxp3 expression in CD4+CD25+ regulatory
T cells. J. Exp. Med. 201, 1061–1067.

110. Kretschmer, K., Apostolou, I., Hawiger, D., Khazaie, K., Nussenzweig, M. C.,
and von Boehmer, H. (2005) Inducing and expanding regulatory T cell popula-
tions by foreign antigen. Nat. Immunol. 6, 1219–1227.

111. Fontenot, J. D. (2003) Foxp3 programs the development and function of
CD4+CD25+ regulatory T cells. Nat. Immunol. 4, 330–336.

Balancing Tolerance and Immunity 45

02_St Groth  4/4/07  8:25 AM  Page 45



112. Allan, S. E., Passerini, L., Bacchetta, R., et al. (2005) The role of 2 FOXP3 iso-
forms in the generation of human CD4 Tregs. J. Clin. Invest. 115, 3276–3284.

113. Groux, H., O’Garra, A., Bigler, M., et al. (1997) A CD4+ T-cell subset inhibits
antigen-specific T-cell responses and prevents colitis. Nature 389, 737–742.

114. Bacchetta, R., Bigler, M., Touraine, J. L., et al. (1994) High levels of interleukin
10 production in vivo are associated with tolerance in SCID patients transplanted
with HLA mismatched hematopoietic stem cells. J. Exp. Med. 179, 493–502.

115. Kühn, R., Löhler, J., Rennick, D., Rajewsky, K., and Müller, W. (1993)
Interleukin-10-deficient mice develop chronic enterocolitis. Cell 75, 263–274.

116. Chen, Y., Kuchroo, V. K., Inobe, J., Hafler, D. A., and Weiner, H. L. (1994)
Regulatory T cell clones induced by oral tolerance: suppression of autoimmune
encephalomyelitis. Science 265, 1237–1240.

117. Faria, A. M. and Weiner, H. L. (2005) Oral tolerance. Immunol. Rev. 206,
232–259.

118. Figdor, C. G., de Vries, I. J., Lesterhuis, W. J., and Melief, C. J. (2004) Dendritic
cell immunotherapy: mapping the way. Nat. Med. 10, 475–480.

119. Schuler, G., Schuler-Thurner, B., and Steinman, R. M. (2003) The use of den-
dritic cells in cancer immunotherapy. Curr. Opin. Immunol. 15, 138–147.

120. Morelli, A. E. and Thomson, A. W. (2003) Dendritic cells: regulators of alloim-
munity and opportunities for tolerance induction. Immunol. Rev. 196, 125–146.

46 Shklovskaya and Fazekas de St. Groth

02_St Groth  4/4/07  8:25 AM  Page 46



3

Differentiation of Dendritic Cell Subsets 
from Mouse Bone Marrow

Ludovica Bruno

Summary
Dendritic cells (DC) are key regulators of the immune system. They are capable of stimulat-

ing lymphocytes to generate potent cell-mediated and humoral immune responses against
pathogens and tumor cells. DC not only activate lymphocytes, but can also educate T cells to tol-
erate self-antigens, thereby minimizing autoimmune reactions. Another peculiarity of the DC sys-
tem is the large variety of subsets described, both in the human and in the mouse, according to
surface phenotype and organ distribution. Different protocols have been developed to differenti-
ate DC from total mouse bone marrow in vitro. Here, we describe the isolation of a specific DC
progenitor population, referred to as preimmunocytes, and document protocols for their differen-
tiation into various DC subsets.

Key Words: Hematopoiesis; dendritic cell; macrophage; interferon producing cell; preim-
munocyte; differentiation; GM-CSF.

1. Introduction
Dendritic cells (DC) are professional antigen-presenting cells (APCs) that

play an essential role in the activation of T lymphocytes and modulation of
responses by B and natural killer cells. Compared to the two other types of
APCs, B cells, and macrophages, DC are the only cells able to prime naïve T
cells (1). This functional competence derives from the capacity of DC to cap-
ture antigen, process it and present antigenic peptides associated with major
histocompatibility complex (MHC) class I and II complexes to specific T cells.
DC live an extremely dynamic life. They reside in peripheral tissues in a quies-
cent, immature state, awaiting encounter with antigen (Ag). Upon Ag encounter,
DC undergo a maturation process that renders them highly immunogenic and
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they then migrate to T-cell areas of secondary lymphoid tissues where they can
induce activation and proliferation of specific naïve CD4+ T helper cells and
CD8+ cytotoxic T lymphocytes (2,3). DC not only prime T cells, but are also
able to tolerize them toward self-antigens (4–8).

DC originate from hematopoietic precursors in the bone marrow (BM) (9,10)
and are the only blood cell type known to originate from two distinct differen-
tiation pathways: lymphoid and myeloid (11,12). In particular, in vivo experi-
ments have shown that DC can originate from both the common lymphoid
progenitor and the common myeloid progenitor (13,14). Another peculiarity of
the DC system is the large variety of subsets described, both in the human and
in the mouse systems, according to surface phenotype and organ distribution
(6,11). In the mouse, all DC subsets described until now express the integrin
CD11c. What distinguishes each subset, is its particular combination of surface
markers and its anatomical location. A simplified distinction that can be made
for the different mouse DC subsets according to their surface phenotype and
location, is to divide them into CD11c+CD8α– and CD11c+CD8α+ DC, present
in thymus, lymph nodes and spleen, Langerhans cells in the epidermis, and
plasmacytoid pre-DC (pDC) detectable in spleen, BM, blood, thymus, and lymph
nodes. The latter subset, the plasmacytoid pre-DC, express B220 and Gr-1 on
the cell surface and secrete large amounts of type I interferon (IFN) in response
to viral stimulation (15,16). Different protocols have been published describing
the differentiation of DC from total BM in vitro. In these protocols, total mouse
BM is cultured in the presence of granulocyte/macrophage colony stimulating
factor (GM-CSF) either alone (17–19) or in combination with tumor necrosis
factor-α or transforming growth factor-β (20) to generate CD11c+CD8α– DC,
or cultured in the presence of Flt3 ligand (21,22), to give rise to plasmacytoid
pre-DC.

DC are rare in all body tissues and isolation procedures are not only time
consuming, but also generate low cell yields. For this reason, culturing total BM
in vitro in the presence of different cytokines allows the generation of a large
number of DC that can be further used for molecular or cell biology studies.
Because the starting precursor population used in these protocols is poorly
defined, the DC obtained are at different stages of differentiation and are not a
homogenous population. Moreover, mixed colonies of DC, granulocytes, and
macrophages are ultimately generated. Therefore, these protocols are very effi-
cient at producing a relatively large number of DC from total mouse BM (5 × 106

per mouse in one study [23] and 1–3 × 106 per mouse in another [18]).
In contrast to the protocols previously described, we set out to differentiate

the main DC subsets from a defined BM precursor population. For this reason,
we characterized a novel subset of precursor cells present in mouse BM that can
give rise, under appropriate conditions, to most accessory types of the immune
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system, a population we, therefore, referred to as preimmunocytes (24). In par-
ticular, under the aegis of M-CSF or GM-CSF these cells rapidly differentiate
into either macrophages or immature DC, which can be further induced to
mature by lipopolysaccharide (LPS) stimulation. Using fetal thymus organ cul-
ture (FTOC) the same population differentiates to both CD11c+CD8α–, and
CD11c+CD8α+ DC, and when injected in vivo they differentiate to all conven-
tional DC subsets (Seidl, T., unpublished data). Moreover, following stimula-
tion with influenza virus, they rapidly express high levels of type I IFN mRNA,
characteristic of plasmacytoid pre-DC. Although in this chapter, we describe
the different systems used to differentiate this particular progenitor population
into DC, the same protocols can be used to study the differentiation potential of
any progenitor population of interest, because relatively few cells are required
to perform the assays.

2. Materials
2.1. Mice

1. Balb/c and C57BL/6 (B6) obtained from suppliers such as IFFA-Credo (France)
and Harlan Olac (UK).

2. Fetal B6 mice obtained from timed matings of B6 females and males. The date of
finding a vaginal plug is regarded as day 0 of embryonic development.

2.2. Flow-Cytometric Analysis

1. FACS staining buffer: phosphate buffered saline (PBS) supplemented with 2%
FCS (Invitrogen-Gibco).

2. Digestion solution for isolating DC from fetal thymi: PBS supplemented with 5%
FCS, 1 mg/mL collagenase D (Roche Molecular Biochemicals, cat. no. 1088 866)
and DNase I (Sigma, cat. no DN-25) (see Note 1).

3. Monoclonal antibodies (MAbs) used for sorting preimmunocytes from bone mar-
row: CD31-PE, Ly6-C-bio, CD11c-FITC (BD-Pharmingen).

4. MAbs used to specifically stain DC present in FTOC: CD16/CD32 (Fcγ III/II),
H-2Ab-PE, CD11c-FITC, CD8α-APC, (BD-Pharmingen), and anti-H-2d-FITC
(Hammerling, G. J., unpublished).

5. Streptavidin-APC as a secondary reagent for biotin-conjugated MAbs.
6. A FACStar Plus (Becton Dickinson) or Moflo high-speed sorter (Cytomation) for

cell sorting and a FACS-Calibur (Becton Dickinson) for analysis of samples.

2.3. Preimmunocyte Enrichment From Total Bone Marrow

1. MACS buffer: PBS supplemented with 1% FCS and 2 mM EDTA.
2. CD11c-coupled magnetic beads (MACS, Miltenyi Biotec) for labeling CD11c+

cells in total BM that are subsequently isolated by positive selection with specific
LS+ columns (Miltenyi Biotec).

3. Cell strainers with pore size of 40 µm (BD Falcon, cat. no. 352340).
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2.4. CD4–CD8– Double Negative Thymocytes

CD4–CD8– double negative thymocytes (DN) are obtained by depleting CD4+

and CD8+ thymocytes from 3 to 4 wk old B6 thymi using the following reagents:

1. Supernatants containing MAbs to CD4 (clone RL.172) and CD8 (clone 3.168.8.1
[31 M]) (a kind gift from Ceredig, R.).

2. Rabbit complement (Low Tox-M Rabbit Complement, Cedarlane).
3. Ficoll for recovery of live cells by density-gradient centrifugation.

2.5. Cell Culture

The following are required for the culture of sorted BM preimmunocytes:

1. Flat-bottom 96-well plates (Nunc, cat. no. 167008).
2. Iscove’s modified Dulbecco’s medium (Invitrogen-Gibco) supplemented with

10% FCS (Invitrogen-Gibco) and 25 ng/mL of recombinant GM-CSF (R&D
Systems) (see Note 2).

3. LPS (Sigma) at a final concentration of 1 µg/mL for maturation of DC.
4. Influenza virus (106 PFU/mL) for viral stimulation experiments.

2.6. FTOC

1. Embryonic material is obtained from mating of B6 (H-2b) mice.
2. Dissecting microscope (Leica MZ8) for isolation of fetal thymi.
3. Iscove’s modified Dulbecco’s medium supplemented with 10% FCS, 5 × 10–5 M

2-mercaptoethanol, and 1X glutamine, nonessential amino acids, sodium pyru-
vate, penicillin, and streptomycin from 100X stocks (Invitrogen-Gibco).

4. 2-deoxyguanosine (2-dGuo) (Sigma, cat. no. D-0901) at a final concentration of
1.35 mM for thymocyte depletion.

5. Terasaki plates supplied by Greiner Bio-One.
6. Nitrocellulose filters (0.2 µm pore size) (Millipore) placed on 1 mL of medium in

24-well plates (Nunc, cat. no. 142475) or 4 mL of medium in 6-well plates
(Falcon, cat. no. 3046, Becton Dickinson).

3. Methods
3.1. Cell Preparation and Staining

3.1.1. Bone Marrow Samples

1. Flush BM from the femurs and tibia bones with FACS buffer using a 25-gauge ×
0.5-mm needle attached to a 2-mL syringe.

2. Briefly resuspend cell aggregates with a Pasteur pipet before centrifuging at 200g
for 10 min.

3.1.2. Bone Marrow CD11c Enrichment

When larger numbers of preimmunocytes are needed, we enrich BM samples
by using CD11c-coupled magnetic beads according to the manufacturer’s
instructions, with the following adaptations:
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1. Flush BM from the femurs and tibias of four mice (approx 1.6 × 108 cells).
2. Filter the cell suspension through a cell strainer into a 50-mL falcon tube (see

Note 3) and centrifuge at 200g for 10 min.
3. Carefully resuspend the pellet in 100 µL of MACS buffer. Dilute 10 µL of CD11c

beads in 100 µL of MACS buffer and add to the cell suspension.
4. Place the sample in the door of a 4°C fridge for 15 min and shake the sample gen-

tly every 5 min.
5. Add 40 mL of MACS buffer to the 200 µL of cell suspension and filter into a fresh

50-mL falcon tube before centrifugation.
6. Resuspend the pelleted cells in 1 mL of MACS buffer and apply on the column

previously washed three times with 1 mL of MACS buffer. A 25-gauge 0.5-mm
needle may be applied to the column to control the flow of the fluid.

7. After the cell sample has passed through, the column is washed twice with MACS
buffer before the CD11c+ cells are eluted by removing the column from the mag-
netic field.

3.1.3. Isolation of Double Negative Thymocytes

1. A maximum of 200 × 106 thymocytes are required for a 10-mL depletion mixture.
2. Resuspend the cells in 7 mL of unsupplemented DMEM in a 15-mL tube.
3. Add 1 mL of supernatant containing CD4 MAb (RL.172) and CD8 MAb (31 M)

and incubate the tube at 37°C for 10 min.
4. Make up a bottle of rabbit complement with 1 mL of deionized water and add

immediately to the cells. Gently resuspend the mixture every 10 min using a
Pasteur pipet.

5. After 45 min, underlay the cell suspension with 3 mL of Ficoll (equilibrated to
room temperature) and centrifuge for 20 min at room temperature.

6. DN cells are recovered at the interface between the medium and Ficoll. 3–5 × 106

DN thymocytes are typically obtained.

3.1.4. FTOC Staining

1. Transfer fetal thymus lobes that have been cultured with sorted cells to 1 mL of
collagenase–DNase digestion mixture in 4-mL tubes (8–10 lobes/tube).

2. Place samples in a shaker at 37°C for 1 h (30 min + 30 min, see below).
3. After 30 min, resuspend the lobes with a P1000 Gilson pipet to encourage their

disaggregation. Transfer loose cells to a fresh Eppendorf tube and leave on ice
while fresh collagenase–DNase mixture is added to the undigested tissue, which
is incubated for a further 30 min at 37°C with continual shaking.

3.2. Cell Sorting

1. Stain single cell suspensions in FACS buffer with different combinations of
MAbs, as described in Subheading 2., following standard procedures.

2. Using MAbs specific for CD31, Ly6C and CD11c and gating on total cells (see
Fig. 1A) the BM of Balb/c mice can be divided into five subpopulations (see
Fig. 1B and Note 4). A distinct subset can be identified based on the expression
of CD11c (see Fig. 1C) and defined levels of CD31 and Ly6C (gate R2 in Fig. 1B)
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as well as physical criteria (FSC vs SSC in Fig. 1D). We define these cells as
preimmunocytes which represent only a small fraction of total BM cells
(0.5–1%), and have a homogenous size and granularity (FSC vs SSC), interme-
diate between that of lymphocytes and granulocytes. Figure 2 shows FACS
analysis, using the same MAb combination, of BM samples after enrichment
with CD11c magnetic beads.

3.3. Cell Culture

1. Culture 5–7 × 104 sorted BM-derived preimmunocytes in flat-bottom 96-well
plates in 200 µL of medium supplemented with either GM-CSF or M-CSF.

52 Bruno

Fig. 1. Characterization of preimmunocytes in total mouse bone marrow (BM). (A)
Gate R1 used on total BM cells. (B) Dot plot of BM cells, gated on R1, from Balb/c
mice stained with monoclonal antibodies to CD31, Ly6C, and CD11c. (C) Analysis of
CD11c expression by R2-gated cells. (D) Analysis of the physical parameters of preim-
munocytes (gated in R2 + R3).
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2. Add LPS on day 4 of culture and leave for 40 h to mature before harvesting.
3. For viral stimulation, culture 1 × 105 cells in the presence of influenza virus

(106 PFU/mL) for 7–8 h before assessing the secretion of type I IFN.

3.4. FTOC

1. B6 male and female mice are caged together overnight and checked for vaginal
plugs the next morning. The day on which a vaginal plug is observed is designated
d 0 of gestation.

2. For FTOC, dissect fetal thymi from embryos of B6 time-mated females on day
14.5 of gestation. Remove the head and the lower body containing the liver so as
to leave the thoracic segment. Open the rib cage superficially and longitudinally
with the tip of fine forceps. Two distinct thymus lobes can be identified above the
heart. Thymus lobes are precultured for 5 d in the presence of 1.35 mM 2-dGuo.
This treatment kills all rapidly dividing thymocytes, leaving intact the thymic
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Fig. 2. Bone marrow (BM) preparation enriched with CD11c magnetic beads. (A)
Presorted CD11c-enriched BM sample stained as in Fig. 1. (B) Reanalysis of the sorted
population of cells stained as in A.
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stroma, which acts as an ideal environment in which to assess the differentiation
potential of precursor cells. A maximum of eight lobes may be placed on a nucleo-
pore filter, floating on medium in a 24-well plate.

3. After the 2-dGuo treatment, wash the B6 (H-2b) thymus lobes and coculture in hang-
ing drops in the wells of a Terasaki plate containing sorted BM cells from Balb/c mice
(H-2d) together with DN thymocytes from B6 (H-2b) thymi. Carefully place the thy-
mus lobes onto the surface of a 20-µL drop of medium in the wells of a Terasaki plate,
each containing 1–5 × 103 sorted preimmunocytes and 0.5 × 103 DN cells (see Note 5).
DN thymocytes are used to reconstitute the thymocyte population and recreate a T
cell–stromal environment suitable for the developing preimmunocytes. The plates are
inverted for 2 d, after which the reconstituted thymi are transferred to nucleopore 
filters (Millipore) floating on medium in six-well plates for a further 4–6 d.

3.5. Analyzing DC Differentiation by Flow Cytometry

1. After 4–5 d of in vitro culture, add LPS to appropriate wells and leave for 40 h.
Figure 3 shows the profile of FTOC stained with the specific DC marker combi-
nation of CD11c and MHC class II.

2. To detect DC in FTOC, carefully remove thymus lobes from the filters and pre-
pare a single cell suspension by treatment with collagenase-DNase.

3. Block Fc receptors by means of CD16/CD32 MAbs.
4. Stain with MAbs specific for CD8, MHC class II, CD11c, and H-2b.
5. Identify cells derived from preimmunocytes by gating on H-2d+ cells in the appro-

priate histogram (see Fig. 4).
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Fig. 3. Bone marrow derived preimmunocytes differentiate to immature dendritic
cells (DC) that further mature upon lipopolysaccharide (LPS) stimulation. Bone
marrow-derived preimmunocytes, sorted as shown in Fig. 1A are cultured with granu-
locyte/macrophage colony stimulating factor (GM-CSF) and analyzed for the expres-
sion of surface molecules, which are characteristic of DC (CD11c, MHC class II).
GM-CSF-dependent cultures are stimulated with LPS for 40 h.
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4. Notes
1. Cell surface expression of CD8α is resistant to this treatment.
2. FCS must be endotoxin-free to prevent DC maturation. Different batches of FCS

are tested on total BM grown in the presence of GM-CSF (18). After 10 d, cells are
stained with CD11c and H-2Ab MAbs to select the FCS producing DC with low
class II surface expression, when compared to the same cells stimulated with LPS.

3. During isolation of DC from organs, all lab wear, from tubes used during the col-
lagenase-DNase treatment to the ones used for staining or sorting purposes, should
be made from polypropylene to prevent DC from adhering to the plastic.

4. We find that Balb/c mice have a more distinct population of preimmunocytes com-
pared to B6 mice.

5. Thymus lobes should float on the drop rather than sink to the bottom of the well.
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Genetic Modification of Dendritic Cells Through 
the Directed Differentiation of Embryonic Stem Cells

Paul J. Fairchild, Kathleen F. Nolan, and Herman Waldmann

Summary
Recent years have witnessed a progressive acceptance of the dual role played by dendritic

cells (DC) in the initiation of immune responses and their specific attenuation through the induc-
tion of immunological tolerance. Nevertheless, as terminally differentiated cells of the myeloid
lineage, DC share with macrophages an inherent resistance to genetic modification, greatly
restricting strategies available for studying their physiology and function. Consequently, little is
known of the molecular interactions provided by DC that underlie the critical decision between
tolerance and immunity. Embryonic stem (ES) cells are, by contrast, relatively amenable to
genetic modification. Furthermore, their propensity for self-renewal, one of the cardinal features
of a stem cell, permits cloning at the single cell level and the rational design of ES cell lines, uni-
formly expressing a desired, mutant phenotype. Here, we describe how another defining property
of ES cells, their demonstrable pluripotency, may be harnessed for their directed differentiation
along the DC pathway, enabling the generation of limitless numbers of DC faithfully expressing
candidate genes of interest. The protocols we outline in this chapter may, therefore, offer new
opportunities for dissecting the biology of DC and the molecular basis of their unique properties.

Key Words: Dendritic cell; embryonic stem cell; directed differentiation; tolerance; genetic
modification.

1. Introduction
During the past decade, numerous lines of evidence have converged on den-

dritic cells (DC) as playing a critical role in the establishment and ongoing
maintenance of immunological tolerance (1,2). Although originally considered
to be restricted to the induction of central tolerance (3), their remit is now
known to extend beyond negative selection in the thymus to the imposition of
dominant tolerance in the periphery, though the polarization of naïve T cells
toward a regulatory phenotype (4). Various studies have suggested that recognition
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of antigen by naïve T cells in the absence of full activation signals is the criti-
cal parameter in driving their commitment to the regulatory lineage (5), a scenario
epitomized by antigen presentation by immature DC (6,7). In contrast, other
studies have provided evidence consistent with the need for expression by DC
of molecules such as B7-H1, inducible costimulator ligand or the enzyme
indoleamine 2,3-dioxygenase (8–10) to set in place a regulatory network. These
findings imply that DC play a proactive role in the decision-making process,
inducing regulatory T cell development solely though the provision of specific
signals. Systematic attempts to resolve this ambiguity have, however, been con-
founded by the innate resistance of terminally differentiated DC to genetic
modification. Although electroporation and lipid-based protocols have proven
to be of little value when applied to this cell type, the use of viral vectors has
enjoyed some measure of success (11). Nevertheless, their use has been widely
reported to adversely affect the maturation status of DC, either impairing their
activation in response to pathogen-associated molecules (11) or prompting their
premature maturation and significantly reducing their life span (12).

In the light of these limitations, we have devised an alternative approach to
the study of DC by deciphering their differentiation pathways from pluripotent
embryonic stem (ES) cells through the formation of embryoid bodies (EB),
macroscopic structures that recapitulate some of the early events of embryogenesis
in vitro (13,14). The relative ease with which ES cells may be transfected with
heterologous genes, together with opportunities for cloning at the single cell
level, pave the way for the generation of ES cell lines, constitutively expressing
defined transgenes or silencing constructs. Such a permanent resource may serve
as a prelude to the directed differentiation of copious DC uniformly expressing
the same mutant phenotype (15). Such an approach may greatly facilitate a
systematic investigation of the role played by specific genes in DC function
and the capacity of this cell type to refine the balance between tolerance and
immunity in response to changes in circumstance. Furthermore, the recent
advent of pluripotent ES cell lines of human origin (16,17) offers prospects for
adapting these protocols for the genetic modification of human DC, thereby
helping to bridge the species barrier between mouse and man.

2. Materials
2.1. Preparation of Embryonic Fibroblasts

1. Female C57Bl/6 or Rosa 26 mice at day 13 of gestation (see Note 1).
2. Standard dissection instruments.
3. Scalpel fitted with a sterile no. 23 surgical blade.
4. Water bath warmed to 37°C.
5. Inverted phase-contrast microscope.
6. Phosphate buffered saline (PBS).
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7. B6 medium: Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen), 10%
(v/v) fetal calf serum (FCS), 2 mM L-glutamine (Invitrogen), 50 U/mL penicillin,
50 µg/mL streptomycin (Invitrogen), 5 × 10–5 M 2-mercaptoethanol (Promega).

8. Sterile trypsin–EDTA solution: PBS, 0.125% trypsin (v/v) (Invitrogen), 0.02%
EDTA (w/v).

9. Dimethyl sulfoxide Hybri-Max® (DMSO) (Sigma).
10. Sterile 90-mm diameter Petri dishes.
11. Sterile 75- and 150-cm2 tissue culture flasks.
12. Sterile Universal tubes.

2.2. Routine Maintenance of ES Cells

1. Two 75-cm2 flasks of confluent primary embryonic fibroblasts.
2. ES medium: DMEM, 15% FCS (v/v) (see Note 2), 2 mM L-glutamine, 1 mM

sodium pyruvate (Invitrogen), 5 × 10–5 M 2-mercaptoethanol.
3. PBS and trypsin–EDTA solution.
4. Stock mitomycin C (MMC, Sigma) dissolved in PBS at 1 mg/mL. Being toxic,

MMC should be handled carefully and a risk assessment performed.
5. Sterile 25-cm2 tissue culture flasks.

2.3. Genetic Modification of ES Cells

1. 24-Well plates and 96-well flat-bottomed plates seeded with MMC-treated Rosa
26 embryonic fibroblasts.

2. Inverted phase-contrast microscope.
3. P200 Gilson pipet.
4. Multi-12-channel pipet.
5. Fresh B6 medium (see Subheading 2.1., item 7).
6. ES medium supplemented with 1000 U/mL of recombinant murine leukemia

inhibitory factor (rLIF) (Chemicon).
7. Sterile PBS and trypsin-EDTA solution.
8. Sterile PBS containing 0.1% (w/v) gelatin Type A (Sigma).
9. Endotoxin-free preparation of plasmid DNA.

10. LipofectAMINE PlusTM (Life Technologies) or equivalent transfection reagent.
11. Stock solution of the neomycin analog G418-sulfate (Geneticin; Invitrogen) at 250

mg/mL in DMEM, or an appropriate alternative selection reagent.
12. Trypan blue (Sigma).
13. Six-well plates gelatinized by incubating with 0.1% gelatin (w/v) in PBS for 30 min

at 37°C and washing twice with sterile PBS before overlaying with PBS before use.
14. Gelatinized 12- and 25-cm2 flasks.
15. Polystyrene reagent reservoirs (Corning).

2.4. Directed Differentiation of ES Cells

1. EB maintained in suspension culture for 14 d.
2. P1000 Gilson pipet.
3. Fresh ES medium (see Subheading 2.2., item 2).
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4. Sterile EDTA, 0.2% (w/v) in PBS.
5. Recombinant murine granulocyte/macrophage colony stimulating factor (rmGM-

CSF) (R&D Systems) and recombinant murine interleukin-3 (rmIL-3) (R&D
Systems).

6. G418-sulfate or an appropriate alternative antibiotic for selection purposes.
7. Lipopolysaccharide (LPS: Escherichia coli Serotype 0127:B8) (Sigma).
8. Leukopor tape® (Beiersdorf AG Hamburg, Germany).
9. Sterile 90-mm diameter tissue culture plates (Corning).

3. Methods
3.1. Preparation of Primary Embryonic Fibroblasts

1. To prepare a stock of fibroblasts, arrange timed matings of C57Bl/6 mice, defining
the day on which a vaginal plug is observed as d 0 of gestation.

2. Sacrifice the mother on d 13 and carefully remove the embryos, dissecting them
from the uterus and surrounding extraembryonic tissues into a Petri dish of ice
cold PBS.

3. Decapitate and carefully remove the liver, which serves as the principle hematopoi-
etic organ at this stage of ontogeny.

4. Remove the PBS and replace with 10 mL of trypsin-EDTA. Finely macerate the
embryonic tissues using a scalpel fitted with a sterile no. 23 surgical blade.

5. Transfer the tissue to a Universal tube. Rinse the Petri dish with a further 5 mL of
trypsin–EDTA and combine with the original suspension.

6. Place in a water bath for 5 min at 37°C.
7. Shake the tube vigorously to mechanically disrupt the tissue and leave for 3 min

to allow lipids to rise to the surface and any remaining tissue to sediment under
unit gravity.

8. Carefully collect 5–10 mL of cell suspension between the pellet and lipid layer
and transfer to a 50-mL conical tube containing 10 mL of complete B6 medium
as a source of FCS proteins to inactivate the trypsin.

9. Replace the volume removed with an equivalent volume of trypsin-EDTA and
return the Universal to the water bath for a further 5 min.

10. Repeat the extraction protocol two further times (steps 7–9), pooling the material
obtained from each extraction. When complete, allow the cell suspension to stand
briefly and remove any fragments of tissue that settle to the bottom of the tube
using a sterile Pasteur pipet. Likewise, carefully remove any fatty deposits from
the air–liquid interface and discard them.

11. Spin the tube at 200g to pellet the cells and resuspend in fresh B6 medium.
Distribute equally among 75-cm2 tissue culture flasks. Although the number of
flasks will vary according to the size of the litter, we routinely seed one flask for
every two embryos used.

12. After culture for 1–2 d, the fibroblasts should have produced a near-confluent
monolayer of cells. Remove any debris and floating cells by gently pipetting over
the surface and replacing with fresh medium (see Note 3).
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13. Once the cells reach confluency, passage them into an equivalent number of
150-cm2 flasks to provide room for expansion. To do so, remove the overlying
medium and replace with 20 mL of PBS. Gently swirl the flask to exclude any
traces of medium and FCS, which might inhibit the action of proteases. Replace
with 10 mL of trypsin–EDTA and return to the incubator for 3 min. Shake the
flask vigorously to release the adherent cells and transfer to a 50-mL conical tube
containing 10 mL of B6 medium.

14. Centrifuge for 5 min at 200g and resuspend in fresh B6 medium before seeding
the appropriate number of flasks.

15. Although the fibroblasts are still subconfluent and are not, therefore, susceptible
to contact inhibition, harvest and pool the cells from all flasks. Centrifuge and
resuspend in medium supplemented with 10% DMSO (v/v). Prepare vials of
feeder cells at 107 cells per vial and freeze rapidly on dry ice before storing long-
term under liquid nitrogen (see Note 4).

3.2. Routine Passage of Mouse ES Cell Lines

1. Although different mouse ES cell lines may vary subtly in their properties, we find
that they invariably require passaging every third day of culture.

2. Because primary embryonic fibroblasts are required as feeder cells, these must be
passaged in parallel. Therefore, thaw a vial of stock fibroblasts in advance and
expand to form two confluent 75-cm2 flasks.

3. The day before passaging the ES cell line, remove the medium from one of the
flasks of fibroblasts and replace it with 10 mL of fresh B6 medium, supplemented
with MMC at a final concentration of 10 µg/mL. Incubate for 2 h at 37°C to ensure
that the cells are mitotically inactivated (see Note 5).

4. During this period, passage the remaining flask of fibroblasts into two 75-cm2 flasks
so as to encourage expansion and the replenishment of stocks for subsequent use.

5. After 2 h, harvest the MMC-treated cells using trypsin–EDTA (see Subheading
2.1., item 8), spin and resuspend in fresh B6 medium. Distribute equally among
two 25-cm2 flasks and incubate overnight to encourage the formation of confluent
monolayers onto which the ES cells may be passaged.

6. On the day of passaging, the ES cell line should appear as discrete, compact
colonies in which the boarders of individual cells are difficult to discern (see
Fig. 1A). Prepare a single cell suspension of the ES cell line by removing the
medium and replacing with 10 mL of PBS. Swirl the flask and replace with 5 mL
of trypsin–EDTA.

7. Return the flask to the incubator for 3–4 min. Shake vigorously to disaggregate the
colonies of ES cells and transfer the cell suspension to a 15-mL conical tube con-
taining 5 mL of complete B6 medium. Centrifuge at 200g for 5 min and resuspend
in 10 mL of complete ES medium.

8. Seed the two 25-cm2 flasks with ES cells at two different densities. Although the
extent to which the cells should be diluted will need to be determined empirically,
we routinely perform a 1:3 and 1:10 dilution. Preparation of stocks of ES cells at two
different densities increases the likelihood of ensuring optimal growth conditions.
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3.3. Transfection of ES Cells

Although various methods may be used for the stable transfection of mouse
ES cells, we prefer the use of lipid-based approaches, which do not place the
cells under detectable stress and have obtained good results with both
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Fig. 1. Sequential stages during the directed differentiation of embryonic stem (ES)
cells along the dendritic cell pathway. (A) Colony of undifferentiated ES cells cultured on
a monolayer of primary embryonic fibroblasts. Bar = 30 µm. (B) EB formed from the pro-
liferation of ES cells cultured in single cell suspension for 14 d. Bar = 500 µm. (C)
Immature dendritic cells (DC) accumulating around the edge of an EB (indicated by the
broken line). Bar = 30 µm. (D) Typical cluster of immature DC, lightly adherent to tissue
culture plastic. Bar = 10 µm. (E) DC induced to mature following transient exposure to
lipopolysaccharide. Note the many dendrites and veils of cytoplasm (arrows). Bar = 10 µm.
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LipofectAMINE Plus and Fugene. Whichever reagent is chosen, however,
preparatory titration of the plasmid DNA and adherence to the manufacturer’s
instructions throughout is strongly recommended. The choice of selection sys-
tem is largely restricted to the use of the neomycin resistance gene due to the
availability of embryonic fibroblasts from Rosa 26 mice that are inherently
neomycin resistant and which may, therefore, be used for the routine passage of
stable transfectants.

1. In preparation for transfection, it is necessary to determine the optimal concentra-
tion of the neomycin analog, G418, that will select for transfectants while not
compromising the viability of Rosa 26 fibroblasts. Although the sensitivity of ES
cell lines to G418 may vary, we have found 600 µg/mL to be optimal for all lines
tested so far.

2. In advance of transfection, the ES cells should be weaned away from primary
embryonic fibroblasts by serial passage onto gelatinized flasks in complete ES
medium, further supplemented with 1000 U/mL of rLIF to maintain their pluripo-
tency. This results in the progressive dilution of the fibroblasts and preferential
expansion of the ES cell line.

3. Harvest the cells with trypsin-EDTA and plate 105 cells into each well of a gelat-
inized six-well tissue culture plate in 4 mL of ES medium containing rLIF.

4. Incubate for 48 h to permit adherence of the cells and the formation of colonies.
Monitor carefully until the ES cells reach approx 40% confluency (see Note 6).

5. Perform the transfection using the preferred reagent according the manufacturer’s
instructions, designating a single well for “mock” transfection in which the plas-
mid DNA is omitted. Incubate the ES cells in ES medium supplemented with rLIF
for 24–48 h before adding G418 at a predetermined concentration.

6. Monitor the cultures over the ensuing few days until no viable cells remain in the
mock transfected well. Screen the remaining wells for colonies of ES cells that
have survived selection as evidence of their incorporation of the plasmid DNA.

7. When the surviving colonies have become established, harvest all wells using
trypsin-EDTA and pool to form a polyclonal cell line, which may be expanded in
a gelatinized 25-cm2 flask in ES medium supplemented with G418 and rLIF.

8. When ready for passaging, prepare frozen stocks of the transfected cell line for
future use and screen for expression of the transgene using an appropriate assay. In
the event that monoclonal antibodies are available specific for the gene product, this
may involve the use of flow cytometry of the development of a specific enzyme-
linked immunosorbent assay. Alternatively, functional assays or an appropriate
PCR-based strategy may be required. Once expression of the transgene has been
confirmed, the polyclonal cell line may be used for cloning at the single cell level.

3.4. Cloning of ES Cells

Although ES cell lines may be maintained in gelatinized dishes in medium
supplemented with rLIF, it is inadvisable to culture them long-term in this way
because they have a tendency to become teratocarcinoma cells, which lose any
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capacity for subsequent differentiation. We therefore recommend transferring
stable transfectants of the ES cell line onto primary embryonic fibroblasts at the
first opportunity.

1. In preparation for cloning the ES cell line, prepare MMC-treated Rosa 26 fibroblasts
(see above) and distribute into the wells of 96-well flat-bottomed plates. We find
that a confluent 75-cm2 flask of feeder cells is sufficient for seeding two 
96-well plates, which should be incubated overnight in B6 medium to promote the
formation of monolayers.

2. Remove the medium by aspiration and overlay each well with 50 µL of ES medium.
3. Harvest the polyclonal ES cell line that has been cultured in gelatinized flasks and

prepare a single cell suspension. Perform a viability count using trypan blue exclu-
sion as an appropriate readout and resuspend the cells to 2 × 105 cells per milli-
liter in ES medium.

4. Transfer 100 µL of cell suspension (approx 2 × 103 cells) to a tube containing 900
µL of medium, mix thoroughly and transfer 150 µL of this suspension (approx
300 cells) to a polystyrene reservoir containing 30 mL of ES medium.

5. Using a 12-channel multipipet, transfer 100 µL to each well of the two 96-well
plates seeded with fibroblasts, such that each well receives, on average, a single
ES cell.

6. Prepare 20 mL of ES medium containing 2.4 mg/mL of G418 and distribute 50 µL
to each well, thereby yielding a final concentration of G418 of 600 µg/mL.

7. Culture the plates for 4 d before screening individual wells for colonies using
inverted phase contrast microscopy. Exclude any wells containing multiple
colonies.

8. Once colonies have become established, expand into 24-well plates seeded with
MMC-treated Rosa 26 fibroblasts. To harvest individual colonies, remove medium
from the relevant wells by aspiration and overlay with 100 µL of PBS. Replace
with 50 µL of trypsin–EDTA and incubate at 37°C for 3 min.

9. Harvest the cells by gentle pipetting with a P200 Gilson pipet and transfer the
entire cell suspension to a designated well of the 24-well plate, containing 2 mL
of complete ES medium to neutralize the effect of the trypsin. The wholesale
transfer of the contents of individual wells is preferable to centrifugation, which
risks losing a significant proportion of the small number of ES cells in each
colony.

10. Once individual clones have become established, they may be expanded to prepare
frozen stock and screened for expression of the transgene (see Fig. 2). Ultimately,
those clones proving positive should be tested for their capacity to sustain DC dif-
ferentiation.

3.5. Production of Embryoid Bodies

1. As a prelude to the production of EB, the ES cells should be weaned away from
primary embryonic fibroblasts by serial passage onto gelatinized 12-cm2 flasks in
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complete ES medium, further supplemented with G418 and 1000 U/mL of rLIF to
maintain their pluripotency (see Note 7). This results in the progressive dilution of
the fibroblasts, which might otherwise interfere with the formation of EBs.

2. Once the burden of fibroblasts has been significantly reduced, prepare a single cell
suspension of the ES cells and determine their number and viability using trypan
blue exclusion.

3. Resuspend the cells in ES medium containing G418 to a density of 4 × 105 cell/mL
and transfer 1 mL of cell suspension to two 90-mm diameter dishes of bacteriological
plastic in a total of 20 mL of medium lacking an exogenous source of rLIF. This
low density of cells is intended to prevent their aggregation, thereby ensuring that
each EB is derived from the proliferation and differentiation of a single ES cell.

4. Return cultures to the incubator for a total of 14 d. EBs may be observed with the
naked eye as early as 4 d after seeding the dish with ES cells and appear as small
spherical structures, floating freely in the medium. By day 14 of culture, EBs may
become large macroscopic structures, often several millimeters in diameter (see
Fig. 1B and Note 8).

5. Carefully monitor the medium for the depletion of nutrients during the course of
the culture period. Should the medium become acidified, transfer the EB to a
15-mL conical tube and allow them to settle under unit gravity for 2 min.
Carefully draw the EB into a sterile Pasteur pipet and transfer them to a dish con-
taining fresh ES medium.

3.6. Directed Differentiation of Dendritic Cells

1. To further direct the differentiation of ES cells along the DC lineage pathway, prepare
differentiation medium consisting of complete ES medium further supplemented

ES Cell-Derived Dendritic Cells 67
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pared with mock transfected ES cell line (open histogram).
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with 200 U/mL of rmIL-3 and 25 ng/mL of rmGM-CSF. An appropriate concentra-
tion of G418 should also be added to the medium to prevent loss of the transgene dur-
ing differentiation.

2. Harvest the EB after 14 d in suspension culture (see Note 9), allowing them to 
settle in a 50-mL conical tube.

3. Gently draw the EB into a sterile Pasteur pipet and distribute approx 20–30 of
these structures into 90-mm tissue culture dishes in 35 mL of differentiation
medium (see Note 10).

4. Seal the dishes with Leukopor tape and incubate at 37°C, 5% CO2 (see Note 11).
Take care not to disturb the cultures for at least 48 h to encourage the adhesion
of EB to the tissue culture plastic and the outgrowth of terminally differentiated
cell types.

5. Regular observation of cultures will reveal the chaotic nature of the differenti-
ation process, many different cell types becoming apparent over time, of which
cardiomyocytes are undoubtedly the most easily identified by virtue of their
propensity to contract rhythmically in situ. DC may become visible as early as
day 4–5 of culture although the kinetics of their appearance may vary consid-
erably between ES cell lines and even different passages of the same line.
Typically DC appear around the very perimeter of the colonies derived from
adherent EB (see Fig. 1C), frequently forming a distinctive “halo” of cells.
Extensive proliferation results in their accumulation and the formation of clus-
ters, highly reminiscent of immature DC differentiated from cultures of mouse
bone marrow progenitors (see Fig. 1D). The terminally differentiated DC,
which are stably immature at this stage, may eventually become confluent (see
Note 12).

6. Care should be taken to ensure that cultures do not become depleted of nutrients.
When feeding cultures, remove all exhausted medium, leaving behind the lightly
adherent DC, and carefully replace with fresh differentiation medium.

7. Because DC differentiated from ES cells adhere strongly to one another when
pelleted, forming clumps that are difficult to dissociate without harming the cells,
we routinely centrifuge the cell suspension in PSB containing EDTA. To do so,
discard the medium, removing the last traces using a Pasteur pipet, and overlay
with 9 mL of PBS.

8. Use a 1-mL Gilson pipet and moderate force to expel medium over the surface of
the dish and dislodge the lightly adherent cells, which may be seen as a “cloud”
when tilting the dish forward (see Note 13).

9. Transfer the cell suspension to a 15-mL conical tube and add 1 mL of 0.2% EDTA
in PBS to yield a final concentration of 0.02%. Centrifuge the cell suspension for
5 min at 200g before using the cells in immunological assays, designed to inves-
tigate the impact of transgene expression on DC function.

3.7. Maturation of Dendritic Cells

1. Although ES cell–derived DC are stably immature for prolonged periods in cul-
ture, they may be induced to mature by transient exposure to LPS. To initiate their
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maturation program, harvest the DC and plate overnight onto fresh tissue culture
plates in differentiation medium.

2. Add LPS (E. coli serotype 0127:B8) at a final concentration of 1 µg/mL and return
to the incubator.

3. After overnight culture, the majority of cells will have adhered strongly to the
plastic and begun to spread out. Remove all medium and replace with fresh dif-
ferentiation medium that lacks any traces of LPS, before incubating again
overnight.

4. Observation under an inverted phase-contrast microscope the following day will
reveal floating cells displaying highly dendritic morphology, a cardinal feature of
mature DC (see Fig. 1E). To obtain a substantially pure population of mature DC,
harvest the medium without pipetting over the surface of the dish and centrifuge.
Because, upon maturation, the DC lose their propensity for aggregation, the addi-
tion of EDTA is unnecessary at this stage.

5. Feed cultures with fresh differentiation medium and return to the incubator,
examining for the release of further cohorts of mature cells over the ensuing few
days (see Note 14).

4. Notes
1. We prefer C57Bl/6 mice as a source of embryonic fibroblasts except when cultur-

ing ES cells under selection conditions following transfection. When using the
neomycin analog G418-sulfate, for selection purposes, it is necessary to use pri-
mary embryonic fibroblasts from Rosa 26 mice, because these are intrinsically
neomycin-resistant.

2. Batches of FCS may vary enormously with respect to their capacity to support ES
cell growth and directed differentiation of ES cells along the DC pathway. We
recommend screening samples from different suppliers against both of these cri-
teria and ordering the best batch in bulk.

3. At this stage of the protocol, embryonic fibroblasts are only lightly adherent. Care
should be taken, therefore, when trying to dislodge debris by expelling medium
onto the surface of the monolayer.

4. Batches of fibroblasts may vary enormously with respect to their viability after
thawing, their doubling time and the total number of passages they can sustain. We
recommend comparing batches by defining the length of time taken to reach con-
fluency after seeding a 75-cm2 flask with a single vial of fibroblasts and the num-
ber of passages they can undergo before falling quiescent. This information can be
extremely valuable when planning the maintenance of ES cell lines and the best
time to replace existing flasks of feeder cells from frozen stocks.

5. Although we favor the use of mitomycin C, the availability of a 60Co radiation
source provides an inexpensive alternative approach to rendering feeder cells mitot-
ically inactive. The delivery of 30 Gy is sufficient to prevent their proliferation.

6. Although protocols for the use of other cell types frequently suggest performing
transfection once cells have reached 80% confluency, we find that mouse ES cells,
plated at this density, have a tendency to overgrow and die prematurely, before

ES Cell-Derived Dendritic Cells 69

04_Fairchild  4/4/07  8:29 AM  Page 69



succumbing to G418 toxicity. A cell density of 40% therefore provides adequate
scope for expansion during the course of transfection and selection.

7. We recommend the use of 12-cm2 tissue culture flasks at this stage of the pro-
tocol as a result of the need to supplement the culture medium with a source of
rLIF, which constitutes a major expense. The use of 12-cm2 flasks requires as lit-
tle as 4 mL of complete medium but still yields sufficient ES cells for the genera-
tion of copious EB.

8. EB vary enormously in size and morphology, even when cultured from a homogenous
suspension of ES cells. In general, however, EB may be characterized as either
“simple” or “cystic,” the latter being distinguished by the development of a fluid-filled
cavity, which may increase significantly in size, sometimes reaching up to 5 mm
in diameter. Importantly, we have yet to observe any difference in the ability of
either type of EB to sustain the differentiation of DC.

9. Although we have been able to generate DC from EB that have been cultured for
as little as 4 d before plating, their appearance is significantly delayed and yields
are comparatively low. Likewise, EB cultured in suspension for 21 d prior to
plating may be permissive, but yields of DC decrease progressively beyond this
time point. For this reason, we routinely use EB cultured for 14 d as the starting
material for directed differentiation.

10. Given the inevitable investment of time and resources in the generation of geneti-
cally modified ES cells, there can be significant psychological pressure not to
waste any material, with the result that too many EB may be seeded per plate. This
temptation should, however, be strongly resisted, even if a significant proportion
of the EB is discarded, because crowding of the EB provides too little space for
DC to develop.

11. We find that sealing dishes with leukopor tape helps to maintain sterility during
prolonged incubation periods of up to 1 mo. This is particularly important when
repeatedly handling dishes, because even the most experienced worker will occa-
sionally deposit medium around the rim of the dish during routine observation,
which leaves the culture especially vulnerable to fungal infection.

12. Although ES cell-derived DC remain stably immature with time, showing none
of the phenotypic changes associated with maturation, they appear to undergo
predicable changes in morphology during prolonged periods in culture. In par-
ticular, the cells become enlarged, rounded, and highly vacuolated, as though
actively sampling the surrounding milieu. Importantly, such morphological
changes do not appear to affect the immunostimulatory function of the cells 
in vitro.

13. After harvesting DC, we routinely feed the culture with fresh medium supple-
mented with rmGM-CSF and rmIL-3, to permit the emergence of a further cohort
of cells. It is, in fact, possible to obtain at least three batches of DC from the same
culture before the cells fall quiescent.

14. When first challenged with LPS, the DC become uniformly and transiently adher-
ent to tissue culture plastic before gradually releasing over the course of the
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ensuing few days. These may be harvested in successive waves, or allowed to
accumulate in the medium for several days before harvesting. For unexplained
reasons, only a proportion of the original cells appears capable of assuming a clas-
sic nonadherent dendritic morphology, the majority remaining strongly adherent
through out.
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5

Generation of Immunocompetent T Cells 
from Embryonic Stem Cells

Renée F. de Pooter and Juan Carlos Zúñiga-Pflücker

Summary
Mature hematopoietic cells, like all other terminally differentiated lineages, arise during

ontogeny via a series of increasingly restricted intermediates. Hematopoietic progenitors
derive from the mesoderm, which gives rise to hemangioblasts that can differentiate into
endothelial or endocardial precursors, or hematopoietic stem cells (HSCs). These HSCs, in
turn, may either self-renew or differentiate into lineage-restricted progenitors, and ultimately
mature effector cells. The ability to generate most hematopoietic lineages in a two-dimensional
in vitro environment has facilitated our study of this complex process. Until recently, T lym-
phocytes were the exception, and appeared to require the specific three-dimensional microen-
vironment of the thymus to develop. However, here we describe a protocol for the generation
of immunocompetent T lymphocytes from embryonic stem cells (ESCs) in vitro, within the
two-dimensional microenvironment provided by OP9 bone marrow stromal cells that have
been transduced to express the Notch ligand Delta-like-1. This procedure will facilitate further
study of T lymphocytes by providing a model system in which the effects of genetic and envi-
ronmental manipulations of ESC-derived progenitors can be examined, and the mechanisms of
tolerance potentially dissected, in vitro.

Key Words: Lymphocyte development; T-cell development; fetal thymic organ culture;
hematopoiesis; hemangioblast; Flt-3L; IL-7; embryonic stem cells; stromal cells; Delta-like-1;
Notch; OP9 stromal cells.

1. Introduction
Of the cells in the vertebrate hematopoietic system, the T and B lymphocytes,

which comprise the effectors of the adaptive immune system, are arguably the
most complex in their development, as both must pass developmental check-
points that allow only cells with functional, nonautoreactive antigen receptors to
survive to maturity.
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Although other protocols produce T cells from embryonic stem cells (ESCs)
(1–4), the totipotent cells isolated from the inner cell mass of a blastocyst (5),
they do not greatly facilitate the manipulation of the hematopoietic environment
and progenitors required to gain a thorough understanding of the process of
maturation itself. In the seminal work that led to development of our own sys-
tem, Nakano et al. demonstrated that the in vitro differentiation of ESCs into B
lymphocytes could be achieved using the bone marrow stromal cell line OP9
(6,7), which is derived from mice deficient in macrophage colony stimulating
factor (M-CSF). The absence of M-CSF prevents macrophages from over-
whelming other lineages in the coculture (8), and allows OP9 stromal cells to
support the efficient differentiation of ESCs (ESC/OP9 coculture) into multiple
hematopoietic lineages. Although initially the efficiency of B-cell generation in
ESC/OP9 cocultures was low, Cho et al. demonstrated that the addition of
exogenous Flt-3L and interleukin (IL)-7, cytokines known to potentiate B-cell
production (9–14), allowed for the efficient and consistent production of B cells
(15). T-cell potential, however, remained elusive, although transfer of pre-
hematopoietic Flk-1+CD45– precursors from the ESC/OP9 cocultures to reaggre-
gate thymic organ cultures, though inefficient, did allow the production of
mature T cells from ESCs in vitro (16). Ultimately, the issue of efficiency of in
vitro T-cell development was resolved by transducing OP9 stromal cells with
the Notch ligand Delta-like-1 (Dll-1) (17).

The Notch signaling pathway had already been demonstrated to play an
important role in commitment to the T- vs B-lymphocyte fate (18,19), and when
OP9 stromal cells were retrovirally transduced to express Dll-1 (OP9-DL1), the
resulting ESC/OP9-DL1 cocultures now supported robust T, but no longer B,
lymphopoiesis, from fetal liver, bone marrow, and ESC-derived hematopoietic
progenitors (17,20).

This system permits the efficient generation of mature, functional CD8+ T
cells, although mature CD4+ T cells do not arise, presumably because the
absence of MHC II expression on OP9 cells precludes their positive selection.
The ESC/OP9-DL1 cocultures permit detailed molecular studies under various
culture conditions, and facilitate the manipulation of ESCs throughout the
stages of differentiation from progenitor to mature lymphocyte.

2. Materials
2.1. Cellular Components

2.1.1. ESCs and Embryonic Fibroblast Cells

1. ESCs (R1, D3, E14K derived from 129/Sv mice and ESCs derived from BALB/c
and C57BL/6, and [C57BL6/129]F2 mice have all been used to generate lympho-
cytes in vitro).

2. Mouse embryonic fibroblast (EF) cells (21).
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3. Fetal bovine serum (FBS). Different sources required for ESC vs OP9/coculture
media. Heat-inactivate at 56°C for 30 min and store at 4°C (see Note 1).

4. High glucose Dulbecco’s modified Eagle’s medium (Sigma, cat. no. D-5671).
Store at 4°C.

5. 1X Phosphate buffered saline (PBS) without Ca2+/Mg2+ (Gibco, cat. no. 14190-
144). Store at room temperature.

6. HEPES, sodium pyruvate, gentamicin solution: 5 mL HEPES 100X or 1 M
(Gibco, cat. no. 15630-08), 5 mL sodium pyruvate 100X or 100 mM (Gibco, cat.
no. 11360-070), 0.5 mL Gentamicin 1000X or 50 mg/mL (Gibco, cat. no. 15750-
060), aliquoted into 14-mL conical tubes. Store at 4°C, stable for approx 1 yr.

7. Penicillin/streptomycin, glutamax, 2(β)-mercaptoethanol solution: 5 mL penicillin/
streptomycin 100X or 10,000 U/mL penicillin and 10,000 µg/mL streptomycin
(Gibco, cat. no. 15140-122), 5 mL Glutamax 100X or 200 mM (Gibco, cat. no.
35050-061), 0.5 mL β-mercaptoethanol 1000X or 55 mM, (Gibco, cat. no. 21985-
023), aliquoted into 14-mL conical tubes. Store at –20°C, stable for approx 1 yr.

8. ESC medium: 500 mL of high glucose Dulbecco’s modified Eagle’s medium sup-
plemented with 15% heat-inactivated FBS (iFBS), 10.5 mL PGS solution and 10.5 mL
HEPES, sodium pyruvate, gentamicin solution (one aliquot each).

9. 2.5% Trypsin (Gibco, cat. no. 15090-046). Dilute with PBS to 0.25% solution as
needed and store at 4°C.

10. Mitomycin C solution: 1 mg/mL (100X) mitomycin C (Sigma, cat. no. M-4287)
stock solution in PBS. Store in the dark at 4°C, stable for 2 wk.

11. Mouse leukemia inhibitory factor (LIF) (Sigma, cat. no. L5158). Dilute to 7.5 µg/mL
(1000X). Aliquot and store at –80°C.

12. Freezing medium: 90% iFBS, 10% dimethyl sulfoxide.
13. Tissue culture ware, tissue culture treated (suggested suppliers: Sarstedt or Falcon).

2.1.2. OP9-DL1 Cells

1. OP9 cells (Riken cell repository, http://www.brc.riken.jp/lab/cell/english/index.shtml)
retrovirally transduced to express Dll-1, as previously reported (17).

2. α-Modified Eagle’s medium (Gibco, cat. no. 12561-056). Store at 4°C.
3. OP9 medium: α-modified Eagle’s medium αMEM, supplemented with 20% iFBS

and 1X of penicillin/streptomycin.

2.2. ESC/OP9-DL1 Coculture

1. Mouse IL-7 (R&D 407-ML). Reconstitute at 1 µg/mL (1000X). Aliquot and store
at –80°C.

2. Human Flt-3L (R&D 308-FK). Reconstitute at 5 µg/mL (1000X). Aliquot and
store at –80°C.

3. Methods
The methods described next outline (1) the maintenance of the required cell

lines and (2) the coculture of ESCs on OP9-DL1 cells for the production of T
cells. It should be noted that all incubations are performed in a standard,
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humidified, cell culture incubator, at 37°C in 5% CO2, all tissue culture ware
is tissue culture treated for adherent cells, and cells are pelleted by centrifug-
ing at 300g for 5 min.

3.1. Cellular Components of the Coculture System

3.1.1. ESCs and EF Cells

1. ESCs are maintained as adherent colonies on monolayers of growth-inactivated
EF in ESC medium. EF inactivation may be performed by either irradiation (3000
cGy) or treatment with mitomycin C. In the case of treatment with mitomycin C,
which is light-sensitive, EF are incubated for 2.5 h in ESC medium with 10 µg/mL
of mitomycin C. Wash three times with PBS, and add fresh ESC medium. EF cells
should be used within 5 d of either treatment.

2. For the maintenance of undifferentiated ESCs, Hyclone offers prescreened, char-
acterized lots of FBS (see Note 1). ESCs should be thawed in a 37°C water bath
and transferred to a 14-mL conical tube containing 10 mL of ESC medium. Pellet
the cells, and resuspend in 3 mL of ESC medium to be plated on a 6-cm diameter
dish of approx 80% confluent inactivated EF cells. Add 3 µL of LIF. Change the
medium the next day, and passage to a fresh plate of inactivated EF the following
day (see below), each time adding LIF. Maintain ESC by repeating this procedure,
alternating media changes and passages, and allowing them to become no more
than 80% confluent.

3. To passage the ESCs, remove the medium and wash the dish gently with 4 mL of
PBS. Remove PBS and incubate the plate with 1 mL 0.25% trypsin for 5 min.
Wash the cells from the plate by adding 2 mL of ESC medium and pipetting
vigorously. If the plate has become over confluent, or large colonies with borders
of flattened, nonrefractive cells have formed, small, undifferentiated colonies can
sometimes be restored by passing the cells through 70-µm nylon mesh. Pellet the
cells, and resuspend in 3 mL ESC medium with LIF. Remove the medium from a
fresh 6-cm diameter dish of 80% confluent inactivated EF cells, and add the
resuspended ESCs. Gently agitate the plate to disperse the cells and LIF.

4. To generate frozen stocks of ESCs, wash with PBS, treat with trypsin, and collect
the cells as described above. Resuspend the ESCs in ice-cold freezing medium,
and aliquot them into cryovials (two to four vials per confluent 6-cm plate of
ESCs). Transfer the vials on ice to a –80°C freezer overnight, and the next day to
liquid nitrogen for long-term storage.

3.1.2. OP9-DL1 Cells

1. Thaw a vial of OP9-DL1 cells as described for ESCs, but substitute OP9 medium
for ESC medium. Plate cells in a 10-cm diameter dish with 8–10 mL of fresh OP9
medium. Change the medium the next day. OP9-DL1 cells should not be allowed to
become more than 80% confluent, and can generally be maintained by passaging 1:4
every 2 d.

2. To passage OP9-DL1 cells from a 10-cm plate, remove the medium, wash with 6 mL
of PBS, remove the PBS, and incubate for 5 min with 4 mL of 0.25% trypsin.

76 de Pooter and Zúñiga-Pflücker

05_de Pooter  4/4/07  8:31 AM  Page 76



Following trypsin treatment, prepare a 50-mL conical tube with 5 mL of OP9
medium. Add 4 mL of PBS to the trypsin-treated plate, pipet vigorously, and add
the cells to the tube containing medium. OP9-DL1 cells, especially early passage
cells, are very adherent. Rinse the plate again with 8 mL of PBS and pool this with
the first wash. Pellet the cells, resuspend them, and divide them among four 10-cm
plates, or four six-well plates. Gently agitate the plate to distribute the cells evenly
(see Notes 2 and 3).

3.2. ESC/OP9-DL1 Coculture

This section describes (1) the preparation of the cells for coculture and (2)
the production of T cells.

3.2.1. Coculture (see Note 4)

3.2.1.1. DAY –6 TO –2

1. Thaw the ESCs onto inactivated EF cells 4–6 d before beginning the coculture (d –6
to d –4).

2. Maintain undifferentiated ESCs as described above.
3. Thaw OP9-DL1 stromal cells at d –4.
4. At d –2, passage a confluent plate of OP9-DL1 stromal cells onto 4 × 10-cm diam-

eter plates.

3.2.1.2. DAY 0

1. Remove the media from 10-cm dishes of OP9-DL1 stromal cells that are no more
than 80% confluent, and replace with 8 mL fresh OP9 medium.

2. Aspirate the medium from the ESCs and treat them with trypsin (described
above).

3. Disaggregate the cells by vigorous pipetting and add 6 mL of ESC medium.
4. Transfer the cells to a new empty 10-cm dish, with no preexisting EF monolayer.
5. Incubate the cells for 30 min to allow the EF cells to settle and adhere to the plate

(plate out).
6. Collect the nonadherent cells from the ESC plate and pellet them.
7. Resuspend the ESCs in 3 mL ESC medium to count.
8. Dilute 5 × 104 ESCs into 2 mL of OP9 medium, and seed onto a 10-cm dish of

80% confluent OP9-DL1 stromal cells from step 1.

3.2.1.3. DAY 3

1. Aspirate the coculture medium without disturbing the cells or the monolayer.
2. Replace with 10 mL of fresh OP9 medium.

3.2.1.4. DAY 5

1. Fifty to one hundred percent of colonies should have mesoderm characteristics (7)
(see Note 5). Aspirate the medium without disturbing the cells or the monolayer.

2. Wash with 10 mL of PBS and remove the PBS.
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3. Add 4 mL of 0.25% trypsin to the plates, and incubate for 5 min.
4. Disaggregate the cells by vigorous pipetting to create a homogenous suspension.
5. Add 4 mL of OP9 medium and incubate the disaggregated cells for 30 min to plate

out the OP9-DL1 cells.
6. Collect the nonadherent cells and pellet them.
7. Resuspend the cells in 2 mL of fresh OP9 medium and count them.
8. Seed 6 × 105 cells per fresh 10-cm plate of 80% confluent OP9-DL1 stromal cells.

If cells are to be analyzed by flow cytometry at later time points, a good guideline
is to seed one 10-cm plate of OP9-DL1 stroma per anticipated time point (see
Note 6).

9. Add Flt3-L to a final concentration of 5 ng/mL.

3.2.1.5. DAY 8

1. Small clusters of 4–10 round, refractile blast-like cells should be visible. Transfer
all the culture media into a 50-mL conical tube. Gently wash the surface of the
plate using a 10-mL pipet with 8 mL of PBS, attempting not to disrupt the OP9-
DL1 monolayer. Transfer the wash into the same 50-mL conical tube, passing the
wash through a 70-µm filter to exclude pieces of disrupted monolayer. The object
is to collect all round, loosely adherent, blast-like cells. Determine whether this
has been accomplished by observing the culture under an inverted phase-contrast
microscope.

2. Pellet the collected cells and resuspend them in 2 mL of fresh OP9 medium.
3. Transfer the cells to fresh six-well plates of 80% confluent OP9-DL1 stromal

cells: one 10-cm plate’s worth of cells is transferred to one well of a six-well plate,
in 3 mL of OP9 medium.

4. Add Flt3-L to a final concentration of 5 ng/mL.
5. For T cell differentiation, add IL-7 to a final concentration of 1 ng/mL.

3.2.1.6. DAY 10

1. Change the medium by collecting culture media into a 14-mL tube and centrifuging.
2. Add 1 mL of fresh OP9 medium to the wells to prevent the cells from drying out.
3. Resuspend any pelleted cells with 2 mL of fresh OP9 medium per well of the

six-well plate.
4. Gently pipet the resuspended cells onto the original well without disrupting the

monolayer.
5. Add cytokines to the final concentrations described above.

3.2.1.7. DAY 12

1. Passage the cells by vigorously pipetting to disrupt the monolayer, and pass
through a 70-µm mesh into a tube.

2. Pellet the cells, and resuspend them in 3 mL per well of fresh OP9 medium.
3. Transfer to the same number of wells in fresh six-well plates of 80% confluent

OP9-DL1 stromal cells, with appropriate cytokines.
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3.2.1.8. BEYOND DAY 12

To continue the cultures beyond d 12, transfer the cells to fresh OP9-DL1
stroma every 4–6 d, and change the medium every 2–3 d. Alternate the media
change and passage protocols described for d 10 and 12, respectively. Although,
for efficient hematopoiesis, it is best to leave the cocultures undisturbed as much
as possible, overconfluent OP9-DL1 monolayers differentiate into adipocytic
cells that no longer support hematopoiesis and may begin to detach from the cul-
ture dish and roll up from the edges (see Note 6).

4. Notes
1. Although Hyclone offers prescreened, characterized batches of FBS for the prop-

agation of undifferentiated ESCs, prescreened lots of FBS for ESC/OP9-DL1
coculture are not yet commercially available. To screen FBS for this purpose,
cocultures maintained in OP9 medium supplemented with different lots of heat-
inactivated FBS must be tested in parallel. The outcome is assessed by the effi-
ciency and cell number of resulting T cells, coexpressing the cell surface markers
CD4 and CD8, at d 15–20 of coculture.

2. For differentiating ESCs, OP9-DL1 cells should not be kept in continuous culture
for longer than 4 wk. OP9-DL1 cells that have been maintained in good condition
are large flat cells with short dendritic protrusions and an overall star-like shape.
OP9-DL1 cells will lose their ability to induce hematopoiesis from ESCs after
prolonged culture, and allowing overconfluency will hasten this process.
Noticeably increased or decreased rates of division, or an increased frequency of
adipocytes (rounded OP9-DL1 cells with highly refractile fat droplets) are indica-
tions of OP9-DL1 stroma that may no longer support hematopoiesis from ESCs,
but may still support hematopoiesis from fetal liver- or bone marrow-derived pro-
genitors. Older stocks of OP9-DL1 cells that may no longer be suitable for initi-
ating an ESC/OP9-DL1 coculture can still be used at later time points of a
coculture, such as day 8 or 12. During the course of ESC/OP9-DL1 cocultures,
cells are seeded onto 80% confluent OP9-DL1 monolayers, which quickly become
overconfluent. Thus, the appearance of some adipocytes during a coculture is normal,
but these should not predominate.

3. To preserve early passage stocks of OP9-DL1 stromal cells, once thawed OP9-
DL1 cells have become 60–80% confluent, passage the 10-cm diameter dish into
four more dishes, and continue until 16 or 32 plates are 60–80% confluent. Freeze
one 80% confluent plate to one cryovial in freezing media, as described for ESCs.
These stocks may be expanded to generate working stocks.

4. During the coculture, hematopoietic cells arise at day 5. Lymphopoiesis, produc-
ing DN2 (CD44+CD25+) thymocyte-like cells, may begin as early as day 12 and,
in the presence of IL-7 and Flt3L should predominate up to day 16, and thereafter
CD4+CD8+ expressing cells should appear. When cocultures are maintained past
day 20, only lymphoid cells are evident, indicating that multilineage potential does
not persist during the coculture.
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5. Mesoderm colonies contain tightly packed refractile cells. Early colonies are flat,
and the cells may be arranged in somewhat concentric circles. Later colonies
acquire pronounced three-dimensional structures, and resemble asymmetric
“wagon wheels,” with spokes leading out to the rim from a central hub.

6. The kinetics of the coculture can be assessed by flow cytometry. Hematopoietic
cells, defined by the expression of the pan-hematopoietic marker CD45 (leukocyte
common antigen), can be detected as early as day 5 of coculture, but more readily
by d 8 (15). Early T-cell progenitors, called DN2 cells, express CD44 and CD25.
Expression of CD44 is lost as these progenitors mature to pre-T cells. Cells
restricted to the T-cell lineage can be identified by their expression of CD90 and
CD25, and later, by upregulation of first surface CD3 and TCR and then CD4
and CD8. Fluorescently labeled antibodies against the markers described can
be purchased from either Pharmingen or eBiosciences.
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6

Isolation, Expansion, and Characterization 
of Human Natural and Adaptive Regulatory T Cells

Silvia Gregori, Rosa Bacchetta, Laura Passerini, Megan K. Levings, 
and Maria Grazia Roncarolo

Summary
Regulatory T cells play a central role in controlling homeostasis, and in inducing and main-

taining tolerance to both foreign and self-antigens. Several types of T cells with regulatory activity
have been described both in mice and humans, and those within the CD4+ subset have been exten-
sively studied. Among them, the best characterized are the naturally occurring CD4+CD25+ reg-
ulatory T (Treg) cells, and the adaptive type 1 regulatory T (Tr1) cells. Natural Treg cells can arise
directly from the thymus, are characterized by the constitutive expression of the transcription
factor Foxp3, and suppress T cell responses in a cell–cell contact mediated mechanism. On the
contrary, adaptive Tr1 cells arise in the periphery upon encountering antigen in a tolerogenic
environment, produce high levels of interleukin (IL)-10 and mediate suppression via IL-10.
During the last decade, much effort has been placed on developing protocols to generate regula-
tory T-cell lines and clones, to further define the similarities and differences between various regu-
latory T-cell subsets. In this chapter, we will outline protocols to expand naturally occurring Treg
cells, to differentiate homogeneous population of Tr1 cells in vitro, and to generate natural Treg
and Tr1 cell clones and cell lines.

Key Words: CD4+CD25+ regulatory T cells; Foxp3; type 1 regulatory T cells; immature DCs;
IL-10.

1. Introduction
Peripheral tolerance is operational throughout life and controls immune

responses to self-antigens that are not expressed in the thymus, and to foreign
antigens that are encountered in peripheral tissues. Mechanisms of peripheral 
T-cell tolerance include cell death with consequent clonal deletion, develop-
ment of a state of nonresponsiveness in T cells, and active suppression medi-
ated by regulatory T cells. Cells with regulatory function exist within all major
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T- and natural killer T (NKT)-cell subsets (1), although most attention has been
focused on regulatory T cells with a CD4+ phenotype. Among CD4+ regulatory
T cells the best characterized are the naturally occurring CD4+CD25+ regula-
tory T (Treg) cells and the adaptive type 1 regulatory (Tr1) T cells. These two
regulatory T-cell subsets share some common features such as suppressive
function and low proliferative response in vitro. However, they also possess
several differences that clearly demonstrate that they are two distinct regulatory
T-cell subsets with different mechanisms of action (2,3).

Treg cells emerge from the thymus and constitutively express the α chain of
the interleukin (IL)-2R (CD25), intracellular cytotoxic T lymphocyte antigen
(CTLA)-4, glucocorticoid-induced TNF receptor (GITR) (4), and the tran-
scription factor Foxp3, which is involved in their development (5). CD25+ T
cells comprise a minor population of CD4+ T cells: on average approx 10% in
rodents and approx 13% in humans. Human CD25+ T cells can be split into
suppressive (CD25bright) and nonsuppressive (CD25low) T cells according to
the level of expression of CD25 (6). Importantly, analysis at the clonal level
revealed that even the small fraction of CD25bright cells is not a homogeneous
population, which contains both suppressor cells and nonsuppressor cells (7).
Treg cells are characterized by their inability to produce IL-2 (8), and are aner-
gic in response to Ag-specific, allogeneic or polyclonal stimulation in vitro
(6,7,9–12). This hyporesponsiveness can be reversed in vitro by stimulation
via T-cell receptor (TCR) and high concentrations of IL-2. Indeed, exogenous
IL-2 is required for expansion and suppressive function of Treg cells (13,14).
Treg cells suppress proliferation and cytokine production by effector T cells
(11) via a yet unidentified cell–cell contact dependent mechanism. The role of
immunosuppressive cytokines, and in particular transforming growth factor
(TGF)-β, in this process remains controversial. Regulatory T cells, which are
phenotypically and functionally similar to Treg cells, can also be induced in
vitro. For example, in humans a certain fraction of activated CD4+ T cells
remains CD25 positive, begins to express Foxp3, and acquires suppressive
capacity in vitro (15,16). The regulatory function of Treg cells has been
demonstrated in vivo in several models of autoimmune pathology, including
autoimmune diabetes in nonobese diabetic mice (17). In preclinical mouse
models of bone marrow transplantation, both depletion of either recipient or
donor Treg cells results in markedly accelerated graft-vs-host disease (GvHD)
(18), and addition of freshly isolated Treg cells to the donor graft delays GvHD
lethality (19,20).

In contrast to natural Treg cells, Tr1 cells are exclusively generated in the
periphery, and are defined by a unique cytokine production profile: high levels
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of IL-10 and TGF-β, low amounts of interferon (IFN)-γ and IL-2, and no IL-4
(21). Of note, Tr1 cells do not express high levels of Foxp3 (22–24). Tr1 cells are
anergic, but proliferation can be restored by IL-2 and -15, independently from
TCR-mediated activation (25). To date, no specific markers, which could allow
isolation of Tr1 cells in the periphery, have been identified. Tr1 cells mediate
their suppressive function mainly via production of the immunosuppressive
cytokines IL-10 and TGF-β. Differentiation of Tr1 cells is driven by IL-10 in
the presence of TCR activation. Activation of human CD4+ T cells with allo-
geneic monocytes in the presence of exogenous IL-10, results in a long-lasting
Ag-specific anergy, and the generation of Tr1 cells which can be isolated in
vitro (26). Even though IL-10 is essential for the generation of Tr1 cells, it is
not sufficient for their de novo differentiation in vitro in high numbers. We
found that IFN-α, a crucial cytokine for clearing viral infections and increasing
IL-10 production by T cells (27), synergizes with IL-10 in vitro to promote the
differentiation of human CD4+ Tr1 cells (28). In vivo the induction of Tr1 cells is
strictly dependent on the tolerogenic state of antigen-presenting cells (APCs) in
the microenvironment (29). Tr1 cells specific for different antigens can be
induced in vivo in both mice and humans, and they regulate immune responses in
a number of different Th1- and Th2-mediated pathologies, including intestinal
inflammatory diseases (21), airway hyper-reactivity (30), allograft rejection (31),
and GvHD (26).

2. Materials
1. Lymphoprep (Axis-Shield, Oslo, Norway).
2. RPMI 1640 (Euroclone Life Sciences Division, Pero, Italy).
3. Fetal bovine serum (FBS) (Cambrex, East Rutherford, NJ).
4. Penicillin/streptomycin (Bristol-Myers Squibb, Sermoneta, Italy).
5. L-glutamine (Life Technologies, Milan, Italy).
6. FACS antibodies: anti-CD4 FITC conjugated, anti-CD25 PE conjugated, anti-

CD69 FITC conjugated, anti-CD40L FITC conjugated, anti-CD28 PE conjugated
(BD Bioscience, San Diego, CA), anti-GITR monoclonal antibody (MAb) (R&D
Systems, Minneapolis, MN), anti-CTLA-4 biotin conjugated (BD Bioscience), anti-
human Foxp3 PE conjugated (clone PCH 101) (e-bioscience, San Diego, CA).

7. X-VIVO 15 (Cambrex).
8. Human serum (AB) (Cambrex).
9. CD4 T cell isolation kit II (Miltenyi Biotech, Bergisch Gladbach, Germany).

10. CD25 microbeads (Miltenyi Biotech).
11. CD45RO microbeads (Miltenyi Biotech).
12. MACS buffer: PBS pH 7.2, 2 mM EDTA, 0.5% human serum (Cambrex).
13. PHA (Roche Diagnostic, Roche Applied Science, Mannheim, Germany).
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14. Proleukin (IL-2) (Chiron Corporation, Emeryville, CA).
15. [3H]-thymidine deoxyribose ([3H]-TdR) (Amersham Biosciences, Uppsala,

Sweden).
16. Anti-CD3 MAb (clone OKT3) (Orthoclone Janssen-Cilag, Cologno Monzese,

Italy).
17. Anti-CD28 MAb (clone V5T CD28.05) (BD Bioscience).
18. Th1/Th2 Cytometric bead array (CBA) (BD Bioscience).
19. Trypsin-EDTA (Life Technologies).
20. Recombinant human IL-15 (rhIL-15) (R&D Systems).
21. Recombinant human IL-10 (rhIL-10) (BD Bioscience).
22. Recombinant human IFN (rhIFN)-α (PeproTech, Rocky Hill, NJ).
23. Recombinant human IL-4 (rhIL-4) (R&D Systems).
24. Recombinant human IL-12 (rhIL-12) (R&D Systems).
25. Anti-human IL-4 MAb (clone MP4-25D2) (BD Bioscience).
26. Anti-human IL-12 MAb (clone C8.6) (BD Bioscience).
27. CD3, CD8, CD14 and CD19 beads for depletion (Dynal, Oxoid, Milan, Italy).
28. 2-Mercaptoethanol (Bio-Rad Laboratories, CA).
29. Recombinant human granulocyte-macrophage colony-stimulating factor (rhGM-

CSF) (Immunotools, Friesoythe, Germany).
30. Tetanus Toxoid (Calbiochem, Bioscience, Inc., La Jolla CA; Alexis Biochemicals,

Switzerland).
31. Paraformaldehyde (Fluka Chemicals AG, Switzerland).
32. Saponin (Sigma Aldrich CO, St. Louis MO).
33. Brefeldin A (Sigma).
34. PE-labeled anti-hIL-4, anti-hIL-2, or anti-hIL-10, and FITC-coupled anti-hIFN-γ

(BD Bioscience).

3. Methods
The methods described below outline (1) isolation of naturally occurring

CD4+CD25+ Treg cells from peripheral blood, (2) in vitro expansion and
cloning of Treg cells, (3) biological characterization of Treg cells, (4) in vitro
induction of adaptive Tr1 cells upon different mode of activation, and (5) bio-
logical characterization of adaptive Tr1 cells.

3.1. Isolation of Naturally Occurring CD4+CD25+ Regulatory T Cells

Peripheral blood mononuclear cells (PBMC) are obtained by centrifuga-
tion over Ficoll-Hypaque gradients. Treg cells can be isolated from purified
PBMC based on the expression of the cell surface marker IL-2 receptor α
(CD25) either by FACS sorting or by magnetic sorting, as described next,
depending on the desired use. Bead-sorted cells are only suitable for immedi-
ate in vitro suppression assays and should not be expanded in culture to gen-
erate T-cell lines as the purity is not sufficient for long-term maintenance of
suppressive cells.
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3.1.1. Isolation of CD4+CD25+ Treg Cells by FACS Sorting

This method is particularly suitable for purifying Treg cells starting from
small numbers of cells (i.e., a starting population of PBMC ranging from 
1 × 107 to 5 × 107). For samples larger than 5 × 107 PBMC, it is preferable to
use the magnetic beads method steps 1 and 2 (see Subheading 3.1.2.) or step 1
for enrichment of CD4+ T cells, followed by FACS sorting of the CD25+ T cells
as described here.

1. Resuspend total PBMC or CD4+ T cells in RPMI supplemented with 1% FBS at
a concentration of 1 × 107 cells/mL.

2. Add anti-CD4 FITC and anti-CD25 PE conjugated MAb (50 µL/107 cells) to the
PBMC cell suspension (see Note 1), or, if working with a CD4-enriched cell sus-
pension, add only anti-CD25 PE conjugated MAb (50 µL/107 cells).

3. Incubate for 30 min at 4°C in the dark (see Note 2).
4. Wash the cells twice with RPMI containing 1% FBS, and resuspend them at a final

concentration of 2 × 107 cells/mL.
5. Pass the cells through a cell strainer before transferring them to a sterile FACS

tube. Keep the cells on ice until the FACS sorter is ready for separation.
6. Prepare collection tubes for positive and negative fractions (see Note 3). Set the

gate for positive selection to include only the CD4+CD25bright population (1–2%
of PBMC) (see Fig. 1A) and collect the whole CD4+CD25– population in the neg-
ative fraction.

7. When separation is complete, centrifuge the two fractions, resuspend the cells in
X-VIVO 15 medium supplemented with 5% HS, and 100 U/mL penicillin/strep-
tomycin (hereafter referred to as complete medium) and count.

8. Check the purity of the collected fractions (see Fig. 1A). Expect yields of
CD4+CD25bright cells to be less than 2% of the total PBMC and 5% of the CD4+

T cells, and a purity of at least 90%.

3.1.2. Isolation of CD4+CD25+ Treg Cells by Magnetic Beads Separation

For samples larger than 5 × 107 PBMC, Treg cells can be isolated by mag-
netic beads. This procedure includes two successive steps: (1) isolation of total
CD4+ T cells by negative selection and (2) positive selection of CD25+ T cells
(see Fig. 1B).

1. Total CD4+ T cells can be isolated using the CD4+ T cell isolation kit II, strictly
following the manufacturer’s instructions (see Note 4). The CD4+ T-cell fraction
obtained in this first step is untouched and therefore allows the positive selection
of CD25+ T cells with magnetic beads directly coupled to anti-CD25 MAb.

2. Add 10 µL of magnetic beads directly coupled to anti-CD25 MAb per 1 × 107

cells to maximize purity of the CD4+CD25+ fraction, strictly following the manu-
facturer’s instructions for purification.

3. After incubation with magnetic beads directly coupled to anti-CD25 MAb, pass
the cells over two successive positive selection columns usually (MS).
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Fig. 1. Isolation of CD4+CD25+ Treg cells by (A) FACS sorting and (B) magnetic bead separation. (A) Cell gates
are set such that 1–2% of PBMC are sorted as CD25bright. (B) CD4+CD25+ T cell isolation with magnetic beads is 
performed in two successive steps: (1) isolation of CD4+ T cells by negative selection and (2) isolation of CD25+ T
cells by positive selection.
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4. To obtain pure CD25– cells, pass the cells over a depletion column (LD) after
removal of the CD25+ cells.

5. Check the purity by FACS staining before proceeding to functional assays
(see Note 5) (see Fig. 1B). Expect yields of CD25+ cells should be less than 10%
of the CD4+ T cells, and the purity of least 80%. 

3.2. In Vitro Expansion of CD4+CD25+ Regulatory T Cells

Treg cells can be expanded in vitro using a protocol that preserves suppres-
sive activity, as we previously described (9).

3.2.1. Generation of CD4+CD25+ Treg Cell Lines

1. Treg cells isolated by FACS sorting (see Note 6) are stimulated at the final
concentration of 2.5 × 105/mL with 0.1 µg/mL PHA and 20 U/mL of rhIL-2 in
the presence of allogeneic feeder mixture containing 1 × 106/mL irradiated
(6000 rad) allogeneic PBMC, 1 × 105/mL irradiated (10,000 rad) allogeneic
EBV-LCL (JY), as previously described (26). All cultures are performed in
complete medium.

2. Add 100 U/mL of rhIL-2 3 d after activation. Split the cells periodically as neces-
sary and replenish with fresh medium containing rhIL-2 at the final concentration
of 100 U/mL every 3 d.

3. Restimulate T-cell lines every 14 d, as previously described. Because Treg cells
are known to grow very slowly (9) and in vitro culture favors the expansion of
non-Treg cells present in the starting population, it is necessary to routinely
check for CD25 and Foxp3 expression in the bulk population and possibly re-
enrich for the CD4+CD25bright subset by FACS sorting before restimulation. All
experimental assays should be performed on resting cells, at least 12 d after the
last stimulation.

3.2.2. Generation of CD4+CD25+ Treg Cell Clones

Treg cell clones are obtained by limiting dilution of FACS-sorted
CD4+CD25+ T cells (7).

1. After purification (see Note 6), Treg cells are plated in 200 µL of complete
medium at 1 cell/well in 96-well round-bottom plates in the presence of allogeneic
feeder mixture containing 5 × 105 cells/mL of irradiated (6000 rad) allogeneic
PBMC, 5 × 104 cells/mL of irradiated (10,000 rad) allogeneic JY, 0.05 µg/mL of
PHA, and 40 U/mL of rhIL-2 in a final volume of 150 µL.

2. Add rhIL-2 (100 U/mL) in 50 µL after 3 d.
3. After 9 d, pulse one 96-well plate overnight with [3H]-TdR (1 µCi/well), to deter-

mine the total number of wells with proliferating cells (i.e., the cloning efficiency).
4. At d 14, growing wells are identified by eye, cells are transferred to a 48-well

plate, and restimulated with a feeder mixture consisting of 1 × 106 cells/mL of
irradiated (6000 rad) allogeneic PBMC, 1 × 105 cells/mL irradiated (10,000 rad)
allogeneic JY, 0.1 µg/mL of PHA, and 100 U/mL of rhIL-2.

In Vitro Studies of Human Regulatory T Cells 89

06_Gregori  4/4/07  8:35 AM  Page 89



5. Clones are split as necessary and restimulated every 14 d. Fresh complete medium
with rhIL-2 at a final concentration of 100 U/mL is added every 3 d. T-cell clones
are used for experiments in the resting phase (10–14 d after restimulation).

Timing of the T-cell cloning

Day 0: Cloning of freshly sorted cells.
Day 3: Add rhIL-2.
Day 7: Change medium: remove 80 µL/well, and add 100 µL/well of fresh medium

containing 200 U/mL of rhIL-2.
Day 9: Sacrifice one plate from each condition and add [3H]TdR to all wells to cal-

culate the cloning efficiency. These plates should have one row containing
only feeder mixture to determine the background incorporation of [3H]-TdR.
The expected cloning efficiency must be approx 2–3% for Treg cells.

Day 10: Change medium: remove 80 µL/well and add 100 µL/well of fresh medium
containing 100 U/mL of rhIL-2.

Day 14: Restimulation: remove 80 µL/well and add 100 µL/well of 2X feeder mix-
ture. Between approximately day 10 and 14, growing T-cell clones are
ready to be characterized.

3.3. Biological Characterization of Naturally Occurring CD4+CD25+

Regulatory T Cells

The human CD4+CD25+ T-cell subset is a heterogeneous population com-
posed of Treg cells displaying suppressive activity and activated cells (not 
suppressive) (6,7). Therefore, T-cell clones and lines generated from this bulk
population need to be characterized based on the following parameters:

1. Expression of Treg markers (see Subheading 3.3.1.).
2. Cytokine production profile (see Subheading 3.3.2.).
3. Proliferation in response to TCR stimulation (see Subheading 3.3.3.).
4. In vitro suppressive activity (see Subheading 3.3.4.).

3.3.1. CD4+CD25+ Treg Markers Analysis

Treg cell clones and lines display a characteristic cell surface phenotype in
the resting phase: they constitutively express high levels of CD25 (4), GITR
(32), and intracellular CTLA-4 (33). All these markers can be easily followed
by FACS analysis. Although these molecules are indicative of a Treg pheno-
type, they are also expressed by activated T cells and, thus, may not be useful
for ex vivo analyses (2). To date, the only marker that is highly specific for
Treg cells is Foxp3, a transcription factor involved in the differentiation of nat-
urally occurring Treg cells (34,35). Very recently, new tools for the analysis of
Foxp3 expression in human T cells by FACS have become commercially avail-
able (see Fig. 2).
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3.3.2. Cytokine Production

Treg cell clones and lines are characterized by a typical cytokine production
profile: upon TCR-mediated activation, suppressive Treg clones fail to produce
IL-2, IL-10, IL-4, IL-5, and IFN-γ. In contrast, Treg cells produce detectable
levels of TGF-β (7).

1. The cytokine production profile can be determined by activating T-cell lines or clones
with immobilized anti-CD3 (10 µg/mL) and soluble anti-CD28 (1 µg/mL) MAbs.

2. Supernatants, collected after 24, 48, and 72 h, are tested for the presence of
cytokines by ELISA or cytometric bead array (see Note 7).

3.3.3. Suppressive Activity

The suppressive activity of ex vivo freshly isolated or in vitro expanded
CD4+CD25+ Treg cells (4) can be tested in vitro by coculture with responder T
cells. Responder cells may either be total CD4+ T cells, or CD4+CD25– T cells,
and may be autologous or allogeneic.

In Vitro Studies of Human Regulatory T Cells 91

Fig. 2. Phenotype of CD4+CD25– and CD4+CD25bright T-cell lines. Phenotypic
analysis of T-cell lines generated from CD4+CD25– (thin line) and CD4+CD25bright T
cells (thick line). Surface expression of CD25, GITR, and intracellular expression of
CTLA-4 are shown in (A); surface expression of CD25 and intracellular Foxp3 are
shown in (B). Staining was performed on resting cells (at least 12 d postactivation).
Regions of positive staining were set based on the isotype control (dashed line in A and
quadrants in B).
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1. Responder T cells (5 × 104 cells/well) are plated alone or in the presence of Treg
cells at a variety of ratios, and stimulated with irradiated (6000 rad) CD3-depleted
allogeneic PBMC (APC) and soluble anti-CD3 MAb (1 µg/mL), in a final volume
of 200 µL of complete medium (see Note 8) (9). As a control to ensure suppres-
sion is not because of over growth and consequent consumption of IL2 in the
medium, responder T cells should also be cocultured with the appropriate ratio(s)
of CD4+CD25– T cells in parallel.

2. After 72 h, pulse wells for 16 h with 1 µCi/well of [3H]-TdR (see Note 9) (see Fig. 3).
In parallel, supernatants can be harvested for analysis of cytokine production.
Consistent suppression of IFN-γ and TNF-α should be observed. The ratio of
responder:suppressor cells is a critical parameter of this assay. If ex vivo freshly
isolated Treg cells are being tested, start at a ratio of 1:2 (R:S) and ideally test at
least three or four more dilutions (i.e., 1:0.5, 1:0.25, 1:0.125). If in vitro expanded
Treg cells are being used, start at a 1:1 ratio. This dilution series will give a good
indication of the real potency of the Treg cells in question.

3. To test the proliferative response of CD4+CD25+ Treg cells to TCR-mediated stim-
ulation, 5 × 104 cells/well of CD4+CD25+ Treg cells are cultured alone, or in the
presence of APC and anti-CD3 MAb, with or without 100 U/mL of rhIL-2.
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Fig. 3. Suppressive activity of CD4+CD25+ Treg cells, isolated by magnetic separa-
tion. Responder cells (CD4+CD25– T cells) (R) were activated with irradiated APC and
soluble anti-CD3 MAb (1 µg/mL), as described. Suppressor cells (autologous
CD4+CD25+ Treg cells) (Treg) were added either at [1:1] or at [1:0.5] ratios. As a con-
trol, suppressor cells were substituted with an equal number of responder cells ([1:0.5]
ratio). Anergy of Treg cells was tested by activating them with APC and anti-CD3 MAb,
and was reversed in the presence of rhIL-2 (100 U/mL). Percentages indicate inhibition
of proliferation.
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3.4. Induction of Tr1 Cells

3.4.1. Naïve CD4+ T-Cell Preparation

Naïve CD4+ T cells can be isolated from either peripheral blood or umbili-
cal cord blood. This procedure includes two successive steps: (1) isolation of
total CD4+ T cells by negative selection and (2) negative selection of CD45RA+

T cells.

1. Cells are prepared by centrifugation over Ficoll-Hypaque gradients and CD4+ T
cells are purified as previously described using the CD4+ T cell isolation kit II,
according to the manufacturer’s instructions. The CD4+ T-cell fraction obtained in
this first step is untouched (see Note 10) and therefore allows the negative selec-
tion of the CD45RO+ T cells with magnetic beads directly coupled to anti-
CD45RO MAb. Add 10 µL of magnetic beads directly coupled to anti-CD45RO
MAb per 1 × 107 cells (see Note 11).

2. After incubation with magnetic beads directly coupled to anti-CD45RO MAb, pass
the cells over negative selection columns (LD). The phenotype of the resulting cells
is routinely greater than 90% CD4+CD45RO-CD45RA+.

3.4.2. Differentiation of Polyclonal Tr1 Cell Lines

Polyclonal Tr1 cell lines can be generated using murine L-cells as surrogate
APC. T cells are stimulated with anti-CD3 MAbs cross-linked on L-cells
expressing costimulatory molecules, as previously described (28).

1. Murine L-cell transfectants expressing hCD32 (FCRII), hCD58 (LFA-3), and
hCD80 are cultured in RPMI 1640 supplemented with 10% FBS, 100 U/mL of
penicillin/streptomycin, and 2 mM glutamine.

2. Detach L-cells from the plastic by incubation with trypsin-EDTA and irradiate
(7000 rad).

3. Following washing, plate the L-cells in 24-well plates in 500 µL at an initial den-
sity of 4 × 105 cells/mL in complete medium.

4. Incubate the L-cells for 1 h at 37°C.
5. After the L-cells have adhered, add 500 µL of CD4+ cord blood or CD4+CD45RO–

peripheral blood T cells at an initial density of 4 × 105 cells/mL in complete
medium containing rhIL-2 (100 U/mL), rhIL-15 (1 ng/mL), 0.2 µg/mL of anti-
CD3 MAb.

6. The following polarizing conditions should be set up to obtain Th2, Th1, and Th0
cultures in parallel:
a. Tr1 polarizing condition: rhIL-10 (100 U/mL) and rhIFN-α (5 ng/mL).
b. Th2 polarizing condition: rhIL-4 (200 U/mL) and anti-human IL-12 MAb 

(10 µg/mL).
c. Th1 polarizing condition: rhIL-12 (5 ng/mL) and anti-human IL-4 MAb

(200 ng/mL).
d. Th0 polarizing condition: complete medium alone.
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7. T cells are split as necessary and IL-2 and -15 are replenished in all cultures. Th2
cultures must also be replenished with IL-4 and Tr1 cultures with IL-10 and IFNα.

8. At d 7, collect, wash and count the T cells and restimulate them under identical
conditions for an additional 7 d.

9. After a total of 14 d of in vitro culture, collect, wash, count the T cells, and ana-
lyze them for their profile of cytokine production and proliferative capacity. Note
that the cells under Tr1 polarizing conditions will expand poorly and hence 5–10X
more wells should be used for this condition.

Timing for differentiation of Tr1 cell lines

Day 0: Plate naïve CD4+ cord blood or CD4+CD45RO− peripheral blood T cells.
Day 7: Restimulate the T cells under identical conditions.
Day 14: Tr1 cells are differentiated.

3.4.3. Differentiation of Alloantigen-Specific Tr1 Cell Lines Using
Immature Dendritic Cells

3.4.3.1. IMMATURE DENDRITIC CELL PREPARATION

1. Wash PBMC, isolated as previously described, but taking care to remove platelets
(which interfere with monocyte adherence) by washing two times at 800 rpm for
10 min. A third wash may be necessary if a significant number of platelets remain.

2. To isolate the CD14+ monocytes as the adherent fraction, plate 10 × 106

PBMC/well in a six-well plate, in 2 mL of RPMI 1640 supplemented with 10%
FBS, 100 U/mL of penicillin/streptomycin, and 50 mM 2-mercaptoethanol (DC
medium) at 37°C.

3. Incubate at 37°C for 1–2 h (see Note 12).
4. After incubation, wash away the nonadherent cells by gently adding 2 mL of warm

RPMI/well and swirling. Do this at least four times, or until all the nonadherent
cells have been removed, as assessed under phase contrast microscopy.

5. Differentiate adherent monocytes into dendritic cells (DC) by culturing them in
2 mL of DC medium containing 10 ng/mL of rhIL-4 and 100 ng/mL rhGM-CSF.

6. At d 3, add 2 mL of fresh DC medium containing IL-4 (20 ng/mL) and GM-CSF
(100 U/mL).

7. After an additional 2 d, leave the DC either unstimulated or transferred to wells
containing irradiated (10,000 rads) 3T3 fibroblasts expressing human CD40L.

8. 3T3-CD40L cells are cultured in DMEM containing 10% FBS and 100 U/mL of
penicillin/streptomycin.

9. Detach 3T3-CD40L cells from the plastic by incubation with trypsin-EDTA and
irradiate (10,000 rad).

10. After washing, plate 3T3-CD40L cells in 24-well plates at an initial density of
1.5 × 105 cells/mL in DC medium.

11. Incubate 3T3-CD40L cells for 1 h at 37°C (see Note 13).
12. Wash away the medium and transfer 2 mL of immature DC and 2 mL of fresh DC

medium containing IL-4 (20 ng/mL) and GM-CSF (200 U/mL). Alternatively DC
can be matured by addition of LPS (1 µg/mL) (see Note 14).
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13. After an additional 2 d, collect and irradiate (6000 rads) immature and mature DC
and use them to stimulate naïve CD4+ T cells prepared as previously described. In
parallel, freeze DC for subsequent restimulations and thaw them before each
round of stimulation (see Note 15) (24). The purity and maturation state of DC are
routinely checked by flow cytometric analysis to determine expression of CD1a,
CD14, CD83, and HLA-DR (see Fig. 4).

Timing of DC preparation

Day 0: Begin DC differentiation.
Day 3: Add 2 mL of DC medium containing rhIL-4 and rhGM-CSF.
Day 5: Remove 2 mL of medium and add 2 mL of fresh DC medium containing

rhIL-4 (20 ng/mL) and rhGM-CSF (200 U/mL) for immature DC. In paral-
lel, mature DC on 3T3-CD40L cells or with 1 µg/mL of LPS.

Day 7: Immature and mature DC are ready to use.

3.4.3.2. DIFFERENTIATION OF ALLOANTIGEN-SPECIFIC TR1 CELL LINES

1. DC (1 × 105) are cocultured with allogeneic CD4+CD45RO- T cells (1 × 106) in
1 mL of complete medium.

2. Add rhIL-2 (40 U/mL) after 6 or 7 d and expand the T cells for an additional
7–8 d.

3. 14 d after initiation of the culture, collect, and wash the T cells twice with HBSS
supplemented with 2% HS.
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Fig. 4. Phenotype of monocyte-derived immature and mature dendritic leukocytes
(DC). After 5 d of differentiation in IL-4 and GM-CSF, monocyte-derived DC were
either left immature or matured for 48 h via activation of CD40. DC were then
analyzed by flow cytometry to determine levels of expression of CD1a, CD14, CD83,
and HLA-DR.
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4. Restimulate the T cells with immature or mature DC from the same allogeneic
donor used in the primary culture at a 10:1 ratio.

5. Add rhIL-2 (40 U/mL) after 3 d.
6. One week after initiation of the second stimulation, collect and wash the T cells

twice with HBSS supplemented with 2% HS. Test a portion of the T cells for their
proliferative and suppressive capacity (see below) and restimulate the remaining
T cells a third time. T cells cultured with immature DC typically expand 10-fold
less in comparison to cultures stimulated with mature DC (24).

Timing of T-cell differentiation

Day 0: Start cocultures (1 × 105 DC + 1 × 106 allogeneic CD4+CD45RO– T cells).
Day 6/7: Add rhIL-2.
Day 14: Restimulation (1 × 105 DC + 1 × 106 T-cell lines).
Day 17: Add rhIL-2.
Day 21: First read-out and restimulation.
Day 24: Add rhIL-2.
Day 28. T-cell lines are ready to be tested.

3.4.4. Generation of Tr1 Cell Lines

Tr1 cell clones can be generated from either polyclonal polarized Tr1 cell
lines obtained using the protocol described in Subheading 3.4.2., or antigen-
specific Tr1 cell lines. Antigen-specific Tr1 cell clones are generated starting
from an IL-10-anergized population of CD4+ T cells.

3.4.4.1. POLYCLONAL TR1 CELL LINES

1. Polarized Tr1 cell lines differentiated in the presence of IL-10 and IFN-α, are
cloned at 1 cell/well in the presence of a feeder cell mixture consisting of 5 × 105

cells/mL of irradiated (6000 rad) allogeneic PBMC, 5 × 104 cells/mL of irradiated
(10,000 rad) allogeneic JY, and soluble anti-CD3 MAb (1 µg/mL) in complete
medium at the final volume of 150 µL/well (25,26).

2. At d 3, add 50 µL/well of rhIL-2 (40 U/mL).
3. Change medium at d 7 by removing 80 µL/well and add 100 µL/well of fresh

medium containing rhIL-2 (40 U/mL).
4. Restimulate the clones every 14 d with the feeder cell mixture and soluble anti-

CD3 (1 µg/mL).
5. Add rhIL-2 (40 U/mL) 6–7 d after restimulation. Tr1 cell clones are usually slow

growing and the cloning plates usually need a second stimulation before the Tr1
cell clones become visible. Th cell clones, which overgrow, can be removed from
the original cloning plate, expanded separately, and kept as control clones.

3.4.4.2. ALLOANTIGEN-SPECIFIC TR1 CELL CLONES

1. Alloantigen-specific Tr1 cell clones can be generated from IL-10-anergized T
cells obtained by stimulating PBMC from normal donors (5 × 105 cells/well) with

96 Gregori et al.

06_Gregori  4/4/07  8:35 AM  Page 96



allogeneic CD3-depleted PBMC (5 × 105 cells/well, irradiated at 6000 rad) in the
presence of rhIL-10 (10 ng/mL). Control PBMC, kept in the same culture condi-
tions in the absence of IL-10, are usually performed in parallel.

2. After 10 d of culture, CD4+ T cells are purified by depletion of CD8+/CD14+/CD19+

cells using dynabeads and cloned at one cell per well with immobilized anti-CD3
MAb (1 µg/mL) in the presence of feeder cell mixture, as described in
Subheading 3.2.2. (25,36). Usually before cloning, the CD4+ T cells primed in the
presence of IL-10 are tested for the acquisition of anergy by confirming the
absence/very low proliferative response towards the same allogeneic cells, present
during the priming. An anergy level of >75% (reduction of proliferation compared
to the same cultures primed in the absence of IL-10) should be sufficient to gen-
erate Tr1 cell clones.

3. 3 d after cloning, add 50 µL/well of rhIL-2 (100 U/mL), or rhIL-2 (100 U/mL) and
rhIL-15 (10 ng/mL).

4. Change the medium at d 7 by removing 80 µL/well and add 100 µL/well of fresh
medium containing rhIL-2 (40 U/mL).

5. Restimulate the clones every 14 d with the feeder cell mixture and soluble anti-
CD3 MAb.

6. Between d 10 and 12 after the second restimulation with feeder cells, cloning
plates are ready for screening to distinguish Tr1 from Th cell clones.

7. A first screening can be performed using half the amount of cells present in each
well and plating them in a new plate precoated with anti-CD3 MAb (10 µg/mL),
in which anti-CD28 MAb (1 µg/mL) will also be added in a final volume of
200 µL/well.

8. After 48 h, supernatants are collected and IL-10, IL-4, and IFN-γ are measured by
ELISA to detect the clones with the highest IL-10/IL-4 production ratio.

9. High IL-10, low IL-4 T-cell clones, and all the controls that need to be retested,
are expanded in a 48- and/or 24-well plate and retested by stimulating 1 × 106

cell/mL with anti-CD3 and anti-CD28 MAbs. In this case, the pattern of production
of cytokines will include IL-2 (collect supernatant after 20 h), IL-4, IL-5, IL-10,
IFN-γ, and TGF-β. Either ELISA or CBA may be used as an appropriate detection
method.

3.4.4.3. ANTIGEN-SPECIFIC TR1 CELL CLONES

1. Tetanus toxoid (TT)–specific T-cell clones can be generated from IL-10-anergized
cells obtained by restimulating in vitro PBMC from immunized subjects given an
in vivo booster, with TT (25 µg/mL) in the presence or absence of rhIL-10 
(10 ng/mL). The TT used must be titrated using PBMC to identify the optimal
dose to be used for each batch or brand available.

2. After 10 d of culture, CD4+ T cells are purified by depletion of CD8+/
CD14+/CD19+ cells using dynabeads and cloned at one cell per well in the pres-
ence of TT (25 µg/mL) and autologous PBMC as a source of APC (5 × 104

cells/well, irradiated at 6000 rad) in a final volume of 150 µL/well. As previously
described, before cloning, the CD4+ T cells primed in the presence of IL-10, are
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Fig. 5. Interleukin (IL)-10 production and proliferation of tetanus toxoid (TT)-specific
Tr1 cell clones. TT-specific Tr1 cell clones were generated from peripheral blood
mononuclear cells (PBMC) of immunized subjects collected after in vivo booster and 
restimulated in vitro, with TT (25 mg/mL) in the presence or absence of rhIL-10 
(10 ng/mL). After 10 d of culture, CD4+ T cells were purified and cloned either polyclon-
ally with anti-CD3 monoclonal antibody (MAb) or in the presence of TT (25 mg/mL) and
irradiated (6000 rad) autologous PBMC as antigen-presenting cells (APC). (A) The
amount of IL-10 detectable at the first screening from TT-specific cloning in the different 
conditions. Repetitive stimulation with the TT and/or the presence of IL-10 during
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tested for the acquisition of anergy toward autologous CD3-depleted PBMC
pulsed with TT (25 µg/mL).

3. 3 d after cloning, add 50 µL/well of rhIL-2 (100 U/mL), or rhIL-2 
(100 U/mL) and rhIL-15 (10 ng/mL).

4. Change the medium at d 7 by removing 80 µL/well and add 100 µL/well of fresh
medium containing rhIL-2 (40 U/mL).

5. Restimulate the clones every 14 d with the feeder cell mixture and soluble anti-
CD3 MAb (25).

6. As previously described, after the second restimulation, cloning plates are
screened by activation and ELISA to distinguish Tr1 from Th cell clones 
(see Fig. 5). To identify bona fide Tr1 cell clones, each one should also be tested
for the complete panel of cytokines in response to TCR-mediated activation and
for antigen-specific suppression.

3.5. Biological Characterization of Adaptive Regulatory Type 1 Cells

3.5.1. Phenotype of Tr1 Cells

Although to date, no specific markers of Tr1 cells have been described, Tr1
cells consistently express high levels of the β- and γ-chain of the IL-2 receptor
(CD122 and CD132, respectively), which can be easily checked by FACS. In
addition, Tr1 cells express the activation markers CD40L, CD69 (6 h after acti-
vation), CD25, CD28, and HLA-DR (24 h after activation) upon activation with
anti-CD3 and anti-CD28 MAbs but are normally downregulated compared to
Th cells.

3.5.2. Cytokine Production Profile of Tr1 Cells

Once Tr1 clones are isolated, the characterization of their cytokine production
pattern remains the primary method to distinguish them from Th cell clones (21).
Upon TCR-mediated activation, Tr1 cells produce high levels of IL-10, TGF-β,
and IL-5, but low amounts of IFN-γ and IL-2 and no IL-4. Cytokines are meas-
ured in culture supernatants by ELISA or CBA as described in Subheading
3.4.4.1., or by intracytoplasmic staining, which allows the frequency of IL-10-
producing cells to be evaluated. Intracellular cytokines are detected as follows:

1. Stimulate 1 × 106 T cells/mL with immobilized anti-CD3 (1 µg/mL) and MAb TPA
(10 ng/mL) in complete medium and centrifuge the plate at 1500 rpm for 5 min to
maximize contact with the MAb.
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Fig. 5. (Continued) the beginning of in vitro stimulation favors the presence of high
IL-10-producing T-cell clones. (B) Cytokine pattern and proliferative capacity of Tr1
cell clones obtained either polyclonally (anti-CD3 MAb) or TT-specific after the first
screening, showing inverse correlation between high IL-10 production and low prolif-
eration in response to the specific antigen.
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2. Add brefeldin A (10 µg/mL) after 3 h of activation.
3. Collect the T cells after a total of 6 h of activation.
4. Wash the cells and fix by incubation with 2% PFA medium for 20 min at room

temperature (or overnight at 4°C).
5. Permeabilize the T cells by incubation in saponin buffer (PBS containing 2% FBS

and 0.5% saponin) for 10 min.
6. Incubate permeabilized T cells with PE-labeled anti-hIL-4, anti-hIL-2, or anti-

hIL-10, and FITC-coupled anti-hIFN-γ.
7. After washing, analyze the T cells using a FACScan (28).

ELISA:
a. To test cytokine production following antigen-specific activation (allogeneic

monocytes or DC, TT presented by autologous monocytes or EBV-LCL), plate
5 × 105 cells/mL of alloantigen-specific Tr1 cells with 5 × 105 cells/mL of allo-
geneic monocytes or 5 × 104 allogeneic DC, or 5 × 105 cells/mL of autologous
monocytes in the presence of TT (25 µg/mL) in a total volume of 200 µL/well.

b. Collect the supernatants after 24 h to determine the amount of IL-2 released,
after 48 h to detect IL-4, IL-10, IFN-γ, and TGF-β and after 72 h to evaluate
IFN-γ and TGF-β by CBA or ELISA, performed according to manufacturer’s
instructions (see Note 7).

3.5.3. Proliferation Assays

Even if very low, it is possible to detect a proliferative response specifically
to the antigen used in the priming (allogeneic monocytes or DC, TT presented
by autologous monocytes or EBV-LCL).

1. Plate 5 × 104 Tr1 cells with 5 × 104 irradiated (6000 rad) CD3-depleted cells in
round-bottom 96-well plates or 5 × 103 DC. For TCR-mediated polyclonal prolif-
eration, stimulate 5 × 104 Tr1 cells with immobilized anti-CD3 (10 µg/mL) with
or without soluble anti-CD28 (1 µg/mL) MAbs (see Note 8).

2. Pulse the cultures after 2 d, for 14–16 h with 1 µCi/well of [3H]-TdR (see Note 9).

3.5.4. Suppressive Function of Tr1 Cells

1. Tr1 cells should be tested for their ability to suppress the proliferation of naïve
CD4+ T cells in response to the relevant antigen.
a. Culture autologous CD4+ T cells (5 × 104 cells/well), which are either cryo-

preserved at the start of the experiment or obtained from an accessible donor,
together with irradiated, allogeneic CD3-depleted PBMC (5 × 104 cells/well),
in the absence or presence of Tr1 cells (5 × 104 cells/well), in a final volume of
200 µL of complete medium (see Note 8). To test the ability of TT-specific Tr1
cells to suppress the proliferation of autologous TT-specific Th cells, coculture
TT-specific Th cells (5 × 104 cells/well) together with irradiated, autologous
CD3-depleted PBMCs (5 × 104 cells/well), in the absence or presence of TT-
specific Tr1 cells (5 × 104 cells/well), in a final volume of 200 µL of complete
medium (see Note 8).
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b. Pulse the cultures after 2 d, for 14–16 h with 1 µCi/well of [3H]TdR (25)
(see Note 9).

2. To test for the capacity of Tr1 cells generated with immature DC to suppress pro-
liferation and/or cytokine production:
a. Culture autologous CD4+ T cells (5 × 104 cells/well), which are cryopreserved

at the start of the experiment, with allogeneic irradiated (6000 rads) mature DC
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Fig. 6. Anergy and suppression of type 1 regulatory T (Tr1) cell lines generated by
immature dendritic leukocytes (DC). Peripheral blood CD4+CD45RO– T cells were stim-
ulated with immature T(iDC) or mature T(mDC) allogeneic DC three times. T-cell lines
were tested for their ability to proliferate in response to mature allogeneic DC (mDC). (A)
Proliferative responses were evaluated by [3H]-TdR incorporation after 48 h of culture.
Number represents the percentage of anergy compared to mDC. (B) T cells were collected
and tested for their ability to suppress responses of autologous CD4+ T cells. Thawed
CD4+ T cells were stimulated with mDC alone (MLR) or in the presence of T(iDC) or
T(mDC) cell lines at a 1:1 ratio. [3H]TdR was added after 72 h for an additional 16 h.
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(10:1, T:DC). Stimulate naïve CD4+ T cells alone, or in the presence of Tr1
cells (1:1 ratio) in a final volume of 200 µL of complete medium in 96-well
round-bottom plates (see Note 8).

b. After 2, 3, or 4 d of culture, pulse for 14–16 h with 1 µCi/well of [3H] TdR (see
Note 9) (see Fig. 6).

c. Alternatively, collect supernatants for analysis of inhibition of IFN-γ produc-
tion (24).

4. Notes
1. To properly set the gates for positive and negative fractions, keep a fraction of cells

(5 × 105 cells) for staining with isotype controls.
2. Alternatively, incubate for 15 min at room temperature.
3. To avoid loss of cells, 15-mL V-bottom tubes are preferable.
4. To improve the purity of CD4+ T cells, do not load more than 1.5 × 108 cells per

column.
5. Because the microbeads are coupled to a MAb specific for epitope A of the IL-

2Rα chain, always remember to use an anti-CD25 MAb specific for epitope B
when checking the purity of the collected fractions. Expected purity of the sam-
ples is usually lower than that obtained by FACS sorting; samples with purity
lower than 80% display minimal in vitro suppressive activity.

6. For the generation of Treg cell lines and clones, purification by FACS sorting is
preferable because better purity and higher CD25 mean fluorescence intensity of
the starting population is indicative of a higher percentage of Treg cells in the bulk
population.

7. CBA analysis allows the detection of six cytokines in 50 µL of supernatant; much
larger volumes are required for ELISA. Therefore, when cell numbers are limiting,
CBA is usually preferable. The limit of detection of the two methods is comparable.

8. Prepare triplicate wells for each condition.
9. Cells are harvested and counted in a scintillation counter.

10. To purify naïve CD4+ T cells from peripheral blood, use LD columns (Miltenyi)
for negative selection.

11. Once CD4+ T cells are isolated, freeze at least two vials of 10 × 106 CD4+ T cells
to be used as responder cells in future readouts.

12. Do not let the PBMC adhere for more that 2 h, as the monocytes will start to
detach from the plastic.

13. 3T3-CD40L transfected cells can be prepared 1 d in advance and kept at 37°C.
14. Mature DC are routinely used to generate control effector T cells in parallel to Tr1

cell lines.
15. To generate Tr1 cell lines using immature DC, T cells need to be restimulated two

to three times, therefore, freeze two vials of immature DC. In parallel, freeze three
vials of mature DC: two of them are required to generate effector T cells and one
is required to determine proliferative and suppressive functions of T-cell lines at
the end of the differentiation.
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7

Derivation, Culture, and Characterization 
of Thymic Epithelial Cell Lines

Michiyuki Kasai and Toshiaki Mizuochi

Summary
The major histocompatibility complex (MHC)-restricted presentation of self-peptides, gener-

ated from tissue-specific antigens, by thymic epithelial cells (TECs) is essential for development
of central tolerance and for generation of the regulatory T-cell repertoire in the thymus. However,
the mechanisms by which self-peptides are generated in and presented by TECs have not been
well defined. To elucidate the processes involved in MHC class II-restricted presentation of self-
peptides by TECs, cortical and medullary TEC lines may be established from C57BL/6 mouse
thymi. Localization of a variety of molecules, including the MHC class II molecules critically
involved in the presentation of antigen by TECs, may be investigated by both immunofluores-
cence microscopy and Western blotting analyses. Our own studies using these approaches have
demonstrated that such molecules are localized in the H2-DM+ lysosomal compartments isolated
from both cortical and medullary TECs.

Key Words: Thymus; thymic epithelial cells; antigen presentation; H2-DM; MHC class II
molecules; endocytosis; autophagy; confocal immunofluorescence.

1. Introduction
The presentation of antigenic peptides by professional antigen presenting

cells (APC) plays a critical role in induction of the adaptive immune response
among naïve T cells. In APC, intracellular as well as extracellular antigens are
processed, either by the ubiquitin/proteasome system or by the endosomal/lyso-
somal system, which degrades antigen into antigenic peptides for loading into
either major histocompatibility complex (MHC) class I or class II molecules for
activation of T cells (1). In contrast, in the thymus, such MHC-restricted pres-
entation of self-peptides plays an important role in the establishment of central
tolerance (2). Recent reports describing the establishment of central tolerance in
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the thymus have indicated that autoimmune regulator (AIRE) promotes central
tolerance by inducing the expression of tissue-specific antigens (TSAs) in
medullary TEC (2,3). Unlike the MHC-restricted presentation of nominal anti-
gens by professional APC, however, MHC-restricted presentation of self-pep-
tides generated from thymic TSA by TEC is poorly understood.

In this chapter, we first present the method used to establish both cortical
and medullary TEC lines from mouse thymus and then describe methods
for investigating the localization of various molecules involved in MHC class
II restricted self-antigen presentation in the endosomal/lysosomal compartments
of TEC.

2. Materials
2.1. Cell Culture

1. Swiss mouse 3T3 cells: random-bred Swiss mouse 3T3 cells provide optimal feeder
support for epithelial cells (4). The cells are maintained by weekly passage at a dilu-
tion of between 1:10 and 1:20. Use fresh cells within 6 mo after thawing, because the
cells start to senesce or undergo spontaneous transformation with prolonged passages.

2. Dulbecco’s modified Eagle’s medium (DMEM) culture medium for Swiss mouse
3T3 cells and TECs: 500 mL of DMEM (Sigma, cat. no. D5796) is supple-
mented with 1.2 g of HEPES, 0.375 g of L-glutamine, 25 mg of gentamicin,
2 µL of 2-mercaptoethanol, and 25–50 mL of fetal calf serum (FCS; 5.0–10%).

3. JMEM culture medium for TECs (see Note 1): 500 mL of minimal essential medium,
Joktic modification (JMEM, Sigma, cat. no. M8028) is supplemented with 1.2 g of
HEPES, 0.375 g of L-glutamine, 25 mg of gentamicin, 2 µL of 2-mercaptoethanol,
and 37.5–50 mL of FCS (7.5–10%).

4. Typsin solution (0.25%): solutions of trypsin (0.25%) and ethylenediamine
tetraacetic acid (EDTA) (1 mM) are purchased from Gibco/BRL.

5. Interferon (IFN)-γ (PeproTech EC Ltd., cat. no. 315-05) is dissolved at 106 U/mL
in 5.0% FCS-DMEM and stored in 50-µL aliquots at –20°C. To enhance the
expression of MHC class II molecules on TEC, IFN-γ is added to the 5.0% FCS-
DMEM at 500 U/mL (see Note 2).

6. Plastic wares for cultivation of TEC: the use of 60-mm dishes (Falcon Primaria,
cat. no. 353802) and six-well multiwell plates (Falcon Primaria, cat. no. 353846)
or 60-mm gelatin-coated dishes (IWAKI, cat. no. 4010-020) supports both the
growth and the colony formation of TEC during both the isolation and cloning
procedures. After cloning, any other plastic ware for tissue culture, as well as the
above, can be used to culture TEC.

2.2. Immunofluorescence Confocal Microscopy

1. Confocal microscope: A Zeiss LSM 510 confocal microscope, equipped with a
x64/1.4 NA Plan-Apochromat oil-immersion lens. Ar-laser liner at 488 nm is used
for excitation of fluorescein isothiocyanate (FITC) or Alexa 488. On the other
hand, He-Ne laser liner at 545 nm is used for excitation of rhodamine or Alexa
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543. Emission wavelengths are separated by band pass (505–530 nm) and long
pass (585 nm) filters, respectively.

2. Glass slides: eight-hole heavy Teflon-coated slides (Bokusui Brown, New York,
NY) are washed extensively with a neutral detergent, rinsed well with hot water
and rinsed once with acetone; slides are sterilized by rinsing with 70% ethanol and
are air-dried on a clean bench. Prior to use, place one drop of 10% FCS-DMEM
on each hole of the slides and incubate them in a CO2 incubator for over 24 h.

3. Phosphate buffered saline (PBS): dissolve 9.6 g of PBS powder (Nissui, Japan,
cat. no. 05913) in Milli-Q grade water and make up to a volume of 1 L. Sterilize
by autoclaving.

4. Stock PBS (2X): dissolve 9.6 g of the PBS powder in Milli-Q grade water and
make up to a volume of 500 mL. Sterilize the stock PBS (2X) by autoclaving.

5. Fixation solution: add 50 mL of Milli-Q grade water and 40 µL of 1 N NaOH to
4.0 g of paraformaldehyde (P001, TAAB Lab. Equip. Ltd.). The suspension is
swirled and then carefully warmed in a microwave oven at intervals of 10 s. These
procedures are repeated until the solution turns clear (see Note 3). Cool the solu-
tion to room temperature and then add 50 mL of 2X stock PBS. Check that the pH
value of the solution is approx 7.0, by means of a pH-test paper (see Note 4).

6. Tris-buffered saline (TBS): dissolve one package of TBS powder (TAKARA,
Japan; cat. no. T903) in 1 L of Milli-Q grade water.

7. Quenching solution: dissolve 3.75 g of glycine in 500 mL of Milli-Q grade water.
Adjust the pH of the solution to pH 7.0 with 1 M Tris-HCl solution.

8. Permeabilization solution: dissolve 25 mg of saponin (Sigma, cat. no. S-7900) in
50 mL of TBS to yield a 0.05% solution.

9. Antibody dilution buffer: 1% BSA, 0.02% NaN3, TBS. Dissolve 1.0 g of BSA
powder (Fraction V) and 20 mg of NaN3 in 100 mL of TBS.

10. Mounting medium: mix one volume of PBS with nine volumes of glycerin
(MERCK, Germany; cat. no. 1.04095).

2.3. Antibodies for Use in Immunofluorescence 
and Western Blotting Analyses

1. Anti-pan keratin antibody: a rabbit anti-human keratin antibody (A0575) is pur-
chased from DAKO Co., CA.

2. Anti-keratin 5 antibody: a rabbit anti-mouse cytokeratin 5 (AF138) antibody is
purchased from CONVANCE, Berkeley, CA.

3. Anti-keratin 8 antibody: a mouse anti-human cytokeratin 8 monoclonal antibody
(MAb) is purchased from PROGEN Biotechnik GmbH, Heiderberg, Germany.

4. M5/114: a rat MAb specific for mouse I-Ab (5). M5/114 has been purified from
the culture supernatant of the hybridoma using a protein A-sepharose column,
according to the manufacturer’s instructions (Amersham Biosciences AB,
Uppsala, Sweden). Determine the concentration of this MAb by the Bradford
method according to the manufacturer’s manual (Bio-Rad Lab., CA).

5. In1.1: a rat MAb specific for mouse invariant chain (6). In1.1 is supplied by 
Dr. G. J. Hämmerling (German Cancer Research Center, Germany). Add 326 g of
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ammonium sulfate (55% of ammonium sulfate solution at 0°C) to 1 L of culture
supernatant. After centrifugation at 15,000g for 15 min, the precipitate is dissolved
in a small volume of PBS and dialyzed three times against 100 vol of PBS con-
taining 0.02% NaN3 at intervals of more than 4 h. Determine the concentration of
the MAb by the Bradford method.

6. 30-2: a mouse MAb that reacts with the I-Ab molecules associated with CLIP (7).
30-2 is supplied by Dr. A. Rudensky (Howard Hughes Medical Institute,
University of Washington School of Medicine, Seattle, WA). 30-2 has been purified
from the culture supernatant of the hybridoma with a protein A-sepharose column.
Determine the MAb concentration by the Bradford method.

7. Anti-H2-DM antiserum: rabbit anti-sera to H2-DMβ2 chain has been raised
against a KLH-coupled synthetic peptide derived from the cytoplasmic tail of 
H2-DMβ2 chain (CRKSHSSSYTPLPGSTYPEGRH) (8). As shown in the
sequence of the synthetic peptide, a cysteine residue is added to the N-terminus.
This cysteine is available for the conjugation of the synthetic peptide with both
KLH for immunization and with epoxy-activated sepharose 6B for affinity purifi-
cation of the antiserum, according to the manufacturer’s instructions (Amersham
Biosciences AB, Uppsala, Sweden). Determine the concentration of the anti-
serum by the Bradford method. The antibody is designated as anti-H2-DM anti-
body by immunofluorescence staining and Western blotting.

8. Anti-rab 5 MAb: a mouse MAb to rab 5 for immunofluorescence studies is pur-
chased from Transduction Lab (Lexington, KY).

9. Anti-rab5 antiserum: a rabbit anti-serum to rab 5A for Western blot analysis is pur-
chased from Santa Cruz Biotech, Inc. (Santa Cruz, CA).

10. Anti-cathepsin B antibody, anti-cathepsin D antibody, and anti-cathepsin L anti-
body: these antibodies are provided by Dr. E. Kominami (Department of
Biochemistry, School of Medicine, Juntendo University, Tokyo, Japan).

11. Anti-cathepsin S antiserum: a goat anti-serum raised against a peptide correspon-
ding to an amino acid sequence at the carboxy terminus of rat cathepsin S is pur-
chased from Santa Cruz Biotech, Inc. (cat. no. sc-6505).

12. Anti-LC3 antiserum: a rabbit antiserum to LC3, a molecular marker peculiar to
autophagy (9) is provided by Dr. T. Ueno (Department of Biochemistry, School of
Medicine, Juntendo University).

13. FITC-conjugated rat anti-mouse CD107a (LAMP-1) MAb is purchased from BD
PharMingen.

14. Fluorochrome-conjugated anti-immunoglobulin (IgG) antiserum: for single-color
immunofluorescence studies, use an anti-IgG antiserum conjugated with Alexa
543 (Molecular Probes, Inc., Eugene, OR). For two-color immunofluorescence,
use an anti-rabbit IgG anti-serum conjugated with TRITC (DAKO A/S, Denmark,
cat. no. R 156) or Alexa 543 (Molecular Probes, Inc., cat. no. A11034) to probe the
primary antibody and an anti-IgG antiserum conjugated with Alexa 488 (Molecular
Probes, Inc.) to probe the secondary antibody. When using biotin-conjugated 
second antibodies, use avidin-conjugated Alexa 488 (Molecular Probes, Inc.) 
for visualization.
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2.4. Cell Lysis and Subcellular Fractionation

1. Dynabeads M-280 sheep anti-rabbit IgG (DYNAL, cat. no. 112.03) are purchased
from Dynal Biotech (Oslo, Norway).

2. 0.25 M Sucrose solution: prepare 0.25 M sucrose solution containing 5 mM
HEPES-KOH (pH 7.4) and 1 mM EDTA in Milli-Q grade water.

3. Protease inhibitors: 200 mM PMSF in dry ethanol, 20 mM TPCK in dry ethanol,
2 mM leupeptin in Milli-Q grade water, 10 mg/mL of aprotinin in Milli-Q grade
water, 2 mg/mL of pepstatin in DMSO, 2 mg/mL of E64d in DMSO.

4. Sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) sample buffer: 125
mM Tris-HCl (pH 6.8), 4% SDS, 35% (w/v) sucrose, 10% 2-mercaptoethanol,
0.01% bromophenol blue.

2.5. SDS-PAGE

1. 1.5 M Tris-HCl, pH 8.8. Store at room temperature.
2. 0.5 M Tris-HCl, pH 6.8. Store at room temperature.
3. 10% SDS solution: dissolve 10 g of SDS powder in Milli-Q grade water and make

up the volume to 100 mL. Store at room temperature.
4. 30% Acrylamide/0.8% bisacrylamide solution: dissolve 30 g of acrylamide and

0.8 g of N,N′- methylenebisacrylamide in Milli-Q grade water and make up the
volume to 100 mL. Store at 8°C (in a refrigerator). These reagents are neurotox-
ins when unpolymerized; care should, therefore, be taken when handling.

5. 10% Ammonium persulfate solution: prepare a 10% (w/v) solution in Milli-Q
grade water. Immediately freeze in single use (200 µL) aliquots and store at –20°C.

6. N,N,N,N′-Tetramethyl-ethylenediamine (TEMED; Bio-Rad, Hercules, CA).
7. Water-saturated isobutanol. Shake equal volumes of Milli-Q grade water and

isobutanol in a glass bottle and allow to separate. Use the top layer. Store at room
temperature.

8. Running buffer: dissolve 6.0 g of Trizma base, 28.8 g of glycine, and 2.0 g of SDS
in Milli-Q grade water to make up to 2 L. Store at room temperature.

9. Prestained protein marker, broad range (BioLabs, New England).
10. Slab gel cassette consisting of a silicon rubber spacer 1.0-mm thick and a pair of

glass plates. One of the plates is 160-mm wide and 160-mm high and has two 1.0-mm
thick glass spacers. Another is 160-mm wide and 160-mm high and has a notch of
20-mm deep and 130-mm wide.

2.6. Western Blotting for Analysis of Intracellular Compartments

1. Transfer buffer: dissolve 3.02 g of Trizma base (25 mM) and 14.42 g of glycine
(192 mM) with Milli-Q grade water to make 500 mL. Add 200 mL of methanol
(20% v/v) to the solution and make up the volume to 1 L with Milli-Q grade water.
It is not necessary to adjust the pH. Store the transfer buffer in the transfer 
apparatus in a refrigerator.

2. Supported PVDF membrane from Millipore, Bedford, MA, and 3MM chromatog-
raphy paper from Whatman, Maidstone, UK.
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3. Tris-buffered saline with Tween-20 (TBS-T): add 0.25 g of Tween-20 (0.05%) to
500 mL of TBS.

4. Blocking buffer: dissolve 5.0 g of bovine serum albumin (BSA) fraction V (5%
w/v) and 20 mg of NaN3 (0.02% w/v) in 100 mL of TBS.

5. Primary antibody dilution buffer is the same as the antibody dilution buffer (1%
BSA, 0.02% NaN3, TBS) described in Subheading 2.2.

6. Horseradish peroxidase-conjugated anti-IgG antiserum is purchased from CAP-
PEL Inc., Aurora, OH.

7. Dilution buffer for horseradish peroxidase-conjugated anti-IgG antisera: dissolve
1.0 g of bovine serum albumin (BSA) fraction V (1% w/v) in 100 mL of TBS.

8. SuperSignal West Dura Extended Duration Substrate is purchased from PIERCE,
Rockford, IL.

9. Bio-Max ML film is purchased from Kodak, Rochester, NY.

3. Methods
The establishment of central tolerance in CD4+ T cells, as well as the develop-

ment of Treg cells in the thymus, is closely associated with the MHC class II-
restricted presentation of self-peptides by TEC. In contrast to the mechanism
involved in the presentation of nominal antigens by APC, the presentation of
self-peptides by TEC has been only poorly defined. To address this issue, the
following three difficulties must be overcome: (1) establishment of TEC lines
from the thymus, (2) isolation of endosomal/lysosomal compartments relevant
to the formation of MHC class II complexes by TEC, and (3) identification of
those tissue specific antigens (TSA) that serve as self antigens in TEC.

The first issue may be overcome by the culture of TEC on irradiated Swiss
mouse 3T3 cells at 35°C. The irradiated Swiss mouse 3T3 cells support the
growth of TEC and oppose the adherence of fibroblast cells derived from the
thymus. The culture at 35°C does not affect the growth rate of TEC, but prevents
the growth of fibroblast cells. The second issue may be resolved by the use of
anti-H2-DM antibody for analyzing endosomal/lysosomal compartments
within TEC by means of immunofluorescence confocal microscopy. It is well
known that in endosomal/lysosomal compartments of APC, antigenic peptides,
which are generated by lysosomal enzymes from not only extracellular antigens
via endocytosis but also intracellular antigens via autophagy (1), are loaded on
MHC class II heterodimers through the catalytic function of HLA-DM
(human)/H2-DM (mouse). The H2-DM molecule is a nonpolymorphic MHC
class II-like determinant, which is transported into the lysosomal compartments
because the carboxy-terminal domain contains the YTPL motif known to 
mediate lysosomal targeting (10,11). We prepared the anti-H2-DM antibody
against the carboxy-terminal domain of H2-DM by the modified method
described by Karlsson et al. (8). As the antibody binds to the H2-DM molecules
residing in the endosomal/lysosomal compartments, application of this antibody
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enables isolation of the same endosomal/lysosomal compartments as those
detected by immunofluorescence microscopy in TEC. The anti-H2-DM anti-
body is, therefore, useful for exploring the MHC class II-restricted presentation
of self-antigens.

3.1. Establishment and Maintenance of TEC Lines

3.1.1. Preparation of a Feeder Layer

1. Swiss mouse 3T3 cells are selected to support optimal growth of TECs isolated
from mouse thymus. The cells are cultured with 5% FCS-DMEM at 37°C in 5%
CO2 and maintained by weekly passage at a 1:10 dilution.

2. Upon reaching confluency, remove the medium and rinse the cells once with
0.02% EDTA–PBS. The cells are then harvested with 0.25% trypsin, 0.02%
EDTA. After centrifugation at 500g for 10 min, resuspend 1 × 107 cells in 10 mL
of 5% FCS–DMEM.

3. To irreversibly inhibit proliferation of the cells, irradiate the cell suspension at
40 Gy.

4. Plate 7 × 105 irradiated cells per 4 mL of 7.5% FCS-DMEM into a 60-mm diam-
eter dish and culture for 1–2 d.

3.1.2. Establishment of TEC Lines From Mouse Thymus

1. Isolate thymic lobes from newborn mice or embryos at 15 d of gestation and dis-
perse them in PBS containing 0.25% trypsin and 0.02% EDTA with gentle pipetting.

2. Add an equal volume of 10% FCS-DMEM into the cell suspension. After centrifu-
gation at 500g for 10 min, resuspend the cell pellets in 2 mL of 10% FCS DMEM.
Repeat this procedure once.

3. After centrifugation, resuspend the cell pellets at 105 per milliliter of 10% FCS-
DMEM. Plate 1 mL of the cell suspension on Swiss 3T3 cells that are preirradi-
ated at 40 Gy, plated at 7 × 105 per 2 mL of 10% DMEM in a 60-mm dish and
culture for 2 d in 5% CO2 at 37°C.

4. Culture the cells in 5% CO2 at 35°C (see Note 5). Remove half the volume of
medium and add the same volume of 10% FCS–Jolik MEM (see Note 1) at inter-
vals of 4–5 d.

5. The epithelial cells push aside feeder cells to form colonies (see Fig. 1). When colonies
grow to a diameter of approx 10 mm, the epithelial cells are cloned as follows.

6. Wash the dish twice with 4 mL of PBS containing 0.02% EDTA to remove Swiss
3T3 cells and thymic nonepithelial cells. Add 2 mL of PBS containing 0.25%
trypsin and 0.02% EDTA and incubate to remove the cells from the dish.

7. Add an equal volume of 10% FCS-DMEM and centrifuge the cell suspension at
500g for 10 min. Resuspend the cell pellet in 2 mL of 10% FCS-DMEM. Repeat
this procedure once.

8. Resuspend the cells to a density of 104/mL in 10% FCS-DMEM in a 60-mm
dish. Under an inverted phase-contrast microscope, pick up a single cell or a
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cluster of cells from the cell suspension by using a micropipet and transfer them
to each well of a 24-well plate (Falcon, cat. no. 3847), coated with 105 40 Gy-
irradiated Swiss 3T3 cells in 1 mL of 10% FCS-DMEM. The culture is main-
tained in 5% CO2 at 35°C, the medium being replaced with 0.5 mL of 10%
FCS-Jolik MEM at intervals of 4 d. The cloning procedure is repeated once to
obtain TEC lines.

3.1.3. Maintenance of TEC Lines

1. Once established, culture TEC lines in 10% FCS-JMEM at 35–37°C in 5% CO2.
Replace the cultured medium with flesh medium at intervals of 4 d. If the growth
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Fig. 1. Phase-contrast and immunofluorescence micrographs of thymic epithelial cell
(TEC) lines established from C57/BL6 mouse thymus. TEC have been established on 
irradiated Swiss 3T3 feeder cells in 10% fetal calf serum (FCS) JMEM at 35°C. These cells
form typical cobblestone-like colonies, as shown in phase-contrast micrographs (A,B).
Bar = 100 µm. After cloning, these TEC lines were cultured in the presence of interferon-γ
and characterized with respect to their expression of pan-keratin, keratin 5, and keratin 8
by the confocal microscopy. In the case of the TEC line shown in A,C,E,G, a part of the
cells were stained in a fibrous manner with anti-pan keratin antibody (C) as well as anti-
keratin 8 antibody (G), but only weekly stained in a dotted manner with anti-keratin 5 anti-
body (E). In the case of the other TEC line shown in B,D,F,H, cells stained brightly in a
fibrous manner with anti-pan keratin antibody (D) as well as anti-keratin five antibody (F),
and only weekly stained in a dotted manner with anti-keratin 8 antibody (H). In the thymus,
the cortical region is stained with both anti-pan-keratin and anti-keratin 8 antibodies,
whereas the medullary region is stained with both anti-pan-keratin and anti-keratin 5 anti-
bodies. Although the staining pattern of TEC lines with a set of anti-keratin antibodies is not
completely compatible with that in the thymus, the TEC lines stained in a fibrous manner
with anti-pan-keratin and anti-keratin 8 antibodies could be assigned to the cortical TEC
(cTEC), whereas the TEC lines stained in fibrous manner with anti-pan-keratin and anti-
keratin 5 antibodies may be assigned to the medullary TEC (mTEC). (C–H). Bar = 10 µm.
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of the TEC becomes slow or arrested, add 105 40 Gy-irradiated Swiss 3T3 cells
per milliliter of 10% FCS-DMEM.

2. When the cell growth reaches confluency, cells are washed with PBS once and
treated with PBS containing 0.25% trypsin and 0.02% EDTA at 37°C. Add 10%
FCS-DMEM to inhibit the residual enzymatic activity of trypsin and then cen-
trifuge at 500g for 10 min.

3. Resuspend the cell pellet in 10% FCS-JMEM and transfer a quarter of the cell sus-
pension to a new dish supplemented with fresh medium and culture at 35–37°C in
5% CO2.

3.1.4. Preservation of TEC Lines

Cells are washed with PBS once, treated with 0.25% trypsin at 37°C, and
centrifuged at 500g for 10 min. Resuspend the cells to approx 5 × 106 per mil-
liliter of FCS containing 10% DMSO. The stock may be stored first at –70°C
and then transferred to liquid nitrogen 2 d later.

3.2. Characterization of TEC Lines Using Ab to Keratins 
and Epithelial Cell Markers

1. Put one drop (approx 50 µL) containing 105 TEC cells in 5% FCS-DMEM onto
the wells of an eight-hole heavy Teflon-coated slide prepared as described in
Subheading 2.2.2., and incubate the slides at 35°C in 5% CO2 for several days.

2. To enhance the expression of molecules, including MHC class II, involved in anti-
gen presentation, TEC line cells are cultured in 5% FCS-DMEM containing 400
IU/mL of IFN-γ at 37°C in 5% CO2 for 72 h.

3. Wash the cells twice with FCS-free MEM for 10 min at room temperature.
4. Fix the cells with cold acetone (kept at 4°C) for 10 min on ice.
5. Wash the cells three times with cold TBS for 10 min.
6. Incubate the cells with 5 µg/mL of the primary Ab in 1% BSA-TBS overnight in

a refrigerator with gentle swinging.
7. Wash the cells three times with cold TBS for 10 min.
8. Incubate the cells with 5 µg/mL of the secondary antibody in 1% BSA-TBS for

3 h at room temperature.
9. After washing the cells three times with cold TBS for 10 min, seal the slides with

PBS-glycerin solution (1:9). The sealed slides can be stored at –20°C for at least
1 mo.

10. Immunofluorescence photographs may be taken on a Zeiss confocal laser scan-
ning inverted-microscope, LSM 510. The typical staining patterns of cortical and
medullary TEC line cells are shown in Fig. 1.

3.3. Immunofluorescence Staining of H2-DM+ Compartments
in TEC Lines

1. Put one drop of 105 TEC line cells in 10% FCS-DMEM onto the wells of an eight-
well heavy Teflon-coated slide, prepared as described in Subheading 2.2.2. and
incubate the slides at 35°C in 5% CO2 for several days.
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Fig. 2. Two-color immunofluorescent micrographs of the cortical and medullary
thymic epithelial cell (TEC) lines costained with the anti-H2-DM antibody and various
antibodies against molecules involved in major histocompatibility complex (MHC)
class II-restricted antigen presentation. Both TEC lines were cultured with 6 µg/mL of
pepstatin A and 6 µg/mL of E64d for 8 h, fixed, and then analyzed using confocal
microscopy. The cytoplasm in the cortical TEC lines as well as the medullary TEC
(mTEC) line is stained in a dotted manner with anti-H2-DM antibody (A,B). These H2-
DM+ compartments (red) in the cytoplasm of both the cortical TEC (cTEC) and the
mTEC are stained with M5-114 for MHC class II molecules (green, C,D), In -1.1 for
invariant chains (green, E,F) and 30-2 for MHC class II plus CLIP complexes (green,
G,H). These results indicate that the formation of MHC class II complexes actually
occurs in the H2-DM+ compartments. In addition, these H2-DM+ compartments co-
localize with the endosomal marker, rab5 (green, K,L) as well as the lysosomal marker,
LAMP-1 (green, I,J). Moreover, these H2-DM+ compartments (green) are colocalized
with a marker peculiar to the autophagosome, LC3 (red, M,N). The results shown
(K–N) suggest that not only endosomes but also autophagosomes could access and fuse
to the H2-DM compartments. Bar = 10 µm.
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2. To enhance the expression of molecules involved in the MHC class II-restricted
presentation of antigen, TEC line cells are cultured in 5% FCS-DMEM contain-
ing 400 IU/mL of IFN-γ at 37°C in 5% CO2 for 72 h.

3. Half of the cells are further cultured in 5% FCS-DMEM containing 100 IU/mL of
IFN-γ, 6 µg/mL of pepstatin A, and 6 µg/mL of E64d at 37°C for 8 h (see Note 6).
The remaining cells are further cultured in 5% FCS-DMEM containing 100
IU/mL of IFN-γ without protease inhibitors.

4. Wash the cells once with FCS-free MEM for 10 min at room temperature.
5. Fix the cells with PBS (pH 7.0) containing 4% paraformaldehyde (PFA) for 10 min

at room temperature, and then incubate in 0.1 M glycine solution (adjusted to pH
7.0 with 1 M Tris-HCl) to halt the reaction of the PFA.

6. After washing the cells twice with TBS for 10 min, permeabilize the cells with
TBS containing 0.05% (w/v) saponin for 10 min at room temperature.

7. Wash the cells three times with TBS for 10 min, apply 5 µg/mL of rabbit anti-H2-
DM antibody or anti-LC3 antibody in 1% BSA-TBS and incubate the cells
overnight in a refrigerator with gentle swinging.

8. Wash the cells three times with TBS for 10 min, incubate the cells with 5 µg/mL
of Alexa 543-conjugated anti-rabbit immunoglobulins in 1% BSA-TBS for 3 h at
room temperature with gentle swinging.

9. Wash the cells three times with TBS for 10 min, incubate the cells with 5 µg/mL
of the secondary antibody in 1% BSA, TBS, 0.02%NaN3 overnight in a refrigera-
tor with gentle swinging.

10. Wash the cells three times with TBS for 10 min, incubate the cells with 5 µg/mL
of Alexa488-conjugated anti-IgG antiserum or Alexa488-conjugated avidin in 1%
BSA, TBS, 0.02% NaN3 for 3 h at room temperature with gentle swinging.

11. After washing the cells three times with TBS for 10 min, seal the stained samples
with PBS/glycerin (1:9) and visualize using a Zeiss LSM 510 confocal micro-
scope. The distribution of MHC class II and related molecules in TEC line cells is
shown in Fig. 2.

3.4. Immunological Isolation of H2-DM+ Compartments From TEC Lines

3.4.1. Preparation of Magnetic Beads Coated 
With Anti-H2-DM Antibody

1. Place 2.0 × 108 Dynabeads labeled with sheep anti-rabbit IgG (DYNAL, cat. no.
112.03) into a 1.5-mL Eppendorf tube.

2. Place the tube on a magnet for 2 min and remove the fluid portion.
3. Remove the tube from the magnet and resuspend the beads in 0.8 mL of 1% BSA,

0.02% NaN3 in PBS.
4. Repeat steps 2 and 3.
5. Resuspend the beads in 60 µg of anti-H2-DM antibody in PBS containing 0.02%

NaN3 (according to the manufacturer’s protocol, approx 0.8–3.0 µg of antibody
per 107 beads will give the necessary concentration to effectively bind a specific
target). Make the final volume up to 0.8 mL with 1% BSA, 0.02% NaN3 in PBS.

6. Rotate the tube overnight in a refrigerator.
7. Place the tube on a magnet for 2 min and remove the fluid.
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8. Remove the tube from the magnet and suspend the pellet in 0.8 mL of 1% BSA,
0.02% NaN3 in PBS.

9. Repeat step 8 and resuspend the beads in 0.5 mL of 1% BSA, 0.02% NaN3 in
PBS. The final concentration should be 4.0 × 108 beads/mL.

3.4.2. Subcellular Fractionation of Vesicles Using Magnetic Beads
Coated With Anti-H2-DM Antibody

1. Culture TEC line cells in 100-mm dishes with 10% FCS-JMEM.
2. Upon reaching confluency, culture the TEC line cells with 8 mL of 5% FCS-

DMEM containing 100 IU/mL of IFN-γ for 3 d. Replace the culture medium with
the same volume of fresh medium every day.

3. After stimulation with IFN-γ, remove the medium and rinse the dishes with 4 mL
of 0.02% EDTA in PBS.

4. Remove the 0.02% EDTA and rinse with 4 mL of 0.25 M sucrose solution.
5. Remove the 0.25 M sucrose solution and replace with 0.8 mL of 0.25 M sucrose

solution containing a protease inhibitor (1 mM PMSF, 0.1 mM TPCK, 10 µg/mL
of aprotinin, 0.1 mM leupeptin).

6. Remove the cells using a cell scraper.
7. Transfer the cell suspension into a 15-mL test tube.
8. Put 0.8 mL of 0.25 M sucrose solution containing protease inhibitors into the

dishes, and scrape the cells again.
9. Transfer the cell suspension into a 15-mL test tube and homogenize the cells by

passing 1.6 mL of the 0.25 M sucrose solution 20 times through a 23-gauge nee-
dle, attached to a disposable 1-mL plastic syringe.

10. Centrifuge the homogenate at 1000g for 10 min to eliminate large cell fragments
and nuclei.

11. Divide the supernatant (postnuclear supernatant, PNS) into two aliquots. Put each
aliquot into a 1.5-mL screw cap tube.

12. Add 50 µL of the magnetic beads conjugated with the anti-H2-DM antibody (2 × 107

beads bound to approx 6 µg of antibody) into each aliquot of the PNS.
13. Rotate the tubes gently in a refrigerator for 24 h.
14. Place the tubes on a magnet for 10 min at 2–8°C and carefully pipet off the fluid.
15. Resuspend the pellet in 0.4 mL of PBS and mix gently.
16. Repeat steps 14 and 15.
17. Place the tubes on a magnet for 10 min at 2–8°C and carefully remove the fluid.
18. Store the pellet at –80°C until use.

3.5. SDS-PAGE

3.5.1. Preparation of SDS Samples
1. Add 50 µL of SDS sample buffer without 2-mercaptoethanol into the tubes con-

taining the magnetic beads.
2. Transfer the contents into a filter-tube and centrifuge at 10,000g for 10 min.
3. Take off the filter unit and dilute 10 µL of the filtrate 1:4 with dH2O. Then, esti-

mate the protein concentrations in the diluted filtrate by means of the BCA
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assay, according to the manufacturer’s instructions (PIERCE, Rockford, IL)
(see Note 7).

4. Add 40 µL of SDS sample buffer with 2-mercaptoethanol into the remaining fil-
trate. Apply 10–50 µL of the mixture on SDS-gel without boiling (i.e., under
nonreducing conditions) or with boiling for 2 min (reducing conditions).

3.5.2. PAGE

1. Assemble the notched glass plate with the glass plate fitted with glass spacers
(1.0-mm thick) and the 1.0-mm-thick silicon rubber spacer. Hold the assembled
plates together with the aid of fold-back clamps.

2. Prepare the 12.5% acrylamide solution by mixing 7.5 mL of separating buffer,
with 12.5 mL of acrylamide/bisacrylamide solution, 0.3 mL of 10% SDS solution,
9.7 mL of Milli-Q grade water, 100 µL of ammonium persulfate solution, and 20 µL
of TEMED. Pour the gel, leaving space for a stacking gel, and overlay with water-
saturated isobutanol. The gel should polymerize in approx 30 min.

3. Pour off the isobutanol and rinse the top of the gel twice with water.
4. Prepare the stacking gel by mixing 3 mL of stacking buffer with 2 mL of acry-

lamide/bisacrylamide solution, 0.12 mL of 10% SDS solution, 6.9 mL of Milli-Q
grade water, 50 µL of ammonium persulfate solution, and 10 µL of TEMED.
Use approx 0.5 mL of this mixture to quickly rinse the top of the gel and then
pour the stack and insert the comb. The stacking gel should polymerize within
30 min.

5. Prepare the running buffer by diluting 200 mL of the 4X running buffer with 800 mL
of Milli-Q grade water in a measuring cylinder. Cover with Parafilm and invert the
cylinder to mix well.

6. Once the stacking gel has set, carefully remove the comb and clean the wells with
a strip of Whatman 3MM paper or rinse the wells with Milli-Q grade water.
Remove the clamps and the silicone rubber spacer, and clean the space between
the two glass plates using a strip of Whatman 3MM paper.

7. Wet a Whatman 3MM paper 160-mm wide and 110-mm high with electrode
buffer, and place it on the notched side of the gel plates and true up the bottom
ends of the paper and the plates. Clamp the gel plates and the paper to the electro-
phoresis chambers, which have been prefilled with electrode buffer. Fill the upper
chamber until the slots are submerged to a depth of 5 mm. Remove any air bubbles
trapped at the bottom of the gel with electrode buffer using a syringe fitted with a
bent needle.

8. Load the protein samples into the bottom of the wells using a micropipet fitted
with a long narrow tip. Volumes of 10–50 µL are acceptable for loading. Include
one well for prestained molecular weight markers.

9. Attach the electrode wires. Apply 80–150 V at a constant current until the dye is
10 mm from the bottom of the gel. If the gel plates become hot, reduce the cur-
rent. During normal operation, the gel plates will become warm to the touch.

10. Turn off the current. Remove the gel cassette, carefully take apart the plates with
the use of a spatula and remove the gels for blotting.
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3.6. Western Blotting for Analysis of H2-DM+ Compartments
From TEC Line Cells

1. Cut a filter paper (Whatman 3MM) and the PVDF membrane to the dimensions of
the gel to be transferred.

2. Wet the PVDF membrane with methanol first. Then soak both the membrane and
filter papers in transfer buffer and leave for 15 min.

3. Soak the filter paper, the membrane and four sheets of Whatman 3MM filter paper
in transfer buffer for 10 min.

4. The fiber pads for the tank transfer should be soaked well in buffer and any air
bubbles removed.

5. Assemble the materials in the following order from cathode side to anode side:
fiber pad, two sheets of filter paper, gel, PVDF membrane, two sheets of filter
paper, fiber pad.

6. Clamp this sandwich together in the cassette, according to the apparatus being
used. Half fill the tank with buffer and insert the cassette, then quickly fill the tank
with buffer to above the height of the cassette.

7. Transfer at 12 mA for 18–20 h at 4–8°C.
8. Following electrophoretic transfer, block any nonspecific binding sites with block-

ing buffer for 1 h at room temperature with agitation and then remove the buffer.
9. Incubate the blot in diluted primary antibody solution in incubation buffer, for 48 h

at 4–8°C with agitation and then remove.
10. Wash the blot with T-TBS once for 30 min and then with TBS twice for 30 min at

room temperature.
11. Incubate with secondary antibody in 1% skimmed milk in TBS at the recom-

mended dilution (usually 1:2000–1:5000) for 2 h at room temperature with agita-
tion and then remove.

12. Wash, as in step 10.
13. Leave the blot in the final washing buffer (TBS). During this period, 2-mL aliquots

of each portion of the chemiluminescent solutions (supersignal, PIEACE) are
warmed separately to room temperature and then mixed together. Incubate the blot
in this solution for 1 min while rotating by hand.

14. Drain off the reagent and wrap the blot in plastic wrap.
15. The chemiluminescent signal on the blot can be measured digitally with a FujiFilm

LAS 3000. Alternatively, expose the blot to conventional film, as required, and
develop. Typical results obtained using this protocol are shown in Fig. 3.

4. Notes
1. This medium (JMEM) is a Ca2+-free form of MEM. The low concentration of Ca2+

is recommended for establishment and maintenance of TEC lines.
2. The addition of IFN-γ to the 5% FCS-DMEM is necessary for the expression of

MHC class II molecules by TEC lines. To fully express MHC class II mole-
cules, TEC lines should be cultured for 2 d in 5% FCS-DMEM with 500 IU/mL
of IFN-γ.
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3. PFA is toxic. Wear gloves, face mask, and safety glasses. Do not boil the PFA
solution in a microwave oven. If this should occur, however, immediately transfer
the solution to a chemical fume hood.

4. It is better to fix cells with the PFA solution with a pH value of between pH 6.8
and 7.2. Upon fixation with acidic PFA solution (i.e., less than pH 6.5), anti-
bodies fail to react efficiently with fixed cells. On the other hand, upon fixation with
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Fig. 3. Isolation and characterization of vesicles from the PNS of thymic epithelial
cells (TECs) by utilizing magnetic beads coated with anti-H2-DM. After vesicles were
isolated from the PNS of both cortical TECs (cTECs) and medullary TECs (mTECs) by
means of magnetic beads coated with anti-H2-DM antibody, they were analyzed by
Western blotting. The H2-DM molecules are detected in vesicles of both the cTEC and
the mTEC (A). In these vesicles, major histocompatibility complex (MHC) class II het-
erodimers are probed by M5-114 (B) and 30 kDa-invariant chain (shown as an arrow in C)
and 35 kDa-invariant chains (an arrow head in C) are probed by In-1.1. These results
are concordant with the results shown in the immunofluorescence study (Fig. 2C–F).
The typical lysosomal marker, LAMP-1 (D), the endosomal marker rab5A (E), and a
marker peculiar to autophagosomes, LC3 (F) are also detected in these vesicles, sug-
gesting that self-antigens could be transported into the H2-DM+ compartments via
autophagy as well as endocytosis. Moreover, a series of soluble endosomal/lysosomal
proteases, i.e., cathepsin-B (G), -D (preforms: an arrow head, mature forms: an arrows
in H), -L (preforms: an arrow head, mature forms: an arrows in I), and -S (J) are
detected, suggesting that the integral vesicles have been isolated from the lysates and
antigens and invariant chains are processed by the above proteases.
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basic PFA solution (i.e., more than pH 7.5), the extent of background in immuno-
fluorescence staining could increase.

5. The irradiated Swiss mouse 3T3 cells secret growth factors to support the growth
of TEC and oppose the adherence of fibroblast cells derived from thymus. The cul-
ture of cells at 35°C does not affect the growth rate of TEC but diminishes the
growth rate of the fibroblast cells.

6. E64d inhibits the activity of cysteine proteases, for example, cathepsin-B, -L, and -S.
Pepstatin A inhibits the activity of aspartic proteases, for example, cathepsin-D.
The inhibition of these lysosomal enzymes arrests the maturation of lysosomes
and simultaneously accumulates the MHC class II molecules and associated mol-
ecules in lysosomes.

7. To assay the protein concentration without interference of SDS, Tris, and sucrose,
make the concentration of SDS, Tris, and sucrose less than 1%, 100 mM, and
40%, respectively.
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Thymus Organogenesis and Development 
of the Thymic Stroma

Craig S. Nowell, Alison M. Farley, and C. Clare Blackburn

Summary
T-cell development occurs principally in the thymus. Here, immature progenitor cells are

guided through the differentiation and selection steps required to generate a complex T-cell reper-
toire that is both self-tolerant and has propensity to bind self major histocompatibility complex.
These processes depend on an array of functionally distinct epithelial cell types within the thymic
stroma, which have a common developmental origin in the pharyngeal endoderm. Here, we
describe the structural and phenotypic attributes of the thymic stroma, and review current cellular
and molecular understanding of thymus organogenesis.

Key Words: Thymus; endoderm; thymic epithelium; epithelium; organogenesis; patterning;
stem cell; progenitor cell; Foxn1.

1. The Thymic Microenvironment
1.1. Structure and Morphology of the Thymus

The mature thymus is characterized by the presence of developing T lympho-
cytes (thymocytes), which make up more than 95% of its cellularity. Within the
thymus, T-cell development is mediated by a range of stromal elements, includ-
ing mesenchymal cells, bone marrow (BM)-derived stromal cells and vascula-
ture, and the uniquely specialized thymic epithelium (1). The organ is divided
histologically into two main regions, the cortex and medulla, and is surrounded
by an outer capsule consisting of a thick layer of connective tissue (see Fig. 1).
The capsule is separated from the cortex by a thin layer—the subcapsule—
consisting of simple epithelium (1), whereas the cortex consists of three-dimen-
sional networks of epithelial cells densely packed with developing thymocytes
(1–3). The inner medullary region again consists of a three-dimensional net-
work of epithelial cells populated with thymocytes, however, the ratio of

125

From: Methods in Molecular Biology, vol. 380: Immunological Tolerance: Methods and Protocols
Edited by: P. J. Fairchild © Humana Press Inc., Totowa, NJ

08_Blackburn  4/4/07  8:46 AM  Page 125



126

0
8
_
B
l
a
c
k
b
u
r
n
 
 
4
/
4
/
0
7
 
 
8
:
4
6
 
A
M
 
 
P
a
g
e
 
1
2
6



medullary epithelial cells to thymocytes is higher than in the cortex and this
region is also densely populated with BM-derived stromal cells (1).

Intrathymic T-cell development is regulated so that thymocytes at different
stages of development are found in different anatomical locations. Hematopoietic
progenitors enter the postnatal thymus at the corticomedullary junction. T-cell
development from the earliest postcolonization stages of thymocyte maturation
(termed “triple negative” [TN] cells as they do not express CD3 or the corecep-
tors CD4 or CD8) through to the CD4+CD8+ double positive (DP) stage occurs
in the thymic cortex. Those DP cells selected to proceed to mature into CD4+

or CD8+ single positive (SP) cells subsequently migrate into the medulla, from
where they exit into the peripheral immune system. The cortex itself can be
subdivided into four regions based on the localization of different thymocyte
populations: zone 1 contains the colonizing population of hematopoietic pro-
genitor cells that are not yet committed to the T-cell lineage; these early thy-
mocytes undergo proliferative expansion in zone 2; commitment to the T-cell
lineage occurs in zone 3; and in zone 4, thymocytes differentiate to the DP
stage of development, characterized by expression of both CD4 and CD8
coreceptors (4).

1.2. The Thymic Epithelium

Thymic epithelial cells (TEC) are broadly classified into three populations;
subcapsular/subtrabecular epithelial cells, cortical thymic epithelial cells (cTEC),
and medullary thymic epithelial cells (mTEC). Within these subdivisions
ultrastructural and immunohistochemical analyses have revealed at least six
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Fig. 1. (Opposite page) Histology of the postnatal thymus. The mature thymus is
histologically divided into an outer cortex and an inner medulla. The main body of the
cortex contains cortical thymic epithelial cells (cTEC), macrophages (MΦ) and devel-
oping thymocytes at the triple negative (TN) and double positive (DP) stages of differ-
entiation. The cortex is surrounded by a mesenchymal capsule, under which lies a layer
of subcapsular thymic epithelial cells (scTEC). Thymocytes are localized to four dis-
tinct regions of the cortex depending on their differentiation status: TN1 thymocytes
reside in zone 1 at the cortico–medullary junction (CMJ), where they enter the thymus
from blood vessels (BV). During their differentiation into TN2 and TN3 thymocytes
they progressively migrate into zones 2 and 3. TN4 cells are located in zone 4, the sub-
capsule (SC), where they undergo the TN to DP transition. DP thymocytes then migrate
through the cortex to the CMJ. Those thymocytes that successfully undergo positive
selection into single positive (SP) thymocytes then migrate into the medulla, where
medullary thymic epithelial cells (mTEC) mediate the final stages of T-cell differentia-
tion, and aspects of tolerance induction. Thymic dendritic cells (TDC) found at the CMJ
and in the medulla are also important mediators of negative selection. Mature SP thymo-
cytes then exit the thymus via the vasculature to form the peripheral T-cell pool.
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subsets of epithelial cells (5), which are assigned “clusters of thymic epithelial
staining” (CTES) types I, II, III, IIIB, IIIC, and IV (6) (see Table 1) based on
the different monoclonal antibodies (MAb) staining profiles observed.

The subcapsular/subtrabecular epithelium forms a barrier between the exter-
nal and internal thymic microenvironments and consists of type I epithelial cells
in a simple epithelial layer. These type I cells are major histocompatibility com-
plex (MHC) class II negative (7) and are reactive to CTES II MAbs (8).

The thymic cortex lies directly beneath the subcapsular/subtrabecular epithe-
lium. The outermost cortical subpopulations are type II epithelial cells, charac-
terised by their pale appearance in electronmicrographs (9). Immediately
adjacent to the type II epithelia are type III thymic epithelial cells, which show
intermediate electron lucency (9), whereas the innermost cTEC are type IV
cells that have high electron lucency and oval/spindle shaped nuclei (9).
Ultrastructural analysis has also revealed large complexes of type II and type III
cells and developing thymocytes (9), termed “thymic nurse cells,” which may
be important in mediating positive selection of developing thymocytes (10,11).
All cTEC stain with CTES III MAbs (9), and type II and III cells are strongly
MHC class II+ (1). However, no MAbs are currently known to identify individ-
ual subpopulations corresponding to the type II-IV cells described above.

The medullary thymic epithelium is also heterogeneous. mTEC predomi-
nantly express determinants reactive to CTES II and IV MAbs, with type III
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Table 1
TEC Subpopulations Defined by CTES MAbs

Antibody Staining pattern in adult thymus CTES group References

ER-TR3 Cortical and medullary TEC I 69
MTS39 Pan-epithelial I 8
ER-TR5 Medullary TEC II 69
IVC4 Subcapsular and medullary TEC II 162,163
MTS10 Medulla II 8
CDR1 Cortical TEC III 164
ER-TR4 Cortical and isolated medullary TEC IIIB 69
MTS44 Cortex IIIB 8
4F1 Cortical TEC IIIB 162,163
MTS32 Cortical TEC and thymocytes IIIC 165
MTS20 Isolated cells in medulla IV 8
MTS29 Isolated medullary TEC IV 8
MTS9 Medullary and some cortical TEC XX 165
MTS37 Isolated cortical and medullary TEC XX 166,167

and thymocytes
MTS35 Minority of medullary TEC XX 166,167
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cells also being identified by ultrastructural analysis (9). In addition, type V
epithelia, classified as undifferentiated cells, exist in small isolated clusters at
the cortico–medullary junction (9), along with type VI cells that have been pro-
posed to be precursors of differentiated epithelial cells (12). All mTEC express
MHC class I, whereas MHC class II expression is variable (13–16).

The thymic epithelium has also been defined by the expression of cytoker-
atins (K), which are expressed by epithelial cells in all tissues. In the cortex, two
populations have been identified: a predominant K5–K14–K8+K18+ subset and
a minor subset also consisting of K5+K14–K8+K18+ cells (17). Most mTEC dis-
play a K5+K14+K8–K18– phenotype (17) and express the antigen reactive to
MAb MTS10 (8), and a minor K5–K14–K8+K18+ MTS10– medullary subset is
also present (17).

1.3. Nonepithelial Stromal Elements

In addition to epithelial cells the thymic stroma also contains BM-derived
cells, principally macrophages and dendritic cells (1,7,18). Macrophages reside
predominantly in the cortex and cortico–medullary junction regions and differ
morphologically depending on their location (18,19). Although present through-
out the thymus, dendritic cells are concentrated at the cortico–medullary junction
and in the medulla (18,19); unlike thymic macrophages, which show varying
levels of MHC class II expression, all thymic dendritic cells display strong
expression of MHC class II (1).

The thymic stroma also contains mesenchymal cells, which, along with
cTEC, secrete an extensive network of extracellular matrix (ECM) components
(1). ECM exists in close association with the subcapsular epithelium and forms
fine networks throughout the medulla, and is likely to support the growth and
development of both thymocytes (20,21) and TEC (22,23). Consistent with this,
both thymocytes and epithelial cells show differential expression of a wide
array of ECM receptors (24–27).

1.4. TEC Subset Function

The high level of heterogeneity observed in the thymic epithelium has long
suggested that individual TEC subpopulations are specialized to support spe-
cific stages of T-cell maturation, an idea reinforced by the observation that dis-
crete stages of thymocyte maturation map to distinct intrathymic locations (4).
Recently, functional evidence has confirmed that specific TEC subtypes medi-
ate particular aspects of thymopoiesis (28–30).

TEC are likely to mediate thymocyte maturation via several mechanisms,
including the provision of soluble growth factors. For instance, TEC secrete stem
cell factor and interleukin (IL)-7 (31), whose receptors are expressed on early
TN thymocytes (31). IL-7 is an important growth factor for TN thymocytes and
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also drives the expansion of thymocytes that have successfully undergone positive
selection (32). Although widely expressed in the thymic primordium during devel-
opment, IL-7 expression is restricted to TEC subsets at the corticomedullary junc-
tion and in the medulla of the postnatal thymus (33). Confirming the indispensable
role of IL-7 in T-cell development, IL-7–/– mice are lymphopoenic, with severely
reduced numbers of αβT cells (34), as are mice deficient in the interleukin-7 recep-
tor (IL-7R) (35). The soluble factors tumor necrosis factor α and IL-1α, both of
which have been implicated in the generation of TN2 thymocytes from their TN1
precursors (36), are also secreted by TEC (31). TEC also secrete members of the
chemokine family of soluble factors, which provide chemotactic cues that coor-
dinate the migration of developing thymocytes through the thymic stroma with
their differentiation (37). Chemokine–chemokine receptor interactions have been
convincingly demonstrated to regulate the migration of thymocytes from the cor-
tico–medullary junction to the cortex (28,38) and from the cortex to the subcap-
sular zone (39). These migratory patterns are mediated by CXCL12/CXCR4 and
CCL25/CCR9, respectively. CXCL12/CXCR4 interactions are particularly impor-
tant, as CXCR4 deficient thymocytes fail to differentiate beyond the TN stages of
maturation (28).

Contact between TEC and thymocytes is also crucial for proper T-cell develop-
ment. Anderson and colleagues demonstrated that maturation of CD4+CD8+ DP
thymocytes occurred in reaggregate thymus organ cultures in which the TEC
were metabolically inactivated (29), whereas cultures consisting of MHC class
II+ epithelial cells from other tissues (e.g., salivary epithelium, gut epithelium,
dendritic cells) could not support positive selection (29), suggesting that cell sur-
face molecules other than MHC/peptide ligands are provided by TEC to support
the maturation of CD4+CD8+ DP thymocytes. Separate in vivo studies support
an essential role of cTEC in positive selection; mice in which MHC class II
expression is limited to particular stromal elements demonstrate that CD4+ SP T
cells are only produced when MHC class II/peptide ligands are directed to the cor-
tex (40). Similarly, positive selection of restricted transgenic TCRs occurs only
when the selecting MHC/peptide ligand is expressed by cTEC (41,42). The acces-
sory signals provided by cTEC have yet to be elucidated, although involvement of
Notch/Notch ligand interactions is plausible as Notch plays an important role in
the earliest stages of thymocyte maturation, including commitment of hematopoi-
etic progenitors to the T-cell fate (43,44). TEC express a range of Notch ligands,
including Jagged1 and 2 and Delta-like 1 and Delta-like 4 (45), and can initiate and
sustain Notch signaling in thymocytes in vitro (46). There is also evidence that
Notch signaling is involved in the expansion of thymocytes during the DN to DP
transition (47,48) and from the DP to SP stages of maturation (49,50).

Functional analysis of medullary TEC indicates that these cells play a crit-
ical role in tolerance induction, and specifically mediate tolerance to tissue
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specific and temporally regulated antigens via expression of a wide variety of
tissue-specific and temporally regulated genes (51,52). The ability of mTEC to
express otherwise tissue-restricted genes appears to be a cell autonomous
property acquired during the fetal period (51,53) and is partly regulated by the
transcription factor Aire (autoimmune regulator). In the thymus, Aire is
expressed specifically in mTEC (54,55), and analysis of Aire–/– mice indicates
a direct role for Aire in the regulated expression of at least some otherwise
peripheral antigens in the thymic medulla (54). Furthermore, absence of Aire
leads to autoimmunity in mice and humans (54,56–59).

2. Thymus Organogenesis
2.1. Cellular Events in Thymus Organogenesis

2.1.1. Cellular Regulation of Early Thymus Organogenesis

Thymus organogenesis occurs in the pharyngeal region of the developing
embryo. This region is composed of a number of bilateral bulges known as pha-
ryngeal arches, which are separated by structures known as pharyngeal pouches
and pharyngeal clefts. The pharyngeal pouches are bilateral outpocketings of
pharyngeal endoderm, which form sequentially in a rostral to caudal manner
and initially comprise a single layer of simple epithelium, whereas the oppos-
ing pharyngeal clefts are invaginations of surface ectoderm also consisting of a
layer of simple epithelium (see Fig. 2).

During embryogenesis, the thymus arises from the endoderm of the third pha-
ryngeal pouch, in a common primordium with the parathyroid gland. Overt
organogenesis is apparent from approximately day 10 of embryonic development
(E10) in the mouse, when third pharyngeal pouch cells begin to proliferate to form
the bilateral primordia. Each primordium is surrounded by a condensing popula-
tion of mesenchymal cells that will eventually form the capsule (60,61). Further
outgrowth of the primordia, which results in expansion of both epithelial and mes-
enchymal components, occurs until approx E12.5, at which point the primordia
separate from the pharynx and begin to resolve into discrete thymus and parathy-
roid organs. These subsequently migrate to their final anatomical locations—at the
midline and at the lateral margins of the thyroid respectively. Patterning of the
common primordium into a prospective thymus domain located in the ventral
aspect of the pouch, and prospective parathyroid domain located in the dorsal
aspect, appears to be an early event in organogenesis, as the parathyroid domain is
delineated by the transcription factor glial cells missing-2 (Gcm2) as early as E9.5.
Possible mechanisms regulating the establishment/maintenance of these domains
are discussed in Subheading 2.3.

The mesenchymal capsule surrounding the thymus primordium is derived
from the neural crest, a transient population formed between the neural tube and
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Fig. 2. Morphology of the pharyngeal region. (A) Lateral views of an E10 mouse
embryo: left panel shows whole embryo (tip of the tail is missing), box indicates pha-
ryngeal region, arrow points to the thrid pharyngeal pouch, FLB, fore limb bud; HLB,
hind limb bud. Right panel shows detail of pharyngeal region—arrows point to third
and fourth pharyngeal arches; PA, pharyngeal arch; dorsal is up and ventral down.
Note that the orientation of the two embryos is different. (B) Cartoon representing
coronal section through the same area. In mouse there are five pharyngeal arches (PA),
which consist of mesenchymal and mesodermal cells (gold) bounded by an outer layer
of surface ectoderm (turquoise) and inner layer of pharyngeal endoderm (168). The
ectoderm forms four invaginations, the pharyngeal clefts (PC 1–4), which separate the
arches, whereas the endoderm forms four opposing outpocketings, the pharyngeal
pouches (PP 1–4).
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the surface ectoderm. From E9.0, neural crest cells (NCC) migrate into the pha-
ryngeal region and populate the pharyngeal arches. Studies using the
chick–quail chimera system provided the first evidence that NCC are the exclu-
sive source of mesenchymal cells in the thymus (60). This was confirmed more
recently using a line of transgenic mice that expressed both a “silent LacZ”
reporter from the ubiquitous Rosa26 promoter and Cre-recombinase under the
control of the Wnt1 promoter (61), such that LacZ was expressed in all cells
derived from the neural crest. As expected, this analysis demonstrated that, in
the fetus, thymic mesenchyme was derived from NCC, but a reduced contribu-
tion of NCC was unexpectedly indicated in neonatal animals. These data have
been interpreted to indicate that the origin of the thymic mesenchyme may
change during development, however, clarification of this point is required as
an alternative explanation is transgene silencing.

Lymphocytes first seed the thymus at E11.5 (62–64). As vascularization has
not occurred at this stage, the first colonizing cells leave the circulation and
migrate through the peri-thymic mesenchyme into the thymic epithelium. Some
evidence suggests that the first progenitor cells that colonise the thymic rudi-
ment exhibit comparatively low T-cell progenitor activity, and that a second col-
onizing wave which arrives between E12 and E14 displays much higher levels
of T-cell potential upon in vivo transfer (65).

Post-E12.5, epithelial cells within the thymic primordium continue to pro-
liferate, at least partly in response to factors supplied by the mesenchymal cap-
sule. Concomitantly, TEC differentiation commences: the first cortical and
medullary TEC appear by E12.5 (66) and development of the two compart-
ments proceeds in a lymphocyte independent manner until E15.5 (67,68). The
expression of MHC class II on thymic epithelial cells is first detected at E13.5,
with cell surface MHC class I expression occurring at approx E16 (16,69) and
expression of both these antigens is followed by the appearance of CD4+ and
CD8+ SP thymocytes at E15.5 and E17.5, respectively (16,69). Although a
functional thymus is present in neonates, the full organization of the stroma
characteristic of the mature organ is not achieved until 2–3 wk postnatally in
the mouse.

2.1.2. Origin of Thymic Epithelial Cells

The embryonic origins of the thymic epithelium have been controversial,
with conflicting hypotheses suggesting that the epithelium has a dual endodermal/
ectodermal origin (63,70), or derives solely from the pharyngeal endoderm
(71–74). However, a recent study has resolved this controversy by providing
definitive evidence for a single endodermal origin in mice (72). This study used
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three approaches to address the origins of the thymic epithelium. First, detailed
histological analysis indicated that although there was contact between the
endoderm and ectoderm at E10.5, the germ layers subsequently separated,
with apoptosis occurring in the ectoderm that had previously resided in the
contact region. Second, lineage tracing of pharyngeal surface ectoderm of
E10.5 mouse embryos failed to find evidence for an ectodermal contribution
to the thymic primordium and third, transplantation of pharyngeal endoderm
isolated from E8.5 to E9.0 embryos (i.e., prior to initiation of overt thymus
organogenesis) indicated that the grafted endoderm was sufficient for com-
plete thymus organogenesis, similar to previous results obtained using chick-
quail chimeras (71). These data collectively establish that pharyngeal
endoderm alone is sufficient for the generation of both cortical and medullary
thymic epithelial compartments.

2.1.3. Thymic Epithelial Progenitor Cells

The formation of complex multicellular organs from the relatively simple
structures found in the developing embryo relies on the capacity of specified
progenitor cells to expand and differentiate into the multiple cell types that con-
stitute the functional organ. Thus, the early thymic rudiment contains thymic
epithelial progenitor cells (TEPC) capable of giving rise to the highly diverse
range of epithelial subtypes that mediate T-cell differentiation.

The phenotype of TEPC has been of considerable interest. Evidence sugges-
tive of a progenitor/stem cell activity was initially provided by analysis of a
subset of human thymic epithelial tumors: these were found to contain cells
that could generate both cortical and medullary subpopulations, suggesting
that the tumorigenic targets were epithelial progenitor/stem cells (75).
However, the first indication of a TEPC phenotype was provided by a study
addressing the nature of the defect in nude mice (76). Here, MHC mismatched
nude–wild type aggregation chimeras were generated and analyzed to deter-
mine whether nude-derived cells could contribute to the thymic epithelium. As
nude-derived cells were unable to contribute to the major thymic epithelial
subsets, this study established that the nude gene product (Foxn1) is required
cell-autonomously for the development and/or maintenance of all mature TEC.
However, a few nude derived cells were present in the thymi of adult chimeras,
and phenotypic analysis indicated that these cells expressed determinants reac-
tive to MAbs MTS20 (77) and MTS24, but did not express markers associated
with mature TEC including MHC class II. This suggested that in the absence
of Foxn1, TEC lineage cells undergo maturational arrest and persist as
MTS20+24+ progenitors (76).

Further data regarding the phenotype of thymic epithelial progenitors was
provided by analysis of mice with a secondary block in thymus development
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resulting from a primary T-cell differentiation defect. The thymi of postnatal
CD3e26tg mice, in which thymocyte development is blocked at the CD44+CD25–

TN1 stage (78), principally contain epithelial cells that coexpress K5 and K8 (17),
which, in the normal postnatal thymus, are predominantly restricted to the
medulla and cortex, respectively, and are coexpressed by only a small population
of cells at the cortico–medullary junction. In this study, Klug and colleagues
demonstrated that transplantation of CD3e26tg thymi into Rag1–/– mice, which
sustain a later block in T-cell differentiation, results in the development of
K5–K8+ cells, suggesting that the K5+K8+ cells are progenitors of cTEC (17).

Ontogenic analysis subsequently demonstrated that the proportion of
MTS20+24+ cells in the thymic epithelium decreased from approx 50% at E12.5
to less than 1% in the postnatal thymus (66), consistent with the expression pro-
file expected of markers of fetal tissue progenitor cells. Phenotypic analysis of
the MTS20+24+ and MTS20–24– populations of the E12.5 thymus indicated that
all cells in the MTS20+24+ population coexpressed K5 and K8, whereas none
expressed TEC differentiation markers, including MHC class II (66). Importantly,
the functional capacity of isolated MTS20+24+ cells and MTS20–24– cells was
then determined via ectopic transplantation. This analysis demonstrated that the
MTS20+24+ population was sufficient for establishment of a functional thymus
containing both cortical and medullary TEC populations, whereas, in this assay,
the MTS20–24– population fulfilled none of these functions (66,79). The
MTS20+24+ population thus contains TEPC; it is unclear at present if a single
MTS20+24+ cell can give rise to both cortex and medulla, or if distinct cortical
and medullary progenitors are specified from an endodermal cell of wider
potency (see Fig. 3). Although medullary islets in the adult thymus are clonally
derived (80), this could be consistent with either of these scenarios and clarifica-
tion of this issue will require clonal analysis of MTS20+24+ cells. However, the
demonstration that the thymic epithelium has a single endodermal origin (72)
indicates that, at some level, cortical and medullary TEC share a common endo-
dermal progenitor. Although in the models presented, the major cortical and
medullary thymic epithelial cell types arise as separate “sublineages,” the best
evidence supporting this model is the observation that in chimeric thymi, no cor-
relation could be found to support a clonal origin for individual medullary islets
and adjacent regions of cortical epithelium (80). However, because lineage trac-
ing has not been reported for the adult thymic epithelium, it remains possible
that a lineal relationship exists between cortical and medullary cell types.

2.1.4. Thymic Epithelial Cell Differentiation

Thymic epithelial differentiation has been described principally via expres-
sion analysis of early and late differentiation markers. These include members
of the cytokeratin family of intermediate filaments and markers associated
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specifically with subsets of thymic epithelium, many of which are of unknown
biochemical identity.

At E11.5, the MTS20 and MTS24 determinants are expressed throughout the
common primordium by the majority of epithelial cells (66). K8 is also strongly
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Fig. 3. Models of thymic epithelial cell differentiation. (A) A common thymic
epithelial progenitor cell (TEPC) may arise from an endodermal progenitor cell (EPC).
In this case TEPC will have the potential to generate both cortical thymic epithelial cells
(cTEC) and medullary TEC (mTEC). (B) In the second model, an EPC gives rise
directly to cortical TEPC (cTEPC) and medullary TEPC (mTEPC), which differentiate
into mature cTEC and mTEC, respectively. In both cases the progenitor populations
may contain self-renewing stem cells.
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expressed throughout the primordium (66), and is reported by some investiga-
tors to colocalize with K5 expression in the Foxn1 expressing domain (66). At
this stage of development, the expression of other known TEC differentiation
markers cannot be detected (66). Thus, at E11.5, the phenotype of epithelial
cells within the thymic primordium appears to be MTS20+24+K5+K8+.

By E12.5, signs of early differentiation are apparent. Approximately 50% of
TEC (66) remain MTS20+24+K5+K8+, and these MTS20+24+ cells are now
present as foci in the E12.5 thymic epithelium (66). K5 and K8 are also
expressed in some MTS20–24– TEC, and flow cytometric analysis suggests
considerable heterogeneity within this population (66). Analysis by immuno-
histochemistry indicates areas of the epithelium that retain costaining for K5
and K8. However, cells displaying the highest levels of K5 expression have
often downregulated expression of K8 (66,67). These cells coexpress MTS10
(67), suggesting they are differentiating into medullary epithelial cells. In more
peripheral areas, cells appear K8+K5–/lo, suggesting differentiation into cortical
epithelium (66,67).

As fetal development proceeds, the proportion of epithelial cells expressing
MTS20 and MTS24 declines, so that by E17.5 only 1–2% of epithelial cells
within the thymus express these markers (66). Similarly, coexpression of K5
and K8 declines during ontogeny. Thus, by E15.5, smaller groups of K5+K8+

TEC can be seen towards the periphery of the thymus, interspersed among
K5–K8+ TEC (67). The innermost cells within the K5+K8+ clusters show
strong expression of K5, whereas expression is much lower in those present at
the boundary of these groups (67). By E17.5, a notable difference can be
observed in the thymic architecture. A well-organized cortex is now apparent,
consisting of K5–K8+ TEC (67) which also express the late cortical marker 4F1
(66). Also, presumptive K5+K8– medullary regions are present, which display
strong expression of MTS10 (67). At this stage, K5+K8+ cells are still present
although they no longer form central cores as they do during earlier stages of
development (67).

Acquisition of the characteristic cortex-medulla structure of the thymus
occurs by 3 wk of age in the mouse. At this stage, MTS20 and MTS24 expres-
sion is restricted to a small number of isolated cells in the medulla (66,76), and
while the majority of epithelial cells express either K5 or K8, K5+K8+ DP cells
are present in reasonably high numbers at the cortico–medullary junction
(17,67), where they persist in the postnatal thymus (17,81).

2.1.5. Human Thymus Development

As in the mouse, the human thymus develops from the third pharyngeal
pouch. From early week 6 of fetal development, the endoderm of the third
pouch forms a hollow tube-like lateral expansion from the pharynx, which
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makes contact with the ectoderm of the third pharyngeal cleft (82,83). Although
a single endodermal origin has not been formally demonstrated for the human
thymic epithelium, it is reasonable to assume that this is the case given the
demonstration of a single endodermal origin in mice and birds (71). Again, as in
the mouse, the bilateral human primordia initially each comprise ventral thymic
and dorsal parathyroid domains, and are encased in a neural crest derived mes-
enchymal capsule from the onset of development. From week 7 to mid-week 8
the thymic component of this primordium migrates ventrally, becoming
stretched out in an elongated, highly lobulated cord-like structure. The upper
part of this structure normally disappears, leaving the parathyroid in the loca-
tion in which it will remain throughout adulthood (82). The two thymic struc-
tures meet and attach at the pericardium—their final location of the thymus into
adulthood—by mid-week 8 (82). It is well documented that an accessory thy-
mus can exist in the cervical region in humans, possibly as a result of inade-
quate detachment of the lobulated thymic cord from the parathyroid or
development of thymic tissue left along the route of primordium migration (84),
and similarly, the occurrence of cervical thymi in the mouse has recently been
reported. (See Note added in proof.) The early human primordium appears to
contain undifferentiated epithelial cells, as reported for the mouse (66), and
some markers that are restricted to either cortical or medullary compartments in
the postnatal thymus are expressed by all epithelial cells (85). Medullary devel-
opment is seen from wk 8 and by wk 16, distinct cortical and medullary com-
partments are clearly evident. At wk 8 other cell types penetrate the thymus,
including mesenchymal, vascular, and lymphoid cells. Between 14 and 16 wk,
mature lymphocytes begin to leave the thymus to seed the peripheral immune
tissues (84,86).

2.2. Cellular Interactions During Thymus Organogenesis

2.2.1. Epithelial/Mesenchymal Interactions

The essential role of NCC in thymus organogenesis was demonstrated by the
perturbed development of TEC in E12.5 thymic lobes cultured in the absence of
the mesenchymal capsule (87). In addition, ablation of the migratory capacity of
NCC, by artificially induced lesions in chick embryos (88) results in thymic
aplasia or hypoplasia. However, although NCC are likely to be important in
early stages of thymus formation, no functional role has been demonstrated
before E12.5. Thymic NCC are not unique in their ability to support thymus
organogenesis, as illustrated by experiments in which thymic epithelial rudi-
ments from E12.5 mouse embryos were cultured with mesenchyme from non-
thymic sources, including kidney and lung (87). This study demonstrated that
nonthymic mesenchymal cells could support the development of the thymic
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epithelium, albeit not as effectively as pharyngeal NCC (87), and the
chick–quail chimera study described above also indicated that the pharyngeal
endoderm can induce nonpharyngeal mesenchyme to contribute to the thymus
(71). Thus, during the initiation of thymus organogenesis, NCC mesenchyme
may respond to patterning signals from the pharyngeal endoderm and then con-
tribute to the development of the epithelial component of the thymus.

The mechanism by which mesenchymal cells influence thymus organogen-
esis is at least in part via the provision of soluble growth factors; Auerbach and
colleagues demonstrated that the effects mediated by mesenchymal cells on the
thymic epithelium could occur independently of cell-cell contact (87). In addi-
tion, the growth factors Fgf7 and Fgf10 are expressed by the mesenchymal cells
surrounding the thymus, and TEC express their receptor, fibroblast growth fac-
tor receptor 2 IIIb (FgfR2IIIb). FgfR2IIIb–/– mice display a block in the growth
of the thymic epithelium from E12.5, indicating that these factors play an
important role during the development of the thymus (89). It has also been
shown that insulin-like growth factor 1 (IGF-1) and epidermal growth factor
(EGF) can support the in vitro growth and differentiation of E12.5 thymic lobes
in the absence of the mesenchymal capsule (90) although the significance of
IGF-1 and EGF in normal thymus development remains to be determined.

2.2.2. Lympho-Epithelial Cross-Talk

The requirement of lympho-stromal cross-talk for the expansion and mainten-
ance of both cortical and medullary compartments is well established and has
been reviewed extensively elsewhere (73,91,92). It is now clear that lympho-
epithelial interactions are not required for initial epithelial differentiation,
because the differentiation and patterning of the epithelium during embryonic
development occurs normally until E15.5 in the absence of lymphoid cells com-
mitted to the T-cell lineage (67). Furthermore, TEC that differentiate in the
absence of developing thymocytes retain their functional capacity (68).
However, in the absence of thymocytes, the postnatal thymus is characterised
by predominance of K5+Κ8+ cells and a reduction in epithelial cell number
(67). This suggests that lympho-epithelial cross-talk is required for maturation/
expansion/maintenance of the cortical and medullary epithelial compartments
and that, in the absence of cross-talk, immature TEC may revert to a TEPC phe-
notype or TEPC-like cells may persist at the expense of more differentiated
TEC. Because the aberrant thymic epithelial phenotype associated with second-
ary effects is reversible in some models, at least some of these cells must retain
thymic epithelial identity rather than adopting aberrant fates.

The dialog between TEC and developing thymocytes is likely to involve both
soluble factors and intercellular adhesion molecules. Thus, several cell adhesion
molecules and cytokines and their receptors are reciprocally expressed by TEC
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Fig. 4. Molecular regulation of early thymus development. (A) Tbx1 expression
(pink) is required in the pharyngeal endoderm (168) prior to E8.5 for formation of the
third pharyngeal pouch (3pp). (B) E9.5—continued development of the 3pp is depend-
ent on Fgf8, RA, Hoxa3, Pax1, Pax9, Eya1, and Six1, all of which are expressed in the
endoderm (blue). Hoxa3, Eya1, and Six1 are also expressed in the pharyngeal arch mes-
enchyme (gold), whereas the ectoderm of the third pharyngeal cleft (3pc) expresses
Fgf8, Hoxa3, Eya1, and Six1 (green). The tissue specific requirements for these factors
have not been elucidated. (C) E10.5—the dorsal opening of the 3pp expresses Shh
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and thymocytes. Examples include the adhesion molecules CD2 and CD58,
CD54 and CD11a (92) and the cytokines IL-1, IL-4, IL-6, IL-7, and tumor
necrosis factor α (31,93–104). In addition, certain subpopulations of thymocytes
have been shown to express Fgf7 (105), a factor shown to be important in the
growth and differentiation of the epithelium (89,105,106) although, as discussed
previously, thymocytes are not the exclusive source of this growth factor.

Lymphotoxin β receptor (LTβR) and its ligands lymphotoxin β (LTβ) and
LIGHT were recently shown to have an important role in the maintenance of the
thymic architecture (53,55). Expression of LTβR is found on mTEC, whereas
LTβ is expressed by medullary thymocytes (53). Mice lacking functional LTβR
display a reduction in the number of mTEC, with those cells that persist existing
as small isolated clusters instead of the organized network of epithelial cells typ-
ical of a normal medulla (53). Both LTβ and LTβR deficient mice exhibit down-
regulation of Aire expression in mTEC and develop autoimmune diseases (55),
further indicating that this pathway is involved in the correct development of the
medulla. In addition, the medulla of LTβR–/– mice retains increased numbers of
mature CD4+ and CD8+ thymocytes, which themselves display upregulated
expression of LTβ (53). Thus, the LTβR–LTβ interaction may operate in a regu-
latory loop and have a role in the export of functionally mature thymocytes.

2.3. Molecular Regulation of Thymus Development

Current understanding of the molecular mechanisms that govern the early
stages of thymus organogenesis has come primarily from analysis of mice carry-
ing classical or engineered mutations. The key molecules (see Fig. 4) identified
via these studies are reviewed below.

2.3.1. Transcription Factors

2.3.1.1. TBX1

Tbx1 is a T-box related transcription factor and is expressed from E7.5 to
E12.5 in a variety of structures during development, including the pharyngeal
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Fig. 4. (Continued) (pink), whereas the ventral region expresses Bmp4 (blue),
which is also expressed by the surrounding neural crest cells and the ectoderm of the
3pc. (D) E11.5—the ventral thymus domain expresses the transcription factor Foxn1
(light blue), which is required for the continued development of thymic epithelial cells
(TEC). The dorsal parathyroid region expresses Gcm2 (pink). Communication between
the 3pp and the surrounding neural crest cells (yellow nucleated polygons) continues
via soluble factors including BMP4. (E) E12.5—differentiating TEC maintain expres-
sion of Foxn1 (light blue) and proliferate, mediated in part by FGF7 and FGF10 (purple)
secreted by the neural crest capsule surrounding the thymic epithelium.
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endoderm and the core mesenchyme of the pharyngeal arches (107–109). The
role of Tbx1 in thymus organogenesis became apparent through analysis of Df1
mice, which carry a deletion of chromosome 16 (110): these mice were generated
in an attempt to mimic a human disease known as 22q11.2 deletion syndrome
(22q11.2DS—also known as DiGeorge syndrome) in which a large portion (usu-
ally 3 Mb) of chromosome 22 is deleted resulting in the loss of approx 30 genes
(111). Mice heterozygous for the deletion (Df1+/–) closely phenocopy 22q11.2DS,
developing aortic arch defects, thymus and parathyroid hypoplasia, and neuro-
behavioral abnormalities (112,113), and further analysis identified Tbx1 as the
gene responsible for the cardiovascular and thymus phenotypes (114–116).

Lack of functional Tbx1 results in severe defects in the pharyngeal region,
with abnormal patterning of the first pharyngeal arch, hypoplasia of the second
arch and absence of the third, fourth, and sixth arches and pouches (114). As a
result of this, Tbx1 has been suggested to play a role in the segmentation and
development of the whole pharyngeal region. Not surprisingly, Tbx1–/– mutants
display thymus and parathyroid aplasia, as well as a spectrum of cardiovascu-
lar abnormalities and craniofacial defects (114). However, Tbx1 is haploinsuf-
ficient with respect to thymus development (115), suggesting an additional
direct effect on thymus organogenesis. In keeping with this, an elegant study
has recently addressed the temporal requirement for Tbx1 in pharyngeal region
development (117). These data indicate that the requirement for Tbx1 in thymus
organogenesis is most critical during formation of the third pharyngeal pouch,
as deletion of functional Tbx1 at E8.5 results in athymia as a result of defective
third pouch formation. Fate mapping experiments presented in the same study
indicate that cells that express Tbx1 at E8.5 contribute significantly to the
thymic primordium (117). Tbx1 may also have a later role in thymus organo-
genesis, because deletion of functional Tbx1 at E9.5/E10.5 results in morpho-
logical defects, albeit not as severe as the aplasia observed following deletion
at E8.5 (117). However, as labeling of Tbx1 expressing cells at around
E9.5/E10.5 reveals a limited but consistent contribution to the thymus, it is
likely that this effect is nonautonomous.

The function of Tbx1 at a cellular level is unknown, although given that
Fgf10 and possibly Fgf8 are Tbx1 targets, it is possible that induction or main-
tenance of proliferation may be one mechanism by which it mediates its effects.
In keeping with this idea, in the absence of Tbx1 the pharyngeal endoderm
shows reduced levels of proliferation (117).

2.3.1.2. HOXA3

Hoxa3, a member of the homeobox family of transcription factors that spec-
ify lineage identity (118), is also essential for thymus development. Hoxa3–/–

mutants show multiple pharyngeal defects, including athymia, absence of
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parathyroid glands, thyroid hypoplasia, and defects in ultimobranchial body
migration (119,120). In the mouse embryo, Hoxa3 is expressed from E9.5 in
the endoderm of the third and fourth pharyngeal pouches, the NCC of the pha-
ryngeal arches and the premigratory and migratory NCC of rhombomeres 4–6
(119,120). Initiation of overt thymus formation fails in Hoxa3–/– mutants.
However, because Hoxa3 is expressed in several tissues in the pharyngeal
region it is unclear whether this phenotype results from an endoderm
autonomous effect. Hoxa3 also regulates the migration of the thymus/para-
thyroid primordia, because although Hoxb3–/–, Hoxd3–/–, and Hoxb3–/–d3–/–

double mutants show no defects in thymus organogenesis, migration of the
thymic primordia is impaired in Hoxa3+/–b3–/–d3–/– mice (119).

2.3.1.3. PAX1 AND PAX9

Pax1 and Pax9 are closely related members of the paired box family of tran-
scription factors and are expressed in the pharyngeal endoderm from E8.5, and
the third pharyngeal pouch from approximately E9.5 (121,122). Pax1–/– mice
exhibit relatively mild thymus hypoplasia, resulting from reduced thymocyte
numbers (122). This defect is likely to be owing to aberrant differentiation of
thymic epithelial cells, because both the number of MHC class II+ TEC and the
level at which MHC class II is expressed are reduced in Pax1–/– animals
(123,124). Mice deficient in Pax9 show a more severe phenotype: initiation of
thymus organogenesis occurs in these mice but the primordia fail to migrate to
the mediastinum and from E14.5 onward, the Pax9–/– thymus is severely
reduced in size, although it is vascularized and contains lymphocytes (125).

The observation that Pax1 and Pax9 expression is initiated in Hoxa3–/– mice but
is not maintained at wildtype levels after E10.5 (120) indicates that Hoxa3, Pax1,
and Pax9 operate in synergy during early stages of thymus organogenesis. In
keeping with this, Hoxa3+/– Pax1–/– compound mutants (124) show delayed sep-
aration of the common thymus/parathyroid primordium from the pharynx, lead-
ing to thymic ectopia, and exhibit a more severe thymic hypoplasia than that
seen in Pax1–/– single mutants as a result of reduced proliferation and increased
apoptosis of the thymic epithelium (124). In addition, these mutants show a com-
plete lack of parathyroid glands. An interesting feature of the Hoxa3+/–Pax1–/–

compound mutants is that they reveal a role for Pax1 in the migration of the thy-
mus/parathyroid primordium, a function not apparent in Pax1–/– single mutants.
The fact that single mutants do not show this phenotype may indicate functional
redundancy between Pax1 and Pax9 genes during early thymus organogenesis.

2.3.1.4. EYA1 AND SIX1

Eya1, the mouse homolog of the Drosophila gene Eyes Absent (126), is
expressed in the second to fourth pharyngeal pouch endoderm, NCC and the
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third and fourth pharyngeal cleft ectoderm between E9.5 and E10.5 (127). Both
thymus and parathyroid primordia are absent in Eya1–/– embryos at E12.5 (127)
and, in addition, there is general hypoplasia of the pharyngeal pouch endo-
derm (127). As with Hoxa3, the fact that Eya1 is expressed in cells derived
from multiple germ layers complicates interpretation of the null phenotype.
However, although Hoxa3, Pax1, and Pax9 expression are not detectably
altered in endoderm or NCC prior to budding and outgrowth of the thymus,
Eya1–/– embryos show reduced expression of sine oculis 1 (Six1) in the third
and fourth pouch endoderm and surface ectoderm of the second, third, and
fourth pharyngeal arches (127). Six1, a transcriptional regulator often
coexpressed with Eya1 (128,129), has been shown to regulate proliferation
and survival of precursor populations during the development of other organs
including the kidney, and seems to act in a pathway involving Eya1 and
Dach1 (130). The relationship between Eya1 and Six1 has recently been elu-
cidated to some degree by Zi and colleagues (130), who demonstrate that
Eya1 has an intrinsic phosphatase activity and acts to convert Six1 from a
transcriptional repressor (a function promoted by Dach1) to a transcriptional
activator (130).

Taken together, these data indicate that a genetic network including
Hoxa3/Pax1/Pax9/Eya1/Six1 operates during early thymus organogenesis to
regulate initiation and migration of the thymic primordia, reminiscent of the
Pax-Eya-Six cascade that operates in Drosophila to control proliferation and
patterning of the eye (131). Interpretation of the indicated phenotypes is com-
plicated by the fact that Hoxa3, Eya1, and Six1 are all expressed in ectoderm
and NCC as well as the endoderm. However, in the pharyngeal region, Pax1 and
Pax9 are expressed exclusively in the endoderm and, therefore, if the Pax-Eya-
Six regulatory network is conserved in the vertebrate thymus, it must act specif-
ically in this germ layer.

2.3.1.5. PAX3

Pax3 encodes a transcription factor essential for the survival and migration of
NCC (132,133). Mice that are homozygous for the mutant Splotch allele of Pax3
have severe NCC defects and die by approximately E12.5 owing to malforma-
tion of the cardiac outflow tract. Although thymus organogenesis is reportedly
impaired in Splotch mutants (reviewed in ref. 134), recent re-examination has
revealed that Pax3Sp/Sp mice actually develop a large, albeit ectopic thymus
rudiment due to a relative increase in the thymus-fated domain of the shared
thymus/parathyroid primordium. This finding suggests that NCC cells play a
previously unappreciated role in patterning the third pouch endoderm 
(E. Richie,manuscript in preparation).
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2.3.1.6. FOXN1 AND GCM2

The transcription factor Foxn1, a member of the forkhead family of tran-
scription factors, is the gene mutated in the classical mouse mutant nude and as
such is a central regulator of thymus organogenesis (135). The pleiotrophic
nude phenotype is characterised by congenital athymia and hairlessness.
Thymus organogenesis is correctly initiated in nude mice and proceeds nor-
mally until E11.5–E12.0 (63,136,137). However, lymphocyte precursors fail to
enter the thymic primordium and instead remain in the surrounding perithymic
mesenchyme (138). In addition, the epithelial cells within the primordium fail
to expand after E12.5 and vascularization of the primordium does not occur
(138). A small, alymphoid thymic rudiment persists into adulthood resulting in
a lack of functional T cells and severe immunodeficiency.

During development, Foxn1 is expressed in the ventral posterior aspect of the
third pharyngeal pouch endoderm from approximately E11.25 (137), although
transcripts can be detected as early as E10.5 by RT-PCR (139). Foxn1 is subse-
quently expressed in the thymic epithelium throughout development and into
adulthood (140) and, in addition, is expressed in the epidermis and hair follicle,
where it affects hair growth (141). Current data suggest that Foxn1 acts in a sep-
arate genetic pathway to the Hox/Pax/Eya/Six cascade described above, as
Foxn1 expression appears unaffected in Pax9–/– mice (125) and in Hoxa3+/–Pax1–/–

compound mutants (123).
Gcm2 is a parathyroid specific transcription factor whose expression is initi-

ated in the dorsal region of the third pouch endoderm from E9.5 onward. The
absence of Gcm2 results in a lack of parathyroids, although thymus develop-
ment is completely normal. Gcm2 expression is downregulated in Hoxa3–/– (73)
and Eya1–/– embryos (127) and in Hoxa3+/–Pax1–/– compound mutants (124),
indicating that it operates downstream of these transcription factors.

The roles of Foxn1 and Gcm2 in the specification of the thymus and parathy-
roid are not fully elucidated. Foxn1 is unlikely to specify thymic epithelial iden-
tity. However, Gcm2 may be the determining factor for parathyroid
development, as Gcm2–/– embryos lack these structures but display completely
normal thymus formation (142). Thymus may thus represent the default path-
way for this region, with Gcm2 expression overriding this pathway to allow
parathyroid development. Alternatively, as yet unknown gene/genes may act
upstream of Foxn1 to actively specify thymus identity.

2.3.2. The Role of Foxn1 in Thymic Epithelial Development

Once the rudimentary thymus primordium has formed, further development
of all subtypes of thymic epithelial cell is dependent on the cell-autonomous
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action of Foxn1 (76). Precisely how Foxn1 regulates the development of the
thymic epithelium is not clear. Studies examining the nude phenotype in the
epidermis suggest that in this tissue Foxn1 regulates the balance between
epithelial proliferation and terminal differentiation, as keratinocytes from
Foxn1–/– mice express markers associated with terminal differentiation, whereas
when Foxn1 is overexpressed, markers associated with earlier stages of differ-
entiation are upregulated and later markers are absent (143). A more recent pub-
lication found that transient expression of Foxn1 in primary human epidermal
keratinocytes initiated terminal differentiation, but end stage maturation was
dependent on activated Akt (144). In this in vitro system, the levels of activated
Akt appeared to be regulated by Foxn1 (144). Thus, in the case of the epidermis,
Foxn1 may act to regulate the correct program of events required for the termi-
nal differentiation of keratinocytes.

Some evidence suggests that in the thymus, Foxn1 may be involved in cross-
talk between the epithelium and the lymphoid cells seeding the thymus from the
circulation (145,146). Support for this idea comes from comparative gene
expression profiling of Foxn1–/– and wild-type embryos (145). One of the genes
found to be downregulated in nude embryos was PD-1 ligand, whose receptor
is expressed on TN thymocytes and has been implicated in thymocyte survival,
proliferation, and positive selection (147,148). In addition, a recent paper found
that a splice variant lacking the N-terminal domain of Foxn1, caused by a tar-
geted insertion into exon 3, lead to a thymus specific defect in which epithelial
development was delayed and suspended at a stage equivalent to E13.5 in wild-
type embryos (146). The thymus in postnatal mice of this strain (designated
Foxn1∆/∆) was hypoplastic and contained epithelial cells that predominantly
expressed both K5 and K8, a profile usually restricted to epithelial precursors
and cells residing at the corticomedullary junction (17). In addition, no organ-
ized cortical or medullary regions were present, and there was a postnatal defect
in thymocyte differentiation, although some T-cell development occurred.
Because the stromal phenotype of these mice resembled that seen in mice sus-
taining early blocks in T-cell development, such as hCD3ε26tg or Ikaros–/– mice
(i.e., predominance of K5+K8+ TEC) (17,67), it was suggested that the N-
terminal domain of Foxn1 was required for lympho-stromal interactions neces-
sary for the correct development of the thymus. However, the block in TEC
differentiation was distinct from those observed in hCD3e26tg or Ikaros–/–

mice, as TEC in the Foxn1 hypomorphs show delayed expression of K5 during
ontogeny, an effect not observed in mice sustaining developmental blocks in T-
cell development (67). Foxn1∆/∆ mice also retained a reticular network of
epithelial cells into adulthood, whereas hCD3ε 26tg mice revert to a nonreticu-
lar epithelial structure (17,78), suggesting that Foxn1∆/∆ TEC may be competent
to participate in cross-talk. It is therefore unclear at present if Foxn1 has a direct
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role in lympho-stromal crosstalk or if the defects observed are a downstream
consequence of aberrant differentiation of the epithelium.

2.4. Signaling Molecules and Thymus Organogenesis

Secreted factors play an important role in many organ systems during
development. As with many other organs, bone morphogenic proteins (Bmps),
fibroblast growth factors (Fgfs), wingless (Wnt), retinoic acid (RA), and the
secreted glycoprotein sonic hedgehog homolog (Shh) all have apparent roles
in thymus organogenesis.

2.4.1. Bone Morphogenetic Proteins

Bmps are members of the TGF-β superfamily and act as morphogens in the
development of many organ systems. During thymus organogenesis Bmp4
shows a spatially and temporally dynamic expression pattern. At E9.5, expres-
sion is restricted to a small number of mesenchymal cells in the third pharyn-
geal arch and is absent from the third pouch endoderm and third cleft ectoderm.
However, by E10.5 Bmp4 expression is evident in the ventral aspect of the third
pouch endoderm and the adjacent mesenchyme—but is absent from the anterior
dorsal domain. This pattern is maintained in the third pouch at E11.5, and by
E12.5 Bmp4 expression is evident throughout the primordium and the surround-
ing mesenchymal capsule (149). This expression pattern suggests that Bmp4
may be involved in specifying thymus identity in the ventral posterior domain
of the third pouch. Foxn1 is expressed in this region at approximately E11.25
and some in vitro evidence suggests that Bmp4 may induce Foxn1 expression in
TEC (150). In keeping with this, the expression pattern of the Bmp inhibitor
Noggin is restricted to the dorsal anterior aspect of the third pouch at both E10.5
and E11.5, in a complementary domain to Bmp4 expression. Noggin may there-
fore allow specification of the Gcm2+ parathyroid domain by inhibiting Bmp4
expression in this region.

Direct in vivo evidence for a role of BMP4 in the development of the thymic
stroma has been provided through analysis of a transgenic mouse in which
Noggin expression is driven by the Foxn1 promoter. These mice develop
hypoplastic and cystic thymi, which fail to migrate to their normal position
above the heart (151), apparently as a direct outcome of impaired Bmp signal-
ing in the stroma, as defects are evident prior to the entry of lymphocytes and
thymocyte development is unperturbed. The underlying mechanism is likely to
concern epithelial/mesenchymal communication, because downstream media-
tors of Bmp signaling such as phosphorylated Smad proteins and the transcrip-
tion factor Msx1 are absent in both TEC and mesenchymal cells. Interestingly,
the expression of Foxn1 in these mice appears normal, at least when determined
by in situ hybridisation, in apparent contradiction to reports that BMP4 regulates
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Foxn1 expression. However, as Noggin expression and therefore inhibition of
BMP signaling, is driven by the Foxn1 promoter, these data do not rule out a
role for BMP4 in the initiation of Foxn1 expression.

2.4.2. Fibroblast Growth Factors

Fgfs are a family of approx 19 growth factors that can have both mitogenic
and differentiative effects. Convincing evidence implicates some members of
the Fgf family in development of the thymic stroma. Fgf8 is expressed in the
early gut endoderm and also in the endoderm and ectoderm of the pharyngeal
region. Mice that express hypomorphic alleles of Fgf8 show a consistent defect
in thymus and parathyroid development, presenting as a spectrum ranging from
thymic hypoplasia to aplasia in the most severe cases (152,153). This is part of
a more complex phenotype, characterized by earlier defects in the development
of the pharyngeal region, including hypoplastic first and second pharyngeal
arches, abnormal ectodermal clefts, and severe hypoplasia/aplasia of the third
and fourth pharyngeal arches and pouch endoderm (152,153). The phenotype of
Fgf8 hypomorphs closely resembles that of a spectrum of abnormalities found
in experimental NCC ablation (88,154), suggesting that the glandular defects
caused by Fgf8 hypomorphs may result from a direct effect on NCC. In keep-
ing with this hypothesis, NCC in E9.5 and E10.5 Fgf8 hypomorphs show
increased levels of apoptosis (152,153) and express reduced levels of Fgf10
(153), a factor that may act on the epithelia of the pharyngeal endoderm (153).
Whether the reduction in Fgf10 expression is a consequence of the increased
apoptosis of NCC or reflects aberrant differentiation of these cells is unclear.
The migration and specification of NCC in E9.5 Fgf8 hypomorphs appears nor-
mal with respect to Crabp1 and Ap2a expression (155,156). However, a mild
reduction in these factors is apparent at E10.5 (152), suggesting that the main-
tenance of NCC is perturbed. Thus, Fgf8 secreted by the endoderm may act as
a NCC survival/differentiation factor.

Analysis of a conditional allele of Fgf8 has begun to delineate its role in dif-
ferent expression domains. Ectodermal Fgf8 expression was ablated from the
10 somite stage (10ss) by utilizing double transgenic Fgf8GFP/Ap2aIRESCre
mice. In these mice, Cre expression driven by the Ap2a promoter results in
ectodermal ablation of Fgf8 and concomitant activation of a green fluorescent
protein (GFP) reporter. Endodermal and ectodermal ablation was achieved by
utilising Fgf8GFP/Hoxa3IRESCre mice, which carry the same conditional Fgf8
allele but express Cre under control of the Hoxa3 promoter and, thus, in the
ectoderm of pharyngeal arches 1–3 and the endoderm of the third pharyngeal
pouches. Ectoderm-specific ablation resulted in vascular and craniofacial
defects, as seen in the global hypomorphs, however no pharyngeal glandular
abnormalities were observed (157). Endodermal/ectodermal ablation gave rise
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to thymus and parathyroid hypoplasia and ectopy, in addition to the vascular
defects seen in Fgf8 hypomorphs (157). The observed differences between
ectodermal only and endodermal and ectodermal ablation of Fgf8 function
could not be ascribed to differential effects on migrating NCC, as the same
defects were seen in both situations (157). This suggested that endodermally
derived Fgf8 had a specific effect on the development of the thymus and parathy-
roids. However, because of the combined ectodermal and endodermal ablation, it
was unclear if the phenotypic differences described were due to tissue-specific
requirements of Fgf8 or if they reflected a dosage or range effect. Despite this, it
is interesting that the defects in thymus formation resulting from
ectodermal/endodermal Fgf8 ablation do not approach the same severity seen in
the hypomorphic mutants, which frequently display bilateral thymic and parathy-
roid aplasia. A possible explanation for this may be that the globally reduced lev-
els of Fgf8 in hypomorphic mutants affects endoderm development earlier than
the Hoxa3 driven endodermal ablation, which occurs from E9.5 (157).

Two other members of the Fgf family, Fgf7 and Fgf10, also affect thymus devel-
opment, although at a later stage of organogenesis. An in vitro study performed on
E12 and E14 fetal thymic lobes suggested that Fgf7 and Fgf10, which are
expressed by the perithymic mesenchyme, stimulate the proliferation of epithelial
precursors (158), resulting in the expansion of these cells. This study also inferred
that although these factors were required for epithelial growth, they were not
essential for epithelial differentiation, as this occurred in the absence of mes-
enchyme or exogenous Fgf7/10. In a separate study, administration of Fgf7 to thy-
mocyte depleted E16 lobes resulted in expansion of medullary epithelial cells, as
well as increased expression of the chemokines macrophage-derived chemokine
(MDC) and Epstein–Barr virus–induced molecule-1 induced ligand chemokine
(ELC) (105), which are normally expressed in this compartment (159).

Mice null for FgfR2IIIb, the receptor for Fgf7 and Fgf10, display severe
thymic hypoplasia, although they are able to support T-cell differentiation (89).
TEC differentiation is reported to occur in these mice, although a detailed study
has not been presented. A similar degree of thymic hypoplasia is also seen in
Fgf10–/– deficient mice (89), although the Fgf7 signaling pathway is still func-
tional in these animals. Thus, Fgf10 may be the primary ligand for FgfR2IIIb
during the development of the thymus.

2.4.3. Retinoic Acid

A role for RA signaling in thymus development has been demonstrated in
experiments investigating the effect of a RA antagonist on embryo development
in in vitro culture (160). In this system, blockade of RA signal transduction at
E8.0 led to abnormalities in the caudal pharyngeal region, including the
absence of Fgf8 and Fgf3 expression in the third pouch endoderm. In addition,

Thymus Organogenesis 149

08_Blackburn  4/4/07  8:46 AM  Page 149



Pax9, which is normally expressed in the endoderm of the first to fourth pha-
ryngeal pouches between E9.5 and E10.5 (121), showed a much broader pat-
tern of expression in the second pouch endoderm and an absence in the third
pouch endoderm, and NCC appeared to migrate predominantly to the first and
second branchial arches, by-passing the third and fourth arches completely.
These data suggest that in the absence of appropriate RA signaling, the pha-
ryngeal endoderm is not specified correctly and is not capable of initiating/
supporting correct NCC migration into the caudal pharyngeal region.
Disrupted RA signaling had differential effects on the first and second vs the
third and fourth branchial arches, as development of the second branchial arch
and pouch endoderm appeared to be enhanced, whereas development of the
third and fourth branchial arches and pouches was severely disrupted. A role
for retinoid signaling in thymus organogenesis was also revealed through
analysis of fetal mice that are null for the α and β retinoic acid receptors,
which display thymus agenesis and ectopia despite retaining functional retinoic
acid receptors-γ (161).

2.4.4. Sonic Hedgehog

Shh is a secreted glycoprotein expressed by many signaling centers during
development. Functionally, Shh acts as a morphogen and can act over 80- to
300-µm distances depending on the tissue. In the pharyngeal region, Shh is dif-
ferentially expressed between the anterior and posterior pharyngeal arches. At
E9.5 Shh is expressed in both the dorsal and ventral endoderm, but is absent
from the first, second, and third pouches (33). By E10.5, the expression
domain is expanded to include the first and second pouches, although the dis-
tal tips of these pouches do not express Shh (33) and at this stage, only the
openings of the third and fourth pouches express Shh (33). At E11.5 Shh
expression is expanded further into the first and second pouches but is still
absent from the third and fourth pouches. Patched 1, the receptor for Shh, is
expressed in the endoderm and mesenchyme in close proximity to the Shh
expressing region (33).

The role of Shh in thymus organogenesis has been relatively difficult to
determine because Shh–/– embryos have a severe phenotype affecting a number
of organ systems. However, careful analysis of Shh–/– mutants has indicated that
in the third pouch endoderm, Shh signaling is required for the correct specifica-
tion of the thymus and parathyroid domains, as in the absence of Shh, Bmp4
expression in the third pouch is expanded, resulting in expansion of the Foxn1
expression domain and corresponding loss of Gcm2 expression (33). Thus, in
the absence of Shh, the entire third pouch adopts thymus identity and the
parathyroids are absent, suggesting that in the pharyngeal region, Shh opposes
BMP4 signaling to allow specification of the parathyroid lineage.
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2.4.5. Wnts

Wnts are a large family of secreted glycoproteins and regulate many
aspects of cellular development including fate specification, migration,
proliferation, polarity, and death. Wnt1, Wnt4, Wnt5b, and Wnt10b are
expressed in the thymus by both stromal and lymphoid cells, although Wnt
receptors appear to be exclusively expressed by TEC (139). The earliest
stage at which Wnt expression can be detected is E10.5, when the epithelium
of the third pharyngeal pouch and adjacent cells express Wnt4 (139). A
possible function of Wnt signaling in TEC may be to regulate Foxn1 expres-
sion, as overexpression of Wnt in a cTEC line results in increased Foxn1
expression (139).

3. Conclusion
The data discussed above indicate a network of transcription factors and

signaling molecules that regulate thymus organogenesis (see Fig. 4).
Although all of these factors are required for the formation of a fully func-
tional thymus, many issues regarding the regulation of thymus organogenesis
are unresolved. Notably, the molecular pathways controlling specification and
patterning of thymic epithelial lineage cells have not been fully elucidated: in
particular, improved understanding of the initiation and maintenance of Foxn1
expression, and the role of Foxn1 in regulating proliferation, differentiation,
and/or maintenance of the different TEC subtypes is urgently required. In
addition, a clear understanding of the lineage relationships within the thymic
epithelium, and of the mechanism by which the TEC subtypes are generated
and maintained in homeostasis, will be crucial for the development of regen-
erative or cell replacement strategies for clinical enhancement of thymus
function.

Note added in proof: Evidence of a cervical thymus in mice has been pub-
lished in the following papers. Cervical thymus in the mouse. J. Immunol.
2006, Jan 1; 176(11): 648–690; Evidence for a function second thymus in mice.
Science 2006, Apr. 14; 312(5771): 284–287.
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Generation of a Tissue-Engineered Thymic Organoid

Fabrizio Vianello and Mark C. Poznansky

Summary
The thymic microenvironment provides essential support for the generation of a functional

and diverse population of human T cells. In particular, the three-dimensional (3D) thymic
architecture contributes to critical cell–cell interactions. We report that thymic stroma, arrayed
on a synthetic 3D matrix, supports the development of functional human T cells from
hematopoietic precursor cells. Newly generated T cells contain T-cell receptor excision circles
and are both fully mature and functional. The coculture of T-cell progenitors with thymic
stroma can thus be used to generate de novo functional and diverse T-cell populations. This novel
tissue engineered thymic system has biological applications for the study of T-lymphopoiesis and
self-tolerance as well as potential therapeutic applications including the immune reconstitution of
immunocompromised patients and the induction of tolerance in individuals receiving tissue or
organ transplants.

Key Words: Tissue engineering; thymic organoid; Treg cells; thymic epithelial cells;
tolerance.

1. Introduction
Tolerance describes a state in which the immune system fails to mount

a response against a specific antigen in the absence of immunosuppression,
while simultaneously maintaining responses to other antigens (1). Maintaining
tolerance to self-antigens is an ongoing process, which depends upon central
and peripheral components. Central tolerance refers to tolerance generated
within the thymus, involving the deletion of potentially autoreactive T cells
through a process known as negative selection. Both medullary thymic epithe-
lial cells and thymic dendritic cells (DC) can mediate negative selection,
although thymic DC probably play the dominant role (2). There is evidence that
clinical tolerance may be achieved by manipulating the process of central
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tolerance. In particular, donor-specific tolerance to solid organ allografts may
be induced through central deletional mechanisms upon cotransplantation of
allogeneic thymus tissue (3–5). Moreover, intrathymic injection of nonself mol-
ecules is effective in inducing tolerance to the same foreign antigens in non-
immunosuppressed animals (6). Manipulation of the thymic stroma and
thymocyte development in vitro may, therefore, allow the role of the thymus in
transplantation tolerance to be more fully explored.

Although human hematopoietic stem cells, from any source, can develop
into myeloid, erythroid, and pre-B cells in vitro as well as in vivo (7), T-cell
development may be an exception because the T-cell lineage develops solely
within a thymic microenvironment. More than 10 yr ago, it was demonstrated
that human T cells develop in immunodeficient mice when human fetal thymus
and fetal lymph nodes are implanted side-by-side under the kidney capsule with
fetal liver cells (8). This model indicated that human hematopoietic stem cells
possess the differentiation potential for T-cell lineages if an appropriate thymic
microenvironment exists. The limitation for this technique, namely the relative
lack of availability of human fetal thymus, was overcome when Fisher and col-
leagues demonstrated that CD4−CD8− “double-negative” human thymocytes
could develop into mature CD4+CD8− or CD4−CD8+ “single positive” (SP) T
cells in a coculture system with murine fetal thymic lobes (9). During the
process of T-cell maturation, the TCR-mediated positive and negative selection
of T cells ensures the selection of a diverse TCR repertoire able to react with
foreign peptides presented by autologous major histocompatibility complex
(MHC) molecules, but tolerant to self-antigens.

Tissue engineering advances allow us to recapitulate the biology required for
the formation and maintenance of complex tissues. The development of three-
dimensional (3D) scaffolds, including CellFoam, has also facilitated this
approach. CellFoam consists of a biocompatible, 3D, tantalum-coated porous bio-
material (10,11). The 3D of this material provides an opportunity to recreate an
appropriate spatial arrangement of cells in a tissue. In particular, the thymic
microenvironment is organized in a 3D structure, fundamental to keeping stromal
cells in close proximity with T-cell precursors, thereby directing their maturation.

2. Case Study
2.1. Murine Thymic Stromal Cultures on 3D Matrices

3D matrices were created by culturing thymic fragments from 4- to 6-wk-old
C57BL/6J mice on the surface of disks of CellFoam (Cytomatrix) (12a). The
optimal-sized matrix for this system was found to measure 10 mm in diameter
by 1 mm in depth, with an average pore density of 80 pores per inch (p.p.i.).
Matrices were cultured in 24-well tissue culture plates, immersed in complete

164 Vianello and Poznansky

09_Poznansky  4/4/07  8:49 AM  Page 164



medium based on Iscove’s modified Dulbecco’s medium, which was renewed
every 4 d. Thymic fragments, cocultured in the presence of CellFoam, resulted
in colonization with thymic stromal cells reaching 80% confluency, which were
transferred to fresh culture plates before the addition of progenitor cells.

Isolation of progenitors was performed from human bone marrow using the
phenotypic cell surface markers AC133 or CD34. AC133+ cells were isolated
from peripheral mononuclear cells using an AC133 Cell Isolation Kit (Miltenyi
Biotec). To rule out contamination with CD2+ T cells, CD34+ cells were iso-
lated using a CD34 Multisort Kit (Miltenyi Biotec) that allowed subsequent
depletion of CD2+ T cells, the efficiency of which was subsequently verified by
flow cytometry.

AC133+ or CD34+ cells were added to the thymic stromal cultures to deter-
mine the optimal cell density. Using 10 × 1-mm matrices and input cell densi-
ties of 1 × 104 progenitor cells per well, approx 1.9 × 104 human CD45+

leukocytes could be retrieved after 14 d in coculture. Of these, approx 80%
were CD3+, representing the predominant cell population. Nonadherent cells,
harvested after 14 d of culture, showed expression of CD2, CD4, and CD8.
Expression of CD4 at day 14 is associated with upregulation of CD3. Discrete
populations of CD4+CD8– and CD4–CD8+ SP cells and their CD4+CD8+

double-positive (DP) precursors were evident after 14 d, although the number
of DP cells diminished significantly by day 21. TCRαβ was expressed by 80%
and TCRγδ by 15% of CD3+ SP cells. T cells generated using this coculture
system express 13 of 24 TCR Vβ families. When tested for their functional
properties, CD3+CD4+TCR+ and CD3+CD8+TCR+ cells removed from the
cocultures after 14 d were shown to be capable of proliferating vigorously in
the presence of interleukin-2 and phytohemagglutinin and of producing intra-
cellular cytokines comparable to levels evident in control, fully mature periph-
eral blood T cells.

2.2. Extrathymic Epithelial Cells and DC Can Support 
T-Cell Development

It has been shown that epithelial cells, stromal cells, DC, and lymphopoietic
cytokines all contribute to the differentiation of bone marrow-derived hemato-
poietic precursors into mature, functional T cells (12b). Although epithelial and
stromal cells of the thymus are the main players in the process of T-cell devel-
opment, it is possible that similar human cell types derived from different
anatomical locations, such as the skin, are also able to direct T-cell maturation.
This may be particularly feasible when considering that the major difference
between thymus and skin, other than their accessibility and availability, is the
distinct 3D architecture, which can be recapitulated by our system.
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Recently, keratinocytes and fibroblasts from normal adult human skin were
found to be able to support the full development of T cells from hematopoietic
precursors (13).

Following expansion of fibroblasts and keratinocytes from human skin, a
3D structure was created by coculturing skin cells onto artificial CellFoam
matrices. Seeding of matrices with human hematopoietic precursors led to 
T-cell maturation progressing from CD4–CD8– double-negative to DP cells
and subsequently to mature CD4+ or CD8+ SP cells. Thymocytes developing
in the skin cell construct underwent positive selection, thereby determining
their TCR repertoire. Furthermore, T cells failed to proliferate in response to
self-MHC and other antigens, providing evidence that negative selection also
occurred within the microenvironment afforded by the skin cell cultures. T
cells produced in the skin construct proliferated in response to treatment
with phytohemagglutinin and concanavalin A and they expressed robust lev-
els of the early activation marker, CD69. Significant proliferation was also
observed in mixed leukocyte reactions, in which newly generated T cells
proliferated in response to allogeneic stimulator cells, further supporting
their functional maturity. It is interesting to note that a series of mixed leuko-
cyte reactions demonstrated that allogeneic DC were able to induce tolerance
in developing T cells.

3. Applications
3.1. Regeneration of the Peripheral T-Cell Repertoire

Generation of functional human T cells by means of tissue-engineered thymic
organoids, has several potential clinical applications, including the possibility
of replacing the T cell regenerating capacity of the thymus, lost as a result of
infection, chemotherapy or age-dependent thymic involution (see Chapter 24).
In particular, it provides an attractive strategy for the treatment of diseases such
as HIV/AIDS, and complications arising from the use of chemotherapeutic
agents and bone marrow transplantation (14). The application of thymic
organoid-based technologies as techniques that mimic thymic generation of
lymphocytes would have important advantages over general methods of T-cell
expansion and, in particular, the generation of naïve T cells with a broad array
of TCR repertoires. Our thymic organoid is of particular interest because it has
the potential to generate not only normal autologous T cells but also allogeneic
T cells that might be harnessed to mount a graft-vs-leukemia reaction in patients
with relapsed disease (15).

Perhaps the most exciting potential application is, however, the possibility of
manipulating the T-cell compartment with the aim of generating tolerance in the
context of allogeneic transplantation or autoimmunity. Induction of specific
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immunologic tolerance to donor antigens would avoid both chronic graft rejec-
tion and the side effects associated with immunosuppressive therapy (16).

3.2. Induction of Tolerance to Organ Allografts

The role of the thymus in the establishment of systemic central tolerance is
now universally accepted to involve the induction of anergy among potentially
autoreactive T cells or their deletion upon exposure to the appropriate self-
antigen, presented by thymic stromal cells (17–20). Similar intrathymic
mechanisms may also be important in inducing donor-specific tolerance to
alloantigens, indeed various studies have demonstrated that donor alloantigens
injected directly into the thymus are able to induce donor-specific tolerance to
the alloantigen in vivo or in vitro (21,22). Furthermore, there is convincing evi-
dence that grafts of allogeneic thymic tissue have the capacity to induce toler-
ance to skin grafts sharing their MHC haplotype (23,24). Ectopic heart grafts of
donor type may also be accepted (25). These findings show that naked thymic
epithelium is able to attract allogeneic precursors, restore T-cell function
and induce in vivo tolerance to tissue grafts of the same MHC haplotype.
Interestingly, tolerance in vivo is not always correlated with in vitro tolerance,
suggesting that complete clonal deletion is not required to induce physiological
tolerance to tissue grafts.

Evidence also suggests that specific human T-cell tolerance can be induced
toward xenogeneic tissues. In particular, it has been shown that porcine fetal
thymic grafts can support the development of functional, normal human T cells,
from hematopoietic precursors provided by human fetal liver cells (26). These
human T cells showed specific immunological tolerance to porcine xenoanti-
gens, whereas showing full responsiveness to allogeneic human stimulators
and MHC-mismatched (i.e., nondonor) porcine antigens. These data establish
the principle that human T-cell tolerance can be induced to a discordant xeno-
geneic donor.

3.3. Generation of Regulatory T Cells

It has recently become evident that DC can be used for immune regulation,
either for treatment of autoimmunity or for transplant rejection (27,28). The
immune regulatory aspects of DC include the direct killing of T cells, induction
of T-cell anergy or the generation of regulatory T cells (Treg). The tolerogenicity
of DC could, therefore, be exploited by combining donor-derived thymic tissue
with immature DC isolated from the recipient. These DC could be collected,
expanded, and reintroduced into the transplant recipient, a strategy that is sup-
ported by the fact that antigen-pulsed thymic DC have been shown to re-enter
the thymus of naïve recipients and induce tolerance to a nonself antigen (29).
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Tolerogenic DC may also act by generating and inducing the migration of
Treg cells. It has, for instance, been demonstrated that one mechanism by which
the generation of Treg cells is markedly enhanced, relies on the migration of
tolerogenic DC from the periphery to the thymus, where they positively select
developing Treg cells. The therapeutic generation of Treg cells may, therefore,
be pursued by coculturing autologous T cells with allogeneic thymic stromal
cells, with the aim of generating and transferring to the recipient Treg cells
capable of conferring dominant allograft tolerance (30).

Following the generation of tolerance by DC or Treg cells, it would be inter-
esting to explore whether transplantation of a biocompatible thymic organoid
composed of donor-derived thymic stroma may further consolidate tolerance to
allografts. The existence of Treg cells inducing tolerance to allogeneic MHC
could prevent rejection and loss of the allogeneic thymus graft. Overcoming
thymic graft rejection may facilitate the induction of donor-specific tolerance
through central deletional mechanisms.

4. Conclusions
T cell-generating organoids may help to elucidate both the immune biology

of T-cell maturation as well as influence T-cell specificity and reactivity to allo-
geneic transplants. Ultimately thymic organoids may be used therapeutically to
regenerate T cells with defined antigen specificity in immune deficient or com-
promised individuals or, conversely, to induce tolerance to specific antigens in
the context of organ transplantation or autoimmunity.
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Studying T-Cell Repertoire Selection 
Using Fetal Thymus Organ Culture

Philip G. Ashton-Rickardt

Summary
T lymphocytes express receptors (T-cell receptor) that are not only specific for antigenic pep-

tide but also molecules encoded by the major histocompatibility complex (MHC) that present
peptide on the surface of cells (MHC-restricted antigen recognition). However, the vast majority
of T cells are tolerant to their own MHC molecules and do not give rise to autoimmune disease.
This MHC-restricted, but tolerant, repertoire of T cells is determined by selection triggered by
the appropriate recognition of peptide/MHC on thymic stromal cell by immature thymocytes.
We have developed a fetal thymus organ culture (FTOC) system based on transporter associated
with antigen processing (TAP) 1-deficient mice to examine the role of peptide/MHC in trigger-
ing the differentiation of T cells restricted to class I MHC (positive selection). We also describe 
an FTOC system to study central T-cell tolerance, which occurs through clonal deletion in the 
thymus (negative selection).

Key Words: Thymus; positive selection; negative selection; TAP1; MHC; peptide; FTOC;
flow-cytometer.

1. Introduction
Two types of cellular events that take place in the thymus shape the reper-

toire of antigen specificities of T lymphocytes. Positive selection ensures that 
T cells leaving the thymus recognize peptide presented by self-major histocom-
patibility complex (MHC) molecules (1,2). Negative selection eliminates those
T cells that are potentially auto-reactive (3). The stable surface expression of
class I MHC requires the binding of specific peptides that can be derived from
antigen or self-proteins (4). Positive selection is triggered by the engagement of
T-cell receptors (TCR) on thymocytes with self-MHC molecules on thymic
epithelial cells and results in the rescue from apoptosis and differentiation into
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either CD4+CD8– or CD4+CD8– mature T cells (5,6). Negative selection is trig-
gered by the binding of TCRs with self-MHC molecules on bone-marrow
derived thymic stromal cells and results in the induction of apoptosis of im-
mature CD4+CD8+ thymocytes.

To address the role of peptides in determining the repertoire of CD8+ T cells
we exploited TAP1 (for transporter associated with antigen processing 1)
mutant mice (TAP1– mice) (7). In TAP1– mice, the loading of peptide into
MHC class I molecules in the endoplasmic reticulum is blocked. Consequently,
surface expression of MHC class I molecules is reduced and the selection of
CD8+ T cells is severely hampered. However, the “empty” unstable MHC class
I molecules can be loaded and stabilized with peptide provided extracellularly
in the presence of β2-microglobulin (4,7,8). Experiments with cultured fetal
thymi from TAP1– mice showed that peptide presented by MHC class I was
specifically recognized by the TCRs of immature thymocytes during positive
selection (8). The role of peptide in negative selection can also be studied in
FTOC. Transgenic thymocytes that express the P14 TCR, which is specific for
an epitope from lymphocytic choriomeningitis virus (LCMV) (9), undergo neg-
ative selection when cultured with antigen peptide (LCMV peptide) (10). Thus,
FTOC from TAP1– mice allows one to examine how the recognition of peptide
triggers positive selection, and P14 FTOC how the recognition of peptide trig-
gers negative selection. Together, both FTOC systems can be used to investigate
the role of positive and negative selection in determining the repertoire of anti-
gen specificities displayed by CD8+ T cells.

2. Materials
2.1. Fetal Thymus Organ Culture

1. Embryonic material is obtained from matings of mice within the inbred strains
C57BL/6J (TAP1+) (H-2b) and Tap1tm1Arp (TAP1–) C57BL/6 (H-2b) (Jackson
Laboratory, Bar Harbor ME). For P14 fetal thymus organ culture (FTOC),
C57BL/6J (TAP1+) (H-2b) mice were mated with LCMV P14 (P14+/+) transgenic
mice (H-2b) (Taconic, Hudson, NY).

2. Dissection is carried out under ×4–7 magnification with a Leica Stereo Zoom 7
microscope.

3. Roswell Park Memorial Institute (RPMI) 1640 medium (Invitrogen-Gibco, Carlsbad,
CA) is supplemented with 1% Nutridoma Media Supplement (Roche Applied
Science, Indianapolis, IN), 5 × 10–5 M 2-mercaptoethanol. Glutamine, nonessential
amino acids, sodium pyruvate, penicillin, and streptomycin are added at 1X from
100X stocks (Invitrogen-Gibco). The medium is further supplemented with 30 µg/mL
human β2-microglobulin (Sigma-Aldrich, St. Louis, MO) (see Note 1).

4. RPMI 1640 (Invitrogen-Gibco) supplemented 10% fetal calf serum (FCS)
(Invitrogen-Gibco).
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5. Nitrocellulose filters (0.2-µm pore size) (Millipore, Billerica, MA) are placed on col-
lagen sponges cut into 2- to 5-cm2 pieces (Colla-Tec Inc, Plainsboro, NJ) saturated
with medium and placed in 6 × 1.5-cm tissue culture dishes (Falcon 3004, Becton,
Dickinson and Company, Plymouth, UK).

6. Peptides are produced by solid-phase synthesis and purified by high-pressure liquid
chromatography (Research Genetics, Huntsville, AL) (see Note 2). Amino acid
sequences of class I MHC-specific synthetic peptides are as follows: influenza virus
nucleoprotein peptide (amino acids 366–374) (IF peptide) ASNENMETM (H-2Db-
specific), ovalbumin peptide (amino acids 257–264) (OVA peptide) SIINFEKL (H-
2Kb-specific), vesticular stomatitis virus nucleoprotein (amino acids 52–59) (VSV
peptide) RGYVYQGL (H-2Kb-specific), Sendai virus nucleoprotein (amino acids
324-332) (SV peptide) FAPGNYPAL, LCMV glycoprotein (amino acids 33–41)
(LCMV peptide) KAVYNFATM, DB-S peptide SSSSNSSSM (see Note 3).

2.2. Flow-Cytometric Analysis

1. Staining buffer: PBS supplemented with 1% FCS (Invitrogen-Gibco) and 0.1%
sodium azide (Sigma-Aldrich).

2. Digestion buffer for the disaggregation of thymic stroma: 2.5% tryspin and 384
U/mL collagenase type IV (both from Sigma-Aldrich) in PBS.

3. Thymocyte specific conjugated-monoclonal antibodies (BD-Pharmingen, San
Diego, CA): anti-CD4 (allophycocyanin [APC]-labeled), anti-CD8α (fluorescein
isothiocyanate [FITC]-labeled), anti-CD3ε (R phycoerythrin [PE]-labeled), anti-
TCR Vβ7 (biotin labeled), anti-TCR Vβ5 (biotin labeled), anti-TCR Vβ11 (biotin
labeled), anti-TCR Vβ9 (biotin labeled), anti-TCR Vβ8 (biotin labeled), and anti-
TCR Vβ10 (biotin labeled), anti-TCR Vα2-PE.

4. Thymic stroma specific conjugated-monoclonal antibodies: anti-H-2Ab-PE (BD-
Pharmingen), anti-H-2Kb-biotin (clone AF6.44, α2 domain-specific)-FITC (BD-
Pharmingen) and anti-H-2Db (clone B22-249R1, α1 domain specific)-FITC
(American Tissue Culture Collection).

5. For biotin-conjugated antibodies, either streptavidin (SA)-APC, SA-PE, or SA-
Texas Red (BD-Pharmingen) are used to visualize cells.

6. Stained cells are analyzed on a dual laser FACStarplus (Becton, Dickinson and
Company, Franklin Lakes, NJ) (see Note 4).

3. Methods
The culture of explanted mouse fetal thymi on solid supports is a powerful

tool to study T-cell development in the thymus (11). Explanted d 14–16 mouse
fetal thymi successfully support the differentiation of immature CD4+ CD8+

thymocytes and subsequent positive selection into CD8+CD4– and CD4+CD8–

thymocytes. The major advantages of FTOC are the ease of manipulating thy-
mocyte development by the addition of reagents to the supporting tissue culture
medium, and the ability to obtain statistical significance by the simultaneous
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culture of multiple thymic lobes. The addition of class I MHC binding peptides
to cultured fetal thymi from TAP1– mice allows the rescue of class I expression
on thymic stromal cells. This allows one to address the role of peptide in the
positive selection of CD8+ thymocytes. Using this system, one can examine the
sequence and density requirements of an individual peptide for positive selec-
tion. In addition, one can determine the effect of peptide complexity on the
repertoire of CD8+ T cells selected by mixtures of peptides (8).

The role of peptide in positive selection using TAP1– FTOC is based on two
simple measurements. First, the level of peptide/class I MHC is determined by
rescue of surface expression of TAP1– thymic stroma after addition of exogenous
peptide. Second, the consequence of the expression of specific peptide/MHC
complexes on positive selection is measured by determining the number and
diversity of TCRs expressed by the resulting CD8+ CD4– thymocytes. Negative
selection of P14 CD8+ T cells by the nominal antigen LCMV peptide, leads to
a drastic reduction in the percentage and absolute number of CD8+ P14 cells
and CD4+ CD8+ precursor thymocytes both in vivo (9) and in vitro (12). The
deletion of these thymocyte populations is used to measure negative selection
by peptide in P14 FTOC (10).

3.1. FTOC

1. Male and female mice maintained on an 8 h dark, 16 h light schedule are caged
together overnight, and checked for vaginal plugs the next morning. The day of
finding a vaginal plug is designated as day 0.

2. After d 14 and 16, mice are sacrificed by cervical dislocation and the uterus placed
intact in a tissue culture hood. Under sterile conditions, fetuses are dissected from
the uterus, freed of membrane, and immersed in RMPI-10% FCS. Fetuses are
pinned to an aluminum foil-covered polystyrene board with 20-gauge needles
through the mouth and out the back of the head. Fetuses are then sectioned across
the diaphragm with a razor blade and the bottom half discarded. Under magnifi-
cation (× 2–7), using fine watchmakers forceps, the liver, heart, lungs, esophagus,
trachea are pulled out leaving the thymic lobes still attached to the body wall. Both
thymic lobes are then removed intact by clasping attached connective tissue with
fine watchmakers’ forceps. Immersed in RPMI-10% FCS, residual connective tis-
sue is removed with two 20-gauge needles and the thymic lobes separated.

3. In a tissue culture hood under sterile conditions, collagen sponges are placed in 
5 mL of RMPI-1% Nutridoma medium in 1.5 × 6-cm Petri dishes then nitrocellu-
lose filters placed on top. Peptides (50–500 µM) are dissolved directly into the
medium before setting up the culture (see Note 5). About four to eight thymic
lobes are placed on each filter and the top of the Petri dish replaced. Dishes are
incubated at 37°C/5% CO2 in a humidified incubator.

4. Every other day, old medium is removed and new medium containing fresh pep-
tide is added to the dishes. After 10 d, thymi are analyzed for MHC class I expression
and thymocyte subsets.
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Fig. 1. (Continued)
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3.2. Analyzing Expression of MHC Molecules on Thymic Stromal Cells

1. Thymic lobes (5–10) are washed three times in PBS then finely minced with scis-
sors to about 1 mm.

2. Thymic material is incubated in digestion buffer (10 mL) in a 37°C water bath
with vigorous agitation.

3. Digestion is stopped by addition of an equal volume of FCS. The cell suspension
is separated from the remaining undigested particulate matter by gravity, then
cells recovered by centrifugation at 200g at 4°C for 5 min. Cells are washed by
resuspension in 4 mL staining buffer and washed twice in staining buffer recov-
ered by centrifugation at 200g at 4°C for 5 min. The washing/centrifugation pro-
cedure is then performed once more. Repeating step 2 further digests the
undigested thymic material to generate more cell suspension, which is recovered
as described above.

4. Thymic cell suspensions (2 × 105) are stained with anti-H-2Ab-PE, anti-H-2Db-
biotin and anti-H-2Kb-FITC (5 µg/mL) in 0.2 mL in 12 × 75-mm tubes for 30 min
at 4°C. Cells are washed with staining buffer (1 mL) then recovered by centri-
fugation at 200g at 4°C for 5 min, centrifuged then stained with SA-APC (2 µg/mL)
at 4°C for 15 min. Cells are then washed/centrifuged resuspended in staining
buffer (0.5 mL) then analyzed by flow cytometry.

5. Cells are analyzed by three-color flow-cytometry. Dead cells are excluded from the
analysis by staining with propidium iodide (PI) and based on their forward and side
light scattering properties (see Note 6). Thymic stromal cells are identified by their
positive staining for H-2Ab. The expression of class I MHC is determined from his-
tograms for H-2Db and H-2Kb staining, generated from H-2Ab+ cells (see Fig. 1).

6. The median intensity of staining for H-2Db and H-2Kb on H-2Ab+ cells in TAP1–

FTOC incubated with peptide is compared to TAP1– FTOC incubated alone. In all
experiments, TAP1+ C57BL/6J wild-type FTOC is analyzed in parallel. Rescue of
class I MHC by peptide in TAP1- FTOC is expressed as a percentage of the TAP1+

control (see Fig. 1).
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Fig. 1. (Opposite page) Peptide stabilization of class I surface expression in trans-
porter associated with antigen processing 1 (TAP1–) fetal thymus organ culture
(FTOC). C57BL/6J (+/+) and TAP1– (–/–) thymic lobes were cultured for 10 d with the
synthetic peptides OVA or IF (500 µM). (A) Thymic stromal cells (2 × 105) pooled from
10 protease-digested thymi and stained for H-2Ab, H-2Db, and H-2Kb surface expres-
sion and analyzed by flow-cytometry. (B) To quantitate the surface expression of class
I molecules on the gated H-2Ab+ stromal cells, the log relative fluorescence intensity
resulting from staining with labeled class I-specific monoclonal antibodies was plotted
against the log relative cell number. The histograms for TAP1– (–/–) thymi cultured
without peptide was compared with the histograms for TAP1– (–/–) thymi cultured with
peptide or histograms for TAP1+ (+/+) thymi. The differences between the levels of log
mean fluorescence are shown and are expressed as a percentage of the TAP1+ (+/+)
value. (Reproduced from ref. 8 with permission from Elsevier Science.)
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Fig. 2. Synthetic peptides induce the positive selection of CD8+ cells in transporter
associated with antigen processing 1 (TAP1–) fetal thymus organ culture (FTOC).
C57BL/6J (+/+) and TAP1– (–/–) thymic lobes were cultured as described in Fig. 1,
with peptide (500 µM) where indicated. The peptides used were as follows SV, VSV,
OVA, and IF. Thymocytes prepared from individual thymic lobes (about 1 × 105) were
stained for CD3, CD4, and CD8 surface makers and analyzed by flow cytometry. Cells
(0.5–1 × 105) were gated for high expression of CD3 (typically 10–20% of thymocytes),
and then displayed for log fluorescence intensity resulting from staining with CD4 and
CD8. The percentages of the gated cells that were CD8+ CD4– are indicated.
(Reproduced from ref. 8 with permission from Elsevier Science.)

3.3. Analyzing Thymocyte Positive Selection by Flow-Cytometry

1. FTOC is performed as stated above, and after 10 d, lobes mechanically disaggre-
gated in staining buffer.
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2. Thymocytes (1 × 105) are stained with anti-CD4-APC, anti-CD8-FITC, and anti-
CD3ε-PE (all 5 µg/mL) for 30 min in 0.2 mL in 12 × 75-mm tubes at 4°C. Cells
are washed with staining buffer (1 mL) then recovered by centrifugation at 200g
at 4°C for 5 min, twice, then resuspended in staining buffer (0.5 mL).

3. Cells are analyzed by three-color flow-cytometry and dead cells are excluded as
in Subheading 3.2. Cells successfully positively selected by class I MHC are
identified by the CD3εhi CD4– CD8+ phenotype (see Fig. 2).

4. The percentage of CD3ε+high CD4– CD8+ cells in TAP1– FTOC incubated with
peptide compared to TAP1– FTOC incubated alone is determined. In all experi-
ments TAP1+ C57BL/6J wild-type FTOC is analyzed in parallel to control for vari-
ations in CD3εhi CD4– CD8+ cell levels over multiple experiments (see Fig. 2). An
increase in CD3εhi CD4– CD8+ cell levels in TAP1 mutant mice will indicate that
at the given concentration and level of class I rescue, that peptide induces positive
selection (see Note 7).

3.4. Analyzing the Repertoire of Positively Selected Thymocytes 
by Flow-Cytometry

1. FTOC is performed as stated above, and after 10 d, lobes mechanically disaggre-
gated in staining buffer.

2. Thymocytes (1 × 105) are stained with anti-CD3ε, anti-CD8-FITC, and anti-TCR
Vβ-biotin antibodies (all 5 µg/mL) for 30 min at in 0.2 mL in 12 × 75-mm tubes
at 4°C. Cells are washed with staining buffer (1 mL) then recovered by centrifu-
gation at 200g at 4°C. Cells are then stained with SA-PE (2 µg/mL) for 15 min in
0.2 mL in 12 × 75-mm tubes at 4°C, then washed/centrifuged twice and resus-
pended in staining buffer (0.5 mL).

3. Cells are analyzed by three-color flow-cytometry and dead cells are excluded as
in Subheading 3.2.

4. Thymocytes are gated for CD3εhi cells then the percentage Vβ+ of CD8+ thymo-
cytes determined (percentage Vβ+ CD8+ of total CD8+ of CD3hi). This is repeated
for a range of TCR Vβ elements (see Subheading 2.2.).

5. The percent Vβ+ CD8+ of total CD8+ of CD3hi thymocytes is determined for
TAP1– FTOC incubated with various single peptides or mixtures and compared
with TAP1+ FTOC. If a peptide selects a diverse repertoire of CD8+ thymocytes
one expects to see all of the Vβ+ subpopulations tested represented. Variation in
the proportion of a given Vβ+ subpopulation from that of the level in TAP1+ FTOC
indicates a skewing of the repertoire by a given peptide (see Note 8).

3.5. Analyzing Negative Selection in P14 FTOC

1. FTOC from the offspring of P14+/+ × wild-type C57BL/6J mice are cultured as in
Subheading 3.1. for 9 d in the presence or absence of LCMV (3–300 µM) or an
irrelevant peptide control (DB-S or IF at 300 µM) (see Note 10).

2. Thymic lobes are disaggregated (Subheading 3.3.) and the number of live thymo-
cytes determined. Trypan blue (1%) is added to thymocyte suspensions (10 µL)
and viable trypan blue excluding cells counted under a light microscope (×40
magnification) (see Note 9).
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3. Thymocytes are stained with anti-CD8-FITC, anti-CD4-APC, anti-TCR Vα2-PE,
and anti-TCR Vβ8.1, 8.2-biotin (-SA-Texas Red) antibodies then analyzed by
four-color flow-cytometry (see Subheading 3.3. and Note 11).

4. Thymocytes are gated for high expression of Vα2 and Vβ8.1, 8.2 (P14 TCR) then
analyzed for CD4 and CD8 expression (see Fig. 3). The overall percentage of
CD8+ P14 cells is determined by multiplying the percentage of Vα2+ high, Vβ8.1,
8.2+ high cells by the percentage of the gated CD4– CD8+ cells. The percentage of
CD4– CD8–, CD4+ CD8+, and CD4+ CD8– is determined from CD4 by CD8 plots
without TCR gating (see Fig. 3) (see Note 12).

5. The absolute cell numbers of the CD8+ P14, CD4–CD8-, CD4+CD8+, and
CD4+CD8– populations are calculated by multiplying the total number of thymo-
cytes by the relevant percentage.

6. Negative selection is indicated by a decrease in the absolute cell number of CD8+

P14 and CD4+CD8+ populations (see Fig. 4 and Note 13).

4. Notes
1. An exogenous source of β2-microglobulin must be provided in the culture

medium for the stabilization of peptide:MHC class I heavy chains on thymic stro-
mal cells (8). If purified human β2-microglobulin is unavailable, the bovine β2-
microglobulin present in RMPI 1640 –10% FCS is sufficient for the stabilization
of MHC class I on TAP1– FTOC by synthetic peptides (10).

2. After solid phase synthesis, it is common for peptides to be contaminated with
toxic organics and truncated peptides. High-pressure liquid chromatography
purification ensures that only full-length peptides free from toxic contaminants are
used in FTOC.

3. For the LCMV peptide, the C-terminal cysteine residue (C) is replaced by a
methionine (M) to avoid solubility problems associated with the formation of
aggregates after oxidation.
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Fig. 3. (Opposite page) Negative selection of CD8+ transgenic P14 cells by the
nominal antigen peptide in transporter associated with antigen processing 1 (TAP1+)
fetal thymus organ culture (FTOC). P14 TAP1+ thymic lobes were cultured with or with-
out lymphocytic choriomeningits virus (LCMV) peptide (30 µM) or the IF peptide (300
µM) for 9 d. Cells (4 × 104) were stained with anti-CD8-FITC, anti-CD4-APC, anti-TCR
Vα2-PE, and anti-TCR Vβ8.1, 8.2-biotin (-SA-Texas Red) antibodies then analyzed by
flow-cytometry. The percentages of cells falling into quadrants resulting from the analy-
sis of CD4 and CD8 staining are indicated. Stained cells were gated for high expression
of Vα2 and Vβ8.1, 8.2 (P14) (percentage shown next to window) and then displayed for
log fluorescence intensity resulting from staining for CD4 and CD8. The percentage 
of this gated population positive for CD8 and negative for CD4 is shown next to the 
window. The overall percentage of CD8+ P14 cells was determined by multiplying 
the percentage of Vα2+ high, Vβ8.1, 8.2+ high cells by the percentage of the gated CD4–

CD8+ cells. (Reproduced from ref. 10 with permission from Elsevier Science.)
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4. For the combination of fluorochromes used, most dual laser flow-cytometers will
be appropriate. Commonly available instruments are the BD FACSCalibur (48-nm
argon-ion laser, 635-nm red diode laser) and the BD FACSCanto (488-nm sap-
phire OPSL laser, 633-nm He Ne laser) (Becton, Dickinson and Company).

5. When added directly to culture medium, peptides with a high proportion of large
hydrophobic residues may not go into solution immediately. Warming the resus-
pended peptide at 37°C for 30 min and shaking can remedy this. This is usually a
problem only at peptide concentrations >100 µM.
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Fig. 4. Histograms showing the negative selection of P14 CD8+ thymocytes in P14
fetal thymus organ culture (FTOC). P14 thymic lobes were cultured with lymphocytic
choriomeningitis virus (LCMV) (3–300 µM) or an irrelevant peptide control DB-S
(300 µM) for 9 d as described in Fig. 3 and the percentages of thymocyte subsets deter-
mined. The absolute number of a given cell type per lobe was determined by multiplying
the percentage by the number of thymocytes per lobe and is the mean (±SEM) from six
lobes. (Reproduced from ref. 10 with permission from Elsevier Science).
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6. It is common to have clumps of dead cells in suspensions of trypsinized FTOC that
may cause blockages during flow-cytometry. Therefore, it is recommended to fil-
ter cell suspensions through a fine mesh, such as Spectramesh (Spectrum
Laboratories, Rancho Dominguez, CA) cut into 2-cm squares, to remove clumps
of dead cells. In addition, care should be taken to gate out dead cells during flow-
cytometry. Dead cells are identified by staining positive with PI (1 µg/mL) added
directly to staining buffer and on the basis of characteristically high light side-
scatter and low light forward-scatter.

7. Not all peptides that stabilize class I MHC molecules on the surface of TAP1–

thymic stromal cells will rescue the positive selection of CD4–CD8+ thymocytes
(8). This is because peptide presented by MHC class I molecules is specifically rec-
ognized by the TCRs of CD4+CD8+ thymocytes during positive selection. Mixtures
of MHC class I-binding peptides have been shown to be more effective that single
peptides at inducing the selection CD4–CD8+ thymocytes in TAP1– FTOC (8).
These can be generated synthetically or as preparations of self-peptides (8,13).

8. To improve the resolution of TCR repertoire analysis of positively selected CD4–

CD8+ thymocytes, one can employ molecular biology methods. These include
spectrotyping, which determines the frequencies of thymocytes expressing indi-
vidual Vα and Vβ gene segments, and the cloning and sequencing of clonally
expressed rearranged TCR genes (14).

9. One can use the flow-cytometer to count the number of viable thymocytes. This
may be useful if an experiment involves a large number of thymic lobes. Most
flow-cytometers can be set to acquire cells for a set time (e.g., 1 min) and with
knowledge of the flow-rate (10–100 µL/min) the number of cells in a suspension
derived from a single thymic lobe can be determined.

10. The DB-S and IF peptides can bind H-2Db but have negligible affinity for the P14
TCR and so can not induce the negative selection of P14 CD8 thymocytes (10).
Therefore these irrelevant peptides are useful controls for the effects of nonspe-
cific toxicity of peptide on the recovery of thymocytes from P14 FTOC.

11. For multicolor analysis it is standard practice to first run single and multiply
stained control cells to set the voltage and compensations for a given flow-cytometer.
One should follow the detailed instructions of the manufacturer to calibrate the
flow-cytometer before acquiring data from stained cells.

12. Because of variation in thymocyte numbers between lobes, at least four lobes
should be analyzed for a given concentration of peptide.

13. To determine the onset of negative selection, it is vitally important to determine the
absolute number as well as the percentages of thymocyte subsets. The deletion of
CD4+CD8+ or even CD4–CD8+ may not always give a decrease in percentage but will
always give a decrease in absolute cell number (10). Some also interpret an increase
in the percentage of CD4–CD8– thymocytes as evidence of negative selection (10).
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11

Investigating Central Tolerance With Reaggregate
Thymus Organ Cultures

Graham Anderson and Eric J. Jenkinson

Summary
In the thymus, immature CD4+8+ thymocytes expressing randomly rearranged T-cell receptor

α- and β-chain genes undergo positive and negative selection events based on their ability to 
recognize self-peptide/major histocompatibility complex (MHC) molecules expressed by thymic
stromal cells. In vivo analysis of the role of thymic stromal cells during intrathymic selection is
made difficult by the cellular complexity of the thymic microenvironment in the steady-state
adult thymus, and by the lack of appropriate targeting strategies to manipulate gene expression in
particular thymic stromal compartments. We have shown that the thymic microenvironment can
be readily manipulated in vitro through the use of reaggregate thymus organ cultures, which
allow the preparation of three-dimensional thymus lobes from defined stromal and lymphoid
cells. Although other in vitro systems support some aspects of T-cell development, reaggregate
thymus organ culture remains the only in vitro system able to support efficient MHC class I and
II-mediated thymocyte selection events, and so can be used as an effective tool to study the
cellular and molecular regulation of positive and negative selection in the thymus.

Key Words: Thymus organ culture; reaggregate thymus organ culture; repertoire selection;
thymic stromal cells; thymic microenvironment; cell separation.

1. Introduction
To mount effective immune responses, the peripheral lymphocyte pool must

contain functionally competent CD4+ and CD8+ T cells that are capable of
responding to invading foreign pathogens, while remaining tolerant to self-
antigens. Self/nonself discrimination in the T-cell lineage is imposed in the thy-
mus, where the specificities of αβT-cell receptor (αβTCR) complexes expressed
by immature CD4+CD8+ precursors are screened for their ability to recognize self-
peptide/major histocompatibility complexes (MHC). Although failure to recognize
self-peptide/MHC results in death by neglect (1), thymocytes expressing αβTCRs
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that bind with low affinity/avidity are triggered to undergo a differentiation pro-
gram termed positive selection, resulting in the generation of MHC class I res-
tricted CD8+ and MHC class II restricted CD4+ T cells (2). In contrast, high
affinity/avidity interactions between TCR and self-peptide/MHC results in nega-
tive selection, where potentially autoreactive T cells are eliminated from the
developing TCR repertoire by the induction of apoptosis (3,4).

Interactions between developing thymocytes and thymic stromal cells play a
critical role during intrathymic selection events. For example, experiments
using T-cell receptor transgenic mice demonstrated that radio-resistant thymic
stromal elements are important in the regulation of positive selection, while bone
marrow-derived thymic stromal cells are effective mediators of negative selec-
tion (reviewed in ref. 5). Thus, functional compartmentalisation of the thymic
stromal microenvironment plays a role in the regulation of positive and nega-
tive selection of thymocytes (6). However, unlike the range of cell-type and
stage-specific constructs (e.g., p56lck transgene promoter, p56lck Cre-recombinase)
that allow study of the consequences of manipulating gene expression in
defined T-cell precursor populations in vivo (7,8), gaining a better understanding
of the mechanisms regulating thymic selection is hampered by difficulties in
manipulating, and assessing the function of, thymic stromal cells in vivo.

In recent years, the use of engineered stromal cell lines such as OP9DL1
have proved to be effective tools to study the role of Notch signaling in the
development of early T-cell precursors (9). However, with regard to the study
of T-cell repertoire selection, the absence of MHC class II expression by
OP9DL1 currently prevents the use of this system for the study of CD4+ T-cell
positive selection. Moreover, although coculture of immature CD4–8– precur-
sors with OP9DL1 has been shown to result in the generation of mature CD8+

T cells, it is unclear whether this involves a typical positive selection program
involving maturation from a CD4+8+ precursor (10). To provide an accessible
in vitro system with which to study T-cell selection events, we developed an
experimental approach that allows us to monitor the responses of a single
cohort of preselection CD4+8+ thymocytes in the context of defined thymic
stromal cells, in the absence of other stages and events normally occurring
within the steady-state thymus (11). The experimental approaches described
here detail the generation of cultures to study positive selection of immature
CD4+8+ thymocytes by thymic epithelial cells. Dendritic cell preparations can
also be added to the cell mixtures prior to reaggregate formation, to enable the
study of thymocyte negative selection (11,12). These approaches can be readily
manipulated, for example by the addition of antigenic peptides, neutralizing
antibodies, and, more recently, through the use of gene targeted thymic stromal
cells (13), to provide the user with a system to investigate cellular and molecular
aspects of MHC class I- and II-mediated thymic selection.
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2. Materials
2.1. Cell Culture

1. Dulbecco’s modified Eagle’s medium (DMEM) supplemented as shown in Table 1.
2. RPMI-1640 medium, supplemented as shown in Table 2.
3. Additives stored at –20°C: heat-inactivated fetal calf serum (FCS), 200 mM glut-

amine, 5000 IU/mL penicillin, and 5000 µg/mL streptomycin. Additives stored at
4°C: 100X nonessential amino acids, 2-mercaptoethanol, 1 M HEPES.

4. 2-Deoxyguanosine (2-dGuo, Sigma) is added to organ culture medium to elimi-
nate endogenous lymphoid and dendritic cells from fetal thymic lobes (14). Store
stock solutions of 9 mM 2-dGuo at –20°C prior to addition to culture medium to
give a final concentration of 1.35 mM (see Note 1).

2.2. Microdissection and Handling of Fetal Thymus Lobes

1. Surgical scissors and no. 5 watchmakers’ forceps (TAAB, Berkshire, UK).
2. Aspirator tube assembly for use with mouth capillary pipets (Sigma, cat. no.

A5177-SEA).
3. Glass rods to make capillary pipets (soda-lime tubing with internal diameter of 

4 mm, Fisher Scientific, Loughborough, UK, cat. no. FB1460).
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Table 1
Preparation of RPMI-1640 +10% FCS for Dissection and Cell Handling

Medium and additives Volume Final concentration

RPMI-1640 + 20 mM HEPES, with 10 mL – 
L-glutamine, without bicarbonate

200 mM L-Glutamine 100 µL 2 mM
5000 IU/mL Penicillin and 200 µL 100 IU/mL, 100 µg/mL

5000 µg/mL streptomycin
Heat-inactivated fetal calf serum 1 mL 10%

Table 2
Preparation of DMEM + 10% FCS for Organ Culture

Medium and additives Volume Final concentration

Dulbecco’s medium with 3.7 g/L 10 mL –
bicarbonate, without glutamine

100X Nonessential amino acids 100 µL 1X
1 M HEPES 100 µL 10 mM
5 × 10–3 M 2-Mercaptoethanol 100 µL 5 × 10–5 M
200 mM L-Glutamine 200 µL 4 mM
5000 IU/mL Penicillin and 200 µL 100 IU/mL,

5000 µg/mL streptomycin 100 µg/mL
Heat-inactivated fetal calf serum 1 mL 10%
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2.3. Thymus Organ Culture

1. Timed pregnant mice, at 14–15 d of gestation, with day 0 as day of detection of
vaginal plug.

2. Isopore membrane filters (Millipore, Watford, UK; cat. no. ATTP01300), 0.8-µm
pore size, 13 mm in diameter. Prior to use, boil once in large volume of double-
distilled water (DDW), and place in bacteriological grade 90-mm diameter Petri
dishes (Sterilin) in a laminar flow hood to dry.

3. Artiwrap sponge (Medipost Ltd., Weymouth, Dorset, UK), cut into 1-cm2 pieces.
Prior to use, boil three times in large volumes of DDW, and place in bacteriolog-
ical grade 90-mm diameter Petri dishes in a laminar flow hood to dry.

4. Plastic sandwich boxes with fitted lids (174-mm length, 60-mm depth, 45-mm
height, Watkins and Doncaster, Cranbrook, Kent, UK; cat. no. E6052).

5. Sterile bacteriological grade 90-mm Petri dishes.
6. Tissue culture incubator set at 37°C with an input of 10% CO2 in air, or a cylinder

containing 10% CO2 in air to gas culture boxes prior to transfer to a non-CO2
tissue culture incubator.

2.4. Fetal Thymic Disaggregation

1. Phosphate buffered saline (PBS) without Ca2+/Mg2+.
2. Trypsin in Hank’s balanced salt solution, stored at –20°C as a 2.5% stock. Prior to

use, dilute in 0.02% EDTA in Ca2+/Mg2+ free PBS to give a working concentra-
tion of 0.25%.

2.5. Depletion of CD45+ Macrophages 
From 2-dGuo Stromal Preparations

1. Anti-rat IgG coated Dynabeads (Dynal, Wirral, UK; cat. no. 110.35).
2. Dynal Magnetic Particle Collector (MPC-E, Dynal, cat. no. 120.04).
3. Rat-anti mouse CD45 antibody (any pan-CD45 clone, e.g., M1/9).
4. 2-mL Round-bottomed cryogenic freezing vials.

2.6. Preparation of CD4+8+ Thymocytes From Neonatal Thymus

1. Anti-rat IgG-coated Dynabeads (Dynal).
2. Magnetic particle collector (Dynal).
3. 2-mL Round-bottomed cryogenic freezing vials.
4. Rat-anti mouse CD8α (e.g., clone 53-6.7, eBioscience).
5. Rat-anti mouse CD3 (e.g., clone KT3, Serotec).

3. Methods
All procedures are performed in a laminar flow tissue culture hood, with sur-

faces swabbed with 70% ethanol prior to use. A stereo-dissection microscope with
an objective lens magnification range of ×0.8 to ×5, fitted with ×10 eyepieces is
very useful for embryonic dissection and for the formation of reaggregate cultures.
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We currently use several types of dissecting microscopes (e.g., Stemi SV11,
Zeiss; SMZ645, Nikon) that work well for the procedures described here. For
general cell handling and dissection of tissue, we use RPMI-1640 +10% FCS
supplemented as shown in Table 1. All centrifugation steps are performed at
4°C for 10 min at 400g. For all organ and reaggregate cultures, we use DMEM
containing 10% FCS, supplemented as in Table 2.

3.1. Preparation of 2-dGuo-Treated Alymphoid Thymus Organ Cultures

1. Pregnant mice are killed by cervical dislocation at day 14 or 15 of pregnancy.
Following deflection of the skin to avoid contamination by fur, cut through
the abdominal wall and remove the intact uterus, which is removed by making a
“V”-shaped incision in the abdominal region, from the two lateral horns of the
uterus to the bladder in the midline.

2. Remove the embryos from the uterus still in their amniotic sacs by cutting along
the length of the uterine wall with surgical scissors (see Note 2).

3. Wash the embryos in a 90-mm Petri dish containing 10 mL PBS, and remove the
amniotic sac and placenta of each embryo by carefully tearing it open using two
pairs of watchmakers’ forceps. Transfer the embryos to a fresh Petri dish con-
taining 10 mL of a 50:50 mixture of PBS:RPMI-1640 medium supplemented with
10% FCS.

4. Using a stereo-dissecting microscope, with the embryo submerged in medium,
decapitate the embryo using watchmakers’ forceps and manoeuvre it onto its back
(see Note 3). Open the anterior surface of the chest wall by placing the tips of a
closed pair of forceps into the chest cavity, and then allow the forceps to open, to
reveal the internal thoracic cavity. Remove the entire thoracic tree—heart, lungs,
trachea, and thymuses—by grasping gently below the heart (seen as a red “apple-
shaped” organ) and place into a dish containing 10 mL RPMI-1640 +10% FCS.

5. In a 14- to 15-d embryo, the thymic rudiments are situated in the midline above the
heart, on either side of the trachea. Remove individual thymus lobes from the tho-
racic trees using watchmakers’ forceps, and remove excess connective tissue and
any adherent blood before explanting in organ culture.

6. For 2-dGuo organ culture, place 600 µL of 9 mM stock of thawed 2-dGuo into a
90-mm bacterial plastic Petri dish, and add 4 mL prewarmed DMEM medium sup-
plemented as shown in Table 1. Ensure that all the surface of the Petri dish is cov-
ered with medium, and no bare areas of plastic remain.

7. Using forceps, place two sterile Artiwrap sponges (precut to 1 cm2) into the dish.
After 30 s to allow medium to pass into the sponge, turn the sponge over so that
both sides are wet. This ensures that medium in the dish has access to the tissue.
Again using forceps, place a 0.8-µm filter onto the surface of each sponge.

8. Use the glass tubing described in Subheading 2.2. to make a fine glass capillary
pipet (see Notes 4 and 5). Start by heating the glass tubing in a Bunsen flame until
the glass is pliable. Once this stage is achieved, remove the glass from the flame
and pull on both ends to stretch the heated glass, much in the same way as making
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a Pasteur pipet from a glass rod. Aim to stretch the glass no more than 10 cm, and
then let it cool. Once cool, pull on each end to snap the stretched area, which will
produce two tapered glass pipets, where the thinned area of each is around 5 cm
in length, and the diameter of the end of the pipet is around 0.5 mm.

9. Place the untapered end of the glass pipet into the tubing of the mouth capillary
apparatus, and place a small disposable plastic pipet tip in the other end of the tub-
ing, as a mouthpiece. Using careful mouth control, pick up individual thymus
lobes and place on the surface of the 0.8-µm filter in organ culture (see Note 6).

10. Once sufficient dishes are set up, place up to three dishes into a plastic sandwich
box containing DDW and the lid of a 90-mm Petri dish as a support. The level of
water should not be above the level of the platform. Seal the lid on the box with
adhesive tape. The lid of the sandwich box has two 5-mm drilled holes in oppo-
site corners, as air holes. Boxes can be gassed with a mixture of 10% CO2 in air
directly from a gas cylinder where the air is filtered by placing a 0.2-µm filter
membrane in the tubing from the cylinder to the box. After 10 min, air holes are
sealed with adhesive tape and the box is placed in a 37°C tissue culture incubator.
Alternatively, boxes can be placed with unsealed air holes into 37°C tissue culture
incubators with a source of 10% CO2 in air (see Note 7).

3.2. Disaggregation of 2-dGuo-Treated Thymus Lobes 
To Produce Thymus Stromal Preparations

1. Harvest 2-dGuo treated thymus lobes after 5–7 d, by transferring the 0.8-µm fil-
ters to a Petri dish containing RPMI-1640 +10% FCS, and then submerging them.
Thymus lobes that do not float off immediately after submersion can be gently
pushed off using the closed end of a pair of Watchmakers’ forceps (see Note 8).

2. Once all lobes have been harvested, use a 1-mL blue tip on a pipet to transfer the
lobes to a 1.5-mL Eppendorf tube.

3. Allow the lobes to settle to the bottom of the tube under unit gravity and remove
the medium.

4. Wash the lobes by placing 1 mL Ca2+/Mg2+ free PBS into the Eppendorf tube, and
then let the lobes sink to the bottom again. Repeat this so the lobes get three 1-mL
washes.

5. Remove the last PBS wash, and add 600 µL of an ice cold 0.25% trypsin solution
(made from a 1:10 dilution of freshly thawed 2.5% stock, using 0.02% EDTA in
Ca2+/Mg2+ free PBS as the diluent).

6. Place the Eppendorf tube in a 37°C incubator for 25 min.
7. Gently resuspend the lobes using a 1-mL blue tip on a pipet for 10 s, and then

place back in the incubator for 20 min.
8. Use a 1-mL blue tip on a P1000 Pipetman Gilson pipet to complete the disaggre-

gation of the thymus lobes to form a single cell suspension. This should take about
30 s to complete.

9. Add 400 µL of ice cold RPMI-1640 +10% FCS to neutralize the trypsin, and pel-
let cells by centrifugation. Resuspend the pellet in 1 mL RPMI-1640 +10% FCS
and count cells (see Note 9).
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3.3. Depletion of Residual CD45+ Macrophages With Antibody-Coated
Magnetic Beads

1. To prepare anti-CD45 coated Dynabeads, wash 100 µL of anti-rat IgG Dynabeads
three times in 1-mL volumes of RPMI-1640 +10% FCS (see Note 10).

2. Resuspend beads in 500-µL volume of 5 µg/mL pan anti-CD45 antibody, and
leave at 4°C overnight to allow antibody to bind to the beads.

3. After overnight incubation, wash beads three times in 1-mL volumes of RPMI-
1640 +10% FCS to remove excess antibody, and resuspend in 100 µL RPMI-1640
+10% FCS.

4. Resuspend freshly disaggregated 2-dGuo-treated thymic stromal cells in 200 µL
RPMI-1640 +10% FCS and transfer to 2-mL round-bottomed freezing vial
(see Note 11).

5. Add 50 µL of the anti-CD45 coated anti-rat IgG beads and centrifuge. This centrifu-
gation step facilitates bead–cell interactions, and results in effective rosette formation.

6. Resuspend cells by gentle pipetting and transfer to a 1.5-mL Eppendorf tube.
7. Place the tube on Dynal Magnetic Particle Collector and allow rosetted cells to accu-

mulate on the magnet. Carefully remove the supernatant and discard the bead pellet.
8. Transfer unrosetted cells to a fresh freezing vial and repeat steps 5–7.
9. After final centrifugation with beads, resuspend the cells in 1 mL RPMI-1640

+10% FCS and count (see Note 12).

3.4. Preparation of CD4+8+ Thymocytes From Newborn Thymus

1. To prepare anti-CD3 coated Dynabeads, wash 300 µL of anti-rat IgG Dynabeads
three times in 1-mL volumes of RPMI-1640 +10% FCS.

2. Resuspend beads in a 1-mL volume of 10 µg/mL pan anti-CD3 antibody, and
leave at 4°C overnight to allow antibody to bind to the beads.

3. To prepare anti-CD8 coated Dynabeads, wash 100 µL of anti-rat IgG Dynabeads
three times in 1-mL volumes of RPMI-1640 +10% FCS.

4. Resuspend beads in a 500-µL volume of 5 µg/mL of anti-CD8 antibody, and leave
at 4°C overnight to allow antibody to bind to the beads.

5. After overnight incubation, wash both types of beads three times in 1-mL volumes
of RPMI-1640 +10% FCS to remove excess antibody, and resuspend in RPMI-
1640 +10% FCS (100 µL for anti-CD8 beads and 300 µL for anti-CD3 beads).

6. Remove thymus lobes from 1–2 d old neonatal mice. First, decapitate the neonate,
and use scissors to cut through the anterior aspect of the ribcage. Open the thorax
and remove the thymus lobes, lying above the heart, with forceps. Clean off excess
blood and transfer to fresh RPMI-1640 medium containing 10% FCS.

7. Tease apart the newborn thymus using Watchmakers’ forceps and prepare a cell
suspension of 1.2 × 107 cells.

8. Centrifuge cells and resuspend in 200 µL RPMI-1640 +10% FCS. Transfer to a
freezing vial.

9. Add 100 µL of anti-CD3 coated beads and centrifuge. Resuspend the pellet and
spin again.
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10. Remove and discard the rosetted cells on Dynal magnetic particle collector, as in
Subheading 3.3.

11. Repeat steps 9 and 10 until three rounds of depletion have been achieved, each
using 100 µL of beads.

12. Count the cells, and add an appropriate volume of anti-CD8 coated beads to give
a final ratio of cells to beads of 1:3.

13. Centrifuge, resuspend the pellet, and centrifuge again.
14. Collect the rosetted cells by magnet and wash three times in 600 µL of Ca2+/Mg2+

free PBS.
15. Resuspend rosettes in 600 µL 0.25% trypsin/0.02% EDTA for 2 min at 37°C,

pipetting after 1 min.
16. Make up the volume to 1 mL with medium, remove the beads and remaining

rosettes by magnet.
17. Centrifuge, resuspend cells in fresh RPMI-1640 +10% FCS and count.

3.5. Formation of Reaggregate Thymus Organ Cultures

1. In a 1.5-mL Eppendorf tube, mix preselection CD4+8+ thymocytes with freshly
prepared CD45 depleted 2-dGuo-treated thymic stromal cells (see Note 13).

2. Pellet cells by centrifugation.
3. Using a 200-µL tip on a P200 Pipetman Gilson pipet, carefully remove all the

supernatant from the cell pellet (see Note 14).
4. Vortex the cell pellet for 10 s on a benchtop Whirlimixer, to form a cell slurry.
5. Using a mouth-controlled finely drawn glass pipet, draw the slurry into the pipet,

keeping the suspension of cells at the tip of the pipet (see Note 15).
6. Under direct visual observation, deposit the cell slurry using mouth control, into

the center of the surface of a 0.8-µm filter, supported by an Artiwrap sponge in a
90-mm Petri dish containing 4 mL DMEM +10% FCS (see Note 16).

7. Place the dish in a plastic sandwich box containing DDW and a Petri dish lid for
support, and gas and seal as for 2-dGuo-treated thymus organ cultures.

8. Depending upon the analysis to be performed, reaggregate cultures can be
harvested after 18 h. Typically, with an input population of CD4+8+ thymocytes,
4–5 d of culture results in the efficient generation of both CD4+8– and CD4–8+

mature thymocyte subsets (see Notes 17 and 18).

4. Notes
1. When making up the 9-mM stock of 2-dGuo, it is helpful to incubate the solution

at 37°C for 1–2 h to help dissolve the 2-dGuo. Immediately after thawing, 2-dGuo
can come out of solution and appears as a milky liquid. It is important to let the 2-
dGuo stand for 1–2 h to redissolve prior to use.

2. To keep dissection instruments clean and sterile, these are plunged into 70%
ethanol and allowed to air-dry prior to use. Scissors in particular can become
coated with blood when opening the uterus. Placing blood-coated scissors back in
ethanol tends to fix the blood to the scissors, so these are washed in DDW prior to
transfer to ethanol.
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3. After removing the head and placing the embryo on its back, we find that opening
of the thorax and removal of the thoracic tree is easiest for right-handed people if
the head-end of the embryo is toward the right, and for left-handed people toward
the left. Also, complete submersion of the embryo allows for a clearer view as the
medium helps in the dispersal of any blood.

4. For transfer of the thymus lobes to the organ culture filter, we use the mouth-
controlled glass pipet method. It is also possible to place the lobes on the filter sur-
face using Watchmakers’ forceps. We favor the first approach as the latter can
result in tearing of the thymus lobes, and may also result in the transfer of a
volume of medium to the filter surface.

5. To make glass pipets for lobe transfer, we draw the glass rods in a Fishtail Bunsen
burner. The fan-shaped flame of this type of Bunsen, as compared to the conical
flame seen with a conventional Bunsen, allows for greater control of the amount
of glass that is being heated, and so facilitates the preparation of finer pipets.

6. We recommend placing 5–6 thymus lobes on each 0.8-µm filter, making a total of
10–12 thymus lobes per dish. This allows plenty of space for growth and ensures
efficient elimination of endogenous lymphoid cells can occur with the amount of
2-dGuo used.

7. We favor the approach of individually gassing boxes via a cylinder and sealing
them, as opposed to use of a CO2 incubator. This method helps prevent fluctua-
tions in CO2 levels that can occur if the incubator is opened frequently, and also
helps maintain the humidified atmosphere within each culture box.

8. When disaggregating 2-dGuo-treated lobes in trypsin, we recommend that a max-
imum of 50 lobes be digested per Eppendorf tube. More than this amount can result
in incomplete disaggregation, and large cell clumps. Over-trypsinisation resulting in cell
damage can also be a problem, this is often seen as strings of DNA rising up the
Eppendorf tube from the cell pellet after centrifugation.

9. When resuspending the cell pellet after disaggregation, the pellet often comes
away from the sides intact. Careful mechanical pipetting with a 1-mL blue-tip
pipet for approx 30 s will resuspend the pellet.

10. For up to 100 2-dGuo treated thymus organ cultures, 100 µL of anti-CD45-coated
beads will be sufficient to efficiently deplete residual macrophages.

11. We use cryogenic freezing vials for immunomagnetic cell depletion with anti-
CD45-coated Dynabeads. This is because the rounded bottom of the vial provides
a large surface area for optimal interaction between cells and beads.

12. On average, we find that each day 15 embryonic thymus lobe cultured for 5 d in
2-dGuo will yield approx 3 × 104 CD45-negative stromal cells. This figure can be
used to determine the number of embryos and 2-dGuo lobes required for each par-
ticular experiment.

13. The number of cells used to prepare reaggregate cultures varies depending upon
the number of cells available and the experiment to be performed. With regard to
a lower limit, we find that reaggregation is reproducibly successful with a cell
number of 1 × 105. For an upper cell limit, we would recommend 1.5 × 106. Any
higher than this may result in too large a reaggregate culture forming which may,
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owing to its size, suffer from central necrosis. With regard to ratios of thymocyte
precursors to thymic stromal cells, for CD4+8+ thymocytes we use a ratio of 1:1,
typically with 5 × 105 thymocytes and 5 × 105 stromal cells. As many of the
CD4+8+ thymocytes fail to undergo selection to the single positive stages, such
cultures typically yield around 20% of the input number of thymocytes.

14. A key step in the formation of reaggregate thymus organ cultures is the removal
of all the visible supernatant from the cell pellet. Leaving too large a volume above
the cell pellet results in the formation of a “thin” cell suspension that will spread
over the surface of the organ culture filter and prevent proper reaggregation. We
remove the supernatant in steps of 200-µL volumes using a hand-controlled pipet
with a 200-µL tip on a P200 Pipetman Gilson pipet. Removing the supernatant
with the tip held centrally, as opposed to the side of the tube, ensures that no fluid
is caught between the tube and the tip. If too large a volume of liquid remains
on the pellet, rather than trying to transfer the cells to the organ culture dish, we
recommend resuspending the cell pellet in a 1-mL volume and recentrifuging, and
repeating the supernatant removal. Typically, we may place a single reaggregate
culture on each 0.8-µm filter in organ culture.

15. When placing the cell slurry into the glass pipet, some of the slurry will be drawn
in by capillary force, so it is important to only apply mouth pressure for the
remaining suspension. Ensure that the suspension is held at the tip of the pipet, and
not up into the body, as this can result in cell loss. Once drawn into the pipet, the
cell slurry will be held in the pipet by capillary action.

16. We deposit the slurry onto the surface of the 0.8-µm filter in organ culture
using direct visual observation with a dissecting microscope. Choose a magni-
fication where the entire filter can be seen, and gradually start to deposit the
cells into the center of the filter by gently blowing. Residual fluid in the cell
slurry should drain away from the cells through the pores in the filter. Ideally,
cells should be placed on the filter surface on as small an area as possible,
ideally a circle of 1–2 mm in diameter. If the slurry begins to spread out, the
deposition of cells can be halted by placing the tip of the tongue over the end
of the pipet tubing. This will allow fluid to drain through the pores before
depositing the remaining cells. Reaggregate cultures form into intact structures
within 18 h of culture. If the cells have been deposited over a large area of the
filter, rather than formation of a single reaggregate lobe, quite often smaller
“satellite” lobes can form.

17. With regard to timing of the harvesting of cultures, reaggregate cultures are intact
structures within 18 h after explant, and so thymocytes are easily recovered from
cultures at this time point. To analyze the appearance of CD4+8– and CD4–8+ sub-
sets, we usually harvest on days 4 or 5. Thymocytes are harvested from reaggre-
gate cultures by removing lobes from organ culture filters into fresh RPMI-1640
+10% FCS, and gently teasing them apart with the closed ends of two pairs of
watchmakers’ forceps. This can be done using a dissection microscope.
Harvesting the cultures this way produces a single cell suspension of thymocytes
and clumps of stromal cells can easily be removed.
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18. These methods describe a system in which positive selection by thymic epithelial
cells can be studied. These methods can also be readily modified to allow study of
dendritic cell-mediated negative selection, by the introduction of defined numbers of
purified dendritic cells to the cell suspension prior to reaggregation (11,12,15). Use
of TCR-transgenic thymocytes, or MHC class I–deficient or MHC class II–deficient
thymic stromal cells can also be used to allow separate investigation of CD8+ and
CD4+ T-cell selection (16).

Acknowledgments
This work was supported by an MRC program grant to E. J. Jenkinson, and

G. Anderson.

References
1. Surh, C. D. and Sprent, J. (1995) T-cell apoptosis detected in situ during positive

and negative selection in the thymus. Nature 372, 100–103.
2. Jameson, S. C., Hogquist, K. A., and Bevan, M. J. (1995) Positive selection of

thymocytes. Ann. Rev. Immunol. 13, 93–126.
3. Palmer, E. (2003) Negative selection: clearing out the bad apples from the T-cell

repertoire. Nat. Rev. Immunol. 3, 383–391.
4. Hogquist, K. A., Baldwin, T. A., and Jameson, S. C. (2005) Central tolerance:

learning self-control in the thymus. Nat. Rev. Immunol. 5, 772–782.
5. von Boehmer, H., Teh, H. S., and Kisielow, P (1989) The thymus selects the use-

ful, neglects the useless and destroys the harmful. Immunol. Today 10, 57–61.
6. Anderson, G. and Jenkinson, E. J. (2001) Lymphostromal interactions in thymic

development and function. Nat. Rev. Immunol. 1, 31–40.
7. Levin, S. D., Anderson, S. J., Forbush, K. A., and Perlmutter, R. M. (1993) A

dominant-negative transgene defines a role for p56lck in thymopoiesis. EMBO J.
12, 1671–1680.

8. Wolfer, A., Wilson, A., Nemir, M., MacDonald, H. R., and Radtke, F. (2002)
Inactivation of Notch1 impairs VDJbeta rearrangement and allows pre-TCR-
independent survival of early alpha beta Lineage Thymocytes. Immunity 16, 869–879.

9. Zuniga-Pflucker, J. C. (2004) T-cell development made simple. Nat. Rev.
Immunol. 4, 67–72.

10. Schmitt, T. M. and Zuniga-Pflucker, J. C. (2002) Induction of T cell develop-
ment from hematopoietic progenitor cells by delta-like-1 in vitro. Immunity 17,
749–756.

11. Jenkinson, E. J., Anderson, G., and Owen, J. J. T. (1992) Studies on T cell matura-
tion on defined thymic stromal cell populations in vitro. J. Exp. Med. 176, 845–853.

12. Anderson, G., Partington, K. M., and Jenkinson, E. J. (1998) Differential effects
of peptide diversity and stromal cell type in positive and negative selection in the
thymus. J. Immunol. 161, 6599–6603.

13. Hare, K. J., Pongrac’z, J., Jenkinson, E. J., and Anderson, G. (2003) Modeling TCR
signaling complex formation in positive selection. J. Immunol. 171, 2825–2831.

Reaggregate Thymus Cultures 195

11_Anderson  4/4/07  9:00 AM  Page 195



14. Jenkinson, E. J., Franchi, L. L., Kingston, R., and Owen, J. J. T. (1982) Effect of
deoxyguanosine on lymphopoiesis in the developing thymus rudiment in vitro:
application in the production of chimeric thymus rudiments. Eur. J. Immunol. 12,
583–587.

15. Volkmann, A., Zal, T., and Stockinger, B. (1997) Antigen-presenting cells in the
thymus that can negatively select MHC class II-restricted T cells recognizing a
circulating self-antigen. J. Immunol. 158, 693–706.

16. Hare, K. J., Jenkinson, E. J., and Anderson, G. (1999) CD69 expression discrim-
inates MHC-dependent and -independent stages of thymocyte positive selection.
J. Immunol. 162, 3978–3983.

196 Anderson and Jenkinson

11_Anderson  4/4/07  9:00 AM  Page 196



12

Estimating Thymic Function Through Quantification 
of T-Cell Receptor Excision Circles

Marie-Lise Dion, Rafick-Pierre Sékaly, and Rémi Cheynier

Summary
Analysis of immune reconstitution is of major importance in clinical settings such as follow-

ing bone marrow transplantation or during anti-retroviral treatment of HIV-infected patients. In
these patients, thymic function is essential for the reconstitution of a diversified T-cell receptor
(TCR) repertoire. During thymopoiesis, several genetic rearrangements lead to the generation of
fully functional TCR. By-products of these processes, the T-cell receptor excision circles
(TRECs), are present in cells exported from the thymus but do not replicate during mitosis; they
can thus be used as molecular markers for recent thymic emigrants. We demonstrate how thymic
function can be assessed in a quantitative and noninvasive fashion in humans by estimating
intrathymic precursor T-cell proliferation through the quantification of distinct TREC molecules
in peripheral blood cells.

Key Words: T-cell receptor excision circle; thymic production; real-time quantitative PCR;
sj/βTREC ratio; thymus.

1. Introduction
Several methods reported in the literature have been used to estimate thymic

function in vivo. In animal models, direct injection of fluorescent die into the
thymus (1) or introduction of bromodeoxyuridine into the drinking water (2)
have been used to label the cells in situ so that they can be identified in the
periphery. However, these methods are neither accurate nor applicable to
humans. In humans, the sole noninvasive method reported to date is a measure
of thymic mass through CT scan, which provides a semiquantitative estimate of
thymic volume, its size being proportional to its ability to sustain thymopoiesis
(3). Based on the known molecular events occurring in the differentiating cells
in the thymus, a new methodology was developed: a test aimed at measuring the
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frequency of recent thymic emigrants, as well as thymic output, through real
time PCR quantification of DNA molecules generated during thymocyte differ-
entiation (4,5). This test provides a novel quantitative and noninvasive assess-
ment of thymic production.

1.1. Thymopoiesis

From the colonization of the thymus by CD34+ precursor cells to the produc-
tion of mature T cells, thymocytes migrate to specific regions of the thymus and
interact with thymic epithelial cells (TEC) and thymic dendritic cells (DC).
Signals received by thymocytes through contacts with TEC and DC lead to 
thymocyte differentiation, proliferation, survival, or death (6–8). During this
maturation process, thymocytes undergo genomic, transcriptional, and pheno-
typic changes as they mature from the CD4–CD8– double negative (DN) phe-
notype to CD4+CD8+ double positive thymocytes (DP) then to single positive
CD4+ or CD8+ T cells (9,10). Throughout this process, thymocytes randomly
generate and express a wide array of T-cell receptors (TCR). The TCR-bearing
thymocytes are then subjected to negative selection, whereby auto reactive DP
thymocytes are eliminated. This is followed by the positive selection of thymo-
cytes endowed with optimal TCR-MHC binding, ultimately leading to the
export of functional, but not self-reactive, naïve T cells (9,10).

1.2. Generation of TREC Molecules

As mentioned above, during the thymocyte maturation process, highly
diverse TCR molecules are generated to ensure that all T cells leaving the thy-
mus harbor a specific TCR endowed with a unique antigenic specificity. Such
diversity is made possible through multiple chromosomal rearrangements both
at the TCRB and TCRA loci. At the TCRB locus, two subsequent genetic
rearrangements occur. The fusion of a Dβ (diversity) segment with a Jβ (junc-
tion) segment, followed by the junction of a Vβ (variable) segment to the already
rearranged DβJβ segments leads to the generation of the third hypervariable
domain (CDR3) of the TCRB chain (see Fig. 1). Similarly, at the TCRA locus,
the junction of a Vα segment to a Jα segment defines the TCRA CDR3 region
(see Fig. 2). During each of these rearrangement processes, the excised DNA
sequence is circularized as stable episomal DNA, termed TCR rearrangement
excision circles (TRECs). According to the number of Vα, Jα, Vβ, Dβ, and Jβ
segments present on the chromosomes, many different TRECs can be produced
by the different rearrangements (several hundreds for VJαTRECs, dozens for
VDβTRECs, and at least 13 for DJβTRECs). Moreover, before the rearrange-
ment at the TCRA locus, a vast majority of precursor T cells will delete the
TCRD locus, that is flanked by Vα and Jα segments. This TCRD locus exci-
sion is mainly realized through specific rearrangement of the δRec and ΨJα
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deleting elements and leads to the generation of a specific TREC molecule that
is present in a majority of cells (about 70%) exiting the thymus: the latter has
justified the use of the sjTREC (signal joint TCR rearrangement excision cir-
cle) to quantify thymic output (4,5).

TRECs are stable episomal DNA molecules that persist in a cell until mito-
sis. As TRECs are not duplicated during cell division, only one of the daughter
cells will inherit a TREC molecule. Accordingly, the TREC frequency in a
given T cell population is inversely proportional to its proliferative history sub-
sequent to TREC generation. Concerning the sjTREC molecule that is produced
late during thymopoiesis, most of this proliferation occurs in the periphery and
corresponds to homeostatic proliferation of mature naïve T cells. However, the
DJβTRECs are also diluted during their intrathymic maturation as TCRB+
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Fig. 1. Rearrangements at the human T-cell receptor (TCR)B locus. Rearrangement
of the TCR germline DNA is a stochastic procedure by which noncontiguous variable
(V), diversity (D) and joining (J) segments are fused to form complete and, more impor-
tantly, variable TCR sequences. The 685 kb human TCRB chain sequence is composed
of 2 Dβ -Jβ clusters that are both accompanied by nearly identical constant Cβ sequences
(Dβ -Jβ1.1-1.6- Cβ1 and Dβ2- Jβ2.1-2.7- Cβ2). Sixty-five Vβ segments (grouped into
32 families according to sequence homology) are found upstream of these clusters and
enhance the multiplicity of possible combinations. The rearrangement of the TCRBD to
TCRBJ segments occurs first and generates a by-product: a specific DJβTRECs that can
be quantified by PCR. This is followed by the recombination of the V to DJ segments,
which also generates a specific VDβTREC. These VDβTRECs can also be quantified,
but they are not used in the evaluation of the sj/βTREC ratio as with 65 different Vβ
segments, the possibilities are much too numerous to cover all rearrangements.
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thymocytes undergo massive clonal expansion at late DN, intermediate single
positive (ISP) and early DP differentiation stages (termed β-selection), before
the excision of the TCRD locus and the generation of the sjTREC molecule.

1.3. The sjTREC Frequency as an Estimate of Thymic Function

As TRECs are stable molecules that are only diluted during cell prolifera-
tion, the sjTREC, a unique molecule generated in the majority of differentiat-
ing thymocytes, has been used for several years as a surrogate marker for
thymic function. Several studies have demonstrated that in animal models,
such as the chicken and mouse, as well as in healthy human subjects, the fre-
quency of circulating sjTREC+ cells correlates with thymic activity (4,11–17).
In addition, as expected from the observations of age-related thymic atrophy,
sjTREC frequency negatively correlates with age, illustrating its relevance to
thymic activity (4,5). SjTREC levels also correlate with thymic size as esti-
mated through CT scan (18). However, in certain clinical settings, such as HIV
infection or following bone marrow transplantation, the relationship between
the sjTREC frequency and thymic output seems to be lost. This is mainly due
to the fact that, in lymphopenic hosts, the enhanced naïve T-cell proliferation
aimed at restoring T-cell numbers, dilutes TREC molecules, reducing their
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Fig. 2. Rearrangements at the human T-cell receptor (TCR)A locus. The TCRA
chain sequence, devoid of D segments, is composed of approx 70 Vα and 60 Jα seg-
ments that, interestingly, border the TCRD locus. To successfully rearrange a TCRΑ
chain and draw the V and J segments nearer, the small DP thymocytes must first excise
the TCRD loci, committing the T cell to αβ T cell lineage. In most thymocytes (70%),
the removal of the TCRD loci is governed by the rearrangement of two deleting ele-
ments of the α locus, δRec and ΨJα. This generates the sjTREC, that can be quantified
by PCR. Vα and Jα segments are then rearranged and a structurally in-frame product
of the TCRα chain pairs with the TCRβ chain and form the complete TCR.
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frequency, regardless of thymic activity. This renders the relative contribu-
tion of both modifications of thymic output and peripheral proliferation dif-
ficult to estimate. Thus, the simple quantification of the sjTREC molecule
cannot be used as a reliable and accurate marker for thymic function in such
clinical settings.

1.4. The sj/βTREC Ratio as a Direct Estimate of Thymopoiesis

As described above, intense proliferation occurs during thymocyte differen-
tiation, between late triple negative (TN) and early DP differentiation stages. As
DJβTRECs are generated before this proliferation, the frequency of DJβTRECs
in DP cells is inversely proportional to the number of division cycles these cells
have undergone during their differentiation (see Fig. 3). Moreover, because the
sjTREC molecule is produced after this extensive proliferation stage, sjTRECs
are not diluted by this intrathymic cell division. Accordingly, we have demon-
strated that the extent of intrathymic precursor T-cell proliferation, that is
proportional to thymic output, can be estimated through quantification of both
the sjTREC and DJβTREC frequencies and calculation of the sj/βTREC ratio
(sjTREC frequency/DJβTREC frequency) measured in peripheral blood
mononuclear cells (5).

1.5. Real-Time PCR Method: An Overview

Real-time PCR techniques are currently used in several fields of modern sci-
ence. They allow an absolute quantification of a specific target DNA sequence
in any DNA template. These methods are based on the measurement, in real
time, of the progression of a specific PCR reaction. In such assays, probes
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Fig 3. The generation of the sj/βTREC ratio. Following the rearrangements of the T-cell
receptor (TCR)B chain and subsequent generation of DJβTRECs, proliferation occurs. As
TRECs are episomal DNA molecules that do not replicate, this proliferation dilutes the
DJβTRECs. In most (70%) of the resulting cells, the excision of the TCRD within the
TCRA will produce a sjTREC. This will create a differential sjTREC/DJβTREC ratio,
(simplified to sj/βTREC ratio) that will persist in peripheral blood cells, reflecting the
intrathymic proliferative history of these cells.
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(molecular beacons, Taqman probes, LightCycler probes, and so on) specific
for the quantified target are added to a PCR reaction, and run in a real time PCR
machine capable of detecting such signals. At the end of each amplification
cycle, the intensity of the signal generated by the probe is proportional to the
quantity of probes bound to the target sequence and thus directly reflects the
amount of target sequence. During the log-linear phase of the PCR reaction,
the amount of initial input target sequences is inversely proportional to the
number of cycles necessary to reach a defined level of signal. This allows, by
determination of this number of cycles, the estimation of the initial amount of
target present in the sample.

1.6. Detecting TRECs: Primers and Probes

As TREC molecules carry the same sequences as the germline DNA that
encodes the TCR V, D, and J segments, primers must be designed to solely
amplify these sequences that are organized in a circular DNA molecule
(TRECs). To do so, the primers are directed toward the junction, enabling a spe-
cific amplification of this region. On the other hand, on the germline DNA, the
primers are directed outward from each other, preventing any amplification (see
Fig. 4).

This technique requires the measurement of very small amounts of targets;
DJβTREC molecules are scarce in adult peripheral blood cells due to high dilu-
tion in the thymus. For this reason, the protocol for their quantification is
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Fig. 4. Primer design for T-cell receptor excision circles (TREC) quantification.
TRECs carry the same sequence as their corresponding germline segments. Thus, to
discriminate TRECs from germline, PCR primers are oriented to amplify the joining
region of the circular TREC. This prevents amplification of the germline TCR as the
primers are directed outward from each other upon hybridization on chromosomal
DNA. Upon the amplification of TRECs, specific probes bind to the sequence. The
proximity of these probes activates the fluorescence resonance energy transfer, thus
emission of the specific wavelength (640 and 705 nm) measured by the LightCycler.
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performed by nested PCR, i.e., two rounds of amplification, allowing the gener-
ation of a greater amount of product that will be detectable by real-time PCR (see
Fig. 5). Two rounds of PCR entails two sets of primers: the first, “out” primers,
are positioned furthest from the joining region, and the second, “in” primers, are
positioned within the amplicon produced by “out” primers, nearer to the junction
region. Having four instead of two specific primers, allows a greater amplifica-
tion of the target, as well as a higher specificity of the PCR amplification.

2. Materials
2.1. PCR-Dedicated Laboratories

Even more importantly than for PCR reactions in general, contamination
should be considered as “the enemy” of quantitative PCR. The unique way to
avoid PCR contamination is to physically separate sample preparation and analy-
sis of PCR amplified products. To do so, a fully equipped PCR room is necessary.
In this room both sample preparation and the first step of PCR amplification
should be performed. Moreover, this room should be kept plasmid- and amplicon-
free (see Note 1). A second PCR room, separated from the molecular biology lab-
oratory, should house the PCR machine and the real time PCR apparatus. In this
room, the pre-PCR products will be diluted and the real time quantitative PCR
performed. In the main molecular biology room, the plasmids will be kept and
manipulated. They should never be handled in any of the PCR rooms.
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Fig. 5. Overview of sample process for T-cell receptor excision circles (TREC) quan-
tification. First, cell pellets are lyzed and subjected to proteinase K treatment, releasing
their nuclear DNA, now free of histones. The samples then undergo a first round of 22
PCR amplification cycles using the “out” primers for both TREC and CD3γ gene in the
same reaction. The now amplified products are diluted to minimize the concentration of
first round PCR reagents that could interfere with the second round of PCR. The sec-
ond round of PCR using the “in” primers is performed in a real-time PCR machine such
as the Roche LightCycler. A separate amplification and quantification of the TREC and
CD3γ reporter gene is performed for the same samples, enabling “TREC/cell” readout.

12_Cheynier  4/4/07  9:03 AM  Page 203



2.2. Sample Preparation and Pre-PCR

The different compounds for both lysis and pre-PCR should be stored in the
PCR room.

1. Lysis buffer: Tris-HCl (pH 8.0) 10 mM, Tween-20/NP40 (0.05% each), and pro-
teinase K (100 µg/mL). Adjust concentrations with PCR-grade water. Lysis buffer
should be prepared extemporaneously. A stock solution containing Tween-20
(0.5%) and NP40 (0.5%) should be prepared in advance as these compounds are
highly viscous.

2. Pre-PCR: DNTP (10 mM each), Taq DNA polymerase and associated buffer,
MgCl2 (50 mM), PCR-grade water.

3. PCR primers (prepare stock solutions at 100 µM):

CD3-out5 5′-ACTGACATGGAACAGGGGAAG-3′
CD3-out3 5′-CCAGCTCTGAAGTAGGGAACATAT-3′
CD3-in5 5′-GGCTATCATTCTTCTTCAAGGT-3′
CD3-in3 5′-CCTCTCTTCAGCCATTTAAGTA-3′
sj-out3 5′-ACTCACTTTTCCGAGGCTGA-3′
sj-out5 5′-CTCTCCTATCTCTGCTCTGAA-3′
sj-In3 5′-GTGCTGGCATCAGAGTGTGT-3′
sj-In5 5′-CCTCTGTCAACAAAGGTGAT-3′
Db1 VeryOut 5′-CCTGAGGCAGTCTTCTTATGT-3′
Db1-Out 5′-CTCATCTGGGCCTGTCCTTGT-3′
Db1-in 5′-TGTGACCCAGGAGGAAAGAAG-3′
1.1 VeryOut 5′-TCTGAATGGGGCATCCTTTGA-3′
1.1 Out 5′-GAACCTAGGACCCTGTGGA-3′
1.1 In 5′-CCCTCTCTATGCCTTCAATGT-3′
1.2 VeryOut 5′-CTTTTTGTCACCTGCCTGAGT-3′
1.2 Out 5′-ACAAGGCACCAGACTCACAGTT-3′
1.2 in 5′-CAGATCCGTCACAGGGAAAAGT-3’
1.3 VeryOut 5′-CTTTTTGTCACCTGCCTGAGT-3′
1.3 Out 5′-AAGGGAACACAGAGTACTGGAA-3′
1.3 In 5′-TGTCCCTGTGAGGGAAGAGTT-3′
1.4 VeryOut 5′-TCCCTCACACAGAAAGGAGA-3′
1.4 Out 5′-GGATCACACGGGGCCTAATT-3′
1.4 In 5′-TGGACTTGGGGAGGCAGGA-3′
1.5 VeryOut 5′-CTCTCTGTCTTGGGTATGTA-3′
1.5 Out 5′-GAAACTGAGAACACAGCCAAGAA-3′
1.5 In 5′-CTCATAAAATGTGGGTCAGTGGA-3′
1.6 VeryOut 5′-GCTCATCCTCCCTCTTATGT-3′
1.6 Out 5′-ATCCTCCCTCTTATGTGCATGG-3′
1.6 In 5′-TGAATCCAGGCAGAGAAAGG-3′
Db2-VeryOut 5′-CCCTCAGGGTTTTCATCAGTT-3′
Db2-out 5′-ATTCCTTGGAAGCCGAGT-3′
Db2-in 5′-GGACCAGCCCCAGAGAA-3′
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2.1 VeryOut 5′-GCAAGGTCTAGCCTGCAATAT-3′
2.1 Out 5′-CTCCTCTGCAAATTGGTGGT-3′
2.1 In 5′-CCAGCTAACTCGAGACAGGAA-3′
2.2 VeryOut 5′-TGCTCCTACAATGAGCAGTT-3′
2.2 Out 5′-CACCGTGCTAGGTAAGAA-3′
2.2 In 5′-GAACCCTGTTCTTAGGGGAGT-3′
2.3 VeryOut 5′-AGGCTGACCGTACTGGGTAA-3′
2.3 Out 5′-TACTGGGTAAGGAGGCGGTT-3′
2.3 In 5′-TGAGAGGGGCTGTGCTGAGA-3′
2.4 VeryOut 5′-CCCAGGCACCCGGCTGA-3′
2.4 Out 5′-GGCTGACAGTGCTCGGTAA-3′
2.4 In 5′-AAGCGGGGGCTCCCGCTGAA-3′
2.5 VeryOut 5′-TCTCGGGGCTGTGAGCCAAA-3′
2.5 Out 5′-GTGAGCCAAAAACATTCAGT-3′
2.5 In 5′-CGGCTCTCAGTGCTGGGTAA-3′
2.6 VeryOut 5′-GCTCGGGGCCGTGACCAAGA-3′
2.6 Out 5′-GACCAAGAGACCCAGTA-3′
2.6 In 5′-GTCTGGTTTTTGCGGGGAGT-3′
2.7 VeryOut 5′-CTCTGGGGCCAACGTCCTGA-3′
2.7 Out 5′-GACCGTGCTGGGTGAGTT-3′
2.7 In 5′-GGAGCTCGGGGAGCCTTA-3′

2.3. Real-Time PCR

1. The quantification of preamplified products described in this chapter is performed
using LightCycler (Roche) technology. However, it can be adapted to any real time
PCR system. To perform the quantification in the best conditions for this instrument,
we routinely use the LightCycler DNA Master hybridization probes kit (Roche).

2. Prepare probes at a concentration of 4 µM. However, as the fluorochrome conjugates
are quite unstable, it is important to store them in small, highly concentrated
aliquots. For example, the probes can be resuspended at 1 mM and distributed in
5-µL aliquots for storage. These aliquots will be further diluted 250-fold (4 µM)
and distributed in 130-µL aliquots (enough for 10 and 5 LightCycler carousels for
probe 1 and probe 2, respectively).
LightCycler Probes:

CD3-P1 5′-GGCTGAAGGTTAGGGATACCAATATTCCTGTCTCfluo-3′
CD3-P2 5′-(red705)CTAGTGATGGGCTCTTCCCTTGAGCCCTTCp-3′
sj-P1 5′-AATAAGTTCAGCCCTCCATGTCACACTfluo-3′
sj-P2 5′-(red640)TGTTTTCCATCCTGGGGAGTGTTTCAp-3′
Db1-P1 5′-CTGGGAGTTGGGACCGCCAGAGAGGTfluo-3′
Db1-P2 5′-(Red640)TTTGTAAAGGTTTCCCGTAGAGTTGAATCATT 

GTGp-3′
Db2-P1 5′-GATTCAGGTAGAGGAGGTGCTTTTACAAfluo-3′
Db2-P2 5′-(Red640)AAACCCTGATGCAGTAAGCATCCCCACCp-3′
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3. Methods
3.1. Preparation of Plasmids Necessary for Standard Curves

The basis of a precise quantification of TRECs is a DNA plasmid that con-
tains both the amplified TREC sequence and the housekeeping gene sequence
(in this case, a region of the CD3γ gene). This ensures a 1:1 ratio of both
sequences that will be followed in the same standard curve throughout the
experiment. Indeed, using the exact same serial dilution of this plasmid for the
quantification of both targets will eliminate errors related to direct DNA quan-
tification and permit an accurate assessment of the relative frequencies of
TRECs and the number of cells (defined by the CD3γ quantification).

No specific protocol is required and any cloning method can be used; how-
ever all experiments must be carried out in the main molecular biology labora-
tory and the material to be used must not come in contact with the other
designated rooms. As routine cloning protocols vary, we have included only a
brief overview of the method used in our case.

1. Perform a PCR amplification of the genomic CD3γ region on purified human
genomic DNA using CD3γ-specific outer primers. For this particular PCR, a tail
containing a restriction enzyme target site (EcoRI) was added to the 5′-end of both
outer primers. At the 5′-end of the primers, it is important to add a random six base
tail to help the enzyme recognize the restriction site.

2. Verify the efficacy of the PCR amplification by gel electrophoresis (2% agarose
gel), the CD3γ-out primers should generate a unique band of 381bp.

3. Excise the PCR product from the gel and purify the insert using PCR purification kit.
4. Digest the insert (CD3γ) and the plasmid (1 µg of Bluescript) with EcoRI for 2 h

at 37°C. Heat-inactivate the restriction enzyme. Combine the insert and the plas-
mid to a 5:1 ratio in the presence of T4 DNA ligase and ligase buffer. Incubate
overnight at 15°C.

5. Transform competent Escherichia coli DH5α bacteria with the ligation product.
Plate on LB agar with ampicillin (100 µg/mL). Grow overnight at 37°C.

6. Pick colonies and grow them overnight in 4 mL LB media with ampicillin (100
µg/mL) at 37°C. Harvest the bacteria and isolate episomal DNA using a kit-based
mini-prep technique. After purification, the presence of the inserts in the plasmids
should be verified by PCR using specific CD3γ outer and inner primers. To avoid
contamination, the PCR mix must be prepared in a different laboratory from
where the inserts were cloned (for example in the PCR room), the plasmids should
be added at the very end, in the molecular biology room. Also, it is imperative to
add the appropriate negative controls: one by replacing the plasmids with water
from the molecular biology lab, and the other by replacing the plasmids with water
from the PCR room.

7. The identified CD3γ-positive clone should be sequenced to ensure that it contains
a nonmutated copy of the CD3γ chain. This construct (pCD3) will be the basis for
the following cloning procedures.
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8. From the pCD3, repeat the steps 1–5 for each of the different TREC sequences using
outer primers containing the HindIII restriction site. As TRECs are only present in
some lymphoid cells (thymocytes, recent thymic emigrants, and a proportion of naïve
T cells), it is necessary to perform these amplifications on DNA extracted either from
peripheral mononuclear cells or from thymocytes (which are richer in TRECs) if
available. To do so, a first amplification must be performed using primers located out-
side of the amplicon to be cloned (VeryOut primers). The second step of the amplifi-
cation is then performed on the latter PCR product using the outer primers containing
the HindIII restriction site and a 6 bp tail at their 5′ extremity. The PCR product gen-
erated by this nested PCR amplification will then be cloned at the HindIII site of the
pCD3 plasmid. This will create pCD3-TREC plasmids for each TREC (sjTREC,
Dβ1-Jβ1.1 to Dβ1-Jβ1.6, and Dβ2-Jβ2.1 to Dβ2-Dβ2.7 TRECs).

9. After having cloned each of the TREC amplicons into the pCD3-plasmid, the
pCD3-TREC plasmids must be sequenced to verify that the amplification/cloning
procedure did not introduce any mutation.

10. Grow a positive clone for each pCD3-TREC and isolate the plasmids. Prepare a
stock solution of 1012 DNA molecules/µL and dilute for use at 107 molecules/µL.
These plasmids will constitute the basic material for the standard curves in all sub-
sequent experiments.

3.2. Sample Preparation

Samples can be peripheral blood mononuclear cells isolated from whole
blood by gradient-density Ficoll-Hypaque or from peripheral lymphoid organs.
They can consist of nonpurified total lymphocytes or enriched fractions of 
T-cell subsets obtained by cell sorting. After isolation or purification, lympho-
cytes should be washed in PBS, divided into aliquots of 3 × 106 to 5 × 106 cells
and stored at –20°C as a dry pellet for further use. If the cells were purified
using FACS sorting following fixation, it is important to perform three washes
in PBS to fully eliminate the fixative agent that could interfere with Taq poly-
merase efficiency (see Note 2).

3.3. Cell Lysis: In the PCR Room

1. Thaw the samples and resuspend the pellet in lysis buffer at 107 cells/mL. The deter-
gents (Tween-20 and NP40) will dissolve cell and nuclear membranes and release the
nuclear contents. Transfer the cell lysate into 500-µL PCR tubes. For maximum
recovery, it is important to ensure a complete dissolution of the cell pellet at this stage.

2. Incubate the tubes for 30 min at 56°C in the PCR machine. The proteinase K will
digest all DNA-bound proteins, such as histones, and release the DNA molecules
for amplification.

3. Incubate for 15 min at 98°C in the PCR machine. This step will inactivate the pro-
teinase K, eliminating the interference it will have on further enzymatic activity,
including the Taq polymerase activity, required in the following steps.

4. Store the cell lysates at 4°C until use. Limiting successive freezing and thawing is
recommended as this could lead to nonspecific breaks in DNA molecules.
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3.4. Pre-PCR Procedure: In the PCR Room

1. Transfer 10 µL of cell lysate into individual PCR tubes.
2. Prepare the pre-PCR cocktail as follows, adding the Taq polymerase last: 10 µL

10X PCR buffer (MgCl2 free) (volume per tube), 7 µL MgCl2 (50 mM), 1 µL
Oligo TREC 3′ (100 µM), 1 µL Oligo TREC 5’ (100 µM), 1 µL Oligo CD3γ 3′
(100 µM), 1 µL Oligo CD3γ5′ (100 µM), 1 µL DNTPs (10 mM each), 67 µL PCR
grade H2O, 1 µL Taq polymerase (5 U/µL).

3. Distribute 90 µL of PCR cocktail into each PCR tube taking care not to transfer
lysate material between tubes. Add 60 µL of mineral oil if necessary. PCR con-
trols are as follows: negative control: substitute DNA sample with 10 µL of PCR
grade H2O. Positive control: 10 µL of diluted plasmid (108 copies). This tube will
serve both as a positive control and to generate the standard curves.

Although all the sample tubes and the negative control should be filled and
closed in the plasmid-free PCR room, the plasmid should be added to the positive
control tube in the molecular biology laboratory, just before starting the PCR
machine.

4. Place the tubes into a standard PCR machine and run the following amplification
program. Initial denaturation: 10 min at 95°C, 22 amplification cycles (see Note 3),
95°C for 30 s, 60°C for 30 s, 72°C for 2 min, hold at 20°C.

The pre-PCR samples at this point can be stored at 4°C for up to 2 mo, before
the next step.

3.5. Real-Time PCR Procedure
1. Sample preparation: in the second PCR room, perform a 10-fold dilution of all

pre-PCR samples (except the one that contains the plasmid, which will be diluted
in the molecular biology room). Vortex the tubes vigorously and transfer 20 µL of
pre-PCR sample to 180 µL of PCR-grade deionized water. Diluting the samples is
intended to reduce the concentration of PCR-related reagents from the pre-PCR
that could interfere with the real-time PCR reaction. These same sample dilutions
will be used for TREC and CD3γ quantification, thus, for optimal preservation,
keep all dilutions on ice.

2. Standard curve preparation: in the molecular biology room, dilute the pre-PCR
tube containing the amplified plasmid inserts. Perform this step in the same man-
ner as for dilution of the samples (i.e., 20 µL in 180 µL of water). This will be the
first point of the standard curve. From this preparation, serially dilute with incre-
ments of 1/10 (i.e., 20 µL of the previous tube in 180 µL of water and so on) to
create a standard curve of eight points. Regular vortexing, precise pipetting and
pipet-tip changes between dilutions are key at this step, as even a small error can
strongly skew the results in quantitative real-time PCR. As described above, this
same standard curve will be used for TREC and CD3γ quantification thus for opti-
mal preservation, keep all standard curve dilutions on ice.

3. The LightCycler system is set up for the use of capillaries as PCR reaction tubes.
This allows rapid temperature changes to occur optimizing the amplification process
within the machine. A cooling block support for the capillaries is provided to 
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prevent changes in temperature during sample preparation. After cooling the support
for a minimum of 4 h at 4°C, distribute LightCycler capillaries within the block.

Prepare the LightCycler cocktail, maintaining the reagents, as well as the
mix, in the cooling block. Taq, as well as the amplification buffer, must again
be added last to the solution. Per 32 capillaries: 60 µL MgCl2 (25 mM), 70 µL
H2O, 12.5 µL Oligo In5′ (100 µM), 12.5 µL Oligo In3′ (100 µM), 12.5 µL
Probe 1 (4 µM), 25 µL Probe 2 (4 µM), LightCycler DNA Master 1, 50 µL for
hybridization probes, Taq polymerase 7.5 µL.

1. Incubate the cocktail at 65°C for 5 min and distribute 7 µL of cocktail per capillary.
2. Vortex the diluted samples and negative control and add 7 µL of each to the indi-

vidual capillaries. Cap the full capillaries (sample + mix).
3. Vortex and distribute the standard curve (7 µL) into eight capillaries. Cap the full

capillaries (standard + mix).
4. Spin down (quick spin 1000 rpm) the filled capillaries in small table-top cen-

trifuge suited for 1.5-mL tubes. Place the capillaries on the carrousel into the
LightCycler and start the run.

5. Set up of the LightCycler run. PCR protocol:
a. Initial denaturation: 95°C for 1 min.
b. Cycling (read the intensity of fluorescence at the end of the annealing step).

i. Denaturation 95°C for 1 s.
ii. Annealing 60°C for 10 s.
iii. Elongation 72°C for 15 s.

c. Melting curve.
i. Denaturation 95°C for 1 s.
ii. Annealing 40°C for 5 min.
iii. Denaturation with continuous reading of the fluorescence and slow tem-

perature increase rate (0.2°C/s) up to 95°C.
d. Cooling down to 40°C.

6. The quantification procedure (step 5) is identical for both TREC and CD3γ quan-
tification, using inner primers specific for each amplicon. The samples and stan-
dard curves prepared at steps 1 and 2 are used for both quantifications.

3.6. Analysis of Results

1. Upon entering sample identification, mark and assign numerical values to the stan-
dard curve capillary positions. This will be the reference for the quantification of
both CD3γ and TREC. As it is their ratio that will ultimately determine TREC
frequencies, the exact numbers given to the standard curve is not of capital impor-
tance. Nevertheless, through experiments using a precise number of cells, allocat-
ing 106 copies to the most concentrated point (and 10-fold downward) has been
shown to roughly represent the quantity of DNA found before preamplification. In
other words, the amount of CD3γ amplicon from 105 cells following 22 cycles of
preamplification will be detectable by the LightCycler after roughly the same
number of cycles as the second standard curve point (105 copies).

T-Cell Receptor Excision Circles 209

12_Cheynier  4/4/07  9:03 AM  Page 209



210

Fig. 6. Example of real-time PCR readout. The second round of PCR amplification occurs in the presence of fluorescent hybridiza-
tion probes that allow the quantification of the product after each round of amplification. These readouts are represented by the curves,
each sample being followed throughout the 40 cycles of PCR. At this stage, the samples are concomitantly amplified alongside a stan-
dard curve composed of sequentially diluted plasmids that contain the amplified sequence. To monitor the dilution and amplification
efficacy, the standard curve is plotted and must have a slope closest to 3.325 with minimal error (3.325 is a theoretical value expected
for the amplification of 10-fold dilutions). Here is represented the separate amplification and quantification of the Dβ1-Jβ1 T-cell
receptor excision circles (TREC) and the CD3γ reporter gene. To correct any possible variation in the real-time PCR reaction, both
amplifications are compared to the same serial dilution of the standard curve, a plasmid that contains both TREC sequences and the
reference gene CD3γ in a 1:1 ratio. A negative control is always present to ensure no plasmid contamination in sample tubes.
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2. Using the LightCycler analysis program, reference the number of cycles to detec-
tion for your samples to those of the standard curve, the latter having an ideal
slope of 3.325 (as 23.325 = 10, the dilution factor between points) and minimal error
(see Fig. 6). Although a margin of error is acceptable (between 3.2 and 3.4 for the
slope), a standard curve that does not meet these criteria reflects either (1) a poor
dilution of the amplified plasmids or (2) a suboptimal LightCycler amplification.
The second alternative can be verified by comparing the amplification pitch of all
samples and standard curve to previous LightCycler runs. If the amplification
seems less efficient, verify the concentration, freshness and storage of the primers,
buffer, and Taq. Replace if necessary. Rapid and effective manipulation is also
important in a successful real-time PCR reaction.

3. Each experimental sample is quantified for both a TREC and CD3γ (see Fig. 6).
From these data, estimated with reference to the standard curve, the frequency of
TREC molecule per 105 cells is given by (see Note 4):

2 × 105 × TREC frequency

CD3γ frequency

4. To calculate the sj/βTREC ratio of any given sample, sjTREC and DJβTREC
(1.1–2.7) quantifications must be performed as described here from the same lysed
sample. From these data, the sjTREC value must be divided by the sum of the
DJβTREC values, from which the sj/βTREC ratio is obtained. Duplicate quantifi-
cation of each TREC molecule is necessary to obtain an accurate estimate of the
sj/βTREC ratio (see Note 4).

4. Notes
1. To keep the PCR room free of plasmids, it is crucial not to enter this room after

being in the molecular biology room. Plasmid molecules are quite volatile and can
easily be transported from one place to another through hair, clothes, or other
objects. Because the molecular biology room is in most cases the main laboratory,
it is important that all pre-PCR experiments be carried out before any other manip-
ulation planned that day, minimizing the risk of plasmid contamination. The
benches in the PCR rooms should be periodically decontaminated using 0.1 N HCl
and fully rinsed with clean water.

2. Contrary to the quantification of integrated sequences, the quantification of
TRECs cannot be accurately performed on purified extracted DNA because the
relative efficiency of extraction of high- and low-molecular-weight DNA is differ-
ent, whatever purification method is used. Indeed, purified DNA is always
enriched in low molecular weight DNA that includes the TREC molecules, as
compared to high molecular weight DNA that includes the housekeeping gene.

3. We fixed the number of cycles for the pre-PCR at 22 because, after this point, the
amplification of the CD3γ chain for 105 cells reaches a plateau phase. After this
point, the amplification of the TREC molecule amplicons continues thus, the rel-
ative frequency of both amplicons changes, leading to an overestimation of the
TREC frequency. It is thus very important, to preserve the accuracy of the TREC
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quantification, to both limit the pre-PCR amplification to a maximum of 22 cycles
and limit the amount of input lysate to the equivalent of about 105 cells.

4. Using this nested PCR quantification method, the sj/βTREC ratio can be estimated
with a less than twofold variation.
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Gene Expression Profiling of Dendritic Cells 
by Microarray

Maria Foti, Paola Ricciardi-Castagnoli, and Francesca Granucci

Summary
The immune system of vertebrate animals has evolved to respond to different types of per-

turbations (invading pathogens, stress signals), limiting self-tissue damage. The decision to acti-
vate an immune response is made by antigen-presenting cells (APCs) that are quiescent until
they encounter a foreign microorganism or inflammatory stimuli. Early activated APCs trigger
innate immune responses that represent the first line of reaction against invading pathogens to
limit the infections. At later times, activated APCs acquire the ability to prime antigen-specific
immune responses that clear the infections and give rise to memory. During the immune
response self-tissue damage is limited and tolerance to self is maintained through life. Among
the cells that constitute the immune system, dendritic cells (DC) play a central role. They are
extremely versatile APCs involved in the initiation of both innate and adaptive immunity and
also in the differentiation of regulatory T cells required for the maintenance of self-tolerance.
How DC can mediate these diverse and almost contradictory functions has recently been inves-
tigated. The plasticity of these cells allows them to undergo a complete genetic reprogramming
in response to external microbial stimuli with the sequential acquisition of different regulatory
functions in innate and adaptive immunity. The specific genetic reprogramming DC undergo
upon activation can be easily investigated by using microarrays to perform global gene expres-
sion analysis in different conditions.

Key Words: Dendritic cells; innate immune response; microarray; global gene expression
analysis.

1. Introduction
Resting immature dendritic cells (DC) are highly phagocytic and continu-

ously internalize soluble and particulate antigens that are processed and
presented, although inefficiently, to T cells. The interaction of immature DC
with T cells induces an abortive T-cell activation with the induction of T-cell
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anergy (1) or the differentiation of regulatory T cells (2). In contrast, micro-
bial stimuli that are recognized though a complex DC innate receptor reper-
toire induce DC maturation that is completed after 24 h (3,4). The extent and
the type of innate and adaptive responses induced by DC are related to the
type of signal they have received (4). Many different stimuli can induce
myeloid DC activation both in mice and humans. These stimuli can be generi-
cally divided into stimuli that induce full DC maturation and stimuli that induce
a semi-mature DC state. Full maturation stimuli are microbial stimuli and
inflammatory products, such as prostaglandins (5). Among the microbial stimuli,
some bind Toll-like receptors (TLRs) and other ones act in a TLR-independent
manner. The stimulation of different TLRs at the DC surface results in the 
activation of different signaling pathways and the induction of diverse 
maturation processes that influence the outcome of adaptive immunity (4).

Ten TLRs have been identified so far and they recognize constitutive and
conserved microbial structures absent in host mammalian cells called micro-
bial-associated molecular patterns (6). In particular, TLR1, TLR2, and TLR6
interact with peptidoglycan, zymosan, and other microbial products (7,8),
TLR3 binds double-stranded RNA (9), TLR4 lipopolysaccharide (10), TLR5
flagellin (11), TLR7 and TLR8 imidazoquinolines and single-stranded RNA
(12–14), and TLR9 unmethylated CpG DNA (15). Microbial products that acti-
vate DC in a TLR-independent manner are represented by toxins, such as per-
tussis toxin (PT) and cholera toxin (CT) (16,17). Semimaturation stimuli
described so far are two cytokines rarely, tumor necrosis factor (TNF)α and
interleukin (IL)-4 (18–20). DC exposed to TNFα, do not become fully mature
DC (18) but have the capacity to induce the differentiation of regulatory T cells
(19) whereas IL-4-stimulated DC, though not able to prime naïve T cells, are
able to trigger natural killer cell functions (20).

Comparative global gene expression analyses performed on immature DC
and DC exposed to different stimuli are a valuable tool for the identification of
genes responsible for the diverse DC functions.

2. Materials
2.1. Cell Culture and FACS Analysis

1. Iscove’s modified Dulbecco’s medium (Euroclone) supplemented with 2 mM
L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 50 µM 2-mercap-
toethanol (all from Sigma), 10% heat-inactivated fetal bovine serum, and 10%
supernatant granulocyte-macrophage colony-stimulating factor transduced B16
tumor cells (21).

2. Solution of ethylenediamine tetraacetic acid (EDTA) (10 mM) from Gibco/BRL.
3. Suspension culture plates from Corning.
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4. Anti-CD11c, anti-CD40, anti-B7.1, anti B7.2, and anti-MHC class II monoclonal
antibodies directly conjugated with fluorescein isothiocyanate or phycoerythrin
(Pharmingen).

5. Phosphate buffered solution (PBS) for 1 L of 10X: 80 g NaCl, 2 g KCl, 2 g
KH2PO4, 11.5 g Na2HPO4, bring to 1 L with ddH2O, pH 7.3. Filter-sterilize and
store at room temperature.

6. FACS-fix solution: 1 g glucose, 100 mL PBS, 1 mL formaldehyde. Store at 4°C.

2.2. DC Stimulation

1. Use the stimulus adequate for your experiments. Example of stimuli are:
lipopolysaccharide (Sigma, final concentration 10 µg/mL); zymosan (Sigma,
used at 10 µg/mL); rTNFα (Genentech, final concentration 100 U/mL); rIL-1β
(Genzyme, used at 10 µg/mL); CpG oligonucleotides (Primm, used at 1 µM);
Pam3Cys (EMC microcollections GmbH, final concentration 10 µg/mL); endo-
toxin free (endotoxin concentration in the stock solution <0.0007 ng/mL accord-
ing to the Limulus test) CT (List Biological Lab., 1 µg/mL final concentration);
prostaglandin E2 (Sigma, 1 µM final concentration); Gram-positive and -negative
nonpathogen bacteria (multiplicity of infection, MOI, of 10); Gram-positive and
-negative pathogen bacteria (MOI of 5); Leishmania mexicana promastigote
(MOI of 5); PT (Sigma, 1 µg/mL final concentration). Before usage, purify PT
on endotoxin removal columns (Detoxi-Gel, Pierce Biotechnology).

2.3. Sample Preparation and Hybridization

1. Total RNA isolation: DEPC-treated water (Ambion), TRIzol Reagent (Invitrogen),
RNeasy RNA isolation Mini Kit (Qiagen). Quantification of RNA: 6000 Nano
LabChip Kit (Agilent).

2. cDNA synthesis and in vitro transcription reaction: One-Cycle Target Labeling
and Control Reagents (Affymetrix), GeneChip® Sample Cleanup Module, 30
eukaryotic reactions (Affymetrix).

3. Absolute ethanol (stored at –20°C for RNA precipitation; store ethanol at room
temperature for use with the GeneChip Sample Cleanup Module). 80% ethanol
(stored at –20°C for RNA precipitation; store ethanol at room temperature for use
with the GeneChip Sample Cleanup Module).

4. 5X RNA fragmentation buffer (200 mM Tris-acetate, pH 8.1, 500 mM KOAc,
150 mM MgOAc).

5. 2X Hybridization buffer: prepare 12X MES Stock (1.22 M MES, 0.89 M [Na+]);
for 1 L: 70.4 g MES-free acid monohydrate, 193.3 g MES sodium salt, 800 mL of
molecular biology grade water. Mix and adjust volume to 1 L. The pH should be
between 6.5 and 6.7. Filter through a 0.2-µm filter.

6. 1X Hybridization buffer: 100 mM MES, 1 M (Na+), 20 mM EDTA, 0.01% Tween-
20. For 50 mL, mix 8.3 mL of 12X MES stock, 17.7 mL of 5 M NaCl, 4.0 mL of 0.5
M EDTA, 0.1 mL of 10% Tween-20, 19.9 mL of water. Store at 2–8°C and shield
from light.
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7. Hybridization cocktail for single probe array: 50 pM Control oligonucleotide B2
(Affymetrix) (stored at –20°C), 0.1 mg/mL of herring sperm DNA (Promega,
stored at –20°C), 0.5 mg/mL of acetylated BSA (Invitrogen, stored at 4°C), 2X
hybridization buffer (stored at 4°C), 20X eukaryotic hybridization controls con-
taining 1.5, 5, 25, and 100 pM, respectively of controls Bio B, C, D, and Cre,
Affymetrix, stored at –20°C. For a standard array format, prepare a final volume
of 300 µL by adding: 15 µg of fragmented cRNA at 0.05 µg/µL, 5 µL of control
oligonucleotide B2 (3 nM), 15 µL of 20X eukaryotic hybridization controls, 3 µL
of herring sperm (10 mg/mL), 3 µL of acetylated BSA (50 mg/mL), 150 µL of 2X
hybridization buffer, and water to a final volume of 300 µL.

8. Staining buffer: R-phycoerythin streptavidin (Molecular Probes), goat IgG,
reagent grade (Sigma-Aldrich), anti-streptavidin antibody (goat) biotinylated
(final 1X concentration: 100 mM MES, 1 M [Na+], 0.05% Tween-20).

3. Methods
3.1. Generation of DC From Bone Marrow Cells

1. Remove femurs and tibias from 8- to 12-wk-old mice.
2. Remove bone marrow by cutting both ends of the bones with sterile scissors and

flushing out the marrow using a 1-mL syringe filled with DC culture medium. The
syringe should have a 23-gauge needle.

3. Resuspend the bone marrow from each mouse in 10 mL of medium.
4. Plate the cells in 10-mL suspension plates at a concentration of 106 cells/mL and

add fresh medium every 2 d.
5. After 7–10 d of culture, analyze the cells for CD11c expression and use them in

assays when more than 90% are CD11c+.
6. To collect the cells, remove the supernatant and put it in a 50-mL Falcon tube, add

to the plate PBS containing 2 mM EDTA, pipet to collect the cells, add the recov-
ered cells to the 50-mL tube containing the supernatant, centrifuge and resuspend
the cells in a small volume of medium to count them.

3.2. FACS Analysis

1. Resuspend 105 DC in 50 µL of PBS with the antibodies at a concentration of 
1 µg/mL.

2. Incubate the cells in ice for 15 min.
3. Wash the cells once with 1 mL of PBS and resuspend them in 1 mL of FACS-fix.
4. Analyze the cells with a flow cytometer.

3.3. DC Stimulation

1. Add the relevant stimulus to the cell culture at an appropriate concentration. When
live microorganisms are used, remove them, by washing the cells with PBS, after
1.5-h incubation, otherwise leave the stimulus in contact with the DC. If bacteria
are used, perform DC stimulation in medium without antibiotics, after 1.5 h, wash
out the bacteria using PBS and add to the activated DC fresh medium containing
gentamicin (50 µg/mL, Sigma) and tetracyclin (30 µg/mL, Sigma).
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2. At different time points upon stimulation, remove the cells. Use a proportion of
the cells for RNA extraction and analyze the remaining cells by FACS to evaluate
the expression of B7.1, B7.2, CD40, and MHC class II.

3.4. RNA Extraction

1. Count the cells and calculate the volume of TRIzol to be used (maximum of 5 × 106

cells per 1.5-mL tube).
2. Pellet the cells by centrifugation in a 1.5-mL Eppendorf, and remove the super-

natant (PBS or culture medium). Resuspend the cell pellet by flicking the tube.
3. Add the appropriate volume of TRIzol. Pipet/mix the suspension until all cell

debris dissolves and no lumps are apparent. Incubate the mixture at room temper-
ature for 5 min to complete homogenization.

4. Follow the TRIzol protocol for the aqueous layer phase.
5. Spin the sample at 12,000g and at 4°C for 15 min. Carefully remove the upper

aqueous phase and place into a fresh 1.5-mL tube.
6. Slowly add an equal volume of 70% ethanol to the aqueous phase and gently mix

the tube by inversion. Once the ethanol has been mixed in, pipet the appropriate
volume of the mixture into the RNA binding column.

7. Centrifuge the column using the appropriate conditions of the kit, e.g., 8000g for
15 s, and discard the flow-through.

8. If the aqueous phase and ethanol mixture was greater than the recommended load-
ing volume for the particular column, load the column two or three times and repeat
the spin, always discarding the flow-through, until all of the aqueous phase/ethanol
mixture has passed through the column.

9. Continue with the specific protocol for column washing and RNA elution. Elute the
RNA in non-DEPC treated RNase-free water. After this, maintain the RNA solution
at 4°C by keeping the tube buried in ice. The total RNA used to make samples for
Affymetrix chips has to be of the highest quality. This is the most important quality
control factor in the experiment as it has the greatest effect on sample failure.

10. RNA quality and degradation can be assessed by electrophoretic analysis of the
sample or by using the Agilent Bioanalyser. Degraded RNA samples will be evident
in the ribosomal bands/peaks as either a smear in the gel, or a shoulder or shallow
slope in the peaks on the chip. Ratio of 28s to 18s should ideally be 2. An indication
of genomic DNA contamination can also be given with these two methods, the results
of which may lead you to perform a DNase treatment on your samples, although we
have never worried about it. For GeneChip analysis it is also imperative that the RNA
extracted is of high-purity, displaying A260/280 values between 1.9 and 2.1.

3.5. cDNA Synthesis

1. First-strand cDNA synthesis: mix 1–5 µg total RNA and 1 µL T7-oligo(dT), add
water to reach 12 µL.

2. Heat the mixture at 70°C in a PCR block for 10 min, spin briefly, keep at 42°C;
add 2 µL of 10X first strand buffer, 1 µL of RNase inhibitor, 4 µL of dNTP mix,
and 1 µL of reverse transcriptase.
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3. Gently mix, incubate at 42°C for 2 h in a PCR block, spin briefly and place on ice.
4. For second strand synthesis, mix together 20 µL of cDNA first strand mix, 91 µL of

RNase-free H2O, 30 µL of 5X second strand reaction buffer, 3 µL of dNTP mix,
1 µL of E. coli DNA ligase, 4 µL of E. coli DNA polymerase I, and 1 µL of RNase H.

5. Gently mix, spin briefly. Incubate at 16°C in a PCR block for 2 h. Add 2 µL of T4
DNA polymerase and incubate 5 min at 16°C. After incubation add 10 µL of 0.5 M
EDTA. Store at –20°C or immediately proceed to cDNA purification using the
Affymetrix cleanup module.

6. cDNA purification: add 600 µL of cDNA binding buffer to the double-stranded
cDNA synthesis preparation. Mix by vortexing for 3 s.

7. Apply 500 µL of the sample to the cDNA cleanup spin column sitting in a 2-mL
collection tube. Centrifuge for 1 min at 8000g. Discard the flow-through, reload
the spin column with the remaining mixture and centrifuge as above. Discard the
flow-through and the collection tube.

8. Apply 750 µL of cDNA wash buffer onto the spin column and centrifuge 1 min at
8000g. Discard the flow-through and spin for another 5 min at the maximum
speed. Discard the flow-through and the collection tube.

9. Apply 14 µL of cDNA elution buffer to the center of the filter, keep it at room tem-
perature for 1 min. Centrifuge for 1 min at maximum speed to elute.

3.6. Synthesis of Biotin-Labeled cRNA

1. IVT reaction: mix 12 µL of cDNA (if starting with 5–8 µg of total RNA), 4 µL of
10X IVT labeling buffer, 12 µL of labeling NTP mix, 4 µL of IVT labeling
enzyme mix, 8 µL of water for a total volume of 40 µL.

2. Incubate at 37°C for 16 h. Store the labeled cRNA at –20°C, or –70°C if not puri-
fying immediately.

3. cRNA purification: add 60 µL of RNase-free water to the IVT reaction and mix
by vortexing for 3 s.

4. Add 350 µL of IVT cRNA binding buffer to the sample and mix by vortexing
for 3 s.

5. Add 250 µL of 100% ethanol to each cRNA sample mix thoroughly and load onto
the center of a cRNA cleanup column. Centrifuge for 15 s at 8000g. Discard the
flow through and the collection tube.

6. Pipet 500 µL of IVT cRNA wash buffer onto the spin column and centrifuge for 
15 s at 8000g. Discard the flow-through.

7. Pipet 500 µL of 80% (v/v) ethanol onto the spin column and centrifuge for 15 s at
8000g. Discard the flow-through and centrifuge for additional 5 min with open
caps at maximum speed.

8. Apply 11 µL of RNase-free H2O to the center of the spin column membrane, keep
it at room temperature for 2 min. Centrifuge 1 min at 25,000g. Repeat the elution
with a second 10 µL of RNase-free H2O.

9. Quantification of cRNA concentration by UV absorbance: measure OD with spec-
trophotometer. Adjust the total yield with the following formula:
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amount of RNA = RNAm – (starting total RNA) – (y)

RNAm = amount or cRNA measured after IVT (µg)

y = %(fraction) of sample used in IVT

10. Fragmentation. The final concentration of RNA must be >0.5 µg/µL. Add 8 µL
of 5X fragmentation buffer for every 20 µg of cRNA, add RNase-free water to
40 µL final volume. Heat at 95°C for 35 min. Save an aliquot for analysis on
the bioanalyzer.

3.7. cRNA Hybridization

1. Prepare the hybridization mixture: add 15 µg of cRNA, 5 µL of control oligo B2,
15 µL of 20X eukaryotic controls (heat to 65°C to dissolve), 3 µL of herring sperm
DNA (10 mg/mL), 3 µL of BSA (50 mg/mL), 150 µL of 2X hybridization buffer,
30 µL of DMSO to a final volume of 300 µL.

2. Heat at 99°C for 5 min. Switch to 45°C for 5 min. Spin at max rpm for 5 min.
3. Now, the hybridization mixture is ready to be added to the chip.
4. Take out the Affy chip from 4°C and keep it at room temperature for 10 min. Add

1X hybridization buffer to wet the chip. Put the chip in the hybridization oven,
rotate at 60 rpm for 5 min. Remove the hybridization buffer from the chip.

5. Add 250 µL of hybridization mixture to the chip. Place the chip to the rotisserie
box in 45°C, rotate at 60 rpm. Hybridize for 16 h. Wash and stain.

6. Use the Affymetrix fluidics station and follow the manufacturer’s instructions.
Wash buffers: nonstringent buffer (A) 6X SSPE, 0.01% Tween-20. Stringent buffer
(B), 100 mM MES buffer, 0.1 M, NaCl, 0.01% Tween-20. SAPE stain: 600 µL
MES stain buffer, 48 µL acetylated BSA, 12 µL streptavidin/phycoerythrin conju-
gate (1 mg/mL), 540 µL water, 1200 µL total. Mix and divide into two tubes (each
600 µL), one tube used as stain 1 and the other as stain 3. Antibody solution: 300
µL of MES stain buffer, 24 µL of acetylated BSA, 6 µL of normal goat IgG, 3.6 µL
of biotinylated antibody, 266.4 µL of water to achieve a total volume of 600 µL.
This will be used as stain 2. The chip is now ready for the scanning protocol.

7. Use the Affymetrix scanner and follow the instructions to scan the array.

3.8. Data Analysis

1. Quality control: the array image scan is processed with Affymetrix GCOS soft-
ware. The GeneChip expression arrays contain control probe sets for both spiked
and endogenous RNA transcripts (e.g., BioB, BioC, BioD, CreX, and species-
specific actin and GAPDH). After performing the image processing and the
absolute analysis of the array pattern with GCOS, six values are examined to
assess the overall assay performance: background, noise, average signal, percent
present, ratio of signal values for probe sets representing the 5′- and 3′-ends of
actin and GAPDH transcripts, and total signal for probe sets for BioC, BioD, and
CreX. Assays demonstrating poor or marginal performance are flagged.

Microarray Analysis of Dendritic Cells 221

13_Granucci  4/4/07  9:09 AM  Page 221



2. Normalization: expression indices are calculated using the RMA algorithm and
arrays are normalized using either the quantile or the Q spline methods (22).

3. Prefiltering: to reduce noisy data, two filtering steps are performed. The first filter
is based on the Affymetrix calls and the second one is based on signal intensity.
Remove all genes flagged as “absent” by the GCOS software and all the genes that
present expression values less than the 95th percentile of the entire “absent” signals.

4. Sample similarities: cluster methods are used to visualize differences in expres-
sion between samples. These diagrams can be used in a diagnostic manner,
because outliers and clusters of samples will be clearly visible.

5. Gene selection: one common selection method is to perform a pair wise compar-
ison in GCOS and selected genes where the expression is changed between
samples. We also use other selection methods, for example: group wise compar-
isons (t-test, SAM, PLGEM [23]) depending on the experimental design and on
the replicates generated. We use different clustering methods, for example: PAM-
clustering method to group genes with similar expression profiles over all condi-
tions. We visualize members of a specific gene family or genes with specific
function or protein localization.

6. Annotation: Affymetrix microarray features are supported by large amounts of
annotation data available via Affymetrix NetAffx Analysis Center, an online
resource for Affymetrix users. Information includes probe design, annotation
method, public domain references, functional annotations, sequence information,
and more. We perform functional annotation of differentially expressed genes also
using the annotation files of the Bioconductor project (24). This annotation
includes GeneOntology and KEGG.

7. Advanced analysis: if the microarray design contains sufficient number of exper-
imental conditions, for example time series experiments, the datasets from multiple
experimental conditions are compared using correspondence analysis. This multi-
variate analysis reveals relationships between genes and samples.
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SAGE Analysis of Cell Types Involved 
in Tolerance Induction

Kathleen F. Nolan, Stephen P. Cobbold, and Herman Waldmann

Summary
Investigations into the mechanisms of immunological tolerance are currently hindered by a

paucity of convenient markers, both for the identification and isolation of tolerant cell types and
for monitoring the establishment of tolerance in in vivo models. Although high-affinity autoreac-
tive T cells are deleted in the thymus during the establishment of central tolerance, escaping
autoreactive cells require modulation in the periphery. Dendritic cells (DC) and regulatory T cells
(Treg) are both implicated in the establishment and maintenance of peripheral tolerance, although
specific interactions and mechanisms remain to be established. The serial analysis of gene expres-
sion (SAGE) approach to transcript profiling offers potential, not only for new insight into tolero-
genic mechanisms, unbiased by current dogma, but also for the identification of novel molecular
markers of tolerance. SAGE provides both quantitative and qualitative information on transcripts
sampled on the basis of frequency of occurrence in the initial mRNA pool. This information is
generated in the form of electronic databases that accumulate as a permanent resource and con-
fer on SAGE the ability to readily compare across wide datasets. This offers particular potential
when attempting to correlate gene expression with functional phenotype. By comparing variously
generated functionally distinct/related immune populations, such as effector T cells and either
natural, CD4+CD25+, or adaptive, Tr1, Tregs and/or immune and tolerance prone DC, it should
be possible, using SAGE, to identify both individual genes and also signatures of genes associ-
ated with protolerogenic rather than immunogenic phenotypes.

Key Words: Serial analysis of gene expression; SAGE; transcript profiling; dendritic cells;
regulatory T cells; immunological tolerance.

1. Introduction
Serial analysis of gene expression (SAGE) was originally developed based

on three key principles: (1) that a short sequence tag of 9–10 bp is sufficient
to uniquely identify a transcript, provided the tag is isolated from a defined
position; (2) that efficient sequencing of these short tags can be achieved by
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concatenation, provided there is a means to register the boundaries of each tag;
and (3) that the number of times a tag is sampled reflects the relative frequency
of the associated transcript in the starting mRNA pool (1). Modifications from
the original procedure reflect fine-tuning to provide increased robustness and
efficiency, and incorporation of an alternative restriction enzyme to generate
longer more informative SAGE tags. A schematic representation of the SAGE
procedure as it is currently performed in our hands is outlined in Fig. 1.

SAGE libraries must be generated from high quality mRNA isolated from
well-defined cell populations. Double stranded cDNA is generated directly on
the magnetic beads used for mRNA isolation and the resulting bead-linked
cDNA digested using a frequent cutting restriction enzyme (most commonly
Nla III, recognition site, CATG�). This enzyme defines the position within
the transcript from which the tag will be isolated and is referred to as the
“anchor enzyme” (AE) (see Note 1). The most 3′ restriction fragments are
magnetically isolated, the sample divided in two, and unique adaptor linkers
(1 and 2) ligated onto either half (see Note 2). The sample is recombined and
digested using a type IIS restriction enzyme that recognizes a nonpalindromic
sequence within each linker and cleaves downstream of this site to release a
“linker+tag” unit. This enzyme defines the length of the SAGE tag and is
referred to as the “tagging enzyme” (TE). The original TE, BsmF 1, generated
“short” tags of approx 10 bp (+4 bp contributed by the AE site). The current
enzyme Mme I cuts 7 bp further away to yield approx (17+4) bp “long” tags.
These longer tags confer distinct benefits for tag-to-gene annotation in that
they can be mapped directly to the genome, avoiding inconsistencies encoun-
tered from the use of incomplete cDNA/Unigene database entries (2,3). So long
as the AE is retained in common, “long” and “short” SAGE libraries remain
directly comparable over the common sequence (AE + proximal 10 bp).
Following Mme I digestion the 3′ cDNA ends that are still bound to the beads
are removed magnetically and the linker+tag units purified from the super-
natant by precipitation. For “long” SAGE these units are cohesively ligated to
generate approx 130 bp PCR templates (see Notes 3 and 4). Amplification is
performed using biotinylated primers 1 and 2 that bind within the linker
sequences (see Fig. 2) and “ditags” are released from the amplified products
using the AE. The ditags are gel-purified and any remaining traces of linker
removed using streptavidin-coated magnetic beads to promote efficient con-
catenation (4). A limited concatenation reaction is performed, ideally gener-
ating the majority of concatemers within the size range 700 to 900 bp.
Removal of small concatenation fragments, using a commercial PCR clean-
up column prior to size selection on a polyacrylamide gel (PAG), improves
the subsequent cloning of larger concatemers and consequently the efficiency
of the downstream screening and sequencing process (5). High-throughput
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analysis of the cloned concatemers is achieved in 96-well format by PCR
amplification, followed by direct, single-pass sequencing of polyethylene gly-
col (PEG) precipitated products. Sequence data are transferred directly to
SAGE software that locates the punctuating AE sites in the concatemers and
extracts the intervening “ditag” sequence information.

SAGE Analysis in Tolerance 227

Fig. 1. Schematic outline describing the construction of a serial analysis of gene
expression library (see text for details).
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Any SAGE library database can be compared with any other library or com-
bination of libraries generated from the same species, including those generated
in different laboratories, provided the same AE has been used (6). As such,
SAGE represents a particularly versatile tool for elucidating patterns of gene
expression extending across a number of cell populations. A large resource of
both human and murine libraries is available at the gene expression omnibus
data repository at the national center for biotechnology information and can be
downloaded via the internet for inclusion in such comparative analyses. In addi-
tion to potentially relevant libraries, phenotypically unrelated libraries can be
included in analyses to remove “noise” generated by abundant “house-keeping”
type genes.

For informative library comparisons the authenticity and homogeneity of the
starting cell populations must be well established. We have generated a
resource, currently comprising of the order of 50 murine SAGE libraries,
derived from well-defined immunological cell populations, to investigate
tolerogenic mechanisms. Libraries have been generated from immature and
LPS-matured bone marrow derived DC (bmDC) populations and from bmDC
counter-modulated for tolerance by exposure to agents such as IL-10 (+/– LPS),
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Fig. 2. Long serial analysis of gene expression (SAGE) linkers 1 and 2. Each
adapter linker includes a 3′ Nla III compatible overhang (CATG, bolded) overlapping the
recognition site of the type IIS restriction enzyme Mme I, (underlined, and detailed *).
Mme I cleaves downstream of the recognition site to generate 21-bp SAGE tags
(including the Nla III recognition sequence). The 3′-end of the bottom strand in each
linker is recessed and blocked to prevent inappropriate ligation by the addition of a C7-
aminolink modification. The corresponding 5′-biotinylated PCR primers (1 and 2) are
shown in lower case.
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TGF-β and 1α,25-dihydroxyvitamin D3 (6,7), and from embryonic stem (ES)
cells and populations of DC differentiated from them, again with and without
maturation in response to LPS (6,8–10). Libraries have also been generated from
polarized effector (Th1 and Th2) and regulatory (“adaptive,” Tr1-like) T-cell
clones and functionally distinct primary T-cell populations, including “natural”
CD4+CD25+ regulatory populations (6,11–13). Libraries generated from a B-cell
population and a number of nonimmune related populations, such as a fibroblast
line and organs such as the heart and brain have been included in the database
for the purpose of subtracting broadly expressed genes (6). Both “long” and
“short” SAGE libraries are represented in the resource, and new libraries are
continually added as they become available.

2. Materials
2.1. Extraction of Total RNA

1. RNase-free disposable plasticware.
2. An appropriately scaled commercial RNA extraction kit.
3. Access to an Agilent Technologies 2100 bioanalyzer.

2.2. Binding of mRNA to Magnetic Beads and cDNA Synthesis

1. Oligo(dT)-coated magnetic beads, binding and wash buffers and reagents for both
the first and second strand cDNA synthesis reactions (I-SAGE™ long kit,
Invitrogen) (see Notes 5–7).

2. Siliconized 1.5-mL microcentrifuge tubes.
3. Magnetic 1.5-mL microfuge tube stand.

2.3. Cleavage of cDNA Using Anchor Enzyme Nla III

1. Nla III, 10X restriction buffer (see Note 8).
2. Wash buffers C and D (I-SAGE long kit, Invitrogen).
3. Magnetic 1.5-mL microfuge tube stand.

2.4. PCR to Assess the Efficiency of cDNA Synthesis 
and Verify the Nla III Digestion

1. PCR reagents: 10X PCR buffer, 50 mM MgCl2, 2 mM dNTPs, Taq polymerase,
autoclaved Milli-Q water, 10 µM HPRT PCR primers (see Note 9): 5′-GTTGGA
TACAGGCCAGACTTTGTTG-3′ and 5′-GAGGGTAGGCTGGCCTATAG GCT-3′.

2. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 8.0, prepared by dilution from
autoclaved stock solutions.

3. Ficoll-Orange-G loading dye (FOG): 20% (v/v) Ficoll-400 in LoTE, with suffi-
cient orange-G dye to make it orange in appearance.

4. 1.5% (w/v) Agarose gel.
5. 1-kb DNA ladder.
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2.5. Ligating Adaptor Linkers to Bound 3’-cDNA Ends

1. Adaptor linkers (I-SAGE long kit, Invitrogen).
2. 10X Ligase buffer and T4 DNA ligase (I-SAGE long kit, Invitrogen).
3. Relevant wash buffers (I-SAGE long kit, Invitrogen).
4. Magnetic 1.5-mL microfuge tube stand.

2.6. Release of SAGE Tags Using Tagging Enzyme Mme I

1. 32 mM S-adenosylamine (SAM) (I-SAGE long kit, Invitrogen).
2. 10X Restriction buffer and Mme I (I-SAGE long kit, Invitrogen).
3. Magnetic 1.5-mL microfuge tube stand.
4. Phenol/chloroform/isoamylalcohol (25:24:1).
5. 7.5 M NH4OAc (I-SAGE long kit, Invitrogen).
6. 20 mg/mL Mussel glycogen (I-SAGE long kit, Invitrogen).
7. LoTE (I-SAGE long kit, Invitrogen).
8. Ethanol.

2.7. Ligating the Tags to Form Ditags

1. 10X Ligase buffer (I-SAGE long kit, Invitrogen).
2. 3 mM Tris-HCl, pH 7.5 (I-SAGE long kit, Invitrogen).
3. T4 DNA ligase (I-SAGE long kit, Invitrogen).

2.8. Optimizing Conditions for PCR Amplification of Ditags

1. PCR reagents: a proofreading, thermostable polymerase, aliquots of 10X PCR
buffer, 50 mM MgCl2, DMSO, sterile water, 100 mM dATP, dTTP, dCTP, and dGTP,
5′ biotinylated long-SAGE PCR primers 1 and 2, as detailed in Fig. 2, obtained
HPSF- or HPLC-purified and stored as single use 500-µM aliquots at –80°C
(see Notes 10 and 11).

2. 96-Well PCR machine.
3. 96-Well PCR plates with adhesive sealing film.
4. 10% (w/v) PAG, prepared using a 10-well comb (see Note 12).
5. 25-bp DNA ladder.

2.9. Preparative PCR Amplification of Ditags

1. PCR reagents (see Subheading 2.8.).
2. A pipette capable of automatically dispensing 50-µL aliquots.
3. 15-mL Polypropylene tubes.
4. 3 M NaOAc, pH 5.6 (autoclaved and aliquoted).
5. Ethanol.
6. 20 mg/mL Mussel glycogen (I-SAGE long kit, Invitrogen).
7. 10% (w/v) PAG, prepared using a 10-well comb (see Note 12).
8. 25-bp DNA ladder.
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2.10. Gel Purification of the Approx 130-bp Amplified Ditag Species

1. Two 10% (w/v) PAGs, prepared using a preparative comb (see Note 12).
2. 25-bp DNA ladder.
3. Razor blade.
4. 21-Gauge syringe needle
5. LoTE (see Subheading 2.4.).
6. 10 M NH4OAc (filter-sterilized and aliquoted).
7. Microcentrifuge tube filter assemblies (consisting of a 0.22-µm cellulose acetate

filter basket in a 2-mL collection tube).
8. Phenol/chloroform/isoamylalcohol (25:24:1).
9. 20 mg/mL Mussel glycogen (I-SAGE long kit, Invitrogen).

10. Ethanol.
11. 10% (w/v) PAG, prepared using a 15-well comb (see Note 12).
12. 25-bp DNA ladder.
13. λ DNA as a quantification standard.
14. EtBr, diluted to 1 µg/mL in LoTE.

2.11. Isolation of Approx 40 bp Ditags

1. Nla III (see Note 8).
2. 4% (w/v) Low melting point agarose gel.
3. 25-bp DNA ladder.
4. Phenol/chloroform/isoamylalcohol (25:24:1).
5. LoTE.
6. 10 M NH4OAc.
7. 20 mg/mL Mussel glycogen.
8. Ethanol.
9. 14% (w/v) PAG, prepared using a preparative comb (see Note 12).

10. 25-bp DNA ladder.
11. Razor blade.
12. 21-Gauge syringe needle.
13. Microcentrifuge tube filter assemblies.

2.12. Removal of Residual Linkers

1. Streptavidin-coated magnetic beads.
2. Magnetic 1.5-mL microfuge tube stand.
3. 1X Bind+wash (1XB+W) buffer: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0,

2 M NaCl, prepared by dilution of autoclaved stock solutions.
4. 10 M NH4OAc (I-SAGE long kit, Invitrogen).
5. 20 mg/mL Mussel glycogen (I-SAGE long kit, Invitrogen).
6. Ethanol.
7. λ DNA standard and EtBr, 1 µg/mL (see Subheading 2.10.).
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2.13. Concatenation of Ditags and Isolation 
of Size Selected Concatemers

1. 10X Ligase buffer.
2. T4 DNA ligase.
3. QIA quick PCR clean up column, binding buffer (PB), wash buffer (PE), and elu-

tion buffer (EB) (Qiagen).
4. A 6% (w/v) PAG, prepared using a 10-well comb (see Note 12).
5. 1-kb DNA ladder.
6. Razor blade.
7. 21-Gauge syringe needle.
8. LoTE.
9. 10 M NH4OAc (see Subheading 2.10.).

10. 20 mg/mL Mussel glycogen (I-SAGE long kit, Invitrogen).
11. Ethanol.

2.14. Cloning of Size-Selected Concatemers (see Note 13)

1. pZErO®-1 and Sph I (I-SAGE long kit, Invitrogen) (see Note 14).
2. LoTE.
3. Phenol/chloroform/isoamylalcohol (25:24:1).
4. 3 M NaOAc, pH 5.6 (see Subheading 2.9.).
5. 20 mg/mL Mussel glycogen (I-SAGE long kit, Invitrogen).
6. Ethanol.
7. 10X Ligase buffer (I-SAGE long kit, Invitrogen).
8. T4 DNA ligase (I-SAGE long kit, Invitrogen).
9. One Shot® TOP10 Electrocomp® Escherichia coli and SOC medium from the 

I-SAGE long kit (Invitrogen) (see Note 15).
10. Electroporation cuvets (0.1 cm) and an electroporator.
11. Low salt LB agar plates containing zeocin:1% (w/v) tryptone, 0.5% (w/v) yeast

extract, 0.5% (w/v) NaCl, if required adjust pH to 7.5 using NaOH and then add
agar to 1.5% (w/v). Autoclave and store the low salt agar at room temperature. As
required, melt the agar, equilibrate it to 50°C and add Zeocin to 50 µg/mL. Pour
into 10-cm diameter Petri dishes (see Note 16).

2.15. PCR Screening of Transformants and Sequencing 
the Amplified Inserts

1. 96-Well PCR plates with adhesive sealing film.
2. PCR reagents: 10X PCR buffer, 50 mM MgCl2, 2 mM dNTPs, Taq polymerase,

sterile water, 10 µM M13 –40 and M13 rev PCR primers: 5′-GTTTTCCCAGT
CACGACGTTGTA-3′ and 5′-GGAAACAGCTATGACCATG-3′.

3. Multichannel and electronic multidispensing pipettes.
4. 1% (w/v) Agarose slab gel.
5. 1-kb DNA ladder.
6. 96-Well agarose gel analysis system.
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7. PEG/NaOAc solution: 66.5 g polyethylene glycol, Mr 8000, 1665 µL 1 M MgCl2,
50 mL 3 M NaOAc, pH 5.6, add water to a final volume of 250 mL.

8. 70% (v/v) Ethanol wash.
9. DNA sequencing reagents.

10. 100% Cold ethanol (–20°C).
11. Access to a 96-well capillary DNA sequencer.

2.16. Handling of Raw SAGE Data

1. SAGE300 software (see Note 17).
2. SAGEScreen software (see Note 18).
3. Automated tag-to-gene annotation software (see Note 19).
4. iSAGEClus software (see Note 20).

3. Methods
For SAGE to provide informative comparisons it is essential that the authen-

ticity and homogeneity of the starting cell populations are well established.
Selection of appropriate populations, including the isolation procedures (which,
if prolonged or deleterious to the cells, can effect gene expression profiles)
should represent a significant consideration prior to embarking on this protocol.
Considering the relative advantages of “long” tags over “short” tags with
respect to resolving sequence generated artifacts (see Note 18) and facilitating
tag-to-gene annotations (2,3), we now exclusively use the long SAGE proce-
dure and this is described here.

It is essential that cross-contamination of samples does not occur through-
out the SAGE process. This is of particular concern with respect to PCR 
contamination. All work areas and pipettes should be thoroughly cleaned
before embarking on a new library. Reagents should be prealiquoted in an
area physically isolated from areas previously exposed to amplifiable 
SAGE products, with fresh aliquots used for each library. It is advisable that,
until experience is acquired with the technique, only one library should be
attempted at a time.

Competency in standard molecular biology techniques is required for the
successful outcome of SAGE. Further background detail and guidance on the
individual techniques used can be obtained by reference to a standard labora-
tory manual.

3.1. Extraction of Total RNA

General precautions should be observed to avoid RNA degradation. Use
either 10% (v/v) bleach, or one of numerous commercial reagents, to generate
a nuclease-free work area. Wear gloves, changing them regularly and wherever
possible use disposable RNase-free plastic ware.

SAGE Analysis in Tolerance 233

14_Nolan  4/4/07  9:13 AM  Page 233



The method of choice for preparing RNA for SAGE is not critical, although
an RNase-free DNase digestion step should be included to remove any traces of
genomic DNA and it is essential that high quality RNA is generated. The
integrity of each RNA sample should be formally established immediately prior
to the SAGE process, as even partial degradation can impact on the expression
profile obtained (see Note 21). Typically libraries are generated using 2–10 µg
of high quality total RNA, with no requirement for the incorporation of pream-
plification procedures (14–17).

3.2. Binding of mRNA to Magnetic Beads and Synthesis of cDNA

In the original description of SAGE (1), poly A+ mRNA was isolated using
oligo(dT)-coated magnetic beads, eluted and cDNA synthesis performed in
solution, primed using a biotinylated oligo(dT) primer. Following Nla III diges-
tion, a further magnetic isolation was required to purify the 3′ cDNA restriction
fragments. The efficiency of this process has now been improved by the intro-
duction of an on-bead cDNA synthesis procedure (see Notes 5 and 7).

1. Magnetically isolate 60 µL of oligo(dT)-coated magnetic beads (binding capacity
0.6 µg). Resuspend the beads using 250 µL of binding buffer and transfer them
directly to 5 µg of total RNA, aliquoted into a 1.5-mL siliconized microfuge tube
with the volume adjusted to 250 µL using binding buffer (see Notes 22 and 23).

2. Rotate at room temperature over a period of 30 min.
3. Magnetically isolate the mRNA bound to the beads and remove the unbound,

polyA- fraction, contained in the supernatant.
4. Wash the beads, twice using 500 µL of wash buffer A, once using 500 µL of wash

buffer B and then equilibrate them in first strand synthesis buffer using four con-
secutive 50-µL washes.

5. Perform first and second strand synthesis reactions sequentially on the beads (see
Note 5).

6. Stop the second strand synthesis reaction (final volume 375 µL) by adding 22.5 µL
of 0.5 M EDTA and magnetically isolate the cDNA-coated beads.

7. Discard the supernatant and add 375 µL of wash buffer C, prewarmed to 75°C.
Mix well and heat the beads to 75°C for 10 min to completely inactivate any
remaining E. coli DNA polymerase (see Note 24).

8. Wash the beads again using 375 µL of wash buffer C and then four times using
375 µL of buffer D. Retain 2.5 µL of beads from the final wash for subsequent
assessment of cDNA yield and Nla III digestion (see Subheading 3.3.).

9. Resuspend the beads using 100 µL of 1X Nla III restriction buffer and transfer
them to a fresh siliconized microfuge tube, to further avoid any residual traces of
E. coli DNA polymerase. Wash the old tube using a 100 µL of 1X Nla III restric-
tion buffer and combine this with the contents of the new tube.

10. Magnetically separate the beads and wash again using 100 µL of 1X Nla III restriction
buffer. At this point the beads can be stored overnight at 4°C.
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3.3. Cleavage of cDNA Using Anchor Enzyme Nla III

1. Magnetically separate the cDNA-coated beads from Subheading 3.2. and resus-
pend them in a final volume of 100 µL, composed of 1X Nla III restriction buffer
containing 30 U of Nla III (see Note 8), and digest the cDNA for 1 h at 37°C, with
intermittent agitation of the beads.

2. Remove the Nla III and any unbound restriction fragments by magnetic separa-
tion, washing twice using 375 µL of wash buffer C, prewarmed to 37°C to avoid
precipitation of the sodium dodecyl sulfate.

3. Wash the beads a further four times using 375 µL of buffer D, retaining 2.5 µL of
sample from the final wash step to assess the extent of the Nla III digestion. At this
stage, the sample can be stored overnight at 4°C, although it is good practice to
avoid this in an attempt to maintain the integrity of the Nla III compatible single-
stranded terminal overhangs.

3.4. PCR to Assess the Efficiency of cDNA Synthesis 
and Verify the Nla III Digestion

1. Prepare a five-fold dilution series (1/5–1/3125) of the retained aliquots of cDNA
(see Subheading 3.2.) and Nla III-digested cDNA (see Subheading 3.3.).

2. Add 2.5 µL of each serial dilution, or water as a negative control, to a 10-µL PCR
reaction consisting of 1X PCR buffer, 1.5 mM MgCl2, 0.2 mM of each dNTP, 0.5 µM
of each primer, and 0.5 U of enzyme, and amplify for 30 cycles of 94°C for 20 s, 54°C
for 30 s, and 72°C for 30 s, using a standard nonproofreading Taq polymerase
(see Note 9).

3. Analyze the products on a 1.5% (w/v) agarose gel against a 1-kb ladder. We rou-
tinely observe amplification titering as far as the 1/625 and 1/3125 dilutions. If the
Nla III digestion is complete, amplicons including a Nla III site should be unavail-
able for amplification. In general some amplification is still observed, but titers out
toward the 1/25 to 1/125 dilution.

3.5. Ligating Adaptor Linkers to Bound 3’cDNA Ends

1. Magnetically separate the beads coated with 3′ terminal cDNA Nla III restriction
fragments and equilibrate them in 1X ligase buffer, using two 75-µL washes. After
the second wash resuspend the beads in 50 µL of 1X ligase buffer and transfer 
25 µL to each of two fresh siliconized 1.5-mL microfuge tubes.

2. Wash each set of beads, using a further 25 µL of 1X ligase buffer.
3. Resuspend each bead fraction in 7 µL of LoTE by flicking the tube gently with a

finger.
4. Add 1 µL of 10X ligase buffer and 0.75 µL of either adaptor 1 or 2 (40 ng/µL)

(see Note 25). Heat at 50°C for 2 min and then cool to room temperature over a
15 min period, allowing the adaptor linkers to anneal to the compatible cohesive
ends of the bead-linked 3′ cDNA restriction fragments.

5. Add 1.25 µL (4 U/µL) of T4 DNA ligase and ligate for 2 h at 16°C, with intermit-
tent agitation.
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6. Magnetically separate the beads and remove the supernatant, containing unbound
linker.

7. In contrast to many protocols, to minimize subsequent washing steps, we combine the
adaptor 1- and 2-linked beads at this point by resuspending and recombining them in
a fresh 1.5-mL microfuge tube using four tube washes of 125 µL of wash buffer D.

8. Further wash the combined beads using three 500-µL washes of buffer D.

3.6. Release of SAGE Tags Using Tagging Enzyme Mme I

1. Prepare 10X SAM by adding 0.5 µL of 32 mM SAM to 40 µL of water, and pre-
pare 1X Mme I restriction buffer/1X SAM by adding 0.5 µL of 32 mM SAM to
400 µL of 1X Mme I restriction buffer.

2. Magnetically separate the adaptor 1- and 2-linked beads. Discard the supernatant
and wash twice using 200 µL of 1X Mme I restriction buffer/1X SAM, carefully
removing the final wash.

3. Resuspend the beads in 70 µL of LoTE and add 10 µL of 10X Mme I restriction
buffer, 10 µL of 10X SAM and 10 µL of 2 U/µL of Mme I. Digest for 2.5 h at
37°C, with intermittent agitation of the beads.

4. Magnetically separate the beads and carefully transfer the supernatant, containing
the released SAGE tags linked to either adaptor 1 or 2, to a fresh tube. Resuspend
the beads in 100 µL of LoTE, magnetically separate and combine the wash with
the first supernatant containing the released tags.

5. Add 200 µL phenol/chloroform/isoamylalcohol (25:24:1), vortex to mix and cen-
trifuge at maximum speed in a microfuge for 3 min at room temperature.

6. Transfer the upper aqueous phase to a fresh 1.5-mL microfuge tube and add 133 µL
of 7.5 M NH4OAc, 3 µL of 20 mg/mL mussel glycogen and 1 mL of ethanol.
Vortex to mix and pellet the linker+tag units by centrifugation at maximum speed
in a microfuge for 30–60 min at 4°C. Carefully remove the supernatant and wash
the pellet once using 500 µL of 70% (v/v) ethanol. Remove any residual ethanol
carefully and briefly air-dry before resuspending the pellet in 4 µL of LoTE.

3.7. Ligating the Tags to Form Ditags (see Note 3)

1. Prepare a 2X-ditag reaction mix by adding 0.9 µL of 10X ligase buffer to 1.5 µL
of 3 mM Tris-HCl, pH 7.5, 0.9 µL of sterile water and 1.2 µL of T4 DNA ligase
(4 U/µL).

2. Add 4 µL of the 2X-ditag reaction mix to the 4 µL of adaptor-linked SAGE tags
from Subheading 3.6. and ligate at 16°C overnight.

3. Dilute the reaction to a final volume of 14 µL by adding 6 µL of LoTE. The sam-
ples can now be stored at –20°C.

3.8. Optimizing Conditions for PCR Amplification of Ditags

Use small-scale PCR to determine the optimum amount of template and
number of cycles for the preparative ditag amplification.

1. Use 0.5 µL of sample to assemble a five-fold dilution series of the ligated ditags
(1/5 to 1/3125).
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2. Prepare a seven-fold “hot-start PCR premix” for use with a proof-reading ther-
mostable polymerase: 35 µL of 10X PCR buffer, 32.9 µL of 50 mM MgCl2 (final
concentration 4.7 mM), 5.25 µL of each 100 mM dNTP, 21 µL of DMSO, 0.7 µL
of each 500 µM biotinylated long SAGE primer stock (see Note 10 and Fig. 2),
and 56.7 µL of sterile water.

3. Aliquot 24 µL of “hot-start PCR premix” to 6-wells of a 96-well PCR plate.
4. Add either 1 µL of ligated template serial dilution or water as a negative control.
5. Prepare 175 µL of 0.1 U/µL of “hot-start enzyme premix,” using a proofreading

thermostable polymerase such as Pfu.
6. Heat the 96-well PCR plate to 94°C for 3 min and then, maintaining the plate at 94°C,

add 25 µL of enzyme premix to each reaction, taking care not to cross-contaminate the
wells. PCR amplify for 30 cycles of 94°C for 20 s, 55°C for 30 s, and 72°C for 30 s.

7. Following amplification, combine 10 µL from each well with 2 µL of FOG and
analyze on a 10% (w/v) PAG gel (10-well comb), against 25-bp DNA ladder (see
Note 12). Electrophorese at 180 V until the orange-G dye reaches the bottom of
the gel. A strong clear band of ditag amplification should be observed at approx
130 bp, with a less intense band at approx 100 bp, representing amplification from
ligated adaptor–adaptor species with no ditag insert. The water blank should be
negative and, if this is not the case, then the PCR should be repeated using fresh
aliquots of all reagents (see Note 26). If the amount of product is not satisfactory,
it may be necessary to further optimize the PCR using different cycle numbers.
The appearance of higher molecular weight species indicates that either the cycle
number or amount of template should be reduced. Using the protocol as described
here, starting with 5 µg of total RNA, the optimal conditions for large-scale ditag
amplification are invariably found to correspond to a scale-up of 5 mL, with 30
cycles of amplification, performed using a template amount equivalent to 1 µL of
the 1/25 ditag dilution used in these small-scale reactions (see Note 27).

3.9. Preparative PCR Amplification of Ditags (see Note 28)

Use the conditions determined in Subheading 3.7. to provide sufficient
quantities of ditags for concatenation and SAGE library construction.

1. For scale-up to 5 mL (50X 100-µL PCR reactions), prepare hot start PCR mix as
follows: 500 µL of 10X PCR buffer, 470 µL of 50 mM MgCl2, 75 µL of each 100
mM dNTP, 300 µL of DMSO, 10 µL of each 500 µM biotinylated long SAGE
primer, and 910 µL of sterile water.

2. Transfer 50 µL of the hot-start PCR premix to one well of a 96-well PCR plate to
serve as the no-template negative control.

3. To the remainder of the premix, add 4 µL of the ligated ditags (see Subheading
3.7.) (equivalent to the 1/25 dilution in Subheading 3.8.) and aliquot 50 µL to
each of 48 further wells of the PCR plate.

4. Prepare 2.5 mL of 0.1 U/µL of proofreading enzyme premix.
5. Heat the PCR plate to 94°C for 1–3 min and then, maintaining the plate at 94°C,

add 50 µL of the enzyme premix, first to the negative control well and then to the
remaining ditag wells, using a multidispensing pipet.
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6. PCR amplify for the required number of cycles (most commonly 30 cycles) of
94°C for 20 s, 55°C for 30 s, and 72°C for 30 s.

7. Following amplification, transfer the contents of the negative control well to 
a fresh microfuge tube and combine the contents of the remaining ditag wells 
(~5 mL) in a 15-mL centrifuge tube.

8. Remove 5 µL each of the negative and the pooled positive PCR samples to 2 µL
of FOG and electrophorese on a 10% (w/v) PAG gel (10-well comb), at 180 V,
against 25-bp ladder, until the orange-G dye reaches the bottom of the gel. It is
essential that the no-template, negative control lane is blank. If it is not, then the
scale-up reaction must be discarded and repeated using fresh aliquots of all
reagents.

9. To precipitate the amplified ditags, add 3 µL of 20 mg/mL glycogen, 400 µL of
3 M NaOAc, pH 5.6 and 9 mL of cold (–20°C) ethanol to the 5 mL of pooled
ditag amplifications. Mix by inversion and pellet the ditags by centrifugation at
14,500g for 30 min at 4°C. Carefully tip off the supernatant, wash the pellet using
70% (v/v) ethanol and air-dry the pellet. At this point the pellet itself can be
stored at –20°C.

3.10. Gel Purification of the Approx 130 bp Amplified Ditag Species

1. Remove the amplified ditag pellet from the freezer and briefly air-dry to remove
any accumulated condensation.

2. Add 400 µL of LoTE and soak the pellet on ice while preparing two 10% (w/v)
preparative PAGs.

3. Add 50 µL of FOG to the resuspended ditag pellet and distribute across the two
PAGs. Electrophorese at 140 V until the xylene cynol (slow blue) dye from the 
25-bp ladder is approx 2 cm from the bottom of the gel (approx 65 min).

4. Visualize the DNA using EtBr and excise the two gel slices containing the approx
130-bp amplified ditags.

5. Divide each slice into three equal fragments. Cut each of these fragments into sev-
eral smaller pieces and transfer them to a 0.5-mL microfuge tube (i.e., a total of
six tubes) pierced in the base using a 21-gauge needle. Place each pierced 0.5-mL
tube into a 1.5-mL microfuge tube and macerate the gel fragments by forcing them
through to the lower tube by centrifugation at maximum speed in a microfuge for
3 min. Check that all of the gel has passed to the lower tubes.

6. To the macerated gel, add 262.5 µL of LoTE and 37.5 µL of 10 M NH4OAc. Mix
gently by pulsing on a vortex and elute the ditags by incubating at 65°C for 15
min, with gentle intermittent mixing.

7. Carefully transfer each macerated elution mix to the upper basket of a micro-
centrifuge tube filter assembly, using a 1000-µL pipet tip trimmed to remove 2–3 mm
of the end. Tease any remaining elution mix to the filter assembly.

8. Centrifuge at maximum speed in a microfuge for 5 min, rotate the filter assembly
180° and centrifuge for a further 5 min. Remove and discard the filter baskets.

9. Add 300 µL of phenol/chloroform/isoamylalcohol to each filtrate, vortex, and 
centrifuge at maximum speed in a microfuge for 3 min.
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10. Transfer the upper aqueous phase (300 µL) to a fresh 1.5-mL microfuge tube and
to each add 1 µL of 20 mg/mL glycogen, 75 µL of 10 M NH4OAc and 1 mL of
cold ethanol. Vortex to mix and pellet the ditags by centrifuging at maximum
speed in a microfuge, for 30–60 min at 4°C. Alternatively, the ditags can be pre-
cipitated overnight at –20°C and centrifuged the following day.

11. Wash the pellets once using 70% (v/v) ethanol and briefly air-dry before resus-
pending and recombining the pellets in 102 µL of LoTE.

12. Remove 1 µL for analysis on a 10% (w/v) PAG (15-well comb), to confirm the
size and homogeneity of the purified approx 103-bp ditags.

13. Remove a further 1 µL to estimate the yield of ditags (see Note 29). Although val-
ues of 15–30 µg are more ideal, 4 µg of material is sufficient to proceed. If neces-
sary, repeat the preparative amplification step to achieve sufficient material.

3.11. Isolation of Approx 40 bp Ditags

The approx 130 bp amplification products isolated in Subheading 3.10. consist
of adaptors 1 and 2 flanking two independent SAGE tags linked end-to-end as a
“ditag.” The amplified, approx 40 bp, ditags are released by once again digesting
with the anchor enzyme Nla III.

1. To the 100 µL of gel-purified, approx 130-bp amplified ditag species (see
Subheading 3.10.), add 150 U of Nla III, in a reaction volume of 400 µL, using
the recommended restriction buffer.

2. After 1 h at 37°C, 5 µL of the digest can be removed and analyzed against 25-bp
ladder on a 4% (w/v) low melting temperature agarose gel to monitor the diges-
tion (see Note 30).

3. After 90 min, extract the digest using phenol/chloroform/isoamylalcohol and
divide the resulting aqueous layer (~400 µL) between two fresh 1.5-mL microfuge
tubes.

4. To each tube add 2 µL of 20 mg/mL glycogen, 67 µL of 10 M NH4OAc, and 733
µL of cold (–20°C) ethanol. Mix well and pellet the digested products by centrifu-
gation at maximum speed in a microfuge for 30 min at 4°C. Tip off the super-
natants, remove any residual ethanol and air-dry the pellets.

5. Resuspend and recombine the pellets in 200 µL of LoTE.
6. Add 20 µL of FOG and distribute the sample over two 14% (w/v) preparative

PAGs at 4°C (see Note 31). Electrophorese at 160 V until the bromophenol (fast)
blue dye from the 25-bp ladder is leaving the bottom of the gel (~115 min).

7. The approx 40 bp ditags should be resolved from the approx 45- to 47-bp linker
derived species. Carefully excise gel slices containing the approx 40-bp ditags.
Divide each gel slice in half. Cut each half to several smaller pieces and macerate
them using pierced 0.5-mL microfuge tubes (total of four tubes), as described in
Subheading 3.10.

8. Add 262.5 µL of LoTE and 37.5 µL of 10 M NH4OAc and elute for 20 min at
37°C (see Note 31). Isolate the eluants by centrifugation through microfuge filter
assemblies, extract using phenol/chloroform/isoamylalcohol and ethanol precipi-
tate, as described in Subheading 3.10.
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3.12. Removal of Residual Linkers (see Note 32)

1. Resuspend the gel-purified ditag pellet from Subheading 3.11. in 50 µL of
1XB+W buffer.

2. Remove 20 µL of 10 mg/mL streptavidin-coated magnetic beads and wash twice
using 100 µL of 1XB+W buffer. Finally resuspend the beads in 50 µL of 1XB+W
buffer and transfer them to the tube containing the ditags.

3. Incubate at room temperature for 10 min with intermittent mixing to enable the
residual linker species to bind to the beads.

4. Magnetically separate the beads and transfer the supernatant containing the ditags
to a fresh 1.5-mL microfuge tube. Wash the beads twice using 100 µL of 1XB+W
buffer, combining the wash supernatants with the ditag supernatant.

5. Magnetically separate the combined supernatant (300 µL) for a further 10 min to
remove any remaining beads and transfer the cleared supernatant to a further fresh
1.5-mL microfuge tube.

6. Precipitate the ditags by adding 3 µL of 20 mg/mL glycogen, 100 µL of 10 M
NH4OAc, and 1100 µL of cold (–20°C) ethanol. Mix well and pellet at 4°C for 
60 min at maximum speed in a microfuge. Alternatively, precipitate the ditags
overnight at –20°C and pellet them the following day.

7. Wash the pellet twice using 70% (v/v) ethanol, air-dry, and resuspend the ditags in
8.5 µL of sterile water. Use 0.5 µL to estimate the yield of ditags (see Note 29).

3.13. Concatenation of Ditags and Isolation of Size Selected Concatemer

Yields of several hundred nanograms of ditags are ideal for the concatena-
tion steps described here. Slightly longer ligation times, together with combin-
ing the sample to one well for gel isolation, are suggested with lower yields.

1. Concatenate at 16°C in a 10-µL reaction, containing the 8 µL of ditags from
Subheading 3.12., 1 µL of 10X ligase buffer and 1 µL of T4 DNA ligase 
(3 U/µL).

2. After 15 min, remove 5 µL of ligation mixture and stop the reaction by heating at
65°C for 15 min.

3. Return the remainder of the ligation reaction to 16°C for a further 15 min before
stopping it by likewise heating at 65°C for 15 min.

4. Combine the two concatemer reactions in a single tube, washing out the empty
tube using 50 µL of binding buffer from a Qiagen QIA quick PCR clean up kit
(see Note 33).

5. Load the entire concatemer volume onto a QIAquick spin column in a 2-mL col-
lection tube. Centrifuge at full speed in a microfuge for 30 s.

6. Discard the flow-through and wash twice using 750 µL of Qiagen wash buffer PE,
centrifuging for 30 s between each wash and discarding each flow-through.

7. Following the final wash, centrifuge for a further 1 min to remove any residual ethanol.
8. Transfer the spin column to a fresh 1.5-mL microfuge tube and add 40 µL of

Qiagen elution buffer EB. Stand at room temperature for 2 min prior to centrifug-
ing at full speed for 1 min to collect the eluted concatemers.

240 Nolan, Cobbold, and Waldmann

14_Nolan  4/4/07  9:13 AM  Page 240



9. Add 10 µL of FOG to the concatemers and load across 2 wells of a 6% (w/v) PAG
(10-well comb). In separate wells, load 25 and 50 ng of 1-kb ladder.
Electrophorese at 150 V until the slow blue (xylene cynol) of the 1-kb ladder is
leaving the bottom of the gel (~75 min).

10. Using a razor blade, carefully, but quickly (to minimize ultraviolet exposure),
excise gel slices containing concatemer size fractions (450–600 bp, 600–900 bp,
900 bp-several kb).

11. Transfer each fraction to a 0.5-mL microfuge tube pierced in the base using a 
21-gauge needle, macerate, as described in Subheading 3.10., and elute at 65°C
for 15 min in 300 µL of LoTE.

12. Following recovery of the eluants using microfuge filter assemblies (see
Subheading 3.10.), precipitate the concatemers by adding 2 µL of 20 mg/mL
glycogen, 100 µL of 10 M NH4OAc, and 933 µL of cold (–20°C) ethanol. Mix
well and pellet by centrifugation at maximum speed in a microfuge at 4°C for
60 min. Alternatively, precipitate overnight at –20°C and centrifuge the follow-
ing day.

13. Wash the pellets twice using 70% (v/v) ethanol, air-dry, and resuspend each of the
size selected concatemer fractions in 8.0 µL of LoTE.

3.14. Cloning of Size-Selected Concatemers

Prior to cloning, it is essential to generate an efficient preparation of lin-
earized cloning vector. Once established, the linear vector can be stored as sin-
gle use aliquots at –80°C. Invitrogen’s pZErO®-1 vector facilitates direct
selection of inserts via disruption of a lethal gene, ccdB (see Note 14). Care is
taken throughout the vector preparation and cloning processes to maintain the
integrity of this gene in the absence of a cloned insert (see Note 34).

1. Digest 1 µg of pZErO-1 in a 25-µL reaction at 37°C for 30 min using 10 U of Sph I.
Stop the reaction by heating at 65°C for 10 min and then snap-cool on ice. Add
175 µL of LoTE and extract using phenol/chloroform/isoamylalcohol. Transfer
the upper aqueous phase to a fresh 1.5-mL microfuge tube and precipitate by
adding 0.5 µL of 20 mg/mL glycogen, 20 µL of 3 M sodium acetate, pH 5.6, and
500 µL of ethanol. Mix well and centrifuge at full speed for 30 min in a microfuge
at 4°C. Wash the pellet using 70% (v/v) ethanol, briefly air-dry, and resuspend in
60 µL of LoTE.

2. To establish the ligation efficiency of the vector, ligate 2 µL of linearized vector,
using 8 U of T4 DNA ligase, in a reaction volume of 10 µL, with and without
inclusion of 4 µL of 20 ng/µL test insert (see Note 35). Incubate the test ligations
for 3–4 h at 16°C. Increase the volume of the reactions to 200 µL using LoTE,
extract with phenol/chloroform/isoamylalcohol, ethanol precipitate, and resus-
pend the final pellets each in 12 µL of LoTE. Add 2 µL of each ligation mix to a
50 µL aliquot of One Shot® TOP10 Electrocomp™ E. coli (Invitrogen) (see Note
15) and transfer to 0.1-cm electroporation cuvets on ice for 10 min. Electroporate
at 1.7 KV and recover for 1 h shaking at 37°C in 250 µL prewarmed SOC medium.
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Add a further 750 µL SOC medium and plate 33 µL onto low salt LB agar plates
containing 50 µg/mL Zeocin (see Note 16). Incubate the plates inverted at 37°C
overnight. No colonies should grow on the “no insert” plate, whereas 500–5000
colonies should be observed on the “insert” plate.

3. Store the linearized vector as 2.25-µL aliquots at –80°C.
4. Initially assess concatemer cloning using the medium sized concatemer fraction.

Ligate 4 µL of the concatemers to 1 µL of linearized pZErO-1 in a 10-µL reaction
containing 8 U of T4 DNA ligase for 3–4 h at 16°C. Increase the volume of the
ligations to 200 µL using LoTE, extract using phenol/chloroform/isoamylalcohol
and ethanol precipitate, resuspending the final pellet in 12 µL of LoTE. Use 2 µL
of the ligation to transform 50 µL of TOP10 Electrocomp E. coli as described
above. Initially, plate 33 µL to each of three low salt LB agar plates containing 
50 µg/mL Zeocin.

5. Based on the number of colonies and size of inserts obtained from this preliminary
cloning (see Subheading 3.15.), either plate sufficient colonies to achieve the
required library size or else investigate the possibility of using the other concate-
mer size fractions. Ideally, insert sizes should be such that they can be efficiently
sequenced in a single sequence run. Smaller concatemers tend to clone most read-
ily, but reduce the efficiency of the sequencing process. Larger concatemers
ensure that the sequence reagents are used efficiently, but tend to clone less well.
The medium fraction often presents a compromise of robust cloning and good-
sized (~700 bp) inserts.

3.15. PCR Screening of Transformants and Sequencing 
the Amplified Inserts

To assess concatemer cloning, as described in Subheading 3.14., colony
screening is performed as 30-µL reactions in a 96-well format with 10 µL of
the amplified inserts analyzed on a 1% (v/v) agarose slab gel. Once efficient
cloning has been established, subsequent screens are performed as 20-µL reac-
tions, with 3 µL analyzed on a 96-well agarose gel running system (see Note
36). PEG precipitation is used to desalt the remaining amplified inserts and
purify them away from any PCR primers to facilitate direct sequencing.

1. Prepare appropriately sized PCR premixes for colony screening: 1.5 mM MgCl2,
0.2 mM each dNTP, 0.5 µM each primer (M13-40 and M13rev), in 1X PCR buffer,
containing 0.0125 U/µL of Taq polymerase.

2. Pick colonies to dry wells of a 96-well PCR plate, leaving the toothpick in the well
as a guide. Discard the toothpicks and, using a multidispensing pipet, aliquot PCR
premix to each well. Pulse spin the sealed PCR plate and amplify by heat denatur-
ing at 94°C for 5 min, followed by 30 cycles of 94°C for 20 s, 50°C for 30 s, and
72°C for 30 s.

3. Following removal of an appropriate aliquot for gel analysis add a volume of
PEG/NaOAc equivalent to twice the original PCR volume using a 12-channel
pipette, with mixing. Incubate at room temperature for 10 min.
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4. Pellet the precipitated PCR products by centrifuging in a bench-top centrifuge at
2200g for 30 min (see Note 37).

5. Invert the plate onto a bed of absorbent paper towels and pulse the centrifuge to
40–50g to remove the PEG supernatant. Replace the towels and repeat.

6. Using a 12-channel multipipette add 100 µL of ethanol and centrifuge for 5 min
at 2200g. Tip off the ethanol wash and repeat. Following the second wash, remove
any residual ethanol using an inverted pulse spin, as described for removing the
PEG supernatant.

7. Briefly air-dry the plate and add 8 µL of water to each well.
8. Prepare an appropriately scaled sequencing premix (see Note 38). For a single 

96-well plate, add 50 µL of 10 µM M13 –40 primer and 360 µL of ET terminator
mix to 190 µL of sterile water and aliquot 6 µL to each well using an electronic
multidispensing pipette.

9. Using a 12-channel pipette, mix to ensure the amplified insert pellet is resus-
pended, and transfer 3 µL of each well to the corresponding well of the sequenc-
ing plate. Perform 30 cycles of sequencing as 95°C for 20 s, 50°C for 15 s, and
60°C for 1 min.

10. Prepare 5.5 mL of cold ethanol containing 1.1 mL of sterile water and 200 µL of
7.5 M NH4OAc and transfer 68 µL to each completed sequencing reaction, with
mixing, using a 12-channel pipette. Precipitate at room temperature for 10 min and
pellet the products by centrifugation in a bench top centrifuge at 2200g for 30 min.

11. Tip off the supernatant and add 100 µL of 70% ethanol wash to each well.
Centrifuge for a further 5 min, tip off the wash and remove any residual ethanol
by performing a brief inverted pulse spin, as previously described.

12. Air-dry the pellets and add 10 µL of ET loading buffer. Heat denature at 99°C for
2 min and transfer to ice prior to analysis on a MegaBace 1000 96-well capillary
sequencer. Reflecting a compromise between cost, labor, the number of new tags
required to provide additional statistically relevant information and the number of
libraries to be generated, our target tag accumulation has been approx 30,000 per
library (6).

3.16. Handling of RAW SAGE Data

1. Obtain sequence data as uniquely named fasta files (see Note 39) and enter it
directly to SAGE300 software (see Note 17). This software locates the punctuat-
ing Nla III anchor enzyme sites in the concatemers and extracts the intervening
“ditag” sequence information. Specify a tag length of 17 with a maximum ditag
length of 36 to account for any “wobble” that may be exhibited in the distance that
Mme I cleaves from its recognition site (18,19). Repeated ditags are registered in
the software, but only entered into the library database once (see Notes 4 and 40).

2. Use SAGEScreen software to correct for the effects of nonrandom sequencing
errors (see Note 18).

3. To avoid artifacts generated as a result of inconsistencies in public cDNA data-
bases, we recommend the use of an automated hierarchical process for assigning
tag-to-gene annotations (see Note 19).
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4. Finally, import the corrected, annotated tag database into iSAGEClus software
(see Note 20). This software removes specified artifact tags, for example those
potentially arising from linkers or primers, and facilitates statistical pairwise and
global library comparisons. Pairwise scatter plots with associated automated anno-
tation links readily identify genes differentially expressed between two popula-
tions, such as tolerogenic and immunogenic DC. Global cluster analyses provide
a measure of the similarity/relatedness of different cell populations with respect to
their gene expression patterns, and can identify clusters of genes associated with
related populations. Alternatively, “seed” tags exhibiting idealized hypothetical
expression profiles that mirror a particular phenotype, e.g., tolerogenic or
immunogenic cells, can be introduced and tags with the closest matching profiles
identified. Combinations of these methods can be used to highlight groups of tol-
erance associated candidate genes, or “signatures.” To facilitate rapid simultane-
ous analysis of these signature genes in various different samples, including
biological replicates of the populations used for the SAGE, kinetic time-course or
induction studies and to investigate the representation of candidate genes in samples
from in vivo models, genes can be selectively assembled on custom oligonucleotide
microarrays. Custom SAGE libraries can be generated to reveal molecular mecha-
nisms by which specific genes affect regulation.

Unlike hybridization-based technologies, SAGE has no requirement for pre-
requisite sequence information (apart from the presence of a Nla III site) and
has the potential to reveal novel transcripts (7). Depending on the relative posi-
tioning, SAGE tags can also distinguish alternatively spliced transcripts. More
recent advances in SAGE technology have opened up the potential to generate
comprehensive data on both extremes of transcripts, to provide information on
transcription start sites and the alternative use of promoters as well as
polyadenylation sites, a task that has so far thwarted automated genome anno-
tation procedures and represents a further level for investigation of immune
control (19–21).

4. Notes
1. Theoretically, 4-bp restriction sites occur on average every 256 bp (44), such that

an AE will cleave at least once in every transcript (1). Although this assumption is
flawed, the informative transcript loss is considered to be small, <1% (22).

2. Two distinct SAGE adaptor linker sequences are required as use of a single
sequence results in an inhibitory “snap-back” effect during subsequent PCR
amplification.

3. In short SAGE, the tag length is maximized by klenow fill-in of the 3′-recessed
ends generated by cleavage with Bsmf I, prior to ligation to form ditags. Mme I
generates a 2 bp 3′ protruding overhang, which would require removal to achieve
blunt ends. To maximize the information content of “long” SAGE tags, the 2-bp
overhang is not polished, but rather the linker-tags are directly dimerized as a
“sticky-end” ligation.

244 Nolan, Cobbold, and Waldmann

14_Nolan  4/4/07  9:13 AM  Page 244



4. Generation of ditags prior to PCR amplification provides an important safeguard
against PCR-generated data distortions, as well as inadvertent multiple analysis of
the same data (1).

5. Although SAGE libraries can be generated using individually sourced reagents,
commercial kits for both “short” and “long” SAGE library construction are now
available from Invitrogen. The kits are user-friendly and certainly facilitate the
use of SAGE technology by less specialized laboratories, particularly if com-
mercial outsourcing is then also employed for the large-scale sequencing com-
ponent. In our experience, the efficiency of Invitrogen’s on-bead cDNA
synthesis step and the reliability of the Zero Background™ Cloning system pro-
mote the use of lower amounts of starting material and confer increased effi-
ciency on the downstream sequencing process. Use of the kits and most of their
components is recommended, as is attention to Invitrogen’s excellently written
protocols. A number of procedural modifications, deriving from substantial
experience with the technique prior to the introduction of the kits, are retained
in the protocol as described here, including adaptations to facilitate the use of
“mini-gel” systems.

6. Aliquot all reagents, including the components of the I-SAGE kit, in an area phys-
ically isolated from areas in which amplifiable SAGE products are generated and
handled.

7. I-SAGE kit components can be used at half the manufacturer’s recommended
reaction volumes.

8. Although Nla III is included in the I-SAGE kits (Invitrogen), the half-life at –20°C
is short (2–3 mo) and it may be necessary to purchase fresh enzyme. Incomplete
cDNA digestion will lead to the isolation of artifact tags, located adjacent to Nla III
sites other than the most 3′ site in an individual transcript. Nla III is stored as sin-
gle use aliquots at –80°C, with long-term storage (>2 mo) avoided.

9. The HPRT PCR primers described here amplify a 352-bp region of murine HPRT
that spans two exon boundaries and includes an Nla III site. We use these primers
both to access the original yield of cDNA and also to verify the extent of the Nla
III digestion. Primer pairs are provided in the I-SAGE kits (Invitrogen) that
amplify a region of GAPDH that includes an Nla III site, and a region of the EF
gene that does not include an Nla III site and so can be used to also estimate the
yield of digested cDNA.

10. Biotinylated PCR primers are used in preference to the primers provided in the 
I-SAGE kits (Invitrogen) to facilitate subsequent removal of trace linker
species from gel-purified ditag preparations prior to concatenation (4). Even
small amounts of linker-derived species in these preparations have been repeat-
edly found to interfere with the concatenation process, resulting in short,
unclonable products.

11. Biotinylation of each fresh batch of PCR primer is verified by incubating 200 ng
of primer with 1 µL of 1 mg/mL streptavidin at room temperature for 15–20 min.
The primer/streptavidin complexes generated are observed by mobility shift on a
20% PAG (see Note 12).
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12. This protocol has been optimized using the Bio-Rad Mini-protean gel system with
0.75-mm spacers. For a single PAG, prepare 4.85 mL of 40% (w/v) acrylamide-bis,
(19:1) and water at the appropriate ratio. Add 100 µL of 50X TAE: 2 M Tris-HCl,
50 mM EDTA, pH adjusted to 8.5 using glacial acetic acid, and 50 µL of freshly
prepared 10% (w/v) ammonium persulfate. Following addition of 4.3 µL of
TEMED, pour the gel immediately and insert an appropriate well-forming spacer.
Following electrophoresis using 1X TAE buffer, briefly stain the gels by rocking
gently for approx 5 min in 1X TAE containing EtBr (approx 0.25 µg/mL) and
visualize the DNA using ultraviolet irradiation.

13. Efficient cloning is vital for the successful generation of SAGE libraries. In our
hands, Invitrogen’s Zero Background Cloning system has proved particularly effi-
cient. This system is provided with the I-SAGE kits, but can also be purchased
independently if required.

14. pZErO-1 contains a lethal lacZα-ccdB gene fusion. Insertion of a DNA fragment
disrupts expression of this gene, permitting growth. A Zeocin resistance gene is
also present for selection in E. coli.

15. E. coli TOP10 is the recommended host strain for pZErO-1 as it allows constitu-
tive expression of the lacZ-ccdB fusion protein without the need for IPTG induc-
tion. Strains containing the complete Tn5 transposon should not be used as they
are already Zeocin resistant. Strains containing the F plasmid (either F+ or F′)
encode a potent inhibitor of ccdB and should also not be used.

16. Zeocin is inactivated by high salt and acidity or alkalinity and is light sensitive. Plates
should be stored at 4°C protected from the light. It is good practice to use plates
within a few days of pouring to further ensure zero background colonies.

17. The I-SAGE kits (Invitrogen) include access to proprietary computer software
owned by John’s Hopkins University, Baltimore, MD. A detailed, user-friendly
protocol for its download and use are included. Alternatively, the SAGE300 soft-
ware can be obtained directly from Prof K. W. Kinzler, John’s Hopkins Oncology
Center, http://www.sagenet.org.

18. Data entered into the SAGE software is single-pass and unedited. Low sequence
quality either obscures the serial pattern of AE punctuation, or leads to the intro-
duction of ambiguous bases, both of which cause the sequence to be discarded
and not entered into the final dataset. Tags generated as a result of random
sequence errors fail to accumulate statistical counts and are ignored. Nonrandom
sequence errors arising from highly abundant tags are a source of artifact tags and
limit the effective depth to which transcriptomes can practically be probed (6). A
numerical manipulation, excluding tags matching 9 out of 10 bases of any other
tag occurring at a >10–fold frequency, has been used to account for these errors
in “short” SAGE, whereas for “long” SAGE the longer tag length has facilitated
development of SAGEScreen software that incorporates a cluster algorithm for
this purpose (23).

19. Inconsistencies, such as partial entries, in cDNA databases interfere with simple,
automated tag-to-gene annotation processes. However automated annotations can
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be achieved using database software such as Microsoft Access and a hierarchical
process, such as that described by Cobbold et al. (6), based on Unigene full map-
ping files and a search algorithm giving priority to a list of hand-annotated
entries. In this case, for each hand-annotated entry the existence of a plausible
poly-adenylation sequence has been confirmed, as has the tag location immedi-
ately downstream of the most 3′ AE site. The next annotation priority is given to
cDNAs with a polyadenylation signal in the correct orientation, then EST clusters
with a probable polyadenylation signal, cDNAs with no polyadenylation signal
and finally other matching ESTs.

20. Http://users.path.ox.ac.uk/~scobbold/tig/software/softlist.html (6).
21. Agarose gel analysis is insufficient to critically assess partial RNA degradation.

Rather, RNA should be analyzed on an Agilent Technologies 2100 Bioanalyser.
Agilent have now introduced a measured term, the RNA integrity number, ranging
from 0 = highly degraded to 10 = highly intact for scoring samples that is based on
the entire electropherogram rather than just the ratio of the 28s and 18s rRNAs.

22. During magnetic separations, use siliconized microfuge tubes to reduce bead
losses. Perform bead separations on a magnetic stand for 1–2 min. Carefully
remove the supernatant from the opposite side of the tube using a pipette, with-
out disturbing the beads, and replace it with the required volume of the appro-
priate solution. Remove the microfuge tube from the magnetic stand and mix
the beads by mild vortexing or flicking of the tubes in preference to pipetting
as this can lead to loss of beads. Recover droplets of beads from the caps of the
microfuge tubes by a low speed centrifuge pulse prior to magnetic separation.
Take care to prevent drying out or clumping of the beads, both of which will
reduce product yields.

23. Assuming that polyA+ mRNA represents approx 1–5% of total RNA, it is esti-
mated that the oligo(dT)-coated magnetic beads are being added in ≥2.4-fold
excess, and that this is sufficient to ensure efficient isolation of mRNA.

24. Residual E. coli DNA polymerase will interfere with subsequent reactions by
digesting single-stranded overhangs required for cohesive ligations.

25. The amount of adaptor linker added has been optimized for efficient ligation.
Excessive linker drives self-ligation, with subsequent amplification of an artifac-
tual, approx 100 bp PCR product that can be detrimental to the final yield of
amplified ditags.

26. Most SAGE protocols include an additional “no ligase” control reaction when lig-
ating tags to form ditags. Amplification from this “no ligase” control, but not the
water blank, is considered indicative of contamination of the SAGE template
itself. It is our experience that amplification consistently occurs in the “no ligase”
control, possibly by a mechanism involving template switching. Considering this,
the relevance of this control has become unclear and misleading and we no longer
include it. It is possible that the absence of product reported in the original proto-
cols could be related to the high cycle numbers used in combination with the
exonuclease activity of the proof-reading polymerase, although the current

SAGE Analysis in Tolerance 247

14_Nolan  4/4/07  9:13 AM  Page 247

Http://users.path.ox.ac.uk/~scobbold/tig/software/softlist.html


Invitrogen protocol no longer uses high cycle numbers for the negative controls
and maintains that they still observe no amplification at this step.

27. To determine the yield of ditags, and so the extent of the scale-up reaction required,
the Invitrogen SAGE kits recommend a comparison with amplification achieved
from a control template. Although this can provide a level of confidence for the
inexperienced user, because of the general consistency observed using the indicated
amounts, we do not find this reference to be necessary and so avoid the introduc-
tion of a potential source of amplifiable contamination by omitting this step.

28. PCR contamination at the preparative amplification stage is expensive, both in
reagents and in terms of template. Use fresh aliquots of all reagents and aerosol-resist-
ant filtered pipette tips, and perform steps prior to the addition of template in an area
physically isolated from areas in which template or amplified products are handled.

29. Add 2 µL of a 1 µg/mL EtBr solution to an equal volume of appropriately diluted
sample on saran wrap on an ultraviolet box. Estimate sample yield by comparison
of relative fluorescence generated from a serial dilution of the sample (1/5–1/125),
with that of a five-fold dilution series of a known quantity of λ DNA standard
(50–1.56 ng/µL). Analysis using a nanodrop spectrophotometer offers a simpler
more quantitative approach if available.

30. The Nla III digestion should be approaching completion after 1 h at 37°C. If this
is not the case then it is our experience that it will not be improved by the addition
of further enzyme or prolonged incubation. Nla III resistant 130-bp ditag species
can result from exonuclease activity at the time of linker adaptor ligation, causing
blunt ligations and destruction of the Nla III sites.

31. Short SAGE ditags released by Nla III digestion are sufficiently short (26 bp) that
it is necessary to take precautions against thermal denaturation and the loss of 
AT-rich ditags. The increased length of the long SAGE ditags makes this less of a
concern, but we have continued to electrophorese them at 4°C and also to subse-
quently elute them from the gel at 37°C, rather than 65°C, as is used for elution of
the 130-bp species.

32. Although the majority of linker-derived species will have been removed by gel
purification (see Subheading 3.11.), residual linker species do remain in the ditag
preparation, particularly when using the mini-gel system. Care must be taken to
remove these remaining linker species as they will bind to and block the ends of
growing concatemers, limiting their length and preventing cloning. By using
biotinylated primers to amplify the approx 130 bp species, the linker-derived con-
taminants are biotinylated and can be removed magnetically using streptavidin-
coated magnetic beads (4).

33. Incorporating a commercial PCR clean-up column prior to size-selection on a
PAG appears to remove small concatenation fragments and to improve the mobil-
ity of the concatemers within the PAG, both of which promote more efficient
cloning of larger concatemers, improving the efficiency and cost effectiveness of
the downstream screening and sequencing processes (5).

34. Linearization of pZErO-1 is limited to 30 min to avoid any nuclease activity that
may, on religation in the absence of an insert, disrupt expression of the lethal
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lacZα-ccdB gene. Likewise the period of incubation for vector-concatemer liga-
tion is also limited to 3–4 h. Freeze-thawing, which could also affect the integrity
of the linearized vector ends, is also avoided by storage as single use aliquots at
–80°C. The linearized vector is heat-denatured and flash-cooled on ice prior to
storage to avoid any tendency for the linear vector to recircularize.

35. The ligation efficiency of each linear vector preparation is tested using an approx
750 bp (i.e., approximately equivalent to the size of an idealized concatemer), gel-
purified, Sph I fragment, diluted to approx 20 ng/µL (an estimate of an average
concatemer concentration). Sph I digestion of the Clontech vector pIRES2-EGFP
yields a suitable 763-bp fragment, with quantitation determined using the nano-
drop spectrophotometer.

36. In a 96-well plate, add 3 µL of PCR reaction to 7 µL of standard glycerol dyes,
diluted 1 in 30 using water. Load the samples to a 1.2% preformed agarose gel using
a 12-channel pipette. Using Pharmacia’s Ready-To-Run apparatus electrophoresis
for 5 min at 90 V is sufficient to observe the amplified inserts. It is not possible to
accurately determine the insert size. This process is used once a robust insert size has
been established and is used to highlight problems at the PCR level prior to the
costly sequencing step.

37. To prevent physical distortion of the 96-well PCR plates during the centrifugation
steps, the plates are supported in plastic racks.

38. The cycle sequencing protocol described here has been optimized using DYEnamic
ET dye terminator sequencing reagents (Amersham Biosciences) for analysis on a
MegaBace 1000 capillary electrophoresis machine (Amersham Biosciences).

39. For entry into the SAGE300 software (see Note 17) sequence data must be in sim-
ple text format, arranged in uniquely named files. Fasta format satisfies the
requirements for simple text and a simple computer script is used to automatically
prefix individual well names with a specified plate number.

40. The probability of any two tags being coupled in the same ditag on more than one
occasion is assumed to be very low, and accumulation of repeated ditag sequences
is used as an indicator that the library has been skewed. In fact, repeated ditags do
occur composed of the most abundant tags, and lack of inclusion of these ditags
can mean that expression of the most highly expressed genes is to some degree
under estimated.
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Analyzing the Physicodynamics of Immune Cells
in a Three-Dimensional Collagen Matrix

Peter Reichardt, Frank Gunzer, and Matthias Gunzer

Summary
The movement of immune cells is an indispensable prerequisite for their function. All essen-

tial steps of cellular immunity rely on the ability of cells to migrate and to interact with each
other. Although observation of these phenomena in vivo would be the most physiological
approach, intravital imaging is technically very demanding and not optimally suited for routine
or high-throughput analysis. Any good in vitro experimental system should reflect the inherent
three-dimensionality of cell migration and interaction in living tissues. Data generated over the
last decade show that important cellular parameters like cell velocity, cell shape, and the physi-
codynamics of cell—cell interactions closely resemble values observed in vivo when measured
in a three-dimensional (3D) collagen matrix assay, featuring a hydrated network of fibers con-
sisting of type I collagen, the major component of the extracellular matrix. In this chapter, we
describe in detail the experimental use of the 3D collagen matrix system. We delineate the
preparation of immune cells exemplified by bone marrow-derived dendritic cells and antigen
specific T-helper cells of the mouse, the build-up and use of the 3D collagen matrix chamber,
the procedures of real time fluorescence microscopic analysis of cell migration and cell—cell
interaction, as well as data analysis supported by a self-developed software for computer-
assisted cell tracking.

Key Words: Immune system; cell motility; 3D collagen matrix; T lymphocytes; dendritic
cells; cell tracking; physicodynamics; fluorescence microscopy

1. Introduction
The movement of immune cells is an indispensable prerequisite for their

function. All essential steps of cellular immunity rely on the ability of cells to
migrate and to interact with each other. Hematopoietic precursors migrate out of
the bone marrow to enter the thymus or peripheral lymphatic organs. Within the
thymus effective motility is necessary for thymocytes, the precursors of T cells,
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for successful interaction with thymic stromal cells and dendritic cells upon
positive or negative selection processes (1,2). Once out of the thymus, T cells
are passively transported within the blood stream to enter lymph nodes (3)
where profound lymphocyte motility has also been observed during antigen
specific interaction with local antigen-presenting cells (4–7). In addition, many
cells, and, in particular, immune cells, need to transiently interact with each
other to exchange specific signals (8).

Although observation of these phenomena in vivo would be the most
physiological approach, intravital imaging is technically very demanding
and not optimally suited for routine or high-throughput analysis of cell
migration (9). Thus, the development of suitable in vitro models for the
analysis of cell migration and cell—cell interaction is needed. One para-
mount feature of the in vivo milieu is its inherent and ubiquitous three-
dimensionality (10). Therefore, any good experimental system should reflect
the three dimensional nature of living tissues. It has been shown that cell
motility and cell—cell interactions can fundamentally change when observa-
tion switches from 2D (i.e., liquid-covered surfaces) to three-dimensional
(3D) environments (11).

Our system, the 3D collagen matrix, features a hydrated network of fibers
consisting of type I collagen, the major component of the extracellular matrix.
Data generated over a period of more than 10 yr, conclusively show that impor-
tant cellular parameters like cell velocity, cell shape, as well as the physico-
dynamics of cell—cell interaction measured in the 3D collagen matrix assay,
closely resemble values observed in vivo (4,8,11–13). The similarity of cell
behavior in 3D collagen and in vivo has meanwhile been corroborated by
results from other laboratories (14).

The following chapter describes the experimental use of the 3D collagen
matrix system for the analysis of cell migration and cell—cell interaction. We
delineate the preparation of immune cells, exemplified by bone marrow—
derived dendritic cells (BMDC), and antigen specific T helper cells of the
mouse, the build-up and use of the 3D collagen matrix chamber, the procedures
of real time fluorescence microscopy analysis as well as data analysis using a
self-developed software for computer assisted cell tracking.

2. Materials
2.1. Mice

1. Balb/c mice.
2. DO11.10 mice, transgenic for a T-cell receptor (TCR) specific for OVA323-

339/H-2Ad (15).
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2.2. Media

1. DC medium:

Catalog Final 
Substance Source number Stock Add concentration

NEAA Gibco 11140-035 100X 5 mL 1X
FCS PAA A15-649 25 mL 5%
L-Glutamine Gibco 25030-24 200 mM 5 mL 2 mM
Beta-mercapto-ethanol Gibco 31350-010 50 mM 500 µL 50 µM
Gentamycin Gibco 15750-037 50 mg/mL 500 µL 50 µg/mL
IL-4 supernatanta 33.3 mL 6.5 Vol%
GM-CSF supernatanta 25 mL 5 Vol%

aIn our experiments, murine granulocyte-macrophage colony-stimulating factor (GM-CSF)
and IL-4 were kindly provided by Thomas Blankenstein, MDC Berlin. The concentration/
activity was 700 U/mL (GM-CSF), and 150 U/mL (IL-4), respectively. NEAA, non essential
amino acids.

Dissolve in 500 mL of RPMI 1640 (Gibco, cat. no. 31870-025).

2. Complete medium (CM):

Catalog Final 
Substance Source number Stock Add concentration

NEAA Gibco 11140-035 100X 5 mL 1X
FCS PAA A15-649 1X 50 mL 10%
L-Glutamine Gibco 25030-24 200 mM 5 mL 2 mM
Beta-mercaptoethanol Gibco 31350-010 50 mM 500 µL 50 µM
Gentamycin Gibco 15750-037 50 mg/mL 500 µL 50 µg/mL
HEPES Gibco 15630-056 1 M 5 mL 10 mM
Sodium pyruvate Gibco 11360-039 100 mM 5 mL 1 mM
Penicillin/streptomycin Gibco 15240-122 10,000 U/mL 5 mL 100 U/mL

Dissolve in 500 mL of RPMI 1640.

3. Erythrocyte lysis buffer: dissolve the following in 500 mL of deionized H2O: 4.15 g
of NH4Cl, 0.5 g of KHCO3, 1.85 mg of NaEDTA. Filter-sterilize using a 0.2-µm
filter and store at 4°C.

2.3. Other Materials

1. 100-mm Diameter Petri dish (100 × 20 mm, Corning, Corning, NY).
2. Six-well plate (Nuclon surface; Nunc, Roskilde, Danmark; cat. no. 140675).
3. Nylon sieve (100 µm, BD Biosceinces, Falcon, cat. no. 352360).
4. 15- and 50-mL Tubes.
5. 1.5- and 2-mL Eppendorf tubes.
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2.4. Reagents

1. CD4+ T cell separation kit (Miltenyi, Bergisch-Gladbach, Germany; cat. no. 
130-090-860).

2. Lipopolysaccharide (from E. coli strain 0111:B4, Sigma) kept at –20°C as 
20-µg/mL aliquots.

3. TCR clonotypic monoclonal antibody (MAb) (clone KJ1-26) (Caltag,
Burlingame, CA; cat. no. MM7504).

4. Ovalbumin peptide (OVA323-339: ISQAVHAAHAEINEAGR) (Peptide Synthesis
Core Facility, GBF Braunschweig, Germany), stored at –20°C in aliquots of
1 mg/mL in PBS.

5. 5,6-carboxyfluorescein diacetate, succinimidyl ester (CFSE): 5 mM stocks in
DMSO, stored at –20°C (Molecular Probes, Leiden, The Netherlands).

6. CMTMR (Cell Tracker Orange, CTO): 5 mM stocks in DMSO, stored at –20°C
(Molecular Probes).

2.5. Collagen Chamber Build-Up

1. Microscopic slide 76 × 26 mm (Menzel, Braunschweig).
2. Cover slip 24 × 24 × 0.17 mm (Menzel, Braunschweig).
3. Vaseline (petroleum jelly, ENZBORN, Eimermacher, Wels, Austria).
4. Paraffin wax (Fluka, cat no. 76244).
5. Vitrogen 100, Bovine Collagen Type I (Nutacon, Leimuiden, NL, stored at 4°C).
6. MEM: 10X MEM Eagle (Mod) with Earle’s salts, containing phenol red (MP

Biomedicals, cat. no. 141 0049) stored at 4°C.
7. Sodium bicarbonate, 7.5% (Gibco BRL, cat. no. 25080-060, stored at 4°C).
8. Paint brush (width 6 mm), e.g., Pelikan type 24, size 4 (Pelikan, Hannover,

Germany).

2.6. Real-Time Imaging System

Real-time imaging system Cell^R (Olympus Biosystems, Planegg,
Germany) consisting of the following components:

1. Microscope Olympus BX-61 (upright optics).
2. UPlanAPO lens (20X/340, NA 0.75, WD 0.6 mm) optimized for throughput at

340 nm.
3. UplanAPO lens (40X, NA 0.85, WD 0.51 mm).
4. LUMPlanFl/IR lens (60X, NA 0.9, water immersion, WD 2 mm).
5. Multiposition motorized microscopic stage (Maerzhaeuser, Wetzlar, Germany).
6. USB controller, shutter controller, PC.
7. MT20 high-speed light source with excitation filter wheel and Xenon burner

150 W.
8. Excitation-Emission-Filter set: (Chroma Technology Corp San Jose, CA) set no.

62010 (DAPI/FITC/Cy3). Specific values are: Exciter S405/25, Exciter S490/15,
Exciter S560/20, Emitter 19293, Beam splitter 102109.

9. Cell^R software 2.0.
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3. Methods
As a representative experiment, we describe the procedures for monitoring

the interaction of mouse BMDC, loaded with a peptide (OVA323-339) and
stained in red (CTO), with DO11.10 CD4+ T cells, stained in green (CFSE),
expressing a transgenic TCR specific for this OVA peptide presented by H-2Ad.
The procedures of cell preparation, staining, and imaging have all been pre-
viously described by us in ref. 4.

3.1. DC and T Cell Preparation

3.1.1. Generation of Mature BMDC

BMDC are generated in 8-d cultures as previously described (16).

1. Sacrifice mice by cervical dislocation.
2. Remove femur and tibia surgically and free from adhering fat and muscle tissue.
3. Open bones carefully by removing the proximal and distal ends with small scissors.
4. Flush each marrow cavity into an empty Petri dish with approx 5 mL of PBS/1%

FCS using a 27-gauge needle.
5. Transform the resulting solution to a single cell suspension by performing several

strokes up and down a 1-mL blue Eppendorf pipet tip and transfer the solution into
a 50-mL tube.

6. Centrifuge the cells at 250g for 5 min, discard the supernatant and resuspend the
pellet carefully in erythrocyte lysis buffer (3 mL per mouse).

7. Incubate for 3 min at room temperature, with slight manual shaking.
8. Fill up the tube to a volume of 20 mL with cold PBS.
9. Filter through a 100-µm nylon sieve into a fresh 50-mL tube.

10. Centrifuge the cells (250g for 5 min) and resuspend the pellet in DC medium con-
taining GM-CSF and IL-4 (10 mL of medium per mouse).

11. Plate the solution in a Petri dish and allow to rest there for 2 h at 37°C/7% CO2.
12. Remove adherent cells by gently swirling the medium several times in the plate

before collecting only the supernatant into a 50-mL tube (do not flush the plate, as
this will dislodge any adherent cells).

13. Pellet the cells (250g for 5 min) and resuspend in fresh DC medium.
14. Count and adjust the cells to 6 × 105/mL in DC medium.
15. Culture the cells in six-well plates (5 mL/well) at 37°C/7% CO2.
16. On d 3, replace two-thirds of the medium with fresh medium for optimal nutri-

tional supply.
17. On d 6, collect the total medium from all wells and pool in a 50-mL tube to

remove adherent cells.
18. Pellet the cells (250g for 5 min) and resuspend in fresh DC medium.
19. Count and adjust the cells to 6 × 105/mL in DC medium.
20. Transfer the cells into a fresh six-well plate (5 mL/well).
21. Add 20 ng/mL of lipopolysaccharide for the final 48 h to activate the DC (this step

is optional, and should be performed only if activated DC are required).
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22. Load the cells with peptide antigen (e.g., 10 µg/mL of OVA323-339) by adding
the peptide for the last 2 h of the culture (at day 8).

23. Collect the nonadherent cells on day 8 (as described in step 17).
24. After washing, the cells are ready for use (see step 10 and Note 1).

3.1.2. Purification of CD4+ T Cells

Naive CD4+ T cells from the spleens of DO11.10 TCR transgenic mice are
enriched to a purity of >95% (75–85% transgenic TCR as tested with the clono-
typic MAb KJ1-26) by negative isolation using a magnetic bead separation
system, such as the MACS system (Miltenyi, Bergisch Gladbach, Germany)
including MAb specific for CD8α (Ly-2), CD45R (B220), CD49b (DX5),
CD11b (Mac-1), and Ter-119 (see Note 2). When using a commercial separa-
tion system such as MACS, we follow the manufacturer’s recommendations
exactly step-by-step, as outlined in the product description accompanying the
product and available online.

3.1.3. Staining of DC and T Cells

DC and T cells are labeled with different fluorescent dyes. Typically, DC are
labeled with CMTMR (Cell Tracker Orange, CTO) and T cells with CFSE.

1. In a 2-mL Eppendorf tube, resuspend up to 1 × 107 DC in 1 mL of PBS.
2. Add CTO to yield a final concentration of 0.5 µM.
3. Keep the solution in the tube with lid open at 37°C/7% CO2 for 30 min.
4. Top up the tube with PBS/1% FCS and centrifuge the cells (250g for 5 min).
5. Resuspend the pellet in 1 mL of CM and incubate for another 30 min in the incu-

bator.
6. Wash twice (as described above) with CM (see Note 3).
7. Stain the T cells as described in steps 1–6 using 0.5 µM CFSE in PBS for 10 min

at room temperature.
8. Wash the cells twice with CM before introducing either cell type into a collagen

chamber for microscopic analysis (see Note 4).

3.2. The 3D Collagen Matrix, Chamber Build-up, and Cell Loading

3.2.1. Preparing the Paraffin Mix

1. In a heat stable beaker, mix one part of petroleum jelly (Vaseline) with eight parts
of paraffin.

2. Heat to 60°C. This will result in a clear solution that can be used for chamber
building using a paint-brush.

3. The solution can be repeatedly reheated and used many times.

3.2.2. Building the Collagen Gel Chamber

The microscope slide is painted with heated paraffin mix to create a U-
shaped wall structure (see Fig. 1).
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1. Using a small paint-brush (width 6 mm), add the paraffin mix (see Subheading
3.2.1.) in three layers to give a U-shaped support of approx 300-µm height with
one open end (see Note 5).

2. Place a cover slip on top of the U-structure and fix by one additional paraffin mix
layer along three sides of the cover slip.

3. The fourth side remains open as the chamber will be filled from this direction.

3.2.3. Preparing the Collagen Mix

This protocol yields an amount of collagen stock sufficient to produce a 100 µL
gel that will fill one standard chamber.

1. In a 1.5-mL Eppendorf tube pipet 5 µL of sodium bicarbonate.
2. Add 10 µL of 10X MEM. The solution should turn pink.
3. Add 75 µL of collagen (see Note 6).
4. Mix well, taking care to avoid generating air bubbles.

These volumes can be multiplied by any factor to yield more of the collagen mix.

3.2.4. Mixing Cells and Collagen

1. Resuspend the cells in CM at an appropriate concentration. For monitoring T
cell—DC interactions, for example, prepare 1.5 × 106 T cells in 50 µL and 1.5 × 105

DC in 50 µL in two separate 1.5-mL Eppendorf tubes.
2. In a fresh 1.5-mL Eppendorf tube, mix 16.7 µL of the T cell suspension with 16.7

µL of DC. 
3. Add 66.6 µL of collagen mixture.
4. Mix well, taking care to avoid generating air bubbles.
5. Fill the collagen chamber with this mixture to about half its volume (see Fig. 2),

which, depending on the size of the chamber, should require 100 µL or less.
6. Let the collagen gel polymerize for 30–60 min in a 37°C/7% CO2 incubator.
7. The polymerization process is complete when the gel is entirely hazy (see Note 7).
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Fig. 3. A sealed collagen chamber ready for imaging.

3.2.5. Sealing the Chamber

1. Add CM to fill the chamber completely.
2. Add a layer (or two if necessary) of hot paraffin mix to the remaining side of the

cover slip, thereby sealing the chamber (see Fig. 3).

3.3. Real Time Imaging of 3D Cell Migration and Cell—Cell Interaction

3.3.1. Hardware for Imaging

DC—T cell interactions within 3D collagen gels are analyzed as described
(8). For more specific considerations on imaging hardware see Note 8. Cell
migration and fluorescence are monitored simultaneously by time-lapse fluo-
rescence microscopy (12), using an upright microscope and, usually, a ×20 lens
coupled to a real-time imaging system. For high-resolution imaging we use ×40
and ×60 lenses. Owing to the set up of the system, when using multiple posi-
tions high NA oil immersion is not possible but water immersion works well.

3.3.2. Preparation of the Microscope and Loading of the Samples

1. For stability of focus, make sure that the entire microscope system is prewarmed
to 37°C before the start of the experiments (see Note 9).

2. Manually focus on areas of interest in the probe.
3. Move along the z-axis to find the upper end (top) and the lower end (bottom) of

the collagen gel.
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4. Move to a z-position safely between these two extremes. This makes sure that
observed cells are truly within the 3D collagen matrix.

5. Another proof of correct location in the gel is that, upon focusing, a few sharply
focused cells will become evident, as well as a greater number of cells at different
focal planes. Although out of focus, these cells may also be used for tracking, as
long as their fluorescent color can be recognized.

3.3.3. Performing an Imaging Experiment

We describe the procedures for using the Cell^R system which allows the
creation of an experiment plan at the beginning of the experiment which is then
automatically exercised by the system. A typical experiment plan consists of
three parts:

1. Defining image types and exposure: for instance, one might wish to have a bright-
field image for overall cell structures first, immediately followed by a fluorescence
image of CFSE, followed by one showing the CTO signal. Thus, in our example,
the system would generate three separate images (Brightfield, CFSE, CTO),
which can then be combined for multicolor images. Exposure time and light inten-
sity will have to be determined for each color individually at the beginning of the
experiment. It is important to always use the lowest possible amount of light to
exclude photo damage and photo bleaching, especially during long-term imaging.

2. Defining positions: optimal positions for imaging are those, where a sufficient
number of cells is visible both in the brightfield as well as all fluorescent channels.
By loading a (potentially unlimited) number of such positions in a software based
position table, the system is programmed to subsequently perform the sequence of
images defined in step 1 at every position.

3. Defining frequency and total number of images: for watching DC—T cell interac-
tions, intervals of 30–60 s are preferable and sufficient. In our hands, experiments
of up to 12–48 h are possible, without obvious changes in DC or T cell viability
and behavior.

3.4. Data Analysis: Choosing Suitable Parameters for Cell Tracking

We have focused on the following parameters, which have proven to be espe-
cially useful for analyzing cell behavior:

1. Velocity: this parameter describes the speed of locomotion (usually in micrometer
per minute) of one cell, or of a cell population, when calculated for numerous cells
(see Fig. 4A). Essentially, velocity does not include periods of resting (i.e., with
locomotion of zero), which frequently occur during cell migration.

2. Speed: this is a similar parameter to velocity but includes resting periods. This dif-
ferentiation can be of importance when situations occur leading to stopping and
reorientation, e.g., during interaction with neighboring cells.

3. Activity: the proportion of time periods during which locomotion occurs relative
to the total number of time periods observed. This parameter can very nicely
depict the kinetics of cell recruitment (see Fig. 4B).
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Fig. 4. Computer assisted tracking of cell migration in three-dimensional (3D) collagen matrices. Human peripheral blood neu-
trophils were incorporated into a 3D collagen matrix. After polymerization of the gel a solution containing 10 nM fMLP was added
to the gels from the lower left side immediately before start of imaging (see ref. 18 for experimental details). Shown are paths of 20
neutrophils individually tracked for 47 min using software developed by the authors. Paths, as they developed within the field of
observation (C). The same paths have been drawn to begin in a common spot at the center of the picture. Note the tendency of the
cells to move into the lower left corner (D). An expected main migration vector (large arrow) and an angular distribution (circular
arc with bars at both ends) can be arbitrarily chosen by the investigator based on the experimental results (E). Circular graph show-
ing the angular distribution of path lengths, thereby differentiating in color the paths inside and outside the area of interest defined
before (F). Velocity of the population of 20 tracked neutrophils over time. Note the gradual increase followed by a plateau reached
after 35 min (A). Percentage of cells migrating (activity) of the neutrophils. Note the sharp increase of the motile population (recruit-
ment) occurring between 15 and 25 min corresponding to the sensing of a chemokinetic agent (fMLP) by the cells (B).
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4. Orientation of migration: the distribution of the cell migration angles in a given
field of observation. This is useful for detecting directional migration. When com-
puting this parameter, it is important that cell tracking is able not only to count the
steps in a particular direction, but to measure the total distance migrated in the 
relevant direction. This gives a more accurate evaluation of directional migration
(see Fig. 4C–F).

5. Cell—cell interaction: typical determinators are frequency, duration, and (cell-
type) specificity of interactions, as well as the cells’ biophysical appearance
(changes in cell shape, cell polarization, cells pushing or being pulled, and so
on [4,5]).

With the exception of the very complex cell—cell interaction analysis
(parameter 5), which has to be performed entirely “by hand,” we have devel-
oped the software “cell tracker,” that allows the computer assisted generation of
data for the listed parameters. The software is described below. It may be
obtained from the authors, upon request.

3.5. “Cell Tracker”: Software for Computer-Assisted Cell Tracking

3.5.1. General Considerations

The automatic tracking of moving objects by software is an intensively inves-
tigated topic of research but still remains difficult to achieve. The problem is less
the identification of an object in an image, as the reidentification of the same
object in a subsequent image, which is the essential step in tracking an object in
motion. This is further confounded when the shape of the object changes (such
as in flexible cells), when the motion is not continuous enough (i.e., jumps occur
between two positions), or when the object collides with another object. Under
these circumstances, reidentification becomes very difficult.

Unfortunately, these problems are typical when using microscopy for the
investigation of cells in 3D environments, as described in this chapter. The cells
move in three dimensions and, thus, their size and sharpness constantly varies
in the two-dimensional image captured by the microscope. In addition, the
motion can undergo abrupt changes due to interactions with matrix fibers and
cells frequently collide with each other either in the form of a real collision or
just in the two-dimensional projection of their 3D position. Consequently, to the
best of our knowledge no automated tracking system for widefield observations
of microscopic particles in 3D environments has so far been developed.

3.5.2. Description of the Software

3.5.2.1. PRINCIPLE OF TRACKING

The application allows the relatively easy computer-assisted manual tracking
of individual cells in computer-displayed image sequences.
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1. After a video sequence is started, tracking is performed by the user moving the mouse
pointer along with any cell under investigation (over the center of gravity of the cell).

2. The application records the mouse position in fixed time intervals.
3. From these raw data, the software automatically generates essential migration

parameters, allows for a simple statistical analysis of the data and generates
publishable figures.

4. Raw data files, as well as resulting figures, can be exported to typical secondary
applications (see Fig. 4).

3.5.2.2. MARKING AND TRACKING OF CELLS

1. Load an AVI file showing the motion of the cells. AVI files are easily exported
from modern live-cell imaging systems.

2. In the first frame of the movie (with the investigator not knowing the future behavior
of the cells and thus not being biased in marking very motile cells) place numbers on
the cells to be investigated by clicking on them with the left button of the mouse.

3. Specify measurement-specific parameters (time per frame, number of frames to be
shown, number of frames between two mouse position recordings).

4. Double-click on a number on a cell. This starts the replay of the AVI and the
recording of the mouse positions.

5. Track the cell while the movie is played (see Subheading 3.5.2.1.).
6. The tracking stops automatically at the end of the AVI, after which the mouse posi-

tions are saved.
7. Stop tracking at any time by clicking on the right mouse button. Track data

obtained so far for this cell may be saved or discarded. This can, for instance, be
necessary when a migrating cell leaves the field of observation or becomes 
un-detectable due to movements in the z-axis.

8. The tracks can be displayed to obtain an overview of the quality of the tracking
and to avoid double tracking of the same cell, a frequent error in crowded gels.

During tracking, the mouse only should be moved, when the cell really “loco-
motes.” Frequently, cells can be observed shaking but remaining fixed to the spot
(i.e., running on the spot). To reduce tracking noise, it is advisable not to follow these
“pseudo-locomotions” by producing little movements with the computer mouse.

3.5.2.3. DATA GENERATION

1. Along with the raw data (i.e., frame number and mouse position), angle and dis-
tance information for each step of the motion are automatically calculated.

2. Additionally, a table is created that shows the whole distance covered by the cell
during the tracking. It is possible to perform a distance calibration so that the pro-
gram saves the distance values using length units and not pixels.

3. All data are saved as text files suitable for export to spreadsheet applications like
MS EXCEL. Here, secondary analysis can be performed to calculate and plot
parameters such as the velocity and activity of individual cells or cell populations
over time (see Fig. 4A,B).
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4. Furthermore, the software allows the representation of the data in two diagram
types:
a. A diagram with the tracks depicted as they were recorded (see Fig. 4C).
b. A diagram with all the tracks starting in the center of the screen (see Fig. 4D).

This type is helpful in detecting a common direction of motion.
5. In addition, the original tracks can be shown in front of a background picture, such

as the first frame of the AVI, so that the paths of the corresponding cells are visi-
ble (not shown).

6. For statistical analysis, the application can generate histograms showing the pat-
tern of cell motion directions (i.e., direction angles weighted with the distance
covered in the corresponding direction). This can be done separately for angles
inside and outside a range of interest defined by the investigator (see Fig. 4E).

7. The resulting histograms are either displayed as single diagrams (not shown), or
grouped in a normalized circular bar graph which gives a better representation of
the migration patterns (see Fig. 4F).

8. All the diagram types can be copied for use in other applications.

4. Notes
1. The peptide concentration can vary greatly depending on the type of antigen pre-

senting cell used, the nature of the antigen, and possibly also the experimental
readout. For OVA323-339, DC require 0.1–1 µg/mL of peptide to induce maximal
T-cell proliferation, whereas resting B cells need 100 µg/mL for maximum
responses (4). In contrast, amounts as little as 10 ng/mL can be optimal for DC-
presentation of a peptide like SIINFEKL, the cognate antigen for the TCR trans-
genic line, OT-I. Although mature DC can reach high levels of peptide density on
their surface after only 2 h of loading with peptide, a period of 24 h may be ben-
eficial when loading less efficient antigen presenting cells, such as naïve B cells.

2. Although a self-developed method of negative T-cell separation (17) yields excel-
lent results combined with high cost-efficiency, we have recently achieved equally
good results coupled to greater ease of handling using the commercially available
magnetic bead systems of Miltenyi (MACS) and Dynal (DYNABEADS) all of
which yield purities of 95% CD4+ cells when separating DO11.10 T cells.

3. The rather lengthy staining and washing procedure described, together with
a rather low concentration of CTO, has proven to help assure maximum de-
esterification of the dye inside cells and efficient wash-out of the esterified propor-
tion. This protocol helps to maintain low background fluorescence in the sur-
roundings during microscopic observation over extended periods of time, where
residual uncoupled dye can leak from the cells.

4. Other combinations of fluorescent dyes may also prove useful. We have obtained
good results with a great variety of fluorescent dyes from Molecular Probes,
among them the blue DNA probe DAPI (4’,6-diamidino-2-phenylindole), Cell
Tracker Blue CMAC (7-amino-4-chloromethylcoumarin), or, as an alternative to
CTO, SNARF-1-AM (seminaphtorhodafluor-1-acetoxymethylester), which has
similar fluorescence spectra to CTO, but can additionally be used as an intracellular
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pH indicator. For ratiometric calcium imaging, the use of Fura-2 AM has given
good results in our hands (see Note 8).

5. To reproducibly create chambers of equal size, you will need some experiment-
ing with your particular petroleum jelly mix. Note that, depending on the micro-
scopic system, chambers that are too high may be inconvenient, especially if you
decide to observe (as a control) cell interactions in fluid media instead of colla-
gen gel. The gathering of the cells at the bottom of the chamber, together with the
small working distance of your lens, can ultimately make proper microscopic
observation impossible.

6. When mixing the components, make sure no air bubbles are generated. The solu-
tion should turn from deep pink to a very clear pink color (salmon). If the solution
remains deep pink, the bicarbonate may have expired and needs to be changed.

7. For filling the tracking chamber and subsequent polymerization of collagen, it is
essential to keep the chamber standing upright on its edge rather than lying flat.
Ideally put it into a slide holder. This positioning prevents the cells from sinking
to the bottom of the chamber during polymerization.

8. In principle, cells can be imaged with any live cell microscope. However, it is
very desirable to include detection of brightfield channels for cell morphology
as well as several fluorescence channels. This detection needs to occur at almost
the same time. Furthermore, given possible changes in cell physiology, it is 
necessary to analyze experimental and control conditions in one experiment.
Ideally, this can be achieved by imaging internal controls within the same field
of observation (e.g., in a different color). Alternatively, multiple independent
microscope systems can be used. A more elegant solution is the use of an auto-
mated microscope stage. Based on these considerations, we use an imaging sys-
tem (Cell^R with MT20, Olympus Biosystems) featuring a real-time excitation
shuttering, a fast rotating eight-position excitation filter wheel, and a motorized
multiposition stage. The system is coupled to an upright microscope with
dichroic emission filter cube and a CCD camera linked to a PC, and allows for
almost simultaneous measurement of fluorescence signals emitted in response to
light of different wave lengths as well as capturing of a brightfield image. As it
is essential to limit the light input from the burner to the lowest value that still
permits detection of the signal when analyzing fluorescently labeled cells, the
system allows dimming of the light intensity to as low as 1% as well as shutter-
ing the light path in real time (i.e., in 1 ms, if necessary). The fast switching
between excitation filters is especially useful for the ratiometric determination
of calcium dyes such as Fura-2 AM, when instantaneous switching of excitation
between 340 and 380 nm is needed. Using the multi position motorized stage,
we can include in one experiment up to six different collagen chambers with a
theoretically indefinite number of positions. Both microscope and stage are 
covered by a self-constructed Perspex-lined box serving as a thermo box for
maintaining a constant temperature. A wire-based temperature gage, connected
to a heating element and a fan, is positioned at slide level to ensure a constant
temperature of 37°C in the probes.
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9. Allow sufficient time to prewarm the microscope system to 37°C. This prevents
fluctuations in the focal plane of the microscopic slide, which otherwise invariably
occur during the first hour of observation upon warming up of the microscope-
stage hardware. This is of lesser importance in 3D experimental systems such as
collagen matrix where cells move up and down over time anyway but can be a pit-
fall in setting with fluid media or when imaging is focused on adherent cells. If the
system is used regularly, it might be useful to keep it permanently warmed.
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Etiology of Autoimmmune Disease
How T Cells Escape Self-Tolerance

Eli Sercarz and Claudia Raja-Gabaglia

Summary
Despite central and peripheral regulatory mechanisms designed to prevent self-reactivity,

autoimmune disease is a common condition. This article explores several ways in which both
high and low affinity T cells can avoid negative selection. The concept of intramolecular
sequestration indicates that there will be a hierarchy of presentation of different antigenic
determinants derived from a protein antigen, such that some determinants will be efficiently
presented whereas others will be poorly presented or not presented at all. Generally, only well-
presented determinants will induce tolerance among T cells with sufficient affinity/avidity.
Escape from this negative regulation can occur via effects of the antigen processing and 
presentation system denying determinants access to the peptide-binding grooves of major histo-
compatibility complex molecules. Another escape mechanism involves avoidance of the 
regulatory circuitry.

Key Words: Intramolecular sequestration; antigen processing and presentation; T-cell repertoire;
immune regulation; immunodominance; thymic antigen expression; crypticity; immune hierarchies.

1. Introduction
It is evident to all students of immune tolerance that each individual has a

repertoire of T and B cells capable of responding to self-antigens. Furthermore,
the nature of the balance established in the immune system is such that all indi-
viduals of all species manage to cope with this possibly self-destructive poten-
tial, except in the unfortunate case of pathogenic autoimmunity. The peripheral
T-cell repertoire generally responds to most foreign antigens whereas failing to
respond to self-antigens. The mechanisms underlying this largely successful
avoidance of immune damage will be the subject of this chapter.
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Autoimmunity is now considered to be the result of two coupled singulari-
ties in the usually balanced immune system: the existence of a lymphocytic
repertoire capable of strong reactivity against self antigens, and a defective
regulatory circuit preventing adequate control. This most recently developed
contemporary view of autoimmunity indicates the flaws: flaws in the regulatory
arm of the repertoire are just as important as the quality of the effector arm of
the self-reactive repertoire.

Immune tolerance, establishing a homeostatic set point in a stable system, is
usually attributed to (1) the negative selection of high affinity T-cell clones dur-
ing lymphocyte development, (2) the induction of anergy in self-reactive
clones, (3) the existence of a regulatory apparatus that prevents the reactivity of
putatively aggressive clones, and (4) a more vague state of ignorance or seques-
tration of the self antigen(s) away from the immune system. This fourth possi-
bility should be considered a state of ignorance rather than tolerance and can be
challenged on the basis of the definition of immune tolerance. Tolerance is
induced by the positive action of antigen or peptide–major histocompatibility
complex (MHC) complexes on the sensitive cell, or on the regulatory cell,
directly or indirectly causing an effect on a target self-reactive cell. Tolerance
can be tested by challenge with an immunogenic form of the antigen, which, in
such a tolerant animal, yields no response. “Ignorance” is simply a state of
naïvete, because, if antigen is provided in a form accessible to the lymphocytic
cell, an immune response will occur: thus, “acquired immune tolerance” as
originally defined (i.e., a state of nonresponsiveness induced by prior exposure
to the antigen in question [1]) never had been induced, despite the fact that the
individual appeared to be “tolerant” to the provision of the native antigen.
Presumably, in the ignorant individual, the entire antigen could be characterized
as “sequestered.”

2. Immunodominance
2.1. Intramolecular Sequestration

We believe that it is crucial to the understanding of tolerance to consider the
concept of “intramolecular sequestration.” The fundamental idea is that only the
well-presented determinants of an antigen, embedded in the groove of MHC class
I or II molecules, which are usually the dominant determinants, are available in a
sufficient concentration to induce an immune response, or to negatively select the
susceptible repertoire. The poorly or nonpresented determinants, accordingly, can
be considered to be sequestered within the molecule (2). Therefore, within each
antigenic molecule there is a hierarchy of determinant expression and, in the case
of T-cell activation, the openness of the molecule and its ability to be processed
to make available the full potential set of determinants, will lead to a clear 

272 Sercarz and Raja-Gabaglia

16_Sercarz  4/4/07  9:20 AM  Page 272



rank-order of epitopes in the induction of responsiveness or tolerance. This com-
ponent of tolerance induction relates to the determinant density, whereas the sec-
ond component, which contributes to the establishment of the repertoire, is the
hierarchy of T-cell receptor (TCR) affinities (see Fig. 1). Figure 1 shows that the
residual, available repertoire is a product of both determinant density and TCR
affinity. Even in the case of poorly presented determinants, the outermost layer,
representing the T cells with the highest affinity receptors, will be rendered toler-
ant in the thymus. However, under conditions where there is absolutely no
detectable determinant within the groove of the MHC class II molecule, we
expect that the complete repertoire directed against this determinant will enter the
periphery, following abortive negative selection.

Avoiding Processing/Regulatory Effects 273

Fig. 1. The top row shows the effect on the repertoire of negative selection imposed
by a well-presented antigenic determinant. Affinities of components of the T-cell reper-
toire are represented by concentric rings with the highest affinity/avidity T cells in the
outermost ring. With such a determinant, much of the repertoire is negatively selected,
except for the very poorly binding components, represented at the center of the rings.
With a poorly presented antigenic determinant, only the highest affinity/avidity T cells
are negatively selected. In the absence of binding of a particular determinant, the full
complementary repertoire should be released to the periphery.
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2.2. Processing and Presentation of Determinants 
From a Native Protein

Direct proof that there is a vast difference in the number of different deter-
minants on an antigen that eventually are displayed by MHC class II molecules
has been provided by Unanue and colleagues (3). Four determinant families
were examined from hen egg white lysozyme (HEL): 18–33, 31–47, 48–62, and
115–129, and a 250-fold difference in affinity was measured between the high-
est and lowest binding family. Early evidence, using this same HEL antigen
system, demonstrated that, when used to induce tolerance, only T cells directed
against dominant determinants were rendered tolerant whereas the residual
repertoire still contained T cells directed against subdominant and cryptic deter-
minants (4). A parallel study in another mouse strain (the BALB/c H-2d mouse)
revealed a similar result (5), showing that there was a direct relationship
between the serum level of HEL and the degree of tolerance obtained.

Clearly, one broad contribution to the residual repertoire available in the
periphery after negative selection, arises from those T cells directed against
the partially and the largely sequestered determinants. However, in addition
there are those T cells with low affinity receptors, which easily manage to
avoid perdition, despite being directed against well-presented determinants.
The final and possibly most dangerous group of self-directed T cells are,
therefore, those displaying high affinity for peptide–MHC complexes, which
manage to avoid annihilation owing to complete sequestration of their spe-
cific antigenic moiety from the MHC groove; this last group will be discussed
in the context of the pathogenic response to myelin basic protein (MBP) (see
Subheading 3.1.).

2.3. The T-Cell Repertoire as a Factor in Immunodominance

The foregoing discussion has concerned the display of antigen as a guiding
force in determining the balance between dominance and crypticity. Of equiv-
alent importance is the T-cell repertoire, because an efficient T cell with a high
affinity for peptide–MHC complexes may render a poor MHC-binding peptide
dominant. For example, in the case of MBP, the amino-terminal nonamer, Ac-
ASQKRPSQR, binds very weakly to the MHC, but is, nevertheless, the domi-
nant determinant in the B10.PL mouse.

A feature that needs to be discussed is the frequency of particular T cells
within the T-cell repertoire. A T cell that is at a very low frequency in the reper-
toire will not make a significant imprint on the immune response. An interest-
ing case in the well-studied HEL model, is HEL85-96, an H-2Ek-restricted
determinant that is cryptic, despite binding strongly to the MHC. Nevertheless,
HEL-primed mice do not respond to peptide 85-96 in vitro. In a TCR transgenic
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mouse, in which the transgene product recognizes this determinant, the fre-
quency of specific precursor cells is at least 10–20 times greater, resulting in a
conversion of this cryptic determinant to a dominant one (6). We can conclude
that the dominance/crypticity continuum is dependent on both the quality of
antigen processing and presentation, as well as the frequency and affinity of the
T-cell population specific for that determinant.

3. The Antigenic Perspective
3.1. Preventing Access to the MHC in Experimental 
Autoimmune Encephalomyelitis

An illustrative example of the interplay of these forces can be seen in the
response of the B10.PL (H-2u) mouse to MBP. Immunization of this mouse
with MBP leads to a response directed to the amino-terminal Ac1-9 determi-
nant, whereas other potential determinants derived from MBP (e.g., 7–16 and
121–140 [7]) remain cryptic, despite binding much better to H-2Au. The
response that emerges is propelled by a single driver clone of relatively high
affinity, a BV8S2/BJ2S7 clone, which we have called “DAGGGY” because of
its CDR3 amino acid sequence. This clone clearly is the agent that promotes
the Ac1-9 antigenic determinant to dominance. The determinant MBP7-16
binds avidly to H-2Au, and thereby leads to the negative selection of most
medium and high affinity T cells directed against the epitope. Accordingly, this
determinant becomes cryptic despite its avid binding to MHC, owing to
the nature of the residual peripheral repertoire, now comprised of low-affinity
T-cell remnants.

The form of MBP expressed in the fetal B10.PL mouse is called Golli-MBP
(Golli = genes of the oligodendrocyte lineage), because there are three upstream
5′ exons, amino acids 1–134, which are contiguous to the exons of the adult
form of MBP (8). The last four amino acid residues of the embryonic Golli
(Golli-MBP131-134) are LDVM and because of the methionine residue at posi-
tion 4, the hybrid determinant, LDVMASQKR, is an excellent binder to H-2Au.
Position 4 in 1-9 (ASQKRPSQR) is a lysine, which leads to a 10,000 times
lower affinity of binding to H-2Au than the nonamer in which the K4 is replaced
by M or Y. Therefore, LDVMASQKR competes favorably with ASQKRPSQR
for the H-2Au groove and always wins (9). Likewise 7-16 (SQRSKYLATA) is
an excellent competitor because the tyrosine in this determinant again makes it
an efficient binder. The result of having flanking contiguous determinants of
much greater affinity for MHC class II is that 1-9 is probably completely
excluded from the H-2Au-binding groove. To test the notion that 1-9 would be
an excellent determinant in the absence of these two competitors, we produced
four peptides containing these three overlapping determinants, or variants
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thereof, and tested the altered peptides for their ability to activate 1-9-specific
hybridomas (see Table 1). Only when both the N-terminal flanking determi-
nant and the C-terminal flanking determinant were deprived of their ability to
bind competitively to the H-2Au molecule, by substitution with nonbinding
residues, was the activity of the central 1-9 determinant revealed. Evidently,
1-9 is not such a poor immunogen in the absence of competition. In this exam-
ple, the driver T cell, DAGGGY, escapes tolerance induction owing to the sti-
fling competition by the flanking determinants. A confirmation of our findings,
using an entirely different approach, came from the work of Goverman and
colleagues (10). They discovered that the most abundant epitopes obtainable
by elution of peptides bound to H-2Au were 1-17 and 1-18. Within these pep-
tides were a high affinity register, shown to be 5-16, and the low affinity 1-9
register. The former complex with H-2Au dissociated very slowly, whereas
the complex of MBP1-18 with H-2Au dissociated with biphasic kinetics. If the
tyrosine residue at position 12 was mutated, abrogating binding of the 5-16
register, single-phase rapid dissociation resulted. The experiments with the
overlapping N-terminal Golli determinant (9) better explain the fact that the
DAGGGY clone is able to escape thymic negative selection; without that
additional N-terminal competitor for attachment to the MHC class II mole-
cule, Ac1-9 is able to bind, albeit poorly, and to induce a pathogenic immune
response.

Such high affinity T cells as DAGGGY may escape annihilation rather read-
ily and then provide the individual with a potentially dangerous self-directed
repertoire, only manageable if a regulatory circuit is available to control its
proclivities. To again refer to Fig. 1, it is unknown for each of the concentric
rings representing areas of diminishing T-cell affinity, how much a determinant
would have to be exposed to successfully obliterate the high affinity members
of the repertoire. But one can easily see how important it is to have a fully
functional regulatory system in place to serve as a last ditch defense in the
avoidance of autoimmunity, caused by such subversive T cells.
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Table 1
The Amino-Terminal Nonamer of MBP is a Strong Antigen, 
If Flanking Determinants Are Removed

Tri-determinant peptides Response of MBP (1-9)-specific T cell hybridoma

LDVMASQKRPSQRSKYLATA 0
SDVGASQKRPSQRSKYLATA 0
LDVMASQKRPSQRSKDEATA 0
SDVGASQKRPSQRSKDEATA +
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3.2. InterDeterminant Competition

Another situation in which there are three contiguous determinants and where
processing enzymes play an important part in repertoire choice, appears in the
way the SJL mouse responds to MBP89-101 (11). In this case, the cores of the
three determinants are 89-94, 92-98, and 95-101, and the central determinant
(92-98) is dominant. However, when the enzyme asparagine endopeptidase
cleaves MBP at asparagine 94 (12), the dominant determinant is obliterated and
the two flanking determinants gain a degree of freedom from the constraints of
molecular rigidity. The cryptic determinant, whose core is MBP89-94, thus indi-
rectly achieves dominance within the context of the whole molecule.

3.3. Influence of the Affinity of the Peptide Ligand for MHC

Another study in the MBP system emphasizes the importance of
affinity/avidity of the peptide ligand for the MHC in influencing consequent 
T-cell repertoire selection and disease susceptibility (13). H-2u mice were
immunized with MBP Ac1-9 peptide or its analogs, which display higher
MHC-binding capabilities. Immunization with the Ac1-9 wild type peptide,
which has the weakest binding affinity, expanded high affinity T cells that
induce encephalomyelitis, whereas immunization with high affinity analogs
prevented disease development by elimination of the high avidity T-cell reper-
toire by apoptosis.

3.3.1. Revealing Cryptic Determinants and Conversion to Dominance

Under certain conditions, a possibly pathogenic determinant might not be
immunogenic because it is sequestered and not readily presented. An alter-
ation in the molecule creating a site for endopeptidic attack can then expose
this determinant. In the HEL model system, the determinant 23-32 is cryptic
in the BALB/c H-2d strain. Because amino acid 33 is a lysine, Schneider et al.
(14) were able to take advantage of the fact that certain proprotein convertase
enzymes recognize and cleave dibasic sites, removing them from the mole-
cule and creating a peptide strand break (15). Thus, F34K and F34R (HEL
with residue phenylalanine 34 replaced by lysine or arginine, creating two
parallel dibasic sites) were prepared by site-directed mutagenesis and, when
used to immunize BALB/c mice, were found to induce a dominant response
to 23-32.

3.3.2. A Self-Antigen System

This approach was reexamined in a self-antigen system, to find out whether
the crypticity of certain determinants of mouse lysozyme M (ML-M) could be
attributed to the nonavailability of a proteolytic site (16). Accordingly, dibasic
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motifs were created as targets for intracellular proteases in the regions adjoining
three cryptic determinants—46-61, 66-79, or 105-119 for different mouse hap-
lotypes. The mutated lysozyme proteins, in contrast to unmutated ML-M, were
rendered immunogenic in mice, and these anti-self T-cell responses were associ-
ated with the generation of autoantibodies against self-lysozyme. Thus, in the
heightened inflammatory states often seen at the onset of autoimmunity, the acti-
vation of proteolytic enzymes may allow pathogenic determinants to become
exposed and to engender new attacks by T-cell clones escaping from ignorance.

3.4. Shaping of the T-Cell Repertoire to a Self Antigen

Work by Moudgil’s group on ML-M provides an excellent example of the
shaping of the T-cell repertoire for self antigens. In a recent publication (17),
ML-M knockout (ML-M–/–) LysM(cre) mice on the C3H background were used
to compare the hierarchy profile of T-cell responses with the wild type C3H
strain. As expected, the ML-M–/– mice develop robust responses upon immu-
nization with ML-M. The dominant and codominant responses localize within
the 95-125 region of ML-M. The wild type mice do not respond upon ML-M
immunization, nor do ML-M–/– mice that have been tolerized neonatally by
immunization with the dominant ML105-119 peptide in incomplete Freund’s
adjuvant, clearly demonstrating the role of dominant peptides in tolerization of
the available T-cell repertoire. As expected, the cryptic ML-M determinants,
capable of binding to H-2Ak or H-2Ek (peptides 1-15, 50-64, and 99-113) evoke
potent immune responses from both ML–/– and wild type mice upon peptide
immunization. Furthermore, macrophages from nonimmunized wild type ani-
mals, presumably displaying ML-M, are capable of eliciting T cell responses
from ML-M immunized knockout mice. ML-M is typically produced by cells
of the myeloid lineage, reaching serum concentrations of 1–2 µg/mL, and the
dominant 105-119 peptide is naturally processed and displayed by wild type
mouse macrophages. These studies address questions related to the differential
hierarchy of tolerance induction among the determinants on a self-protein.

3.5. Regulation of Thymic Antigen Expression

The question of how thymic negative selection takes place for the multitude
of tissue-restricted antigens has been largely elucidated during recent years.
Previously, it was assumed that very few, if any such antigens gained access to
the thymus, which was supposedly reserved for ubiquitous and blood-borne
self-antigens. In reality, a surprisingly large number of genes, 5–10% of all
mouse genes (about 2000–3000) are expressed in highly specialized medullary
thymic epithelial cells . These genes code for such antigens as MBP, insulin, but
also others representing all parenchymal tissues. It appears likely that this
assemblage, the result of “promiscuous gene expression” (18), fits the needs for
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repertoire shaping, and a variety of devices conspire to optimize the levels of such
antigens, raising them to the point at which thymic negative selection can readily
occur. A transcriptional regulator known as AIRE (for “autoimmune regulator”)
controls the expansion of a subset of the promiscuously expressed genes, espe-
cially those restricted to terminally differentiated cells (19).

In the absence of AIRE, owing to mutation, many autoimmune manifestations
appear such as lymphocytic infiltration into multiple organs. In addition, there
are many self-antigens whose expression is controlled by other transcriptional
regulators. Lines of investigation into thymic promiscuous gene expression are
still in their early days. Interestingly, another set of genes that is upregulated in
medullary thymic epithelial cells is related to antigen processing and presenta-
tion, including MHC class II, H-2M, and a variety of cathepsins (20).

3.6. Antigen Processing and Determinant Choice

The interactions of the processing system that influence determinant choice
are slowly becoming revealed. Competitions arise among the processing
endopeptidases for making the first cut in a tight protein antigen, and varying
amounts of different proteolytic enzymes in the central and peripheral lym-
phoid organs eventuate in currently unpredictable pathways of processing that
should dramatically affect the composition of the eventual T-cell repertoire.
Possible differences between thymic and peripheral antigen processing may
emerge to complicate repertoire shaping. For example, enzymatic destruction of
a dominant determinant in the thymic environment may lead to the escape of an
otherwise leading candidate for imprinting negative selection, whereas in the
periphery, conditions favoring such an enzyme may not exist, permitting
peripheral negative selection of the escapee clone.

4. The Repertoire and Regulatory Perspective
4.1. Avoiding Immunoregulation

To reiterate a point made at the outset of this chapter, one route to escape
from negative selection involves the avoidance of regulatory influences at any
of several points. One of these is in the thymus, where the AIRE gene regulates
the transcription of many autoantigens (see Subheading 3.6.). In the periphery,
there are many sites at which regulation can fail and any one of these may abro-
gate control of otherwise forbidden clones. Three other examples will follow,
one describing how failure to process a regulatory determinant leads to arthri-
tis, another showing how the lack of control over determinant spreading can
lead to an autoimmune disease state, and a third describing effects arising from
the frequency of regulatory components. In a mouse strain such as the nonobese
diabetic mouse, where there appear to be several general failures in overall reg-
ulation (for example, in the appropriate timing and extent of apoptosis [21,22]),
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there is an overall susceptibility, traceable to 20 different genetic loci, which
leads to a variety of autoimmune conditions in different organs (23). In this
case, the closely related nonobese resistant strain, with several non-MHC gene
differences, overrides one or a few of these regulatory failures and re-establishes
a state of disease resistance.

4.2. Indolent Processing Leads to a Delay in Regulation

Moudgil’s work on the rat model of adjuvant arthritis has revealed how indo-
lent processing can affect the response to regulatory cryptic determinants in heat
shock protein 65 (hsp65). The Lewis rat strain is susceptible to adjuvant arthri-
tis, primarily because it does not process hsp65 rapidly enough to permit the reg-
ulatory determinants at the C-terminal end of the molecule to be presented to the
regulatory T-cell (Treg) population. The closely related Wistar Kyoto strain of rat
does process and present these determinants rapidly and is resistant to the dis-
ease (24). Provision of the regulatory peptides to the Lewis strain prevents adju-
vant arthritis. Rat hsp65 (Rhsp65) is a self-protein, but Lewis rats exhibit strong
proliferative responses and IFNγ secretion upon immunization with Rhsp65 in
incomplete Freund’s adjuvant. Furthermore, the dominant determinants local-
ized at the carboxy-terminus of Rhsp65 also contribute to downregulation of
adjuvant arthritis induced by heat-killed mycobacterial antigens, as demon-
strated by disease attenuation through the transfer of carboxy-terminal reactive
T cells in naïve animals before disease induction (25). Interestingly, priming
with mycobacterial hsp65 does not generate responses to its own carboxy-terminal
determinants but elicits responses to the dominant carboxy-terminal peptides of
self Rhsp65. These cross-reactive responses induced by cryptic mycobacterial
determinants accordingly play an important immunomodulatory role in adjuvant
arthritis. Viewed from the perspective of the Lewis rat, its disease-causing T cells
are allowed to escape peripheral suppressive regulation, owing to a putative
lesion in its antigen processing machinery.

4.3. Determinant Spreading and Driver Clones (26)

Initial experiments on determinant spreading (27) described the induction of
a response to a dominant determinant within the immunogen followed by an
initiation of responses to other, previously subdominant or cryptic determi-
nants. This broadening of the response, if not regulated, could lead to devas-
tating autoimmune consequences (28). Sometimes, as in the response to Ac1-9
in the B10.PL mouse, a driver clone is the first T cell to be engaged, and,
because it is necessary for the driver to continually maintain the conditions for
propagating the response, its inhibition halts spreading. Any generic lesion in
the regulatory mechanisms that would usually shut down the driver clone
might, therefore, permit engagement of a whole panoply of recruitable clones.
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4.4. The Frequency of Regulatory Clones

The frequency of regulatory clones can be an important factor in allowing the
escape of target pathogenic clones. In experimental autoimmune encephalomyelitis
in mice of the H-2u haplotype (B10.PL and PL/J strains), PL/J mice display a
delay of several days in the time of disease onset, a less severe intensity of dis-
ease, as well as more rapid remission. Recently, we have found that the fre-
quency of the BV14 CD4+ Treg cell found in both strains is approx 6- to 10-fold
higher in the PL/J, by two different frequency assays (limiting dilution and
ELISA-spot) (Madakamutil et al., manuscript submitted).

4.5. Cancer Immunotherapy Via the Residual Repertoire

The available postthymic residual repertoire specific for self antigens, is, in
part, comprised of clones that evaded negative selection, either because of their
low affinity for antigen, or because their complementary self-determinant failed
to gain access to the MHC to permit tolerance induction. This repertoire may
serve as a convenient source of cells for generating an anticancer response, based
on the contention that most tumor-associated antigens are actually highly
expressed normal self-antigens. Most often, these clones will be directed against
subdominant or cryptic determinants, and therefore attempts have been made to
alter their target determinants to convert them into more effective immunogens,
able to induce proinflammatory Th1 responses (29). Other approaches include the
enhancement of costimulatory effects (30,31) and the neutralization of inhibitory
elements such as CTLA-4 (32). It is evident that the interests of the autoimmu-
nologist and the tumor immunologist merge in seeking ways to provide
immunotherapy against this set of chronic diseases. The fortuitous escape by cer-
tain clones from destruction, provides tools for the clever cancer immunothera-
pist providing she succeeds in evading the clutches of the regulators.
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Animal Models of Spontaneous Autoimmune Disease
Type 1 Diabetes in the Nonobese Diabetic Mouse

Nadia Giarratana, Giuseppe Penna, and Luciano Adorini

Summary
The nonobese diabetic (NOD) mouse represents probably the best spontaneous model for a

human autoimmune disease. It has provided not only essential information on type 1 diabetes
(T1D) pathogenesis, but also valuable insights into mechanisms of immunoregulation and toler-
ance. Importantly, it allows testing of immunointervention strategies potentially applicable to
man. The fact that T1D incidence in the NOD mouse is sensitive to environmental conditions, and
responds, sometimes dramatically, to immunomanipulation, does not represent a limit of the
model, but is likely to render it even more similar to its human counterpart. In both cases,
macrophages, dendritic cells, CD4+, CD8+, and B cells are present in the diseased islets. T1D is
a polygenic disease, but, both in human and in NOD mouse T1D, the primary susceptibility gene
is located within the MHC. On the other hand, T1D incidence is significantly higher in NOD
females, although insulitis is similar in both sexes, whereas in humans, T1D occurs with about
equal frequency in males and females. In addition, NOD mice have a more widespread autoim-
mune disorder, which is not the case in the majority of human T1D cases. Despite these differ-
ences, the NOD mouse remains the most representative model of human T1D, with similarities
also in the putative target autoantigens, including glutamic acid decarboxylase IA-2, and insulin.

Key Words: Autoimmunity; type 1 diabetes; NOD mouse; tolerance; immunoregulation.

1. Introduction
Autoimmunity is a complex process that results from the summation of mul-

tiple defective tolerance mechanisms. The nonobese diabetic (NOD) mouse
strain is an excellent model of autoimmune disease, so it is an important tool
for dissecting tolerance mechanisms and studying tolerance induction (1,2). In
addition to autoimmune insulin-dependent diabetes mellitus, type 1 diabetes
(T1D), NOD mice may develop autoimmune thyroiditis, sialoadenitis,
hemolytic anemia, oophoritis, gastritis, and prostatitis (3). NOD mice exhibit
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a number of immune defects that may contribute to their expression of autoim-
munity. These include defective macrophage maturation and function (4), low
levels of natural killer (NK) cell activity (5,6), defects in NKT cells (7,8), defi-
ciencies in the regulatory CD4+CD25+ T-cell population (9,10), and the absence
of C5a and hemolytic complement (11).

The NOD mouse is, however, mostly studied for its propensity to sponta-
neously develop T1D that closely resembles the human disease (1,2). T1D is a
result of the destruction of the insulin-producing pancreatic islet β cells and it
is associated with infiltration of the islets by macrophages, dendritic cells, T
and B cells, and with cellular and humoral immunity against islet antigens. In
this review, we will examine the basic features of the NOD mouse model, and
highlight its contribution to studies of immunological tolerance.

2. The NOD Mouse Model
2.1. Strain Origin and Characteristics

The NOD mouse was derived from the Jcl:ICR strain by Makino and colleagues
in the late 1970s (12) and since then many NOD colonies have been established
worldwide (13). NOD mice can be obtained from different suppliers, including The
Jackson Laboratory, ME, Taconic Farms, NY, and Charles River, Calco, Italy.

Although NOD mouse colonies can differ widely in age of onset and inci-
dence of T1D (13), in general mononuclear cell infiltration of the pancreatic
islets (insulitis) is detected at 4–6 wk of age in both sexes. The islet mono-
nuclear infiltrate composition is complex. The majority of cells are CD4+ T cells,
but CD8+ T cells, NK cells, B cells, dendritic cells, and macrophages can also
be identified in the lesion (3,12) (Fig. 1). The islet inflammation leads to onset
of spontaneous overt T1D between 12 and 16 wk of age, more frequently in
females (70–90%) than in males (10–40%). The finding that the reduced inci-
dence in male mice occurs in spite of similar levels of early insulitis suggests
that the autoimmune process in the pancreas of NOD mice includes two check-
points: checkpoint 1, or insulitis, which is completely penetrant and checkpoint 2,
or overt diabetes, which is not completely penetrant (14).

The exacerbated development of T1D, or the protection from the disease,
observed in treated, knock-out, transgenic, cell-transferred NOD mice offers
useful tools to identify the molecules involved in immunological tolerance.

2.2. Diagnosis of T1D in NOD Mice

T1D is defined by hyperglycemia. A mouse is diagnosed diabetic when
blood glucose values are greater than 200 mg/dL for two consecutive measure-
ments. Blood glucose is conveniently monitored by applying a drop of blood,
usually from the tail vein, to a glucose test strip and it is read with a small
portable spectrometer.
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Insulitis is detected histologically by inspection of islets in pancreas sections.
Usually pancreata are fixed in Bouin’s solution and sections stained with hema-
toxylin and eosin. In histological examination of the NOD pancreas, an insulitis
score can be assigned to each islet as follows: 0, no infiltrate; 1, peri-islet infil-
trate at the vascular pole only; 2, peri-islet infiltrate encompassing most of the
islet section; 3, intra-islet infiltrate occupying <50% of the islet; 4, intra-islet
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Fig. 1. Schematic view of pathogenic and protective cells in the pathogenesis of
autoimmune diabetes. Antigen-presenting cells (APCs), dendritic cells (DCs) and
macrophages (Mφ), driven to the islets by IP-10 and other chemokines produced by
pancreatic β cells, can secrete, upon activation by different stimuli of bacterial or viral
origin, cytokines with opposing effects. If IL-12 predominates, Th1 cells are preferen-
tially induced. Th1 cells themselves are potent inducers of IL-12 production by DCs via
engagement of CD40 by its ligand CD154. Th1 cells produce high amounts of IFN-γ
that amplifies the IL-12-induced Th1-cell development. IFN-γ also activates Mφ to
exert cytotoxic activity and to secrete cytokines potentially toxic for pancreatic β cells
such as IL-1β or TNF-α, as well as reactive oxygen species. In addition, IFN-γ and IL-2
stimulate CD8+ cytotoxic T cells (CTL), which secrete TNF-α as well as additional
IFN-γ and can kill β cells via Fas, TNF, or perforin-mediated mechanisms. These dif-
ferent effector mechanisms can lead to destruction of β cells and release of β-cell anti-
gens such as (pro)insulin, GAD and IA-2, which can be presented by pancreatic APCs
to antigen-specific T cells. Regulatory CD4+CD25+ T cells, expressing CD152, can
inhibit the pathogenic activity of Th1 cells via direct cell–cell contact. An inhibitory
role could also be played by Th2 cells, secreting IL-10 that inhibits IL-12 production
by DCs and activation of Th1 cells, and by natural killer T (NKT) cells. All these three
suppressor T-cell subsets are defective in the NOD mouse.
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infiltrate occupying >50% of the islet. This scoring system is somewhat arbi-
trary, but it is useful for comparative purposes. Ideally, at least 10 sections from
each pancreas should be inspected, each at least 100 µm apart, and over 25 islets
should be scored to determine a mean or median value.

The islet infiltrating cells can be analyzed by immunohistochemistry or by in situ
mRNA hybridization techniques, for example to define specific surface mark-
ers or cytokine producing cells. For immunohistochemistry, pancreata can be
snap-frozen in OCT (Tissue-Tek), and 5-µm thick cryostat sections fixed and
incubated with unconjugated or biotinylated primary antibodies. After washing,
sections are stained with secondary antibodies conjugated to horseradish per-
oxidase, which can be visualized using diaminobenzidine or 3 amino-9 ethyl-
carbazole (Sigma Chemical Co., St. Louis, MO) as chromogen and hematoxylin
as counterstain.

3. Spontaneous and Induced T1D in NOD Mice
3.1. Spontaneous T1D

Age of onset and incidence of spontaneous T1D depend on multiple factors.
Among them most important are the genetic drift among colonies and the envi-
ronmental conditions (13,15). Under SPF conditions T1D onset occurs earlier
and the incidence of disease is higher. Viral infections have been associated
with increased or decreased T1D incidence (16), and coxsackie virus immu-
nization with delayed T1D development (17), highlighting the complex interac-
tion between infections and autoimmune diseases (18). In addition, stress
(including frequent bleeding) and diet can modify T1D incidence, and elevated
environmental temperature reduces it (19). For longitudinal comparative
studies, e.g., of therapeutic regimens, NOD mice must be maintained under
standardized conditions of housing, diet and handling. Frequent handling early
in life reduces the incidence of T1D. To avoid interference with T1D incidence,
blood sampling for glucose monitoring should be reduced to a minimum before
14 wk of age.

3.2. Chemically Induced T1D

Toxic agents with selectivity for pancreatic β cells, like streptozotocin (STZ)
(20) and alloxan (21) can induce T1D. A single, high dose of STZ (70–250 mg/kg
body weight) given ip causes complete destruction of pancreatic β cells in most
species within 24 h by a direct toxic effect not involving immunological mecha-
nisms. Conversely, repeated ip administration of low dose STZ (e.g., five daily
injections of 25 mg/kg in male, 35 mg/kg in female mice) induces insulitis fol-
lowed by progressive β cell destruction leading, after 2–3 wk, to T1D (22). STZ
is labile in solution. It should be stored dry and dissolved in citrate-phosphate
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buffer, pH 4.5, just before injection. Being potentially mutagenic and carcino-
genic, it must be handled with care.

T1D can be induced by low dose STZ in any mouse strain, but, in general,
males are more sensitive than females. The feeding state of mice influences
their susceptibility to STZ; fasting promotes and feeding impairs the action of
STZ. NOD mice are susceptible to lower doses of STZ as compared to other
mouse strains, and T1D in NOD mice is accelerated by multiple low dose STZ
treatment (23). Although T1D induced by low dose STZ appears to be of
autoimmune origin, it can also be induced in NOD scid/scid mice lacking func-
tional lymphocytes (24).

3.3. Cyclophosphamide-Accelerated T1D

T1D in NOD mice can be accelerated by cyclophosphamide (CY), an alky-
lating agent used as a cytotoxic and immunosuppressive drug (25). Two ip
injections of 200 mg/kg 14 d apart, or a single injection of 350 mg/kg, induce
T1D within 2–3 wk in a high percentage (>75%) of 10-wk-old female mice.
CY is supplied as a powder, which should be dissolved in sterile water imme-
diately before injection. Following CY treatment, the islet infiltrate initially
disappears; after 3–4 d the islets are reinfiltrated with activated macrophages,
followed by CD4+ T cells and after 8–10 d by relatively greater numbers of
CD8+ T-cells concomitant with the onset of β cell destruction (26). The mech-
anism of action of CY treatment appears to involve selective elimination of
regulatory cells (27).

3.4. Cell Transfer

T1D can be transferred to irradiated (750 rad) nondiabetic NOD mice or to
NOD-scid/scid mice (28) by spleen cells or purified T cells from diabetic mice.
Usually, 1–2 ×107 spleen cells from recently diabetic mice are injected iv into
the tail vein of male or female NOD recipients, irradiated on the morning of the
experiment (29). The majority of recipients should become diabetic within 4 wk
after transfer.

NOD disease is primarily dependent on CD4+ and CD8+ T cells (1,29,30):
evidence for this includes the fact that both CD4+ and CD8+ T cells are required
to transfer disease (30), the ability of individual T-cell clones (both class I and
II restricted) derived from NOD islet to passively transfer disease (31,32), and
the fact that T-cell modulating therapies inhibit disease incidence (33–37).
Whereas diabetes can be transferred from affected animals by passive transfer
of splenocytes, it cannot be transferred by autoantibodies from new onset dia-
betic donors, although B cells are also clearly important for the development of
disease (38).
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Table 1
Development of Insulitis and Autoimmune Diabetes in Transgenic NOD Mice

Transgene Insulitis Hyperglycemia References

MHC molecules
Aβk;Aβg7(D57) → → 69,129
Aβd → ↓ 130
AαkAβk; Aβk(S57); Aβg7(P56) ↓ ↓ 67,70,131
Eαk; Eαd no no 68,71
Eα:Sma; Eαk:∆Y ↓ → 71
Eα:∆X → → 71
HLA-DRα → → 132
HLA-DQ6;HLA-DQ8 ↓ ↓ 133,134
Ld ↓ ↓ 135
Cytokines
IL-2 ↑ ↑ 136
IL-4 variable variable 86,87
IL-6 ↑ ↓ 137
IL-10 ↑ ↑ 138,139
IL12p40 homodimer ↓ ↓ 84
TNF-α variable variable 43,44
TGF-β1 ↓ ↓ 140
Autoantigens
Proinsulin no ↓ 78
Residue 16 mutated proinsulin no no 141
Hsp60 ↓ ↓ 142
GAD → → 143
T-cell receptor
BDC2.5 (CD4+) ↑ ↑ 144
8.3 (CD8+) ↑ ↑ 145
GAD 65 no no 146
Costimulatory molecules
CD152 (CTLA-4) ↑ ↑ 46
CD80 ↑ ↑ 45
B-cell receptor
VH125 ↑ 47
VH281 no 47
Molecules involved in β-cell destruction
DCR3 ↓ no 50
FasL ↑ 48

Besides experiments of cell transfer, where the role in tolerance induction of
different cell subpopulations can be explored, during the past 15 yr, investiga-
tors have used a wide variety of protocols to study T1D in NOD mice, including
transgenic and knock-out NOD strains.
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4. T1D in Transgenic and Knock-Out NOD Mice
A wealth of information on the pathogenesis of autoimmune diabetes and on

the causes that lead NOD mice to the breakdown of immunological tolerance
has been accumulated by expressing different transgenes in the NOD mouse
(Table 1), especially in pancreatic β cells under the control of the rat insulin
gene promoter, and by selective gene targeting (Table 2). T1D occurs in most
transgenic mice but in some cases it is not because of an immune reaction, as
demonstrated by the absence of insulitis. Transgenes can be introduced into
NOD mice by direct microinjection of NOD embryos, and NOD embryonic
stem cells have been developed, which permit the analysis of gene-targeted
NOD mice without the need for back-crossing.
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Table 2
Development of Insulitis and Autoimmune Diabetes 
in Gene-Targeted NOD Mice

Gene targeted Insulitis Hyperglycemia References

MHC molecules
β2 microglobulin no no 51,52
CIITA ↓ no 53
Cytokines
IFN-γ → → 147
IL-4 → → 59
IL-10 → → 58
IFN-γR → → 148
IL-12p40 → → 56
TNFR1 → ↓ 149
Autoantigens
Proinsulin 2 ↑ ↑ 150
GAD ↓ ↓ 80
Costimulatory molecules
CD80/CD86 ↑ ↑ 9
CD28 ↑ ↑ 46
CD152 (CTLA-4) ↑ ↑ 151
CD154 no no 61
CD54 no 62
B cells
B cells no no 152
Molecules involved in β-cell destruction
Perforin → no 153
Fas ↓ 49

↑ increased, ↓ decreased, → unchanged.
IL, interleukin; TNF, tumor necrosis factor; TGF, transforming growth factor; Hsp, heat-shock

protein; GAD, glutamic acid decarboxylase; IFN, interferon; TNFR1, TNF receptor 1.
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4.1. Transgenic Models in the NOD Mouse

Given the pivotal role of MHC alleles in the pathogenesis of autoimmune
diabetes, effects of expressing transgenic MHC molecules in NOD mice have
been extensively analyzed. The class I MHC genes of the NOD comprise Kd

and Db alleles. The expressed class II molecule, Aαd:Aβg7 (I-Ag7), is unusual
and I-E molecules are not expressed on the cell surface owing to a deletion in
the Eα promoter. Both the absence of I-E and homozygous expression of I-Ag7

genes are necessary for diabetes development (39). Indeed, the introduction of
other MHC molecules into the NOD genetic background usually causes com-
plete or partial protection from insulitis and autoimmune diabetes (Table 1).

Several cytokines have been selectively expressed in the pancreatic β cells of
the NOD mouse. Transgenic expression of interleukin (IL)-2 and IL-10 in
β cells accelerates the development of autoimmune diabetes. The effect of
transgenic IL-10, possibly because of B cell-induced activation of T-cells spe-
cific for cryptic determinants of self antigens, was surprising, given the capa-
city of IL-10 to inhibit disease development when administered to adult NOD
mice (40). Although the mechanisms by which rat insulin gene promoter-IL-10
accelerates diabetes development are not yet well understood, ICAM-1 has
been shown to play an important role (41). Conversely, viral IL-10, which
shares anti-inflammatory but not immunostimulatory properties with cellular
IL-10, induces leukocyte migration but inhibits the activation of Th1 cells and
T1D development when expressed in β cells, probably by suppressing the pro-
duction of IL-12 by dendritic cells and macrophages (42). Recruitment and acti-
vation of dendritic cells and macrophages to present self-antigens to
autoreactive T cells has also been invoked to explain diabetes acceleration
induced by transgenic tumor necrosis factor (TNF)-α expression from birth
(43), whereas TNF-α expression or treatment in adult NOD mice results in inhi-
bition of autoreactive T cells and disease prevention (44). Conversely, as
expected, transgenic expression in β cells of the anti-inflammatory cytokines
IL-4, IL-12p40 homodimer (a natural antagonist of IL-12), and TGF-β inhibits
T1D development (Table 1).

NOD mice expressing transgenic T-cell receptor (TCR) from diabetogenic
CD4+ (BDC2.5) or CD8+ (8.3) T-cell clones specific for undefined islet anti-
gens have accelerated diabetes, which is fulminant when these TCRs are the
only ones expressed in crosses between BDC2.5 transgenic and Cα- or RAG-
2-deficient mice (14).

Expression of the costimulatory molecule CD80 in pancreatic β cells accel-
erates autoimmune diabetes, by increasing antigen presentation to CD8+ cells
(45). Also CD152 (CTLA-4)-transgenic mice that express soluble circulating
CTLA-4Ig, a molecule that binds with high affinity to CD80/CD86 molecules
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and blocks costimulation, develop accelerated autoimmune diabetes (46).
Glutamic acid decarboxylase (GAD)-specific T cells from these mice are
skewed to the Th1 phenotype, probably reflecting the lack of a costimulation-
dependent regulatory T-cell population (9).

NOD genetically deficient in B lymphocytes are resistant to T1D (38)
(Table 2): B cells could affect susceptibility to T1D through their APC func-
tion. To determine the role of Ag-specific B cells in the disease, V(H) genes
with different potential for insulin binding have been introduced into the NOD
background as H chain transgenes. VH125 H chain combines with endogenous
L chains to produce a repertoire in which 1–3% of mature B cells are insulin
specific, and these mice develop accelerated T1D. In contrast, NOD mice har-
boring a similar transgene, VH281, with limited insulin-binding develop insuli-
tis but are protected from T1D, suggesting that antigen-specific components in
the B-cell repertoire may alter the disease course (47).

Several mechanisms have been proposed as responsible for islet β cell
destruction; one of them is Fas/Fas-ligand triggering. Fas ligand (FasL) is a type
2 membrane protein belonging to the TNF family, whereas Fas is a death recep-
tor: ligation of Fas receptors by FasL results in apoptosis of the Fas-expressing
cell. Both Fas and FasL have been demonstrated to be expressed by β cells in
response to cytokine stimulation. Transgenic NOD mice with β cells express-
ing a FasL transgene develop an accelerated form of diabetes (48), whereas
NOD mice with β cell-specific expression of a dominant-negative point muta-
tion in a death domain of Fas show a delay in T1D development (49) (Table 2).
Thus, blocking the Fas-FasL pathway may be useful in the prevention or treat-
ment of T1D. Transgenic over-expression of decoy receptor 3 (DCR3), that
halts Fas ligand-induced cell deaths in β cells, protects mice from autoimmune
diabetes in a dose-dependent manner and significantly reduces the severity of
insulitis (50).

4.2. Gene-Targeted NOD Mice

Several gene-targeted mice on the NOD background have been generated
(Table 2). NOD mice deficient in the expression of class I (51,52) or class II
(53) MHC molecules fail to develop T1D, and reconstitution of MHC class I
expression on β cells demonstrates that CD8+ T cells are not only essential for
β cell killing, but also for disease initiation (54).

Targeting cytokine genes and their receptors has, however, provided some
unexpected results. Although T1D in the NOD mouse is mediated by Th1 cells
(55), deletion of IL-12p40 (56), or the interferon (IFN)-γ (57) genes does not
affect diabetes development. These results demonstrate that the genetic pro-
gram for autoimmune diabetes induction is redundant and disease can develop
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in the absence of Th1-inducing cytokines that have been shown to contribute to
disease when neutralized in unmanipulated NOD mice (40). Similarly, deletion
of IL-10 (58) or IL-4 (59), prototypical anti-inflammatory cytokines, has no
impact on diabetes development. However, transgenic expression of IL-4 in
β cells can activate self-reactive BDC2.5 T cells and trigger T1D by increasing
presentation of GAD epitopes by macrophages and dendritic cells (60).

Costimulation of naïve T cells plays an important role in preventing auto-
reactive responses. T1D is exacerbated in both CD80/CD86-deficient and
CD28-deficient NOD mice, sharing a profound decrease in immunoregulatory
CD4+ CD25+ T cells that control T1D in prediabetic NOD mice (9,46). These
results suggest that the CD28-CD80/CD86 costimulatory pathway is essential
for the development and homeostasis of regulatory T cells that control autoim-
mune diabetes. On the other hand, CD154-deficient mice do not develop insuli-
tis or T1D, suggesting that the CD154/CD40 pathway may play a direct role in
effector T-cell activation (61). Among the molecules involved both in the deliv-
ery of costimulatory signals and in leukocyte trafficking into inflammatory
sites, CD54 appears to be critical and to have a nonredundant role, as shown by
the finding that NOD mice with a disrupted CD54 gene are completely pro-
tected from T1D (62).

5. Immunological Tolerance: Lessons From NOD Mice
The detailed mechanisms leading to T1D in NOD mice are still largely

unknown. Given the evidence for T-cell involvement in T1D pathogenesis, a
large number of studies has examined whether defects in central or peripheral
tolerance may account for disease induction and development, and we will
highlight studies using the NOD mouse as a tool to study central and peripheral
mechanisms of tolerance.

Several studies suggest that defects in thymic deletion process may con-
tribute to T1D susceptibility. For example, a defect in the expression of Aire, the
gene that controls the ectopic expression of many self-proteins (including
insulin) in the thymus and regulates the negative selection of self-reactive thy-
mocytes specific for Aire-driven transcripts (63), has been recently described in
the NOD strain (64). Nevertheless, the fact that autoreactive T cells specific for
islet antigens exist in normal healthy subjects (65,66) indicates that thymic
deletion is not complete. Thus, other peripheral mechanisms, which occur after
lymphocyte maturation and migration into peripheral tissue and lymphoid
organs, must keep the autoreactive cells in check.

5.1. Predisposing and Protective MHC Alleles

In the NOD mouse, disease-associated MHC genes, and in particular I-Ag7

(67), are necessary but not sufficient for diabetes development (39). The
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mechanism of action of protective alleles has been extensively studied in the
NOD mouse. NOD-Eα transgenic mice, which express Eα:Eβg7 together with
I-Ag7, fail to develop autoimmune diabetes either spontaneously or after treat-
ment with cyclophosphamide, an agent that accelerates diabetes in wild-type
NOD mice (68–71).

The mechanisms underlying this protective effect are still unclear. I-E mole-
cules, either directly or in association with endogenous superantigens, can lead
to clonal deletion of specific Vβ-bearing pathogenic T cells. However, little 
I-E-mediated negative selection of Vβ families occurs on the NOD background
(71). Diabetogenic T cells are present in Eα transgenic NOD mice and can be
revealed by IL-12 administration followed by T-cell transfer into NOD-SCID
recipients (72). Protection mediated by I-E molecules could not be ascribed to
deletion or anergy of T cells expressing specific Vβ chains (71). Nevertheless,
deletion of I-Ag7-restricted pathogenic autoreactive T cells by transgenic class
II molecules has been proposed to occur in the thymic medulla, independently
of endogenous superantigens, via presentation of a non-autoantigenic peptide to
TCR-transgenic diabetogenic thymocytes (73). Therefore, clonal deletion as a
mechanism of protection has not been ruled out. Peripheral mechanisms involving
interference of I-E molecules with the presentation of diabetogenic peptides by
I-Ag7 have also been proposed (39). In fact, mechanisms accounting for I-E-
mediated protection could involve both thymic and peripheral events, including
the positive selection of I-E-restricted regulatory T cells that could deviate or
down regulate Th1-mediated β-cell destruction.

5.2. The Antigenic Specificity of Autoreactive T Cells

Both central and peripheral tolerance mechanisms could be defective in the
NOD mouse. The association of class II molecules with autoimmune diabetes
reflects their capacity to present peptides to autoreactive CD4+ cells that could
lead, under different conditions, to their deletion in the thymus and activation
in the periphery. It has been suggested that NOD I-Ag7 (74) is unstable and
binds peptides poorly, making them defective in mediating thymic negative
selection of autoreactive T cells (75). However, binding studies (76) and struc-
tural analysis of I-Ag7 (77) do not support this hypothesis.

Several self-antigens have been associated with autoimmune diabetes, but
three appear to be most relevant, both in NOD and in human T1D: (pro)insulin,
GAD, and the tyrosine phosphatase-like islet antigen IA-2. Accumulating
evidence favours a role for proinsulin as a key autoantigen in diabetes. The
proinsulin/insulin molecules have a sequence that is a primary target of the
autoimmunity: NOD mice knock-out for insulin 1 and insulin 2 genes and
expressing a mutated proinsulin transgene (in which residue 16 on the β chain
was changed to alanine) do not develop insulin autoantibodies, insulitis or
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autoimmune diabetes. NOD mice expressing transgenic proinsulin under a
MHC class II promoter show complete prevention of autoimmune diabetes,
probably as a result of efficient expression of this autoantigen in the thymus
allowing negative selection of proinsulin-specific T cells (78); NOD proinsulin
2–/– mice develop accelerated insulitis and diabetes: proinsulin 2 thymic
expression is essential because it leads to silencing of T cells specific for an
epitope shared by proinsulin 1 and proinsulin 2. Using tetrameric H-2Kd-
peptide complexes, about 85% of T cells infiltrating the islets of 4-wk-old
NOD mice were found to recognize the insulin β chain residues 15-23 (79),
consistent with other evidence that insulin-specific CD8+ cells provoke the
initial insulitic attack (54).

In the NOD mouse, GAD-specific IFN-γ-producing T cells have been found
at the onset of insulitis. Prevention of GAD expression exclusively in islet
β cells by a transgenic GAD65 antisense DNA sequence prevented autoimmune
diabetes (80) whereas NOD mice expressing a transgenic TCR specific for a pep-
tide epitope of GAD65 are paradoxically protected from diabetes. These T cells
may play a protective role in diabetes pathogenesis by regulating pathogenic T-cell
responses (81).

The identification of T-cell responses against the intracytoplasmic portion of
IA-2 in the unprimed NOD mouse and the acceleration of disease by IA-2
administration (82) demonstrates that IA-2 is also a relevant autoantigen in the
NOD mouse, further strengthening the similarities between the human and
NOD mouse disease. Interestingly, IFN-γ production in response to IA-2 and
autoimmune diabetes acceleration could be induced by administering IL-12 to
12-d-old NOD mice, indicating the early involvement of IL-12 in disease patho-
genesis (82).

5.3. Pathogenic and Protective T Cells

5.3.1. Th1 and Th2 Cells

The available evidence indicates a pathogenic role for Th1 cells in autoim-
mune diabetes (83); and a critical role in the disease has also been documented
for IL-12, the most important cytokine driving Th1 cell development (55,84).
Nevertheless, wild-type and IL-12-deficient NOD mice develop similar
insulitis and T1D (56). Because Th1 and Th2 responses reciprocally regulate
each other through their respective cytokines, Th2 cells could have a role in pro-
tecting against the development of autoimmune diabetes, although a deviation
to the Th2 pathway could be an effect, rather than the cause of resistance to
disease (85).

Consistent with a protective role of Th2 cells, NOD mice that express IL-4
in their pancreatic β cells are protected from insulitis and autoimmune diabetes
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(86) by antigen-specific Th2 cells that block the action of diabetogenic T cells
in the pancreas. However, limitation of T-cell diversity by back-crossing to
BDC2.5 transgenic mice leads to accelerated disease (87), possibly because
IL-4 can increase islet cell presentation by macrophages and dendritic cells
(60). Conversely, neither NOD nor BDC2.5 transgenic mice show modification
of diabetes development when rendered IL-4-deficient (59), indicating that IL-4
plays no role in controlling disease severity. In contrast to their benign role in
normal NOD mice, Th2 cells have been shown to induce acute pancreatitis and
autoimmune diabetes in NOD.SCID recipients, via production of IL-10 but not
IL-4 (88), suggesting that lymphocyte-deficient recipients lack T cells able to
regulate Th2 responses in wild-type mice.

In the Th1/Th2 balance the NKT cells seem to play an important role: they
have regulatory properties and can protect from Th1 diseases by inducing a Th2
shift. NKT cells are restricted to the non-MHC CD1d molecule and express
TCRs that use an invariant Vα14-Jα1 chain and a limited number of TCRβ
chains. When stimulated by CD1d-expressing APCs, these cells can produce an
array of cytokines early in the immune response, including IFN-γ and IL-4, that
could polarize T cells toward a Th2 phenotype.

NK T cells are quantitatively and qualitatively defective in the NOD mouse
(89), and protection from T1D has been observed in NOD mice restored with
high numbers of NK T cells (90–93). In addition, treatment with α-GalCer, an
agent that activates NK T cells, has also been shown to inhibit T1D develop-
ment in NOD mice (7,94,95). Finally, germ-line deletion of CD1d, the restric-
tion molecule of NK T cells, in the NOD background leads to exacerbation of
T1D (8,96).

5.3.2. CD4+CD25+ Regulatory T Cells

A subset of CD4+ T cells, characterized by constitutive expression of CD25,
(CD4+CD25+ cells), has been convincingly shown to possess immunosuppres-
sive activity (97). They are not the only type of regulatory T cells observed in
the NOD mouse (98), but are the best characterized. CD8+ γ/δ regulatory cells
induced by mucosally delivered insulin have been shown to block disease trans-
fer and prevent autoimmune diabetes (99).

CD4+CD25+ cells prevent the activation and proliferation of potentially
autoreactive T cells that have escaped thymic deletion (100). They fail to
proliferate and secrete cytokines in response to polyclonal or antigen-specific
stimulation, and are not only anergic, but also inhibit the activation of respon-
sive T cells (101). Although CD25, CD152, and glucocorticoid-induced tumor
necrosis factor receptor family-related gene are markers of CD4+CD25+ cells,
they are also expressed by activated T cells (101). A more faithful marker
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distinguishing CD4+CD25+ cells from recently activated CD4+ T cells is Foxp3,
a transcription factor that is required for CD4+CD25+ cell development and is
sufficient for their suppressive function (102–104). Foxp3+ CD4+CD25+ cells
play an important role in preventing the induction of several autoimmune dis-
eases, such as the autoimmune syndrome induced by day-3 thymectomy in
genetically susceptible mice (100), inflammatory bowel disease (105), T1D in
thymectomized rats (106), and in NOD mice (9,107). CD4+CD25+ cells are
reduced in NOD compared to other mouse strains and this reduction could be a
factor in their susceptibility to T1D (9,10). Mice with a defect in Foxp3,
required for the generation and activity of regulatory T cells, exhibit massive
lymphoproliferation and severe inflammatory infiltration of multiple organs, in
particular the lungs, liver, and skin (103). This phenotype is influenced by an
additional defect in central tolerance induction, generated by either crossing
in a null mutation of the Aire gene or substituting the NOD genetic back-
ground. The double-deficient mice undergo fulminant autoimmunity in very
early life, and display a gravely shortened lifespan compared to single-deficient
littermates (108).

Transfer of CD4+CD25+ T cells can prevent autoimmune diabetes in thymec-
tomized rats (106) and inhibits T1D induced in immunodeficient NOD mice by
diabetogenic T cells (9,10,109), indicating the potential of a cell-based therapy
in controlling, and possibly reversing, disease progression. Although these data
have established a preclinical proof of concept for this approach, the hetero-
geneity within the CD4+CD25+ T-cell population and the low precursor
frequency of cells specific for islet autoantigens makes it quite inefficient, usu-
ally requiring a relatively high ratio of suppressor to T effector cells to effec-
tively inhibit T1D development.

To overcome these limitations, two different strategies for in vitro expansion
of antigen-specific CD4+CD25+ T cells have been pursued in the NOD model.
The first approach utilizes a combination of anti-CD3, anti-CD28, and IL-2 to
expand in vitro purified CD4+CD25+ T cells from BDC2.5 TCR transgenic
mice (110). The expanded CD4+CD25+ T cells are very efficient suppressor
cells, and they can not only prevent T1D transfer, but also stably reverse it after
disease onset in the majority of recipients, a key point for the clinical applica-
bility of this approach. Alternatively, IL-2 and TGF-β can also be used to gen-
erate large numbers of CD4+CD25+ T cells ex vivo from naïve T cells (111).
Interestingly, adoptively transferred CD4+CD25+ T cells induced ex vivo by 
IL-2/TGF-β could generate new CD4+CD25+ T cells in vivo, thus sustaining
long-term suppressive effects (112).

The second approach utilizes DCs from NOD mice to directly expand
CD4+CD25+ T cells from BDC2.5 TCR transgenic mice (113,114). In this case,
CD4+CD25+ T cells expanded by DCs pulsed with an autoantigenic peptide
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mimotope could suppress T1D development very efficiently, and very low num-
bers of CD4+CD25+ T cells, as low as 5 × 103/recipient, were sufficient to
inhibit disease in about 50% of the recipients (114). Reversal of overt T1D has
not yet been demonstrated in this model, although DC-expanded CD4+CD25+

T cells could still block diabetes development when transferred 15 d after
diabetogenic cells (114).

Costimulatory molecules have been implicated in the development and
homeostasis of regulatory T cells because both CD80/CD86-deficient and
CD28-deficient NOD mice show increased incidence and earlier onset of
autoimmune diabetes, associated with a profound decrease of the CD4+CD25+

regulatory T cells (9). In terms of effector function, it appears that naturally
occurring regulatory T cells in the NOD system can dispense with IL-10 and 
-4 to mediate their suppressive activity, whereas their reactivity seems to be
dependent on TGF-β (98,115): a transient pulse of this cytokine in the islets was
able to induce their expansion. This expansion correlated with the ability to sup-
press T1D (116), and is consistent with the observation that TGF-β can induce
Foxp3 expression (117).

5.4. Role of Chemokines

Chemokines, acting as chemoattractant cytokines for the recruitment and
activation of leukocytes, are the central mediators of cell trafficking and have
been implicated in the development of NOD and human T1D (118). Chemokine
genes are present within the diabetes susceptibility locus Idd4 in the NOD
mouse (119), one of the loci associated with T1D development. Several
chemokines are produced by NOD pancreatic β cells, including CCL2
(120,121), CCL5, CXCL10 (121), and low levels of CCL3 (122), suggesting a
direct role of β cells in leukocyte recruitment into the pancreatic islets. The con-
stitutive and inducible production by islet cells of CXCL10, a ligand for
CXCR3 expressed by Th1 cells (123), is most prominent. CXCL10 has previ-
ously been shown to be produced by the NOD β-cell line NIT-1 stimulated with
inflammatory cytokines (121), and the higher constitutive levels observed in the
NOD background, compared with diabetes-resistant strains (122), further sup-
ports its important role in the pathogenesis of T1D.

We have shown that mouse and human islet cells, including insulin-producing
β cells, express all of the TLRs and their triggering markedly increases the
secretion of proinflammatory chemokines (122). These findings suggest that,
among the initial events in T1D development, triggering of islet TLRs by
microbial products could upregulate the secretion of chemokines able to attract
Th1 cells, macrophages, and dendritic cells. Because these cell types are
involved in the pathogenesis of T1D, the TLR-mediated upregulation of pro-
inflammatory chemokine production by islet cells could represent an important
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element in the early steps of T1D development leading to leukocyte infiltration
into the pancreatic islets and to the loss of immunological tolerance.

CXCR3-deficient NOD mice display a substantially delayed T1D develop-
ment, highlighting the role of CXCL10 in the disease process (121). We have
shown that vitamin D receptor agonists can inhibit islet chemokine production,
including CXCL10, in vitro and in vivo in the NOD mouse, and the NOD
model allowed us to determine that downregulation of chemokine production
by islet cells was associated with reduced T-cell recruitment to the pancreas and
inhibition of T1D development (122).

5.5. Faulty Termination of Immune Responses in the Pathogenesis 
of T1D

In the pathogenesis of autoimmune diseases, emphasis is usually placed on
inductive steps and on the breaking of mechanisms that control tolerance to self
antigens. Although these are certainly important, emerging evidence suggests
that a key feature of T1D, and possibly of other autoimmune diseases, is the
failure of mechanisms that normally terminate immune responses.

The main pathways for the termination of immune responses appear to be
defective in the NOD mouse (Table 3). Intriguingly, the autoimmune diabetes
susceptibility locus idd3 has been mapped to a 0.35-cM interval containing the
IL-2 gene (124). The NOD IL-2 gene appears to be an allelic variant resulting
in a serine-to-proline substitution at position 6 of the mature IL-2 protein,
which is, nevertheless, functional (124). IL-2 or IL-2 receptor-deficient mice
develop severe autoimmune diseases, probably due to the non-redundant func-
tion of IL-2 in tolerance to self via two major pathways: homeostasis of
CD4+CD25+ regulatory T cells (125), and priming for apoptosis of proliferating
T cells (126).

Idd5 has been mapped to the CTLA-4-CD28 region and shown to control
resistance to apoptosis of NOD peripheral T cells (127). Another autoimmune
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Table 3
Pathways for Terminating Immune Responses That are Defective 
in the NOD Mouse

Upregulated expression of anti-apoptotic proteins such as Bcl-2, leading to defective 
elimination of lymphocytes

Decreased activation-induced cell death via Fas-FasL or TNF-α-TNFR1 interactions
Impaired production of IL-4
Impaired induction of T-cell anergy by autoantigen recognition in the absence 

of costimulation
Decreased number of CD4+CD25+ regulatory T cells
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diabetes-associated locus maps to the region containing the anti-apoptotic gene
Bcl-2; Idd7 maps to the region containing the TGFβ1 locus that controls pro-
gression of insulitis to overt disease (128) and could also be implicated in faulty
termination of immune responses in the NOD mouse.
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Antigen-Based Therapy and Immune-Regulation 
in Experimental Autoimmune Encephalomyelitis

Mandy J. McGeachy, Richard O’Connor, Leigh A. Stephens, 
and Stephen M. Anderton

Summary
Experimental autoimmune encephalomyelitis is a long-established mouse model of multiple

sclerosis. The requirements for autoreactive T-cell activation in this disease have been character-
ized extensively and novel strategies for immune-intervention are being developed continually.
Notably, identification of immunodominant T-cell epitopes allows the induction of T-cell toler-
ance with synthetic peptides. Several transgenic mouse lines that express transgenic T-cell recep-
tors recognizing myelin autoantigenic epitopes have been developed. These allow adoptive
transfer studies to analyse the activation of naïve autoreactive T cells in vivo during the induction
of tolerance vs immunity. More recently, our attention has focused on immune mechanisms
underlying the natural recovery from disease. Sampling of the lymphoid cell infiltrate within the
central nervous system has identified the accumulation of regulatory T cells in the target organ
during this period of resolution.

Key Words: T cells; autoimmunity; multiple sclerosis; tolerance; immunotherapy; regulation.

1. Introduction
Experimental autoimmune encephalomyelitis (EAE) is a commonly used

immune-mediated disease characterized by inflammation and demyelination
of the central nervous system (CNS) and, as such, serves as an animal model
multiple sclerosis (1). EAE can be induced in several species of laboratory
animal (here, we shall focus on mouse models) by active immunization 
with autoantigens derived from CNS myelin, emulsified in complete Freund’s
adjuvant. The disease is essentially driven by the activation of autoreactive
CD4+ T lymphocytes, although pathology in the CNS is largely effected by
activated macrophages. In some models there are clear pathogenic roles for
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autoantibodies that target the myelin sheath (2) and for complement (3). The
central role for CD4+ cells is highlighted by the ability to passively transfer
disease using recently activated cells (either established T-cell lines or clones,
or derived from lymph nodes of previously immunized mice) (1). Because the
antigenic epitopes recognized by the pathogenic T cells have been gradually
defined, the disease can often now be induced fully using synthetic peptides
of around 10 amino acids in length. Over the past 12 yr transgenic mice
expressing T-cell receptors (TCR) that recognize defined myelin epitopes
have been developed (4–7). The level of spontaneous disease in these trans-
genic mice varies, but they provide an invaluable source of unmanipulated
naïve T cells for activation studies in vitro and in vivo.

EAE is amenable to many forms of therapeutic intervention. Particularly,
because the antigenic epitopes have been defined, we can use the adminis-
tration of peptide antigens to modify T-cell activation and provide protec-
tion against EAE (8). Here, we shall describe one such approach—the
systemic administration of soluble peptides to establish T-cell tolerance (9).
The exact nature of the tolerance produced can vary between models and
laboratories and there is some debate over which might be most useful in
treating human disease. We describe methods to elucidate the form of toler-
ance using in vitro analysis of T-cell numbers and function. We also
describe the isolation of CNS infiltrating lymphoid cells, which is important
for the study of both pathogenic and potentially immune-regulating popula-
tions in the target organ.

Combinations of these various protocols allow flexibility in dissecting
immune-reactivity in EAE. For example, soluble peptides can be used to
induce tolerance (Subheading 3.7.) before EAE induction (Subheading 3.1.).
Subsequent in vitro analysis of antigen-induced T-cell proliferation
(Subheading 3.2.) and cytokine production (Subheading 3.4.) can confirm
unresponsiveness and may indicate deviation to an immunoregulatory pheno-
type (e.g., production of interleukin [IL-10] or transforming growth factor-β).
Furthermore, it is possible to define which cells are proliferating (Subheading
3.3.). Transfer of congenic (e.g., CD45-disparate) TCR transgenic T cells
(Subheading 3.6.) allows flow cytometric analysis (Subheadings 3.9. and
3.10.) of myelin-reactive T-cell expansion under conditions of immunity or 
tolerance, and analysis of function by intracellular staining for cytokine 
production and expression of the “Treg-specific” transcription factor, Foxp3
(Subheading 3.11.). Isolation of infiltrating lymphoid populations from the
CNS (Subheading 3.8.) allows analysis of T-cell phenotype within the target
organ at different stages of disease, as well as their analysis using in vitro
recall assays.
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2. Materials
2.1. Active Induction of EAE by Immunization

1. Mice: EAE can be induced in various strains of mice (see Table 1). In general, mice
can be maintained in conventional housing. Because infection can influence disease
incidence/severity, it may be preferable to use a specific-pathogen free facility.
Ideally mice should be 6–8 wk old at immunization, but we have used mice up to
16 wk old and obtained approx 100% incidence. In SJL/J mice, incidence is higher
in females than males. In other strains this is not the case, but the use of females
obviates problems caused by males fighting between and within litters.

2. Antigens: whole myelin preparations can be produced by isolation of spinal cords
(see Subheading 3.8.) followed by homogenization and freeze-drying. More com-
monly synthetic peptide antigens are used (see Table 1). These may be prepared
by standard fMOC chemistry either in-house or from commercial suppliers.
Complete Freund’s adjuvant (CFA) is used for immunizations. This can be
sourced as ready-made CFA containing 1mg/mL heat-killed mycobacteria 
(e.g., Sigma, Poole, UK). Suppliers also offer incomplete Freund’s adjuvant (IFA,
without mycobacteria) and heat-killed mycobacteria individually. This allows in-
house production of CFA with varying concentrations of mycobacteria.
Mycobacterium tuberculosis strain H37RA (Sigma) is the preparation of choice.

3. Pertussis toxin (PT) can also be obtained from several suppliers (e.g., the Health
Protection Agency, UK, or List Biologicals, USA). Lyophilized PT is dissolved in
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Table 1
Examples of Encephalitogenic Peptides From MBP, PLP, and MOG

Strain (MHC-
restriction)a Peptide Peptide sequence

SJL (I-As) PLP (139-151) HCLGKWLGHPDKF
PLP (178-191) NTWTTCQSIAFPSK
MBP (89-101) VHFFKNIVTPRTP

PL/J, B10.PL (I-Au) MBP (Ac1-9) Ac-ASQKRPSQR
C57BL/6 (I-Ab, Db)b MOG (35-55) MEVGWYRSPFSVVHLRNGK
NOD (I-Ag7) MOG (35-55) MEVGWYRSPFSVVHLRNGK
Biozzi/ABH (I-Ag7) PLP (56-70) DYEYLINVIHAFQYV

MOG (8-22) PGYPIRALVGDEQED
MOG (35-55) MEVGWYRSPFSVVHLRNGK
MBP (12-26) YLATASTMDHARHGF

DBA/1 (I-Aq)c MOG (79-96) GKVALRIONVRFSDHGGY
aAll of these peptides induce major histocompatibility complex class II-restricted CD4+ T-cell

responses.
bMOG35–55 is known induce an H-2Ab-restricted CD4+ response and an H-2Db-restricted

CD8+ response in C57BL/6 mice.
cMOG79–96 induces both CD4+ and CD8+ responses in DBA/1 mice.
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50% ddH2O/50% glycerol (v/v) at a concentration of 200 µg/mL. Store in 100-µL
aliquots at –20°C.

4. Sonicator (e.g., Soniprep 150, with an exponential microprobe, MSE,
Beckenham, UK).

5. Bijou tubes.
6. Disposable plastic 1- and 2.5-mL syringes, 25-gauge needles and 18-gauge blunt

drawing-up needles (all from BD Plastipak, Oxford, UK).

2.2. In Vitro Analysis of Antigen-Induced T-Cell Proliferation 
by 3H-Thymidine Incorporation

1. Tissue culture medium: X-VIVO-15TM serum-free medium (BioWhittaker,
Maidenhead, UK) supplemented with 2 mM L-glutamine and 5 × 10–5 M 2-
mercaptoethanol (both from Gibco, Invitrogen, Paisley, UK).

2. Wash medium: RPMI 1640 medium containing 25 mM HEPES buffer, supple-
mented with 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL strepto-
mycin and 5 × 10–5 M 2-mercaptoethanol (all from Gibco).

3. Filcotex nylon gauze (Sefar, Bury, UK), cut into approx 3-cm2 pieces, autoclaved
and kept sterile.

4. Red cell lysis buffer (Sigma, Poole, UK).
5. Peptides, as described in Subheading 2.1.
6. 96-Well flat-bottom microtiter plates and 15-mL falcon tubes (Corning Costar, Corning,

NY), 90 mm diameter Petri-dishes (Scientific Lab Supplies, Nottingham, UK).
7. Tritiated thymidine (3H-TdR) (Amersham Biosciences, Amersham, UK) diluted in

wash medium to give a specific activity of 0.5 µCi per 25 µL.
8. Glass fiber filter mats and MeltiLex scintillator sheets (both from Wallac, Turku,

Finland).
9. Cell harvester (e.g., Harvester 96 Mk III, Tomtec, Hamden, UK) and a liquid scin-

tillation counter (e.g., 1450 Microbeta Trilux, Wallac).

2.3. In Vitro Analysis of Antigen-Induced T-Cell Proliferation 
by CFSE-Dilution

1. Carboxy-fluorescein diacetate succinimidyl ester (CFSE, Molecular Probes,
Invitrogen, Paisley, UK) diluted to 50 µM in dimethyl sulfoxide (DMSO). Store in
aliquots in the dark at –20°C.

2. Appropriate T cell-specific monoclonal antibodies (MAb), fluorescently labeled
with fluorochromes other than FITC.

3. Wash medium (see Subheading 2.2.), supplemented with 5% heat-inactivated
(56°C, 30 min) fetal calf serum (HI-FCS, Sigma).

4. FACS buffer: PBS, 2% HI-FCS, 0.05% (w/v) sodium azide.

2.4. In Vitro Analysis of Antigen-Induced Cytokine Production by ELISA

1. Materials and reagents as described in Subheading 2.2., items 1–6.
2. Maxisorb ELISA plates (Nalge Nunc, Hereford, UK).
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3. Anti-cytokine capture MAb, biotinylated detection MAb and recombinant
cytokine standards (all from BD Pharmingen, Oxford, UK).

4. Extravidin-horseradish peroxidase (Sigma).
5. Wash buffers: PBS; PBS, 0.1% Tween-20 (Sigma); PBS, 1% bovine serum albu-

min (BSA, Sigma).
6. Bicarbonate buffer: 15 mM Na2CO3, 35 mM NaHCO3, pH 9.6.
7. Phosphate-citrate buffer: 50 mM Na2HPO4, 25 mM anhydrous citric acid, pH 5.0.
8. Tetramethyl benzidine (TMB), diluted to 10 mg/mL in DMSO and stored in

aliquots at –20°C.
9. Peroxidase substrate: 100 µL TMB, 9.9 mL phosphate-citrate buffer, 3 µL H2O2

(Sigma).
10. 2 M H2SO4.
11. ELISA plate reader.

2.5. Passive Induction of EAE by Transfer of Activated T Cells

1. Dulbecco’s PBS (Gibco), CFA (Sigma), peptide antigen (see Subheading 2.1.). 1- and
2.5-mL syringes and 25-gauge needles.

2. Wash medium: RPMI 1640 medium, supplemented as described in Subheading
2.2., item 1.

3. Tissue culture medium: wash medium supplemented with 10% HI-FCS.
4. Recombinant IL-2, -12, and -18 (all from R&D systems, Abingdon, UK).
5. 24- or 6-Well tissue culture plates (Corning Costar).

2.6. Transfer of TCR Transgenic T Cells

1. Cold buffer: RPMI 1640, or PBS containing 2% HI-FCS (see Note 1).
2. Depleting MAb cocktail: MAb to cell surface markers not expressed on the cell

type of interest are mixed in buffer, each at a final concentration of 10 µg/mL. For
mouse CD4+ T-cell enrichment, MAb to CD8, B220, Mac-1 and MHC class II
result in CD4+ T-cell purity of 70–95%, depending on the mouse strain and source
of cells (see Note 2).

3. Dynabeads: sheep anti-rat IgG M450 magnetic beads (Dynal Biotech, Wirral,
UK).

4. Magnet for cell separation (e.g., MPC-1, Dynal Biotech).

2.7. Systemic Administration of Soluble Peptide Antigens

1. Synthetic peptides are obtained as in Subheading 2.1.
2. Endotoxin-free PBS (Gibco) is used as diluent.

2.8. Isolation of CNS-Infiltrating Lymphoid Populations

1. Wash medium (see Subheading 2.2., item 2).
2. Bovine collagenase (Worthington Biochemicals) diluted to 8 mg/mL in wash

buffer. Store at –20°C.
3. Deoxyribonuclease (Sigma) diluted to 10 mg/mL in wash buffer. Store at –20°C.
4. Percoll (Gibco) solutions are freshly prepared at 30 and 70% (v/v) in wash buffer.
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2.9. Phenotypic Analysis of T Cells in Lymphoid Populations 
by Flow Cytometry

1. FACS buffer: PBS, 2% HI-FCS +/– 0.05% (w/v) sodium azide (see Note 3).
2. FACS tubes (BD Plastipak).
3. Fluorescently labeled MAb.
4. Flow cytometer.

2.10. Intracellular Staining for Cytokines and the Foxp3 
Transcription Factor

1. Phorbol myristate acetate (PMA) and ionomycin (both Sigma) prepared individ-
ually at 1 mg/mL in ethanol and stored at –20°C. Make 100X stocks (5 µg/mL for
PMA, 100 µg/mL for ionomycin) in wash buffer (see Subheading 2.2.) and store
at –20°C. The final working concentrations are 50 ng/mL PMA and 1 µg/mL
ionomycin, made freshly from these 100X stocks.

2. Golgistop (BD Pharmingen).
3. 2% Paraformaldehyde prepared by the following protocol: add 2 g of

paraformaldehyde to 50 mL ddH20 and heat to 60°C for 15 min. Add a few drops
of 1 M NaOH to clear the solution. Add 10 mL 10X PBS and 30 mL ddH20. Adjust
the pH to 7.4 and make up to final volume 100 mL. Store in the dark at 4°C. Dilute
1:1 with PBS or FACS buffer for fixing cells.

4. Permwash buffer: 0.1% Saponin (Sigma) in FACS buffer. Store at 4°C for up to 1 wk
(see Note 4).

3. Methods
3.1. Active Induction of EAE by Immunization

The precise immunization protocols used to induce EAE vary between lab-
oratories and between models. Here, we describe the protocol we have recently
used successfully to induce EAE with the MOG35-55 peptide in C57Bl/6 mice
and the MBPAc1-9 peptide in B10.PL mice. Group sizes of five or six are usu-
ally sufficient to reach statistical significance.

1. Peptide is diluted to a concentration of 2 mg/mL in PBS. CFA (1 mg mycobacte-
ria/mL) is added (taking care to fully resuspend the heat-killed mycobacteria first)
to produce a 1:1 mixture. A total volume of between 1 and 4 mL can be prepared
in a single bijou tube. Greater volumes are best divided equally in two or more
bijou (see Note 5). The mixture is vortexed and sonicated (set amplitude at 10 µ)
with three or four 5-s pulses moving the sonicator probe throughout the mixture.
A good emulsion allows the bijou to be inverted without the mixture running down
the side of the tube. Over-heating the mixture must be avoided. Therefore, having
the sonicator within a cold-room is helpful. Otherwise the bijou should be plunged
into ice for at least 10 s between sonicating bursts.

2. The emulsion is drawn into plastic 1-mL syringes using blunt 18-gauge drawing-
up needles. Air is removed by vigorous tapping of the syringe, with the needle end
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upward. Care must be taken at this stage to prevent the emulsion splashing during
tapping. Eye protection and gloves must be worn. A final volume of 500–600 µL
per syringe is best. The drawing-up needle is replaced with a 25-gauge needle.

3. Mice are immunized by injection of 50 µL of emulsion subcutaneously into each
hind leg. This gives an immunization dose of 100 µg peptide and 50 µg mycobac-
teria per mouse. Again, eye protection must be worn at this stage.

4. PT (200 ng diluted in 500 µL PBS) is given intraperitoneally (ip) on the same day
and 2 d later.

5. Clinical signs of EAE are assessed daily using the following scoring index: 0, no
signs; 1, flaccid tail: 2, impaired righting reflex and/or impaired gate; 3, partial
hind leg paralysis; 4, total hind leg paralysis; 5, hind and fore leg paralysis; 6,
moribund or dead. Any cage with one or two mice of score 2 or more should be
supplemented with hydrated food on the floor of the cage in a Petri dish. Any
mouse with a score of 5 for two consecutive days should be culled. Typically dis-
ease develops after 7–10 d. Mice have usually recovered by around 30 d. In some
strains, continued monitoring may identify relapses. Disease profiles are routinely
displayed as mean EAE score for each group on each day. Differences between
groups are determined using Fisher’s exact test for disease incidence and the
Mann-Whitney U test for total disease burden.

6. EAE can be reinduced by immunization as described above, but using IFA instead
of CFA (a second dose of CFA can cause severe granuloma formation and ulcer-
ation) and injecting into two sites on the flanks.

3.2. In Vitro Analysis of Antigen-Induced T-Cell Proliferation 
by 3H-TdR Incorporation

1. Mice are sacrificed and the draining lymph nodes removed (the inguinal and para-
aortic nodes drain the site of immunization for EAE induction) into bijou tubes
containing 2 mL of wash medium. The spleen can also be sampled.

2. In a class 2 biological safety cabinet, samples are placed between two pieces of
nylon gauze in a Petri dish and are disrupted using two pairs of small angled
forceps. Wash buffer (5 mL) is added and any cell clumps are further disrupted by
pipetting up and down with a Gilson P1000. The cell suspension is transferred 
to a 15-mL falcon tube and washed by centrifugation (400g for 5 min at room
temperature). The supernatant is discarded prior to resuspension of the cell pellet.
At this point spleen samples should be depleted of erythrocytes by incubating the
pellet at room temperature with 2 mL of red cell lysis buffer for 2 min with 
gentle agitation by hand. Lysis is stopped by adding 10 mL of wash buffer. Cells
are centrifuged as listed above and washed a further twice in wash buffer.

3. After the final wash, cells are resuspended in tissue culture medium, counted
(using trypan blue exclusion to assess viability) and adjusted to 6 × 106/mL (for
lymph node samples), or 8 × 106/mL (for spleen samples).

4. Serial dilutions of peptide antigen are prepared in tissue culture medium, at con-
centrations that are twice the desired final doses for the assay. One hundred micro-
liters of each dose is added to a 96-well plate in triplicate. One hundred microliters
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of cell sample is then added to each well. This gives the desired final peptide
concentration (i.e., a twofold dilution of the original serial dilutions) and 6 × 105

lymph node cells or 8 × 105 spleen cells per well.
5. Cultures are incubated at 37°C in 5% CO2 and 95% humidity. After 48 h, 25 µL

(0.5 µCi) 3H-TdR is added before culture for a further 18–24 h. Cultures are then
harvested onto filter mats and thymidine incorporation is determined using a
liquid scintillation β-counter.

3.3. In Vitro Analysis of Antigen-Induced T-Cell Proliferation 
by CFSE-Dilution

This protocol provides a means to determine division of cells expressing a
particular marker of interest (e.g., CD4 vs CD8, or a congenic CD45 or CD90
marker) using flow cytometry. Cells are loaded with CFSE ex vivo. As they
divide, the dye is distributed equally into the two daughter cells, which there-
fore have half the fluorescence intensity. Both the number of cells entering
mitosis and the number of divisions (up to nine) can be assessed.

1. Lymph node and/or spleen cells are prepared as described in Subheading 3.2.,
steps 1 and 2. Cells are resuspended at 0.1–1 × 107/mL in wash medium contain-
ing 5% HI-FCS.

2. CFSE is added at a final concentration of 5 µM and the cells are mixed quickly
and thoroughly, then incubated for 5–10 min at room temperature. Cells are
washed three times (400g, 5 min) with cold wash medium (see Note 6).

3. After the final wash, the pellet is resuspended in tissue culture medium, counted
and adjusted to 6 × 106/mL (lymph node samples), or 8 × 106 (spleen samples).
Cells are cultured with an appropriate dose of peptide, or medium alone, for 48–72 h
as described in Subheading 3.2., step 4.

4. Cells are resuspended, washed twice in FACS buffer, and incubated for 20–30 min
on ice with the appropriate dilution of MAb directed against the chosen marker. If
possible, this MAb should be conjugated with a fluorophore other than phycoery-
thrin (e.g., allophycocyanin). This avoids problems with fluorescence compensation
as CFSE staining can be very bright and leaks into the FL2 channel. Alternatively, a
two-step staining protocol can be used by incubation with a biotinylated MAb, fol-
lowed by allophycocyanin-conjugated streptavidin. Cells are washed twice with
FACS buffer and resuspended in PBS prior to analysis on a flow cytometer.

5. The cell population of interest is gated and CFSE staining of samples from culture
with and without peptide is compared. The use of FlowJoTM software (TreeStar
Inc., CA) allows accurate analysis of cell divisions.

3.4. In Vitro Analysis of Antigen-Induced Cytokine Production by ELISA

1. Lymph node and/or spleen cultures are set up with peptide as described in
Subheading 3.2., steps 1–4.

2. After 24 h, ELISA plates are coated with the relevant anticytokine capture MAb
diluted as per the manufacturer’s instructions in bicarbonate buffer (50 µL per well)
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(see Table 2) allowing enough wells for samples from each culture well and 24
extra wells (these represent 4 blank wells and a 10-point, twofold serial dilution of
the cytokine standard, in duplicate). Plates are incubated overnight at 4°C.

3. ELISA plates are washed twice with PBS/0.1% Tween-20, blocked for 1 h at 37°C
with PBS/1% BSA, and then washed twice with PBS/0.1% and twice with PBS.

4. A standard curve is set up with twofold serial dilutions of the cytokine standard in
PBS/1%BSA (100 µL per well) (see Table 2). One hundred microliters of culture
supernatant is transferred from each of the culture wells to the corresponding well
on the ELISA plate and incubated for 2 h at room temperature.

5. Supernatants are discarded and the ELISA plates are washed four times with
PBS/0.1% Tween-20. The appropriate biotinylated detection MAb is added at
100 µL per well of in PBS/1% BSA (see Table 2) and incubated at room temper-
ature for 1 h.

6. Plates are washed six times with PBS/0.1% Tween-20. Extravidin-HRP (100 µL
per well) is added in PBS/1% BSA and incubated at room temperature for 30 min.

7. Plates are washed six times with PBS/0.1% Tween-20 and 100 µL of substrate is
then added per well. As color develops the reaction is stopped with 100 µL of 2 M
H2SO4. Plates are read immediately at 450 nm.

3.5. Passive Induction of EAE by Transfer of Activated T Cells

1. Donor mice are immunized as described in Subheading 3.1., steps 1–3 (without
PT).

2. Seven to ten days later, draining (inguinal and para-aortic) lymph nodes are
removed and single cell suspensions prepared as described in Subheading 3.2.,
steps 1 and 2. Cells are resuspended at 1 × 107/mL in tissue culture medium.

3. Tissue culture medium containing 20 µg/mL of the immunizing peptide, together
with IL-12 and IL-18 (both at 50 ng/mL) and IL-2 (20 U/mL) is mixed 1:1 with
the cell suspension (to achieve final culture conditions of 5 × 106 cells/mL, 10 µg/mL
peptide, 25 ng/mL IL-12, 25 ng/mL IL-18, and 10 U/mL IL-2).

4. Cells are cultured in 24-well (2 mL/well) or 6-well (5 mL/well) plates at 37°C,
5% CO2.
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Table 2
Final Concentrations of Reagents Used in Cytokine ELISA

Top concentration
of recombinant 

cytokine for 
Cytokine Capture antibody Detection antibody standard curve

IL-2, IL-4 2 µg/mL 0.5 µg/mL 5 ng/mL
IL-10, IFNγ 2 µg/mL 0.5 µg/mL 100 ng/mL
TNFα 8 µg/mL 0.5 µg/mL 100 ng/mL

All reagents are from BD Pharmingen.
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5. After 48 h, each well is split and supplemented with an equal volume of fresh tis-
sue culture medium containing 40 U/mL IL-2 (to achieve a final concentration of
20 U/mL IL-2).

6. After 72 h of total culture time, cells are harvested by repeated flushing of the
wells with sterile Pasteur pipets and centrifuged (400g for 5 min at 4°C).

7. Cells are resuspended in serum free PBS and the number of viable cells deter-
mined by trypan blue exclusion, noting the number of blasting cells.

8. Cells are washed and resuspended in serum free PBS at a density of 5 × 106 blasts
per 200 µL.

9. Two hundred microliters of the donor cell suspension is injected intravenously
(i.v.) via the lateral tail vein to each host mouse. On the same day as cell 
transfer, each host mouse is also given 200 ng of PT (in 500 µL of sterile PBS)
by i.p. injection.

3.6. Transfer of TCR Transgenic T Cells

There are several methods for the purification of naïve T cells from TCR
transgenic mice for transfer into recipient mice. The method of choice will be
a compromise between the required yield and the purity of the cell population
of interest, as well as whether time or cost is the more important consideration.
Here, we describe the method for negative selection of CD4+ T cells using
Dynabeads which, in our hands, is relatively cost-effective and provides good
yields.

1. Single cell suspensions are prepared from pooled spleen and lymph nodes of TCR
transgenic mice as described in Subheading 3.2., steps 1 and 2 (we routinely take
cervical, axillary, brachial, inguinal, mesenteric, and iliac nodes).

2. Cells are resuspended in the depleting MAb cocktail of choice at a concentration
of 2 × 108 cells/mL and incubated for 20–30 min on ice. Cells are washed twice
and resuspended at 108 cells/mL in buffer.

3. An equal number of sheep anti-rat Dynabeads are washed twice (by placing a tube
containing the beads on a magnet and aspirating the supernatant) and then resus-
pended at 108 beads/mL (see Note 7).

4. Cells and beads are then mixed together in a round-bottomed tube and rotated on
a wheel at 4°C for 20–30 min.

5. Unbound cells are recovered by aspirating the supernatant after 2 min on the mag-
net. For better purity, cells are placed on the magnet a second time and unbound
cells again recovered.

6. The purity of cells can be checked by staining a small aliquot of cells for flow
cytometric analysis using MAb to CD4 and to rat IgG. If MAb-labeled cells
remain, a second round of depletion with more beads can be performed.

7. Enriched CD4+ T cells are counted, spun down, and resuspended in serum-
free PBS at the required concentration for i.v. injection into the tail vein of 
mice (200 µL per mouse following brief exposure of mice to an infrared heat
lamp).
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3.7. Systemic Administration of Soluble Peptide Antigens

Antigen-specific T-cell tolerance can be induced by giving peptides contain-
ing immunodominant myelin epitopes in soluble form (in PBS) (see Note 8).
This can be achieved reliably using the i.v., i.p., or intranasal routes. Giving
peptides orally can induce tolerance but does not provide a reliable route for all
peptides. We routinely use the i.p and i.v. routes.

1. i.p. route: peptide is given in 500 µL PBS using a 2.5-mL syringe and a 25-gauge
needle, either as a single dose of 100–500 µg 7 d before immunization, or as three
doses of 100–200 µg, given 8, 6, and 4 d before immunization.

2. i.v. route: peptide (20–500 µg per mouse) is injected into a tail vein in a volume
of 200 µL of PBS using a 1-mL syringe and a 27-gauge needle. Mice are warmed
briefly (~2 min) using a heating lamp before injection. Pressure with a tissue is
applied for several seconds after injection to limit blood loss.

3.8. Isolation of CNS-Infiltrating Lymphoid Populations

1. Mice are sacrificed by CO2 asphyxiation. Immediately after death the lower vena
cava is cut and the mice are perfused with 10–20 mL of PBS injected by 20-mL
syringe and 25-gauge needle through the left ventricle of the heart. Completeness
of perfusion is assessed by the color of the liver (which turns pale) and also the
clearness of the injected PBS.

2. Spinal cords are removed by intrathecal hydrostatic pressure: after making inci-
sions through the spinal column at the neck and lumbosacral area, cold PBS is
injected with a 20-mL syringe and 19-gauge needle into the caudal vertebral col-
umn. Brains are removed by dissection. Single cords/brains are placed into a bijou
containing 1 mL wash buffer (see Note 9).

3. Cords and brains are cut into small pieces with scissors in the bijoux. Five hun-
dred microliters of collagenase stock and 100 µL of DNase stock is then added to
each bijou and the tissue is incubated in a 37°C water bath for 30 min.

4. After digestion, mechanical disaggregation is used to obtain a single cell suspension
(by mashing through nylon gauze or by pipetting as described in Subheading 3.2.).

5. Cells are centrifuged (500g for 5 min) then resuspended in 4–5 mL 30% percoll
solution in a 15-mL Falcon tube. This is underlaid with 2 mL of 70% percoll solu-
tion and the gradients are centrifuged at 850g for 20 min without braking.

6. The gradient interface is harvested and cells washed thoroughly in wash buffer
before further analysis. The first wash should be performed at 680g for 10 min,
subsequent washes are at 400g for 5 min.

3.9. Phenotypic Analysis of T Cells in Lymphoid Populations 
by Flow Cytometry

With modern flow cytometers it is generally possible to stain cells with
between three and six different fluorescently labeled antibodies at the same
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time. Congenic markers with allelic differences between stains, such as CD45.1/2
and CD90.1/2, are useful in distinguishing donor cells from host cells after
transfer of defined cell populations to CD45/CD90-disparate recipients.

1. Single cell suspensions are obtained, as described in Subheading 3.2. The
required number of cells is added to FACS tubes and spun at 400g for 5 min at
4°C. The supernatant is aspirated and the cells resuspended by gently flicking the
tubes (see Note 10).

2. Fifty microliters of appropriately diluted fluorescent MAb, or isotype control
antibodies are added in cold FACS buffer and incubated on ice for approx 20 min
(see Note 11).

3. The cells are washed twice by addition of approx 2 mL FACS buffer and 
centrifugation.

4. The cells are resuspended in 200–400 µL FACS buffer and kept on ice until analysis
on the flow cytometer (see Notes 12–14).

3.10. Indirect Staining of Cell Surface Molecules

1. Cells are stained first with unconjugated (or biotinylated) MAb and washed.
2. The cells are then incubated with a fluorescently labeled detection MAb (or

streptavidin).
3. Cells need to be blocked for 20 min on ice with 2% serum of the species in which

the primary MAb was raised to ensure all binding sites of the detection MAb are
blocked, before addition of the rest of the fluorescently labeled MAb.

3.11. Intracellular Staining for Cytokines and the Foxp3 
Transcription Factor

1. Single cell suspensions are prepared in tissue culture medium and added to 24-
well plates at 2–5 × 106 cells per well in 900 µL.

2. To each well, 100 µL of culture medium containing 500 ng/mL of PMA, 10 µg/mL
of ionomycin, and 10 µL/mL of golgistop is added. The cells are stimulated for 4 h
at 37°C.

3. The cells are harvested and first stained for extracellular surface markers as
described in Subheading 3.9. (as most epitopes recognized by MAb to lympho-
cyte cell surface molecules are destroyed during subsequent fixation).

4. The cells are then fixed by adding 1% paraformaldehyde at 4°C for 20 min, or can
be left overnight at 4°C, in the dark.

5. The cells are permeabilized by washing (400g for 5 min at 4°C) in permwash and
incubated for 5 min in permwash, while preparing the MAb (see Note 15).

6. After spinning down, the cells are resuspended in 50 µL of MAb cocktail (for
example anti-IFNγ-FITC and anti-IL-10-phycoerythrin), each at 2 µg/mL in
permwash buffer, and incubated at 4°C in the dark for 30–40 min (see Note 16).

7. Cells are washed once in 2 mL permwash and then resuspended in PBS for FACS
analysis.
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4. Notes
1. It helps to include HEPES in the buffer to maintain the pH. If cell clumping is a

problem, it can help to add EDTA, and if cell survival is an issue, the addition of
extra glucose can be helpful.

2. Addition of extra MAb whose target antigen is not expressed on the cell type of
interest, e.g., NK1.1, can result in even greater cell purity.

3. It is important to ensure that cells and buffers are kept cold to avoid capping/inter-
nalization of MAb, and that fluorescent labels are protected from light as much as
possible to avoid degradation of the fluorescent signal.

4. An alternative to making paraformaldehyde and permwash is to purchase the
Cytofix/Cytoperm kit from BD Pharmingen.

5. When making an emulsion with Freund’s adjuvants, it is important to remember
that the volume reduces considerably and there is also loss within the tube. Allow
for a total loss of 50% (i.e., if 100 µL for each of five mice is required, start with
an antigen/adjuvant mix that totals at least 1 mL before sonication.

6. It is important to mix the CFSE quickly after adding to ensure uniform labeling
of cells.

7. The optimum bead:cell ratio needs to be determined empirically. If more than one
round of depletion with beads is performed then less beads are generally needed
overall.

8. It is important that the peptides are entirely soluble for the induction of tolerance.
The use of insoluble peptides can (1) lead to productive immune responses, or (2)
create problems with vascular blockage if given by the i.v. route.

9. Attempting to combine several cords in one tube can result in lower yields—one
to two cords and one brain per tube is optimal.

10. We routinely stain 0.5–1 × 106 cells. More cells can be stained if the cells of inter-
est are a minority population, and less cells if there are insufficient cells in the
sample. If the number of cells per tube varies from the standard, it may be 
necessary to add either an increased volume or concentration of MAb to ensure it
is saturating.

11. The appropriate concentration of MAb should be determined empirically by careful
titration using a fixed volume and number of cells. As a guide, for the standard
protocol previously listed, saturating doses of antibody are usually reached with
antibody concentrations between 0.5 and 5 µg/mL.

12. If nonspecific binding of MAb via Fc receptors is a problem in the cell type of
interest, Fc receptors can be blocked by preincubation of cells before staining with
either an antibody to Fc receptors (e.g., 2G4.2), or 1–2% normal mouse serum
(or alternatively the same concentration of serum from the species in which the
MAb is made).

13. Staining for flow cytometric analysis can be performed in 96-well plates if there
are many samples. In this case, cells are washed more times in a smaller volume
(e.g., three washes in 200 µL). It can be helpful to leave spaces between wells to
avoid cross-contamination of cells.
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14. Dead cells can be excluded in unfixed samples by the addition of PI (FL2/3) or
DAPI (if an ultraviolet laser is available) immediately before acquisition, if
desired.

15. Cells can be fixed and permeabilized by resuspension in 250 µL of a commercially
available Fix/Perm buffer (e.g., BD Pharmingen, eBiosciences) to resuspended
cell pellets followed by incubation for 20 min, or overnight in the fridge.

16. Cells can be preincubated with 2% serum from the species in which the MAb is
made to block nonspecific binding.
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Induction and Regulation of Inflammatory Bowel
Disease in Immunodeficient Mice by Distinct CD4+

T-Cell Subsets

Kevin J. Maloy

Summary
Although the etiology of human inflammatory bowel disease (IBD) has not yet been com-

pletely defined, the current prevailing hypothesis is that it is caused by aberrant immune
responses, or loss of tolerance, toward components of the intestinal bacterial microflora. During
the past decade, several animal models of IBD have been developed that reproduce many features
of the human disease. This article will outline one of the best characterized murine IBD models,
the “T-cell transfer model” where colitis rapidly develops following adoptive transfer of naïve
CD4+CD45RBhigh T cells into immunodeficient scid or RAG–/– mice. This model has also been
instrumental in characterizing the potent suppressive activities of CD4+CD25+ regulatory T cells
that prevent the development of IBD when cotransferred with the naïve CD4+ T cells. The T cell
transfer model of IBD is reproducible and easily manipulated and therefore provides an excellent
system for the study of immunopathology and immune regulation in the intestine.

Key Words: Colitis; inflammatory bowel disease; regulatory T cells; mucosal immunology;
cell sorting.

1. Introduction
Human inflammatory bowel diseases (IBD), encompassing Crohn’s disease

(CD) and ulcerative colitis (UC), are chronic debilitating conditions of poorly
defined etiology for which there is no current cure (1). Over the past 10 yr our
understanding of the immunopathogenesis of IBD has been greatly advanced
by the development of a number of animal models that exhibit many of the fea-
tures of human IBD. The critical role of the immune system in maintaining
intestinal homeostasis was illustrated by the spontaneous development of
severe colitis in transgenic mice harboring immune defects that affected T cell
function, such as TCRα–/–, IL-10–/–, or IL-2–/– mice (reviewed in refs. 2 and 3).
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Although useful, these spontaneous IBD models had several limitations, firstly
that both the incidence and kinetics of disease were variable, often taking 3–4 mo
to develop, and second, colitis was highly dependent on the bacterial microflora,
often disappearing when the animals were housed under specific-pathogen-free
(SPF) conditions (2,3).

The T-cell transfer model of IBD was pioneered by Powrie and colleagues,
who observed that reconstitution of immune deficient C.B-17 scid mice with
naïve CD4+CD45RBhigh T cells isolated from normal BALB/c mice led to the
development of colitis (4). This intestinal inflammation exhibited many of the
same histopathological characteristics as human IBD, including extensive leuko-
cyte infiltration, pronounced epithelial hyperplasia, depletion of mucin-secreting
goblet cells, and ulceration. Disease is driven by the differentiation and expan-
sion of pathogenic CD4+ T cells that appear to react toward components of the
normal intestinal commensal flora (5,6). The T-cell transfer model of IBD has
several advantages over the spontaneous models, including rapid onset, high
reproducibility under SPF-conditions, well-defined kinetics and the ability to
follow disease development by analyzing several parameters of gross pathology.
Furthermore, as an induced model of IBD, it is readily amenable to experimen-
tal manipulation. One key finding using this model was that the reciprocal pop-
ulation of CD4+CD45RBlow T cells from normal mice did not elicit colitis
following adoptive transfer into immune deficient mice and, in fact, even sup-
pressed the development of disease in immune deficient mice that also received
pathogenic CD4+CD45RBhigh T cells (4). Further experiments demonstrated that
this suppressive activity was present mainly within the CD4+CD25+ T cell pop-
ulation, which, together with parallel studies by other investigators, indicated
that CD25+ regulatory T cells (Treg) play a crucial role in the maintenance of
self-tolerance and regulation of harmful inflammatory responses (7–10).

The basis of this model is the purification of distinct subsets of CD4+ T cells
from normal mice that either induce IBD (CD4+CD45RBhigh T cells) or prevent
disease (CD25+ Treg cells) after adoptive transfer into immune deficient recip-
ient mice. As outlined in Fig. 1, the model can be broken down into several
steps as follows: enrichment of CD4+ T cells by negative selection; labeling
with fluorescent antibodies and isolation of distinct subsets by FACS sorting;
induction or prevention of IBD by adoptive transfer of purified CD4+ T cell sub-
sets into immune deficient hosts; monitoring and analysis of IBD.

2. Materials
2.1. Mice

SPF wild type mice are used as CD4+ T cell donors and syngeneic, immune
deficient mice used as recipients. Although this model was originally described
using BALB/c donors and C.B-17 scid recipients, it also works well on most
other genetic backgrounds including the C57Bl/6 strain (see Note 1).
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Maintenance of donor and recipient mice under SPF-conditions is extremely
important, as pathogenic organisms or changes in commensal flora can signifi-
cantly alter the results obtained (see Notes 2 and 3).

2.2. Reagents and Solutions

Unless otherwise stated, all solutions should be sterilized by filtration and
can be kept for up to 2 mo at 4°C.

1. FACS buffer (FB): HBSS, 0.1% BSA, 2 mM EDTA.
2. 100-mm Disposable Petri dishes.
3. 5-mL Disposable syringes.
4. 50-mL Polypropylene conical tubes.
5. Erythrocyte lysis (ACK) buffer: 0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM

Na2EDTA, pH to 7.2 with 1 M HCl.
6. Cell strainers: 100-µm nylon (BD Biosciences).
7. 14-mL Polystyrene round-bottom tubes.
8. Trypan blue solution: 0.2% (w/v) Trypan blue in PBS.
9. CD4 enrichment antibody mix, containing all of the following at a final concen-

tration of 10 µg/mL in FB (see Note 4):
a. Rat anti-mouse B220 (RA3-6B2).
b. Rat anti-mouse CD8 (YTS 169).
c. Rat anti-mouse CD11b (Mac-1, M1/70).
d. Rat anti-mouse MHC II (TIB120).
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Fig. 1. Overview of CD4+ T-cell subset isolation procedure. Estimated yields at each
step are also indicated.

19_Maloy  4/4/07  9:57 AM  Page 329



10. Goat anti-rat IgG magnetic beads (Dynabeads, Dynal Biotech) and appropriate
magnet (MPC-1, Dynal Biotech).

11. Fluorescent antibodies—all from BD Biosciences Pharmingen: FITC-conjugated
anti-mouse CD45RB (clone 16A), PE-conjugated anti-mouse CD25 (clone 7D4),
PE-Cy5-conjugated anti-mouse CD4 (clone H129.19) (see Note 5).

12. 5-mL Polystyrene round-bottom tubes (for FACS).
13. Heat-inactivated fetal calf serum (FCS).
14. 1-mL Disposable syringes.
15. Electronic balance for weighing mice.
16. Dissecting instruments: scissors, forceps, and scalpel.
17. Formal saline: PBS containing 3.6% (v/v) formaldehyde. No need to filter.

3. Methods
3.1. Prepare Single Cell Suspension

1. Remove spleens from normal mice into FACS buffer (FB). The number required
will depend on the desired number of purified CD4+ T cells. Ten spleens should
yield around 1 × 107 CD4+CD45RBhigh T cells and at least 1 × 106 CD4+CD25+

Treg cells.
2. Grind batches of five spleens in 10 mL FB in plastic Petri dish, by passing through

100-µm nylon cell strainer using plunger from disposable 5-mL syringe. Rinse
strainer with an additional 10 mL FB and pipet repeatedly in Petri dish to obtain
a single cell suspension.

3.2. Erythrocyte Lysis

1. Pellet cells in 50-mL tubes, by centrifugation at 400g for 5 min.
2. Discard supernatant and disperse residual cell pellet on a vortex mixer.
3. Add 500 µL per spleen of ACK buffer and resuspend cells thoroughly. Incubate

for 3 min at room temperature.
4. Make volume up to 40 mL with FB and filter suspension through 100-µm cell

strainer into fresh 50-mL tube to remove clumps and debris. Pellet cells by cen-
trifugation as above.

5. Discard supernatant and resuspend cell pellets in 20 mL FB. Pellets from up to 10
spleens can be pooled. Take an aliquot of the cell suspension and count viable cells
using a hemocytometer and trypan blue. Pellet the cells by centrifugation as
described above.

3.3. CD4 Enrichment

1. Discard supernatant and resuspend cells to 2 × 108 cells/mL in the CD4 enrich-
ment antibody mix as described above (see Note 4) i.e., 50 µL antibody mix per
107 cells. Incubate at 4°C for 30 min.

2. Thoroughly resuspend the goat anti-rat IgG magnetic beads in the stock bottle and
remove the amount required to give a ratio of magnetic beads to total cells of 1:1.
Add the beads to a 15-mL polypropylene tube containing 7 mL FB.
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3. Wash beads by applying magnet to tube for 30 s and then aspirating buffer. Remove
beads from magnet and repeat washing process using fresh FB. Resuspend beads
at 1 × 108/mL in FB and keep on ice.

4. Add 20 mL FB to antibody-stained cells from step 8 and pellet by centrifugation
as before. Resuspend at 1 × 108/mL in FB.

5. Combine the cells and magnetic beads in a 15-mL polypropylene tube and incu-
bate at 4°C for 30 min on a rotary mixer.

6. Separate labeled cells bound to the magnetic beads by applying magnet to tube for
30 s and remove CD4 enriched cell suspension into a fresh 15-mL centrifuge tube.
Repeat magnetic separation to ensure removal of all beads.

7. Count viable CD4+ T cells, as described above, and remove aliquots as staining
controls for cell sorting (see Note 6). Pellet the cells by centrifugation.

3.4. Sorting CD4+ T-Cell Subpopulations

1. Resuspend CD4+ T cells in a 15-mL polystyrene tube at 108 cells/mL in FB con-
taining 10 µg/mL FITC-conjugated anti-mouse CD45RB, 2 µg/mL PE-conjugated
anti-mouse CD25 and 2 µg/mL PE-Cy5-conjugated anti-mouse CD4 (see Notes 5
and 6). Incubate for 30 min at 4°C in the dark.

2. Add 10 mL FB and pellet cells by centrifugation. Resuspend pellet in 10 mL fresh
FB and pass through a cell strainer to remove any clumps—this is important to
ensure that the cell sorter does not become blocked during sorting. Pellet again by
centrifugation and resuspend cells at 2–5 × 107/mL in FB for sorting. Cells should
be kept on ice and protected from light prior to sorting.

3. Set up the cell sorter by running control samples to determine correct compensa-
tions for sorting (see Notes 6 and 7).

4. Apply labeled CD4+ T cells to the sorter and set up appropriate sorting gates.
A series of gates are set to define the desired populations. A forward and side scat-
ter gate is used to identify viable lymphocytes and a second gate is used to select
the CD4+ T cells (approx 80–90% of viable cells should be CD4+). Within this
CD4+ T cell fraction, sorting gates are defined to isolate CD25–CD45RBhigh

(approx 30–40% of CD4+ T cells) and CD25+CD45RBlow (approx 5% of CD4+ T
cells) subpopulations, as illustrated in Fig. 2. Sorted cells are collected into 5-mL
FACS tubes containing a cushion of 100 µL heat-inactivated FCS and kept on ice.

5. Pellet sorted cells by centrifugation, resuspend in FB and count viable cells by
trypan blue exclusion.

6. Remove aliquots (2 × 105 cells) from each fraction and reanalyze on flow cyto-
meter to verify purity of sorted subpopulations, which should be >99%.

3.5. Induction and Monitoring of IBD

1. Pellet the purified CD4+ T cell subsets and resuspend CD4+CD45RBhigh T cells at
4 × 106/mL and the CD4+CD25+ Treg cells at 1 × 106/mL in HBSS/BSA. For
induction of colitis remove 4 × 105 CD4+CD45RBhigh T cells (100 µL) per recip-
ient, dilute with an equal volume of HBSS/BSA and inject 200 µL intraperi-
toneally into immune deficient recipients. For protection from disease, mix 4 × 105
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CD4+CD45RBhigh T cells (100 µL) together with 1 × 105 CD4+CD25+ T cells
(100 µL) per recipient and inject 200 µL of the cell mixture as above.

2. Mark each recipient individually by ear punching or other identification method.
Weigh each mouse at the time of T cell transfer and at weekly intervals thereafter.

3. Development of IBD is accompanied by progressive weight loss, hunching, and
loose stools/diarrhea and such symptoms should be monitored weekly in the first
instance, but daily when they exhibit disease symptoms (see Note 8). Cull mice
when they develop chronic diarrhea or have lost 10–20% or their initial body
weight, usually around 6–8 wk after T-cell transfer (see Note 8).

4. Open abdomen, cut colon immediately below the cecum and just above the anus
and remove into ice-cold PBS. Lay colon lengthwise on a piece of paper towel
moistened with PBS and trim away any adherent mesentery and fatty tissue using
fine dissecting scissors and forceps.

5. Using a scalpel, cut 5- to 7-mm pieces from proximal (ascending), mid (trans-
verse), and distal (descending) colon (see Note 9) and gently remove any luminal
contents using forceps. Place tissue samples into a plastic universal tube contain-
ing 10 mL formal saline and allow to fix for at least 48 h. Tubes should be coded
and labeled and samples can be maintained in formal saline for up to 1 mo.

6. Submit samples to a histology lab for histological processing and staining.
Samples should be paraffin-embedded and 4- to 5-µm transverse sections cut,
mounted onto slides and stained with hematoxylin and eosin (H&E), with two to
three stained sections prepared per sample.

7. Histological samples should be assessed by light microscopy and intestinal
inflammation graded semiquantitatively on a scale from 0 (normal) to 4 (severe
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Fig. 2. Typical sorting gates applied to isolate naïve CD4+CD45RBhigh T cells and
regulatory CD4+ CD25+ Treg cells. Plot shows staining profile of CD25 and CD45RB
expression on gated live CD4+ T cells.
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colitis), according to the characteristics described in Table 1 (11). Someone who
is familiar with normal and diseased colonic architecture should evaluate slides in
a blinded fashion.

8. Data may be presented as mean score (0–4) from the most affected region (usu-
ally mid-colon), or as cumulative scores from each colon section (0–12).
Nonparametric statistical analysis (e.g., Mann Whitney U-test) should be applied
to test for significant differences between groups.

4. Notes
1. The model has been shown to work well using transfer of naïve CD4+ T cells from

C57Bl/6 into C57Bl/6.Rag–/–, from BALB/c into BALB/c.Rag–/– and from NOD
into NODscid mice. However, the precise incidence and kinetics of disease may
vary depending on the strain background. Not all strains are suitable, for example
129SvEv.Rag–/– mice develop only mild inflammation after transfer of 129SvEv
naïve CD4+ T cells (12).

2. SPF-status is crucial as the presence of pathogens in either the donor or recipient
mice can have drastic effects. Typical signs of pathogens are when immune defi-
cient recipients develop wasting disease very rapidly (within 2 wk) after T-cell
transfer, or if significant sudden mortality occurs in recipient groups. In such cases
the chief suspects are Pneumocystis carnii or viral infection. Another common
problem is the presence of intestinal Helicobacter spp, which are endemic in many
animal facilities and can greatly exacerbate intestinal inflammation. To avoid such
problems it is crucial that all mouse colonies are subjected to regular pathogen
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Table 1
Histological Grading of Colitis

Score Typical features of lesions

0 Normal colonic crypt architecture, few leukocytes present and plentiful
goblet cells.

1 Mild inflammation. Slight epithelial hyperplasia and increased numbers 
of leukocytes in the mucosa.

2 Moderate colitis. Pronounced epithelial hyperplasia (two- to threefold 
increase in crypt length), significant leukocyte infiltration of the mucosa 
and decreased number of goblet cells.

3 Severe colitis. Marked epithelial hyperplasia (>fivefold increase in crypt 
length) with extensive leukocyte infiltration of the mucosa, sub-mucosa 
and tunica muscularis. Significant depletion (<50%) of goblet cells,
occasional ulceration, or crypt abscesses.

4 Very severe colitis. Marked epithelial hyperplasia (>fivefold increase 
in crypt length) with extensive, dense trans-mural leukocyte infiltration 
from the submucosa through to the serosa. Severe depletion (>50%) 
of goblet cells, many crypt abscesses and marked ulceration.

Adapted from ref. 11.
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screening and, in the case of immune deficient mice, use of sentinel animals is
essential. To further minimize the risk of infection, we house all mice in an indi-
vidually ventilated cage system, using Thoren racks that provide a source of
HEPA-filtered air to individual cages.

3. Although the precise organisms and antigens involved are not yet known, the
intestinal commensal flora plays a crucial role in pathogenesis, by providing
stimuli for the differentiation of the effector T cells that drive colitis. This
microflora is probably the most important factor that determines the character-
istics of disease within a given animal facility and any changes in the commen-
sal flora can consequently alter the incidence and kinetics of disease. For this
reason great care should be taken regarding the treatment of mice with anti-
biotics or other agents that may alter the enteric flora, such as chlorine tablets
used to sterilize water supplies. Such agents should be either avoided altogether,
or used in doses that have been empirically titrated and shown not to affect
disease incidence.

4. Tissue culture supernatants, ascites, or purified immunoglobulin can be used as a
source of antibodies. CD4 enrichment antibody mix can be prepared in advance
and 1-mL aliquots stored at –20°C until use. Commercial suppliers also produce
kits that contain antibody mixtures and magnetic beads used for isolation of CD4+

T cells, e.g., CD4 Negative Isolation Kit (Dynal Biotech).
5. Successful purification requires good staining of desired cell populations and it is

especially important to have good separation between the CD45RBhigh and
CD45RBlow fractions. We use fluorescently labeled antibodies from a commercial
source (BD Biosciences Pharmingen) and if antibodies are produced in-house it is
necessary to titrate them beforehand to determine optimal concentrations for use.
When isolating CD4+ CD25+ Treg cells, it is essential that the anti-mouse CD25
monoclonal antibody clone 7D4 is used and not the widely available clone PC61,
because clone PC61 mediates the depletion of CD25+ Treg cells in vivo.

6. Accurate definition of cell populations requires precise calibration and compen-
sation of the flow cytometer, using control samples. Immediately after CD4
enrichment, aliquots of approx 5 × 105 cells should be removed for this purpose.
Controls should include an unstained cell sample as well as samples stained with
each fluorescent antibody individually.

7. High-speed cell sorting normally requires a highly trained operator, whose com-
petence plays a crucial role in the successful isolation of pure cell subpopulations.
It is, therefore, essential to discuss your goals as well as the characteristics and
specifications of the cell sorter with the operator prior to commencing this type of
experiment. We use a Dako Mo-Flo cytometer that sorts around 15,000–20,000
cells/s with a running pressure of about 40–60 psi.

8. Symptoms of wasting disease and diarrhea usually appear about 4 wk after T cell
transfer, progressing to severe colitis at around weeks 6–8, but this may vary
depending on the strain of mice used and the environmental conditions under
which they are maintained. Monitoring body weight is an excellent method of
tracking disease, but once severe colitis is present there may be rapid weight loss
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and death in a matter of days. Therefore, mice exhibiting signs of disease should
be monitored on a daily basis and sacrificed before they have lost more than 20%
of their initial body weight.

9. As disease incidence and severity are not always uniform, it is important to eval-
uate samples from each section of colon. Proximal colon samples are taken around
1–2 cm from the start of the colon. Mid-colon samples, which usually provide the
most reliable indicators of histological disease score, are taken from the centre
point. Distal colon samples are taken around 1–2 cm from the end of the colon.
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In Vivo Models for the Study of Transplantation Tolerance

Hannah Stewart, Rommel Ravanan, and Richard Smith

Summary
Experimental models of transplantation remain essential tools for the study of immunological

tolerance. The immunological mechanisms resulting in acute allograft rejection may differ
depending on the tissue transplanted and the antigenic mismatch between donor and recipient.
Murine skin grafting is a model frequently used to study transplantation tolerance because it is
readily learned and is not time consuming. Second grafts can be performed easily to confirm the
induction of tolerance and its antigenic specificity. However, these grafts are strongly immuno-
genic and secondarily revascularized and may not, therefore, reproduce the conditions operating
in clinical transplantation of primarily revascularized organs, such as the kidney and heart.
Experimental rodent models of revascularized solid organ transplantation have been established,
but given the technical skills required to perform them, are beyond the scope of this chapter.
However, cellular transplants, including the use of islets, are of interest as they are being devel-
oped clinically and can be reproduced experimentally. Here, we describe the technique of renal
subcapsular transplantation of pancreatic islets of Langerhans.

Key Words: Allograft; skin transplantation; heart transplantation; islet transplantation.

1. Introduction
Historically, animal models of allotransplantation have been central to the

study of immunological tolerance. Furthermore, the prevention of acute cellu-
lar allograft rejection remains essential for clinical transplantation, with the
induction of tolerance remaining the “Holy Grail.” The full repertoire of
immunological effector mechanisms may be recruited during the rejection of
allografts: humoral responses, delayed type hypersensitivity responses, CD4+

helper cell-dependent cytotoxic T-lymphocyte responses, CD4+ helper cell-
independent cytotoxic T-lymphocyte responses, and cytotoxic CD4+ T cell
responses. Major histocompatibility complex (MHC) class II-restricted CD4+ T
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cells involved in these responses may recognise antigen via the “classical” indi-
rect recognition of processed graft antigens or direct recognition of cell sur-
face antigen expressed by cells of the graft itself. In addition, innate immune
mechanisms may significantly damage the graft, particularly during the first 
48 h posttransplantation. Great care must be taken when interpreting results
obtained using models of allograft rejection, as the dominant immunological
mechanisms recruited may differ significantly depending on the transplant model
used and the degree of antigenic disparity between donor and recipient (1,2).
Differences in the susceptibility of specific tissues to killing by different effector
mechanisms may be important (3) and there may be significant differences
between strains and species (4).

In this chapter, three models of allotransplantation will be discussed repre-
senting three important types of allograft. Most clinical transplants involve the
use of solid organs, which are primarily revascularized (e.g., kidney, liver, heart,
or lung). Rodent vascularized heart transplantation represents a model for
studying the rejection of such grafts. Experimental rodent heart transplantation
may, in principle, be performed using three techniques. Heart tissue may be
transplanted into a skin pocket, such as the ear, without vascular anastomosis.
Such models are equivalent to other secondarily revascularized tissue grafts,
e.g., skin. Two types of vascularized heart graft model have also been described.
We have used the heterotopic transplant model, previously described by Chen
(5) in which the heart is transplanted into the neck. The donor aorta is anasto-
mozed to the recipient carotid artery and the donor pulmonary artery to the
recipient jugular vein. This results in perfusion of the transplanted cardiac tis-
sue via the coronary circulation ensuring tissue viability. Although in this model
the heart continues to beat, the recipient is not dependent on the pumping action
of the heart for survival; consequently, this model does not assess the mechan-
ical function of the heart. The transplanted heart can be palpated easily in the
neck, the day of rejection being taken as the first day when the heartbeat can no
longer be palpated. One refinement of this technique, is to monitor electrical
activity of the heart by ECG recording. An alternative vascularized model is
transplantation of the heart into the abdomen. The disadvantage of this model
is that it does not easily allow monitoring of the graft by palpation. Both of
these vascularized heart transplant models require significant microsurgical
skills and not all individuals will be able to acquire the techniques successfully.
It is essential that the techniques are learned from an experienced operator
which can be expected to take up to 3 mo. These techniques are, therefore, not
discussed further here.

Although allogeneic skin transplantation is not a routine clinical procedure, it
has been used to assess immunoreactivity between potential live donor transplant
recipients (6). Experimental skin transplants are readily performed, the majority

338 Stewart, Ravanan, and Smith

20_Smith  4/4/07  10:09 AM  Page 338



of the experimental transplantation literature having made use of this model. Skin
transplants represent secondarily vascularized tissue transplants, the lack of
primary revascularization being akin to the situation encountered with cellular
transplants. Finally, there is a growing interest in clinical cellular transplantation
(e.g., pancreatic islet transplantation for type 1 diabetes or neuronal transplants
for Parkinson’s disease). Transplantation of isolated islets under the kidney cap-
sule of mice or rats is a useful model for the study of secondarily revascularized
cellular allograft rejection and the induction of immunological tolerance. To draw
conclusions of clinical relevance, however, it is essential that the principles
elucidated in these models are confirmed in large animal models, as significant
differences may be evident. This is perhaps of most relevance in islet transplanta-
tion where intraportal embolization of islets is the preferred clinical technique.
This approach is possible in rodents but most easily reproduced in porcine or
primate models.

Classical protocols for the demonstration of tolerance require prolonged
graft survival in the absence of ongoing immunosuppression (typically survival
beyond 100 d posttransplantation is considered sufficient). It should then be
demonstrated that, in tolerant animals, a second allograft, from the same strain
as the original graft, is not rejected. Ideally, antigenic specificity of tolerance
and immunocompetence of the recipient should then be confirmed by demon-
strating rejection of a third party graft. For islet transplantation, surgical
removal of the graft by nephrectomy provides definitive proof that restoration
of normal glucose homeostasis is due to the function of the graft, rather than
recovery of endogenous pancreatic function.

2. Materials
2.1. General

1. Mice: mice can be maintained in conventional housing. Because infection can
influence tolerance induction, it may be preferable to use a specific-pathogen free
facility. Ideally animals should be 6–8 wk old at the time of transplantation. Mice
up to 12 wk old may be used. The strains selected will depend on the degree of anti-
genic mismatch required. Definitive information concerning the MHC genotype of
available mouse strains can be found on the Jackson website (www.jax.org). For
study of immunological mechanisms resulting in rejection of islet transplants (as
opposed to the autoimmune disease process) it is not necessary to use sponta-
neously diabetic mice (i.e., NOD mice). Diabetes can be induced by injection of
streptozotocin (STZ), allowing monitoring of graft function by the measurement
of blood sugar levels. NOD mice may reproduce some unique features of the
“diabetic” genetic background. If it is considered desirable to use this strain,
development of autoimmune diabetes may confound interpretation of results of
experiments designed to investigate immunological mechanisms operating in
transplant rejection. At 6–8 wk of age NOD mice will not yet have developed
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spontaneous autoimmune diabetes. Use of STZ to induce diabetes in such ani-
mals will permit the study of immunological mechanisms of rejection in the opti-
mal background strain without the confounding effects of autoimmune disease.
Ultimately, studies can be extended to spontaneously diabetic animals to study
the effect of tolerogenic regimens on both the acute rejection and autoimmune
disease processes. For islet transplantation animals should weigh 20–30 g, if dia-
betes is to be induced using STZ (vide infra).

2. Anesthetic: fluanisone (Hypnorm, Janssen, UK) and midazolam (Hypnovel, Roche)
made up by dilution of fluanisone (40 mg/mL), midazolam (20 mg/mL), and sterile
water in a 1:1:2 ratio, giving final concentrations of 10 and 5 mg/mL, respectively.

3. Surgical instruments: the basic surgical kit should contain a scalpel handle (no. 3 or
7 Swann-Morton, Sheffield, UK), scalpel blades (Swann-Morton, no. 6, 11, or 15),
two pairs of small scissors (e.g., 11 cm straight iris scissors [www.medisave.co.uk]),
two pairs of small toothed fine dissecting forceps (e.g., Gillies 152 mm [www.sur-
gicalholdings.co.uk]), five small bulldog clamps (e.g., Debakey 20-mm bulldog
clamps [www.surgicalholdings.co.uk]), and wound clips (www.royem.co.uk). All
instruments should be autoclaved before use.

2.2. Skin Transplantation

1. Paraffin gauze (e.g., Jelonet™ Smith and Nephew, Hull, UK) cut into 1- to 
1.5-cm squares.

2. Gauze swab (e.g., Multi-gauze [www.frontiermultigate.co.uk]) cut into 1.5–2 ×
5-cm strips.

3. Plaster of Paris bandage (www.medisave.co.uk) cut into 1.5–2 × 10-cm strips.
4. Phosphate buffered saline (Gibco, Invitrogen, Paisley, UK).
5. 6-cm Diameter Petri dish (BD).

2.3. Islet Transplantation

2.3.1. Murine Islet Isolation

1. Collagenase P (Roche Diagnostics, UK) at 1 mg/mL.
2. Hanks balanced salt solution (HBSS) supplemented with 0.01 M HEPES (Gibco).
3. Fetal calf serum (Sigma, UK).
4. UW solution (Biowhittaker, UK).
5. RPMI-1640 (Gibco).
6. Citrate buffer: 0.1 M sodium citrate, 0.1 M citric acid, pH 4.5.
7. 1-mm Sieve (e.g., Endecotts sieves [www.ukge.co.uk]).
8. Polysucrose 400 Ficoll (Sigma, UK). A 25% stock solution is made by adding

50 g of Ficoll to 150 mL of HBSS, 0.01 M HEPES and stirring overnight. The vol-
ume is then adjusted to 200 mL by addition of HBSS, 0.01 M HEPES. The differ-
ent percentage Ficoll solutions required for the gradient are then prepared as
documented in Table 1.

9. Binocular dissecting microscope (www.gxoptical.com).
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2.3.2. Induction of Diabetes

1. STZ (Sigma).
2. Blood glucose monitor and blood monitoring strips (e.g., Roche AccuCheck,

Roche, UK).

2.3.3. Transplantation

1. Candle wax or bottle top sealing wax (Sigma).
2. Gilson pipet and P200 tips.
3. Binocular dissecting microscope (vide supra).
4. Blunted watchmakers’ forceps (e.g., Samco www.lig-supplies.co.uk).

3. Methods
3.1. Skin Transplantation

Billingham and Medawar (7) first described the technique most commonly
used for skin transplantation.

1. Sacrifice an appropriate donor mouse by a schedule 1 method.
2. Make a circular incision, through the full thickness of the skin, at the base of the

tail and a second longitudinal incision from the base towards the end of the tail.
3. Peel the skin edges apart using toothed forceps and place the excised skin into a

6-cm diameter Petri dish filled with phosphate buffered saline (PBS).
4. Cut the excised tail skin into pieces approx 0.5 × 0.5 cm. Each tail should provide

enough skin for approx 10 grafts.
5. Anesthetize the recipient and swab the thorax with 70% alcohol.
6. Prepare the graft bed by excising a circle of skin approx 0.75-cm diameter in the

area between the shoulder and costal margin.
7. Place the graft on the graft bed and hold in place by covering with a single piece

of paraffin gauze, large enough to cover the graft site (approx 1–1.5 × 1–1.5 cm).
8. Wrap a strip of gauze swab (approx 1.5–2 × 6 cm) around the thorax, covering the

graft site.
9. Soak a strip of plaster of Paris bandage in water and wrap completely around the

thorax, over the gauze swab.
10. Bring the ends of the plaster of Paris strip together over the back of the animal,

trim to leave a 3- to 5-mm “join” standing proud of the animal and clip together
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Table 1
Gradient Layers of Ficolla

Ficoll concentration Stock Ficoll 1X HBSS, 10 mM HEPES

23% 46 mL 4 mL
20% 40 mL 10 mL
11% 22 mL 28 mL

aThe Ficoll solutions for each layer should be made up as documented in the table.
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using two wound clips. The bandage should be applied sufficiently tightly to
ensure that it cannot be removed but great care must be taken to ensure that it
is not so tight that, as it hardens, it prevents thoracic wall movement, resulting
in asphyxiation.

11. After 7 d, remove the bandage and score the grafts daily until rejection. Ideally
this should be performed blinded by the same observer. A typical graft scoring
scheme is as follows: lush hair growth (++); graft intact with no evidence of necro-
sis (+); graft showing some necrosis (±); and >90% necrosis (–). The day of rejec-
tion is recorded as the first day when necrosis of >90% is observed.

3.2. Islet Transplantation

3.2.1. Murine Islet Isolation

Islet isolation techniques differ between laboratories but all rely on collagenase
digestion of the pancreas to generate a cell suspension containing exocrine tis-
sue and intact islets of Langerhans (1% of total tissue). Over-digestion results
in fragmentation of islets because of disruption of the islet capsule: the function
of such islets will be compromised. Under-digestion results in exocrine tissue
remaining attached to the islets (referred to as “embedded islets”). We routinely
isolate islets using a modification of the method described by Gotoh et al. (8).

1. Prepare a 1-mg/mL solution of Collagenase P (Roche Diagnostics) in 1X HBSS,
0.01 M HEPES and leave on ice until required.

2. Sacrifice the donor using a schedule 1 method.
3. Open the abdominal cavity using a midline incision from the xiphisternum to the

symphysis pubis.
4. Expose and pin back the liver.
5. Locate the pancreatic duct running from the porta hepatis to the duodenum and

clamp as close to the duodenum as possible with a bulldog clamp.
6. Aspirate the collagenase solution into a 5-mL syringe and attach a 27-gauge needle,

bent at a 90° angle.
7. Cannulate the pancreatic duct and slowly inject 2–3 mL of collagenase solution

into the pancreas. It may be necessary to place a bulldog clamp on the shaft of the
needle to ensure no reflux of collagenase. When the pancreas is fully distended,
release the clamp and dissect the pancreas free.

8. Collect up to three pancreases in a 50-mL tube and add sufficient collagenase P to
just cover them completely.

9. Incubate at 37°C for 6–12 min. The time is dependent on the batch of collagenase
and has to be optimized for each new batch. The aim is to maximize the number
of islets obtained that are free of exocrine tissue, without resulting in fragmented
islets due to over-digestion.

10. After digestion, top up to 35 mL with HBSS, 0.01 M HEPES supplemented with
FCS to a final concentration of 5% (wash solution) and shake by hand for 15 s to
break up the tissue.
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11. Pellet the islets by centrifugation at 800g for 1 min and aspirate the supernatant to
a volume of 7.5 mL.

12. Wash again by addition of a further 35 mL of wash solution, shake, and centrifuge
for 1 min at 800g.

13. Aspirate the supernatant to approx 7.5 mL and resuspend the pellet in 20 mL of
wash solution.

14. Pour the cell suspension through a 1-mm sieve into a fresh 50-mL tube to remove
any undigested tissue or fat.

15. Add 15 mL of wash solution to the digestion tubes and swirl gently to ensure that
all tissue is recovered and pour through the filter.

16. Rinse the filter with a final 15 mL of wash solution.
17. Centrifuge the cell suspension at 800g for 1 min.
18. Discard the supernatant, resuspend the cell pellet in 10 mL of UW solution

(Biowhittaker), and leave on ice for 30 min.
19. Centrifuge at 800g for 1 min and carefully pour off the supernatant.
20. Prepare Ficoll solutions (see Table 1) and leave to equilibrate to room tempera-

ture for 30 min.
21. Resuspend the digested pancreas pellet from step 19 in 15 mL of 25% Ficoll.
22. Add the next Ficoll layers very slowly by pipetting down the side of the tube: 10 mL

of 23% Ficoll; 10 mL of 20% Ficoll; 5 mL of 11% Ficoll.
23. Centrifuge the gradients at 1800g for 10 min with no brake at room temperature.
24. Collect each layer and its interface separately into 50-mL tubes.
25. Top up each tube with wash solution and centrifuge for 2 min at 900g with the

brake applied.
26. For each tube, aspirate the supernatant to approx 7.5 mL and wash by addition of

35 mL of wash solution. Pellet by centrifugation for 1 min at 800g and aspirate the
supernatant as close to the islet pellet as possible.

27. Resuspend the pellet in 3 mL of RPMI supplemented with 5% FCS and place the
islet fractions separately into 60-mm diameter Petri dishes. Top up with RPMI
5% FCS.

28. View under a dissecting microscope using a ×10 objective and aspirate the islets
using a P200 Gilson pipet (see Fig. 1).

29. Place the aspirated islets into a clean Petri dish containing RPMI 5% FCS. It may be
necessary to repeat this process to achieve high degrees of purity, as some exocrine
tissue is inevitably aspirated along with the islets during the initial picking.

3.2.2. Transplantation

1. Count the required number of islets into a 1.5-mL tube and centrifuge for 3 min 
at 800g.

2. Remove the supernatant and resuspend the pellet of islets in 200 µL of PBS. Draw
up the islets into a P200 pipet tip and plug the tip by dipping it into molten wax to
a depth of 2–3 mm.

3. Place the tip in a 15-mL tube and centrifuge for 3 min at 800g to pellet the islets
on top of the wax.
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4. Carefully pipet off the supernatant and, under a dissecting microscope, cut off the
wax tip with a scalpel blade, leaving the islets ready for transplantation.

5. Anesthetize the recipient mouse and make a 5- to 7-mm incision in the abdominal
wall on the left side, parallel to, and 5 mm below the line of the rib cage.

6. “Buttonhole” the kidney through the incision. Keep the kidney moist at all times
by resting on gauze soaked in PBS and frequently syringing PBS over the surface.

7. Under a dissecting microscope, puncture the capsule of the kidney at one pole
using blunted watchmakers’ forceps.

8. Insert the pipet tip containing the islets under the capsule and advance it, in the
subcapsular space, to the opposite pole of the kidney. Great care must be taken not
to tear the kidney capsule.

9. Pipet the islets out into the subcapsular space and remove the pipet tip.
10. Return the kidney to the body cavity and staple the skin with wound clips.
11. Animals should be placed in a cage on a heating pad and observed until fully

recovered from anaesthesia.

3.2.3. Induction of Diabetes

1. Select mice weighing between 20 and 30 g and starve overnight, allowing contin-
ued access to water.

2. The following day, inject intraperitoneally (i.p.) 100–160 mg of 4% (w/v) STZ
(Sigma) dissolved in 0.1 M citrate buffer, pH 4.5.
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3. Monitor blood glucose levels using a single drop of blood from a tail vein bleed and
a blood glucose monitor (e.g., AccuCheck II, Roche). Mice may be considered 
diabetic and suitable for transplantation when their blood glucose measures
greater than 20 mmol/L.

4. Transplant diabetic mice 3 d after STZ injection.
5. Measure urine glucose levels daily using urinalysis sticks (Roche). We measure

blood glucose levels routinely twice weekly and if glycosuria is detected on uri-
nalysis. An islet graft is considered to have failed or to have been rejected if the
blood glucose levels measure more than 15 mmol/L on two consecutive readings.

4. Notes
1. Grafts that fail in the first 24 h are considered technical failures. Technical com-

petence should be confirmed by performing syngeneic grafts before proceeding to
experimental work. Greater than 90% survival of syngeneic grafts for >100 d
should be achieved.

2. The gauze strip both keeps the graft and paraffin gauze in place and prevents 
the plaster of Paris cast sticking to the hair of the thorax, thereby facilitating 
its removal.

3. In situ perfusion of the pancreas is not essential but greatly increases islet yield.
4. Multiple pancreases will be required to obtain sufficient islets for most experi-

ments. Pancreases may be stored in a 50-mL tube on ice. We routinely retrieve no
more than three pancreases at any one time, aiming to complete all surgery within
1 h, to prevent over-digestion of the first pancreas. All isolation steps have been
optimized for this number of pancreases.

5. Equilibration of Ficoll solutions to room temperature is essential.
6. It is important to ensure that islets are exposed to Ficoll for the minimum time pos-

sible as prolonged Ficoll exposure reduces their viability.
7. STZ must be made up fresh and used immediately. The dose of STZ required

varies depending upon the strain of mouse and on the batch of STZ used, the cor-
rect dose for each batch being determined by initial titration experiments. In our
experiments, the STZ dose range used for C57Bl/6 is between 100 and 120 mg of
STZ per kilogram of body weight and for NOD mice is between 150 and 160
mg/kg of body weight.

8. Islet transplants are not carried out until 3 d post-STZ injection to ensure no STZ
remains in the animal which might damage the transplant.

9. Watchmakers’ forceps are blunted by carefully “flattening” the tip by rubbing on
fine emery cloth. If observed under a dissecting microscope, a clear square end to
the forceps should be produced with no barbs.

10. Intraperitoneal injection of 100–120 µL of fluanisone and midazolam, made up as
described above, is sufficient to anesthetize most mouse strains adequately for
islet transplantation.

11. Following STZ injection, mice do not need to be maintained on insulin if transplanted
within 3 d. Animals that become diabetic but are not transplanted should be culled.
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Ectopic Transplantation of Tissues 
Under the Kidney Capsule

Nathan J. Robertson, Paul J. Fairchild, and Herman Waldmann

Summary
The subcapsular region of the kidney has frequently served as the site of choice for transplant-

ation studies owing to a number of compelling reasons. High levels of vascularization provide a
ready blood supply, whereas the subcapsular region itself can accommodate tissues of a range of
size and sources. Historically, transplantation to this site has proven important for studies of both
central and peripheral tolerance. Here, the transplantation technique and its major variations are
described for broad application.

Key Words: Kidney capsule; transplantation; immunogenicity; thymus; islet.

1. Introduction
The kidney is one of the most vascular organs of the body and its surround-

ing capsule has long been used as the transplantation site for a range of adult
and embryonic tissues. Proximity to an efficient supply of blood ensures that
the components necessary for healing and graft viability are readily available.
Furthermore, the capsule can physically accommodate the transplantation of a
range of different types of tissue and may expand to allow considerable growth.

Ectopic transplantation to the subcapsular region of the kidney has com-
monly been employed to study the differentiation, development, and function
of a variety of tissues. This has led to significant advances toward our under-
standing of both central and peripheral tolerance. Reconstitution of alymphoid
fetal thymi with bone marrow-derived progenitors following transplantation
under the kidney capsule has, for instance, been used to study the mechanisms
of positive and negative selection. Typically, thymus lobes from 14-d embryos
are depleted of lymphoid cells by culture in 2′-deoxyguanosine (2-dGuo)
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before transplantation under the kidney capsule of athymic nude mice. Twenty-
one days after transplantation, histology may be employed to demonstrate the
presence of both cortical and medullary regions of the thymus which have
become efficiently recolonized with hematopoietic cells from the host’s own
pool of bone marrow-derived progenitors (see Fig. 1A). The appearance of
mature CD4+CD8– T cells in a similar proportion to day 21 neonatal thymus indi-
cates that the transplanted thymus lobes are competent to sustain both positive
and negative selection (see Fig. 1B,C). A similar model has been used for the
identification of the thymic epithelium as determining the major histocompatibil-
ity complex-restriction specificity of emerging T cells and thymic dendritic cells
as being essential to the induction of central tolerance (1).

Unlike skin grafts, which can be readily monitored through visual appear-
ance, systems involving transplantation to the kidney capsule require different
methods of observation. Models have typically involved the generation of a loss
of function in the recipient, such that the donor tissue may be tested for its abil-
ity to rescue the normal phenotype. A prime example is the induction of dia-
betes to test the function of transplanted islets or the recovery of immune
competence in congenitally athymic mice by grafting with fetal thymus rudi-
ments. Although the survival and function of pancreatic islets may be assessed
through blood glucose levels or the presence of c-peptide, a byproduct of
insulin posttranslational processing (2), the function of transplanted thymus tis-
sue may be observed through the flow cytometric analysis of blood samples to
indicate the output of T cells. Monitoring tolerance or immunity to tissues with
no easily measurable function is achieved by histological analysis of tissue
structure and cellular infiltration at a selected time point (3). More recently,
magnetic resonance imaging, positron emission tomography, and fluorescent
imaging systems have emerged as potential tools to investigate the survival and
structure of transplanted tissue in situ in a noninvasive manner (4,5). Although
the method of posttransplantation observation needs to be carefully considered,
the kidney capsule boasts facilities for both flexible accommodation and effi-
cient healing and growth, while being fully compatible with protocols for the
study of tolerance and immunity.

2. Materials
1. Phosphate buffered saline (PBS) (Biowhittaker, cat. no. BE17-515Q).
2. 70% Ethanol, prepared using sterile distilled water and absolute ethanol

(BDH/VWR International, cat. no. 10107).
3. 15-mL Corning centrifuge tubes (Appleton Woods Ltd., cat. no. BC029).
4. 1.5-mL Microcentrifuge tube (Treff AG).
5. 25-Gauge 0.5 × 16-mm sterile needles (Terumo, cat. no. NN-2516R).
6. 2-mL Sterile syringe (Terumo).
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Fig. 1. Reconstitution of fetal thymus rudiments following transplantation under the
kidney capsule. Thymus lobes from 14 d C3H/He embryos were depleted of lymphoid
cells by culturing in 2-dGuo before being grafted under the kidney capsule of recipient
BALB/c nude mice. (A) Frozen section stained using monoclonal antibodies specific
for cortical thymic epithelium enabling the cortex (Cx) and medulla (M) of the thymus
to be distinguished between the kidney capsule (arrow) and the kidney proper (K). 
Bar = 100 µm. (B,C) Thymocytes were isolated from transplanted thymi and analyzed
for the expression of CD4 and CD8 by flow cytometry (B) and compared with thymocytes
derived from 21 d neonatal mice (C). Numbers represent the percentage of cells within
the relevant quadrant.
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7. Autoclaved, household cotton buds (Boots the Chemists Ltd.).
8. Micro-Fine insulin needles (BD Medical, cat. no. 324892).
9. Anesthetic: 1 mL of Ketaset (Fort Dodge Animal Health Ltd., cat. no. NADA 045-

290) and 0.5 mL of 2% Rompun (Bayer Plc., cat. no. 00387512) diluted in 8.5 mL
of PBS.

10. Analgesic: 1 mL of Vetergesic (Reckitt Benckiser Healthcare, cat. no. 138316)
diluted in 9 mL of PBS.

11. Cozee Cumfort 2 heat electronic pad.
12. Autoclaved instruments including standard forceps, curved watchmaker’s forceps,

and scissors (10 cm in length).
13. Blunt-ended dressing forceps (10 cm in length) (Allgaier Instruments GmbH, cat.

no. 08-420-100).
14. Scalpel fitted with sterile no. 23 scalpel blades (Swan-Morton, cat. no. 0303).
15. Electric shaver.
16. Vicryl-coated suture fitted with a 16-mm needle (Ethicon, cat no. W9442).

3. Methods
Please note that all measurements and doses described here are intended for

murine models and that local ethical committee approval should be acquired
before employing these protocols. All procedures should be carried out in a
laminar flow tissue culture hood, and surfaces swabbed with 70% ethanol
before use to ensure sterility.

3.1. Aggregation of Donor Material Using a Blood Clot

Some tissues are ready for transplantation directly after washing with PBS.
Transplantation of smaller tissues such as pancreatic islets or cell suspensions,
however, may be facilitated by aggregation using a blood clot (6).

1. Sacrifice and swab the blood donor with 70% ethanol (see Note 1).
2. Insert a 25-gauge needle (attached to a 2-mL syringe) at the base of the sternum,

aiming for the left side, and pointing downward at an angle of 20°. Blood should
be drawn slowly to provide a yield of up to 1 mL in the case of mice aged between
6 and 8 wk and in excess of 1 mL for older mice.

3. Wash the cells to be transplanted at least twice by centrifugation at 400g and
resuspend in PBS. A slower speed may be used for islets or other small tissues 
(see Note 2).

4. After the final wash, resuspend the cells or tissue at high density in PBS. For each
recipient, transfer approx 50 µL of the suspension onto a flat sterile surface, such
as the inside of a lid removed from a 1.5-mL microcentrifuge tube.

5. Mix with approx 10 µL of blood and leave for 5 min or until the blood has clotted.

3.2. Transplantation of Tissue Under the Kidney Capsule

1. The material to be transplanted should be washed thoroughly with PBS. Cells
should be centrifuged at 400g and resuspended in PBS after each wash. In the case
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of whole tissues, allow them to settle to the bottom of a 15-mL centrifuge tube
under unit gravity and replace the PBS (see Note 2).

2. Administer anaesthetic intraperitoneally to recipient mice (see Note 3). Approximately
200 µL is required for 6-wk-old CBA/Ca mice, but this will vary according to strain
and older mice may require a larger dose, proportional to their weight.

3. Shave the surgical site on one side, extending from the lower abdomen to just
beyond the rib cage, taking care to contain any loose fur. If possible, the left side
should be chosen because the spleen provides a useful anatomical marker for the
location of the kidney.

4. Check that the anesthetic has taken effect (allowing at least 5 min) by testing for
a reflex response.

5. Once anesthetized, administer 100 µL of analgesic subcutaneously in the scruff of
the neck.

6. Place on a heated mat, swabbed with 70% ethanol, to assist with thermoregulation.
7. Sterilize the skin by swabbing with 70% ethanol, taking care to limit the surface

area covered, so as not to cool the animal unnecessarily.
8. The spleen lies posteriorly from the rib cage, and may be visible through the

shaved skin. The kidney lies immediately adjacent to the spleen on the posterior
side. Using forceps, lift the skin above the kidney and make a 1- to 2-cm incision
perpendicular to the spine using scissors (see Note 4).

9. The kidney may be visible through the body wall adjacent to the spleen (see Note 5).
Lifting the body wall using forceps, make an incision just smaller than the kidney
(5–8 mm), and in the same orientation as its axis directly above it (see Note 6).

10. Use sterile cotton buds to press the body wall either side of the incision and mas-
sage the kidney so that it rests exposed on the body wall (see Note 7).

11. Wait several seconds to allow any moisture on the surface of the kidney to dry.
12. Use blunt-ended forceps to hold and lift the kidney capsule while using the curved

watchmaker’s forceps to puncture the capsule and create a tunnel between the
parenchyma of the kidney and the capsule (see Note 8).

13. Holding the tunnel open with the blunt forceps insert the tissue in a manner appro-
priate for its size (see Note 9).

14. If necessary, use curved watchmaker’s forceps to massage the tissue away from
the opening in the capsule.

15. Rehydrate the organ with PBS, taking care not to dislodge the transplanted material.
16. Ease the kidney back into the body cavity by lifting the body wall over the kidney. Be

careful that the body wall does not press against the kidney and dislodge the tissue.
17. Close the incision with one or two interrupted stitches in the body wall using

absorbable suture.
18. Finally, close the incision in the skin using interrupted sutures, before returning

the animal to a heated cage for recovery (see Note 10).

4. Notes
1. The donor strain should be chosen with care because leukocytes in the donor blood

could affect the outcome of transplantation studies. Using a strain deficient in the
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recombinase activating gene (RAG1) will minimize the presence of lymphocytes
that could initiate immunity toward host tissues, while a syngeneic donor strain
should not provoke any immune response at all.

2. In the case of cultured tissues or cells, it is important to remove proteins from fetal
calf serum used in the culture media that could affect their growth in vivo or con-
tain foreign antigens.

3. For more efficient throughput, subsequent mice may be anesthetized before the
final step of the procedure is carried out on the previous animal.

4. If the spleen is not visible, the center of the surgical site is roughly located at the
center of an imaginary line that runs from the top of the base of the ear, to a spot
5 mm above the base of the tail.

5. In female and older male mice, the kidney is obscured by a large fat pad (associ-
ated with the ovary in females). This obscures the kidney from sight through the
body wall and may confound exposure of the kidney. In this case, the spleen may
be used as a marker for the incision in the body wall. Relative to the spleen, the
kidney is located posteriorly and toward the spine.

6. Unlike the skin, the body wall is very taught and will not rise far enough to make
the incision easily in one action. First, make a tiny incision into which one blade
of the scissors can be inserted to complete the incision. If the incision is too large,
the kidney will slip back into the body cavity and will not remain exposed. If this
occurs, there are several options available to proceed. First, a “stay” suture that
passes through any fat associated with the kidney can be used to hold the kidney
in position. Second, a suture stitch can be used to partially close the incision.
Third, the same action used to lift the kidney capsule may be used to hold the 
kidney in position.

7. Before exposure of the kidney in female mice, forceps may be used to deflect the
fat pad to expose both the associated ovary and underlying kidney.

8. Although it is easier to lift the kidney capsule with blunt forceps once the mois-
ture on the surface has dried, creation of the tunnel under the kidney capsule is
facilitated by using curved watchmaker’s forceps, moistened with PBS.

9. Larger pieces of tissue, or material aggregated using a blood clot, can be placed
under the kidney capsule using a scalpel blade or curved watchmaker’s forceps.
Cells and smaller tissues, such as pancreatic islets, are injected using a syringe
and needle or a drawn-out glass pipet. Intermediate sized material may be
inserted using a Gilson pipet (or similar instrument), after trimming the length
of the pipet tip using a scalpel blade, such that the tip end is a suitable diameter
for the tissue.

10. Male mice on the C57Bl background can be more aggressive than other strains
such as CBA, and this may result in the removal of sutures, antagonism of the site
of surgery and prevention of wound healing. If females or alternative strains can-
not be used, it may be necessary to house the mice individually or use plaster casts
for protection.
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Intravital Two-Photon Imaging of T-Cell Priming 
and Tolerance in the Lymph Node

Susanna Celli and Philippe Bousso

Summary
Two-photon microscopy makes it possible to image in real-time fluorescently labeled cells

located in deep tissue environments. We describe a procedure to visualize the behavior of lymph
node T cells during either priming or tolerance, in live, anesthetized mice. Intravital imaging of
T lymphocytes is a powerful tool to study the cellular orchestration of adaptive immune responses
in physiological settings. This method should provide new insights into the regulation of lympho-
cyte migration and cell–cell interactions in various immunological contexts.

Key Words: T-cell activation; tolerance; lymph node; intravital imaging; two-photon microscopy.

1. Introduction
Lymph nodes (LN) represent a specialized microenvironment for the acti-

vation of T lymphocytes (1). Depending on the immunological context, T-cell
stimulation in LNs can result in either an effective T-cell response with the
generation of effector and memory T cells or in an abortive response and the
establishment of a state of tolerance (2,3). Parameters influencing this choice
continue to be the subject of intense research. Notably, most studies have
relied on the analysis of T-cell differentiation at single time points. Although
these studies have provided an essential foundation for understanding of 
T-cell tolerance induction, little is known of the most dynamic aspects of T-cell
activation in vivo.

Recent advances in imaging technology provide us with the opportunity to
visualize T-cell activation-related events in real time, at the single cell level and
in physiological settings. In particular, two-photon laser scanning microscopy is
the technique of choice to track the behavior of T cells located up to 100–300 µm
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below the LN surface (4–8). Initial studies have been performed using
explanted lymph nodes maintained under physiological conditions of tempera-
ture and oxygen (9–11). Two-photon imaging of lymphocyte behavior in LN
can also be performed in surgically exposed inguinal or popliteal LNs of live,
anesthetized mice (12,13). Although more tedious, intravital imaging offers
several advantages over imaging of explanted organs, including preservation of
vascular and lymphatic flow, neural innervations, oxygen metabolism, and pos-
sibly soluble gradients. This approach also has some caveats such as possible
biases introduced by the anesthesia and/or the surgical procedure. Intravital
imaging of the LN also carries intrinsic technical challenges such as the avoid-
ance of movements of the sample caused by breathing and maintenance of a
physiological temperature close to the exposed LN. Here, we describe a proce-
dure for intravital two-photon imaging of the popliteal LN. Some parts of this
procedure were adapted from previous studies.

2. Materials
1. Two-photon laser scanning microscopy system including an upright microscope

(see Note 1), a Ti:sapphire laser tuned to 800 nm, a ×20 or ×40 dipping objective
with long working distance (for example, Olympus ×20 0.95 NA, Zeiss Achroplan
×40 0.8 NA).

2. Homemade heating platform (see Fig. 1A) consisting of a heating element glued
onto a rectangular-shaped piece of duralumin (180 × 140 × 3 mm) using thermal
adhesive. The heating element is set up to heat the platform at 37°C. The platform
should be designed to fit onto the microscope stage.

3. Sample heating setup: peristaltic pump, in-line solution heater (SH-27B Warner
Instruments), heater controller (TC-344B Warner Instruments), semi-flexible
vinyl temperature probe, Tygon tubes, and tube connectors.

4. Ring-shaped (I.D. 18 mm) metallic tube (inox, O.D. 3 mm, I.D. 2 mm), cover slip
(22 × 22 × 0.13 mm).

5. Dissecting microscope (Leica MZ 12/5) and fiber optics for incident illumination
with cold light source (Leica CLS 150X).

6. Anesthesia: ketamine and medetomidine HCl (Dormitor), stored at 4°C.
7. Small animal clipper (Harvard apparatus).
8. Microsurgical instruments: Mayo scissors and Adson forceps for the skin, two

microdissecting forceps (Dumont n°5), one pair of microdissecting scissors,
microvascular clamp (micro glover curved), needle holder (Halsey standard), 6/0
and 8/0 silk (Ethicon), ophthalmic cautery fine type, polythene catheter O.D. 0.80
I.D. 0.4 mm (Portex, England).

9. 5- (and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE), stock solu-
tion 10 mM in DMSO (stored at –20°C).

10. Phosphate buffered saline (PBS).
11. Fetal calf serum (heat-treated to inactivate complement).
12. 0.9% Sodium chloride solution for injection (Baxter).
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Fig. 1. Surgical exposure of the popliteal lymph nodes (LN) for intravital imaging. These pictures illustrate some of the impor-
tant steps during the preparation of the popliteal LN for intravital imaging. (A) Custom-designed heating platform. (B–D)
Preparation of the plaster cast to immobilize the lower hind leg. (E,F) A ring-shaped, metallic tube, glued to a cover slip is placed
on the top of the popliteal LN. (G) After completing exposure of the LN, the heated platform is placed on the microscope stage.
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13. Betadine solution (Asta Medica).
14. Heparin sodium.
15. Plaster bandages.
16. Surgical tape.
17. Cyanoacrylate glue.
18. Acetic silicone sealant.
19. Prewarmed distilled water (37°C).
20. Disposable sheets of cellulose fiber (Harvard apparatus).

3. Methods
We describe a procedure to visualize in real-time the behavior of fluores-

cently labeled T cells in the LN of live, anesthetized mice. These protocols can
be adapted for the study of priming or tolerance induction under various condi-
tions that will not be detailed here.

3.1. Labeling and Adoptive Transfer of T Cells

1. Isolate the desired population of T cells (for example from the LN of mice,
expressing a transgenic T-cell receptor) using magnetic sorting or a fluorescence
activated cell sorter.

2. Resuspend 1 × 107 T cells at 2 × 106 cells/mL in PBS with 5 µM CFSE. Incubate
the cell suspension for 15 min at 37°C. Add 1 vol of fetal calf serum to stop the
reaction. Wash twice and resuspend the cells in PBS.

3. Inject the cells intravenously (iv) into the recipient mice. One day later, immunize
the animal using the desired protocol to induce priming or tolerance. Proceed with
intravital imaging between 2 and 48 h later.

3.2. Anesthesia

Inject the mouse intraperitoneally (ip) with ketamine (24 mg/kg) and intra-
muscularly (im) with medetomidine HCl (170 µg/kg). Check the level of
anesthesia by pinching the tail and by checking body and whisker move-
ments. To maintain a deep level of anesthesia during the procedure (that may
last several hours), it is recommended to administer a reduced dose of anes-
thetic each hour.

3.3. Jugular Vein Cannulation (Optional)

Preparation of vascular access enables the injection of cells, dyes, or drugs
during image acquisition (see Note 2). We choose to cannulate the external
jugular vein that is distant from the site of the popliteal LN.

1. Shave the hair of the neck using a small animal clipper. Place the mouse on its
back on the surgical board with its head toward the operator. Maintain the mouse
head in extension by gently pulling its anterior teeth with a thin rubber band.

2. Clean the neck area with Betadine solution and perform a lateral skin incision
along the neck.
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3. Expose the external jugular vein by gently dissociating it from the surrounding tis-
sues. Burn and cut all the collateral veins.

4. Place a vascular clamp on the jugular vein at the level of the clavicle to prevent air
entry during the insertion of the cannula. Tie the other extremity of the jugular
with 8/0 silk.

5. Perform a small incision on the superior wall of the jugular vein and insert the can-
nula filled with heparin solution.

6. Tie the cannula with 8/0 silk. The vascular clamp is removed and the blood flow
through the cannula is checked. A drop of glue is used to fix the cannula to the sur-
rounding tissues. The skin is closed by silk suture 6/0, once the glue is completely
solidified. The cannula is washed regularly with heparin solution.

3.4. Preparation of the Popliteal LN

For all the following steps, the mouse should be transferred to the heated
platform (see Fig 1A). The use of this stage simplifies the management of the
mouse during the preparation of the sample and contributes to the overall sta-
bility of the intravital setup.

1. Shave the hair of the left lower hind leg using a small animal clipper.
2. Tape the tail of the mouse to the right side of the body using surgical tape. The left

lower hind leg is gently pulled out and kept in extension using surgical tape as
shown in Fig. 1B.

3. Perform a skin incision on the area of the popliteal space and remove a small cir-
cular piece of skin.

4. Carefully expose the popliteal LN by removing some of the fat covering the popliteal
cavity (see Note 3).

5. Once exposed, cover the LN with a small piece of moist gauze. Immobilization of
the leg is then achieved by preparing a plaster cast.

6. Cut two rectangular pieces of plaster bandage (80 × 25 mm), quickly immerse
them in water and drain off the excess water. Place the plaster bandages one on the
top of the other with the left leg lying in the middle (see Fig. 1B). Plaster bandages
are folded twice to create a block of plaster on each side of the leg (see Fig. 1C).
The height of the plaster blocks should match that of the LN surface (see Note 4).
The two plaster bandages are connected at the ankle level to complete immobiliza-
tion of the leg (see Fig. 1D).

7. Allow the plaster cast to dry (see Note 5). The shape of the plaster cast is designed
(1) to prevent movements of the leg and movements as a result of breathing by fix-
ing the leg to the heated platform and (2) to create a flat surface around the LN to
attach a cover slip (see below).

3.5. Maintenance of the Exposed LN at Physiological Temperature

Keeping the LN at a physiological temperature is a critical part of the proce-
dure because lymphocyte motility and behavior are highly temperature depend-
ent (9). Several factors contribute to a temperature drop close to the sample,
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including anesthesia, surgical exposure of the LN and thermal transfer between
the sample and the objective. Although the role of the heated platform is to help
maintain the body temperature of the mouse within the physiological range, it
is also essential to correct the temperature locally, close to the sample. An
approach similar to that previously described by Mempel et al. is used with
minor modifications (14).

1. Place and glue a cover slip onto the plaster cast. Only a film of saline solution
should remain between the LN and the cover slip. A metallic ring-shaped tube
should have been previously fixed on the top of the cover slip using silicone
sealant (see Fig. 1F).

2. Place the heated platform with the intravital setup onto the stage of the micro-
scope. Sheets of cellulose fibers can be used as a blanket to cover parts of the ani-
mal body that are not directly under the objective.

3. Connect the extremities of the metallic tube with Tygon tubes. Use a peristaltic
pump so that distilled water heated with an in-line heater (set to 49°C) is able to cir-
culate into the tube. A schematic representation of this set up is depicted in Fig. 2.

4. Add distilled water (prewarmed to 37°C) in the center of the metallic ring. The
ring placed on the cover slip creates a “reservoir” that will enable the immersion
of a dipping objective.

5. Monitor the temperature of the water in the ring with the help of the temperature
probe. The heated liquid circulating inside the metallic tube should maintain the

360 Celli and Bousso

Fig. 2. Schematic representation of the water circuit used to maintain the tempera-
ture of lymph nodes (LN) within the physiological ranges. A peristaltic pump is used to
circulate water in an in-line heater and then inside a ring-shaped metallic tube glued to
a cover slip and placed on top of the LN. The ring and the cover slip create a small
chamber filled with water to immerse a dipping objective. Water within the chamber is
maintained at 38°C with the help of the warm water circulating in the metallic tube.
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temperature of the water in the ring at 38°C. If necessary, adjust the temperature
of the in-line heater accordingly.

3.6. Two-Photon Laser Scanning Microscopy

1. Tune the Ti:sapphire laser to 800 nm.
2. Set up the microscope configuration and filter (505–550 nm band pass) for the

detection of CFSE.
3. Check that the dipping objective is properly immersed in the water contained

within the metallic ring (see Fig. 1G). Add more warmed water if needed.
4. Using mercury lamp illumination, look through the eyepiece and focus onto the

surface of the LN.
5. Start scanning using the Ti:sapphire laser (see Note 6). Adjust the gain and offset

of the detectors. Typically, fluorescently labeled T cells can be detected in some
areas of the LN starting 100 µm below the tissue surface. While scanning, move
long the x-, y-, and z-axes to locate an area containing a sufficiently high density
of T cells.

6. Once an appropriate location is found, acquire Z-stacks of optical sections (typi-
cally 10 sections spaced by 4 µm) every 30 s for a total duration of 30–60 min (see
Note 7).

7. Control the level of anesthesia before starting a new image acquisition. If neces-
sary, proceed to an additional injection of anesthetics.

8. Process and analyze the data using 3D tracking software such as Imaris or Volocity
(see Note 8). Quicktime movies can be generated following a maximum intensity
projection of each Z-stack using the publicly available software ImageJ and
OsiriX. Representative images and T-cell trajectories are shown in Fig. 3.
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Fig. 3. In vivo imaging of T-cell behavior in the popliteal lymph nodes. Purified
T cells were labeled with 5- (and-6)-carboxyfluorescein diacetate succinimidyl ester
and injected i.v. At 24 h, the popliteal LN was prepared for intravital imaging.
(A,B) Example of two images acquired 1 min 20 s apart. White dots mark T-cell
positions at the first time point. (C) Example of T-cell trajectories analyzed from a
time-lapse movie.
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4. Notes
1. It is recommended that nondescanned detectors (rather than internal photomulti-

pliers) are used for optimal signal collection.
2. Intravenous injection of 2 mg tetramethylrhodamine-dextran (10 kDa) can be used

to visualize blood vessels.
3. The popliteal LN is always located below the junction of the popliteal vein and

one of its left branches.
4. During the preparation of the plaster cast, adjust the height of the plaster blocks to

that of the LN by gently applying a microscope slide over the plaster blocks and
mouse leg while the solidification process takes place.

5. This process is rather quick (5 min) on the heated stage.
6. Care should be taken to minimize the laser power used for excitation as excessive

power can cause phototoxicity resulting in cell movement arrest (15).
7. In a nonimmunized animal, most T cells located in the paracortical area of the LN

should be highly motile (with mean velocities of approx 10 µm/min). If this is not
the case, check (1) that the temperature close to the sample is approx 37°C, (2)
that immobility is not the result of phototoxicity, and (3) that the cover slip is not
applying too much pressure to the LN.

8. Two-dimensional cell tracking can also be performed using the publicly available
Mtrack2 plugin of ImageJ (http://rsb.info.nih.gov/ij/plugins/index.html).
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Tracing Tolerance and Immunity In Vivo 
by CFSE-Labeling of Administered Cells

Elizabeth Ingulli

Summary
Tracking antigen-specific cytotoxic T lymphocyte (CTL) function in vivo can be difficult due

to the need to monitor the presence and subsequent destruction of antigen-bearing target cells. In
this report, we describe a simple method using the fluorescent dye 5- (and 6-) carboxyfluorescein
diacetate succinimidyl ester (CFSE) to evaluate CD8+ T-cell effector function in vivo by flow
cytometry. In this assay, peptide-pulsed and control target cells are labeled to different levels with
CFSE and coadministered to animals that have been previously immunized or tolerized to the
cognate antigen. Because naïve antigen-specific CD8+ T cells cannot acquire effector function
within the time frame of this assay, adoptively transferred nonimmunized animals are used as
negative controls for in vivo CTL function. Target cells are syngeneic splenocytes pulsed with
peptide antigen and control cells are unpulsed syngeneic splenocytes. The loss of antigen-specific
target cells is indicative of cytotoxicity and immunity, whereas the lack of killing in the setting
of antigen recognition is suggestive of tolerance.

Key Words: CTL; cytotoxicity; lymphocytes; CD8 T cells; peptide; antigen; splenocytes;
CFSE; flow cytometry; TCR transgenic mice.

1. Introduction
The ability to eliminate viruses, tumors or solid organ transplants is

dependent on the development of effective cytotoxic T lymphocytes (CTL).
An effective CD8+ T-cell immune response is the result of T-cell activation,
proliferation, clonal expansion, differentiation, and development of effector
function. Studies of T-cell receptors (TCR) transgenic T cells have revealed
that clonal expansion can occur even when the outcome of the immune
response is clonal deletion or unresponsiveness (1,2). In fact, a number of
recent studies have shown that development of CTL activity can be uncoupled
from proliferation and clonal expansion (3–5). Development of full CTL
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activity is dependent upon naïve T cells receiving signals such as IL-12 in
addition to peptide/major histocompatibility complex and B7 (6,7). Thus, in
vivo cytotoxic function cannot be determined based solely on standard meas-
urements of cell activation and cell division.

Measuring specific killing in vivo requires the ability to track a specific tar-
get population. The intravital fluorescent dye, carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE), has been used for tracking cells in vivo. CFSE
passively diffuses into cells where it is enzymatically cleaved and becomes
highly fluorescent. Conjugation with intracellular proteins ensures retention of
the dye within cells without leakage. Identification of adoptively transferred
lymphocytes labeled with CFSE has been reported at least 2–3 mo after injec-
tion (8). The dye has been used extensively for studying lymphocyte migration
(9) and cell division (10) and does not interfere with cytotoxic function (8). We
(7) and others (6,11–14) have applied this versatile and easy to use dye to deter-
mine peptide-specific CD8+ T-cell killing in vivo. The efficacy of the immuniz-
ing or tolerizing regimen is tested by coinjecting target and control splenocytes
and monitoring the specific lysis of the peptide-bearing targets. The immuniz-
ing or tolerizing regimen and the timing of the target cell injection can vary
depending on the system used and the question investigated. To ensure that
effector cells are present and to determine their phenotype, the process of track-
ing these cells in vivo is also described in this chapter. Effector mice are pre-
pared by adoptively transferring peptide-specific TCR transgenic CD8+ T cells
into syngeneic C57Bl/6 recipients. The adoptively transferred mice are immu-
nized with antigen to generate effector CD8 T cells or left unimmunized (naïve)
to serve as negative controls.

2. Materials
2.1. Preparation of Recipients for Target Cell Injection

1. C57Bl/6 mice.
2. OT-I.PL RAG–/– TCR transgenic mice.
3. EHAA complete medium: Click’s medium (EHAA) (Biosource, Camarillo, CA)

supplemented with 10% heat-inactivated (57°C for 20 min) fetal bovine serum
(FBS, Atlas Biologicals, Fort Collins, CO), penicillin/streptomycin (final concen-
tration of 100 I.U./mL), L-glutamine (final concentration of 2 mM), gentamicin
(final concentration of 20 µg/mL), and 2-ME (final concentration of 50 µM, prepare
a stock solution of 0.1 M diluted with PBS, filter-sterilize, and store at 4°C, do not
inhale fumes) (see Note 1).

4. 60 × 15-mm Tissue culture dishes (BD Falcon, Bedford, MA).
5. 3-cc Syringes (Kendall, Mansfield, MA).
6. 50-mL Polypropylene conical tubes (BD Falcon).
7. 5-mL Polystyrene round-bottom tubes (BD Falcon).

366 Ingulli

23_Ingulli  4/4/07  10:22 AM  Page 366



8. Nylon filters (Sefar America, Depew, NY) (see Note 2).
9. Trypan blue solution (0.4%) (Sigma, St. Louis, MO) (toxic, wear gloves, prepare

a stock solution that is 0.16% diluted with PBS, and stored in 4-mL aliquots at
room temperature for use). Dilute 1:1 with PBS/cells for counting.

10. Hemocytometer.
11. Sorter buffer: HBSS (Gibco/BRL, Gaithersburg, MD) supplemented with 2%

heat-inactivated FBS and 0.1% sodium azide (very toxic, wear gloves and mask,
5% stock solution made in ddH2O, dissolve solution thoroughly, and filter-sterilize,
store at room temperature).

12. Phycoerythrin (PE)-labeled anti-CD8α (eBioscience, San Diego, CA).
13. Fluorescein isothiocyanate (FITC)-labeled anti-Vα2 (BD PharMingen, San

Diego, CA).
14. 1-cc Tuberculin syringes (Sherwood Medical, St. Louis, MO).

2.2. Single Cell Suspension of Target Splenocytes

1. C57Bl/6 mouse spleen.
2. 60 × 15-mm Tissue culture dishes.
3. 3-cc Syringes.
4. 50-mL Polypropylene conical tubes.
5. Nylon filters.
6. EHAA complete medium.
7. ACK lysing buffer (Biosource).
8. PBS (Cellgro, Herndon, VA).

2.3. Peptide Labeling of Target Splenocytes

1. EHAA complete media.
2. OVA257–264 synthetic peptide (SIINFEKL; Research Genetics) dissolved in PBS at

200-mM stock and stored at –80°C in small aliquots for addition to cell suspen-
sions as required.

3. Trypan blue.
4. Hemocytometer.
5. HBSS.

2.4. CFSE Cell Labeling and Intravenous Injection of Target Splenocytes

1. CFSE (Molecular Probes) dissolved at 5 mM in dimethyl sulfoxide (DMSO) and
stored in small aliquots at –20°C before being added to cell suspensions as
required. Stock CFSElow solution is prepared fresh by diluting the 5 mM stock
1:10 in DMSO and is discarded after each use (see Note 3).

2. Trypan blue.
3. Hemocytometer.
4. HBSS.
5. EHAA complete medium.
6. 1-cc Tuberculin syringes.
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2.5. Preparation of Splenocytes for Analysis

1. EHAA complete medium.
2. 60 × 15-mm Tissue culture dishes.
3. 3-cc Syringes.
4. Sorter buffer (see Subheading 2.1.).
5. 50-mL Conical tubes.
6. Nylon filters.
7. 5-mL Round-bottom tubes.

2.6. Flow Cytometry to Determine Percent-Specific Cell Lysis

1. Sorter buffer.
2. 5-mL Round-bottom tubes.

2.7. Antibody Staining and Flow Cytometry to Determine Percentage 
of Peptide-Specific CD8 T Cells

1. Sorter buffer.
2. 5-mL Round-bottom tubes.
3. Allophycocyanin-labeled anti-CD8α (eBioscience).
4. Peridinin chlorophyll protein-labeled anti-CD90.1 (BD PharMingen).

3. Methods
3.1. Preparation of Recipients for Target Cell Injection

1. The procedure should be performed under tissue culture conditions.
2. Pipet 1 mL of EHAA complete medium into a 60 × 15-mm tissue culture dish

on ice.
3. Harvest OT-I.PL RAG–/– mouse lymph nodes (inguinal, brachial, axillary, cervi-

cal, mesenteric, and paraaortic) and place them in the tissue culture dish contain-
ing added medium on ice (see Note 4).

4. Mechanically disrupt/crush the lymph nodes with the flat portion of a 3-mL
syringe plunger until only small fragments remain.

5. Wash the top portion of the syringe with 3 mL EHAA complete medium and add
it to the tissue culture dish.

6. Pipet the cells up and down to break up any clumps.
7. Transfer the cells through a nylon filter into a 50-mL conical tube.
8. Rinse the tissue culture dish with 5 mL EHAA complete medium.
9. Pipet up and down and add to the filter.

10. Repeat rinses three to four times.
11. Centrifuge the cells at 400g for 5–10 min at 4°C.
12. Remove the supernatant and resuspend the pellet in 10 mL of EHAA complete

medium.
13. Count the live mononuclear cells by trypan blue exclusion using a hemocytometer.
14. Remove 50 µL of the single cell suspension and place in a 5-mL round-bottom

tube for flow cytometry staining. Store the remaining cells on ice.
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15. To the 50 µL sample, add 150 µL of sorter buffer with 0.5 µL of PE-labeled anti-
CD8α and 0.5 µL of FITC-labeled Vα2.
a. Incubate the cells on ice for 20 min.
b. Add 3 mL of sorter buffer.
c. Centrifuge the cells at 400g for 5–10 min at 4°C.
d. Remove the supernatant and resuspend the pellet in sorter buffer.
e. Wash the cells again with sorter buffer.
f. Add 0.5 mL of sorter buffer and proceed to flow cytometry.
g. Determine the percentage of CD8+ Vα2+ OT-I cells in the live lymphocyte

gate. Representative flow cytometry dot plots are shown in Fig. 1A.
h. Calculate the absolute number of CD8+Vα2+ OT-I cells present by multiplying

the total number of live mononuclear cells with the percentage of CD8+Vα2+

OT-I cells.
16. Inject 1 × 106 CD8+Vα2+ OT-I cells in a volume of 0.3 mL per recipient (see Note 5).
17. The following day, immunize the mice, leaving one set of unimmunized (naïve)

mice as control recipients.

3.2. Single Cell Suspension of Target Splenocytes

1. The procedure should be performed under sterile tissue culture conditions.
2. Pipet 1 mL of EHAA complete medium into a 60 × 15-mm tissue culture dish on ice.
3. Harvest a C57Bl/6 mouse spleen and place it in the tissue culture dish containing

medium on ice.
4. Mechanically disrupt/crush the spleen with the flat portion of a 3-cc syringe

plunger until no fragments remain.
5. Wash the top portion of the syringe with 3 mL EHAA complete medium, adding

it to the tissue culture dish.
6. Pipet the cells up and down to break up any clumps.
7. Transfer the cells through a nylon filter into a 50-mL conical tube.
8. Rinse the tissue culture dish with 5 mL of EHAA complete medium.
9. Pipet up and down and add to the filter.

10. Repeat rinses three to four times.
11. Centrifuge the cells at 400g for 5–10 min at 4°C.
12. Remove the supernatant and resuspend the pellet in 1–2 mL of ACK lysis buffer

to lyse the red blood cells.
13. Mix/vortex the cells.
14. Let the cell suspension stand at room temperature for 1–3 min with gentle agita-

tion until red blood cells have been lysed.
15. Fill the tube with cold PBS.
16. Centrifuge the cells at 400g for 5–10 min at 4°C.
17. Remove the supernatant and resuspend the cell pellet in PBS.
18. Wash the cells with PBS two more times.
19. Resuspend the cells in EHAA complete medium.
20. Refilter the cells if clumps are present.
21. Proceed to peptide labeling.
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3.3. Peptide Labeling of Target Splenocytes

1. Count the mononuclear cells by trypan blue exclusion using a hemocytometer.
2. Resuspend the cells at 5 × 106/mL of EHAA complete medium.
3. Divide the cells equally into two tubes. Label one tube “peptide-pulsed” target

cells and the other tube “unpulsed” target cells.
4. To the antigen-pulsed target cells, add OVA257–264 peptide at 1 µL/mL from a 200-µM

stock (see Note 6).
5. Add an equivalent amount of PBS (or a control peptide) to the unpulsed target cells.
6. Incubate the cells in a 37°C water bath for 1 h.
7. Wash the cells with EHAA complete medium.

370 Ingulli

Fig. 1. Adoptive transfer of T-cell receptor (TCR) transgenic CD8+ T cells. (A) Flow
cytometry dot plots identifying OT-I cells from a single cell suspension of lymph node cells
from an OT-I TCR transgenic Rag −/− mouse. The OT-I cells are CD8+ and Vα2+. The num-
bers indicate the percentage of cells within the indicated gate. Ninety percent of the live
mononuclear cells are the TCR transgenic T cells. (B) Flow cytometry dot plot identifying
the percentage of OT-I cells within a single cell suspension of splenocytes from a naïve
(nonimmunized) adoptively transferred mouse. The cells are separated from the endogenous
C57Bl/6 CD8+ T cells based on their cell surface expression of a congenic marker.
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8. Centrifuge the cells at 400g for 5–10 min at 4°C.
9. Resuspend the cell pellet in HBSS.

10. Wash the cells with HBSS two more times to assure removal of any unbound peptide.
11. Proceed to CFSE labeling.

3.4. CFSE Cell Labeling and Intravenous Injection of Target Splenocytes

1. Count all live cells (including residual red blood cells) by trypan blue exclusion
using a hemocytometer.

2. Resuspend the cells in HBSS at 50 × 106/mL.
3. Thaw an aliquot of 5 mM stock CFSE solution.
4. Make a fresh CFSElow stock solution by diluting 5 mM stock 1:10 in DMSO 

(a final concentration of 0.5 mM).
5. Incubate the unpulsed target splenocytes with the higher concentration of CFSE

(CFSEhigh): add 1 µL of the 5 mM stock CFSE for each milliliter of peptide-pulsed
target splenocytes (yielding a final concentration of 5 µM). Pipet the cells up and
down to ensure homogenous mixing (see Note 7).

6. Incubate the peptide-pulsed splenocytes with the lower concentration of CFSE
(CFSElow): add 1 µL of 0.5 mM stock CFSE for each milliliter of control-pulsed
cells (final concentration of 0.5 µM). Pipet the cells up and down to ensure
homogenous mixing.

7. Incubate the cells in a water bath at 37°C for 10 min. Gently and periodically agi-
tate the cells.

8. Add 5–10X the volume of prewarmed EHAA complete medium to the dye-labeled
cells to stop the reaction (see Note 8).

9. Centrifuge the cells at 400g for 5–10 min at 4°C.
10. Remove the supernatant and resuspend the pellet in cold EHAA complete medium.
11. Wash the cells two more times with cold EHAA complete medium.
12. Recount the mononuclear cells by trypan blue exclusion using a hemocytometer.
13. Wash the cells with HBSS.
14. Resuspend each cell population in HBSS at a concentration of 67 × 106 mononu-

clear cells per milliliter.
15. Combine an equal volume (~equal numbers) of peptide-pulsed CFSElow cells with

control-pulsed CFSEhigh cells.
16. Inject intravenously 300 µL of the combined cell populations into the tail vein of

each recipient prepared in Subheading 3.1. Each recipient should receive approx
10 × 106 peptide-pulsed target splenocytes combined with approx 10 × 106

unpulsed splenocytes (see Note 9).
17. Wait for 4 h then proceed to the analysis.

3.5. Preparation of Splenocytes for Analysis
1. Pipet 1 mL of EHAA complete medium into a 60 × 15-mm tissue culture dish.

Place the tissue culture dish on ice. One tissue culture dish is required for each
spleen harvested.
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2. Harvest spleens from recipient mice injected with CFSE-labeled target cells 4 h
earlier and place each spleen into a separate tissue culture dish containing the
added medium on ice.

3. Mechanically disrupt/crush the spleen with the flat portion of a 3-cc syringe
plunger until no fragments remain.

4. Wash the top portion of the syringe with 3 mL of sorter buffer, adding it to the tis-
sue culture dish.

5. Pipet the cells up and down to break up any clumps.
6. Transfer the cells through a nylon filter into a 50-mL conical tube.
7. Rinse the tissue culture dish with 5 mL of sorter buffer.
8. Pipet up and down and add to the filter.
9. Repeat rinses three to four times.

10. Centrifuge the cells at 400g for 5–10 min at 4°C.
11. Remove the supernatant and resuspend the pellet in 10 mL of sorter buffer.
12. Remove 0.5 mL of spleen cell suspension and place in a 5-mL round-bottom tube

for flow cytometric analysis to determine the percent-specific cell lysis.
13. Proceed to flow cytometry.

3.6. Flow Cytometry to Determine Percent-Specific Cell Lysis

1. Flow cytometry is performed to determine the percentage of cells having low
and high content of CFSE. The two target populations are distinguished based
on the differences in their CFSE intensity. CFSE can be analyzed using a flow
cytometer equipped with 488 nm excitation and emission filters, appropriate for
fluorescein.

2. Set the flow cytometry gates using naïve recipient mice (i.e., not challenged with
antigen) that have been injected with the two target populations. Representative
flow cytometry histograms are shown in Fig. 2.

3. Draw a gate identifying CFSElow cells.
4. Draw a gate identifying CFSEhigh cells.
5. Collect 5000–10,000 total CFSE positive cells.
6. Determine the percentage of CFSEhigh and CFSElow cells.
7. Calculate the ratio of unpulsed to pulsed target cells in the naïve (unimmunized)

mice. This will define the 0% lysis level.
8. The percent-specific lysis is determined by loss of the antigen-pulsed CFSElow

population compared with the unpulsed CFSEhigh control population using the for-
mula: [1−(ratio in naive mouse/ratio in experimental mouse)] × 100.

3.7. Antibody Staining and Flow Cytometry to Determine 
the Percentage of Antigen-Specific CD8+ T Cells

1. Remove 0.2 mL of spleen cell suspension and place in a 5-mL round-bottom tube
for flow cytometric analysis to determine the percentage of antigen-specific CD8+

T cells present.
2. Determine the number of live mononuclear cells in the single spleen cell suspension

by trypan blue exclusion using a hemocytometer.
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3. Add 1 µL of allophycocyanin-labeled anti-CD8 and 1 µL of peridinin chlorophyll
protein-labeled anti-CD90.1 to each sample and incubate the cells on ice for 20 min.
Protect cells from the light.

4. Add 3 mL of sorter buffer.
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Fig. 2. Determining cytotoxic T lymphocyte (CTL) killing in vivo. The left upper
panel is a representative histogram plot depicting the carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) intensity of the CFSEhigh-labeled unpulsed target splenocytes
before injection. The left lower panel is a representative histogram plot depicting the
CFSE intensity of the CFSElow-labeled peptide-pulsed target splenocytes before injec-
tion. The right upper panel is a representative histogram plot depicting the CFSE inten-
sity of the total CFSE positive population. Markers are used to distinguish the CFSEhigh

and CFSElow populations. The numbers above the markers indicate the percentage of
the total CFSE positive population. The calculation determines the percent-specific
lysis from the formula described in Subheading 3.6.
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5. Centrifuge the cells at 400g for 5–10 min at 4°C.
6. Remove the supernatant and resuspend the pellet in sorter buffer.
7. Wash the cells once more with sorter buffer.
8. Resuspend the pellet in 0.5 mL of sorter buffer.
9. Proceed to flow cytometry.

10. Flow cytometry is performed to determine the numbers of peptide-specific cells
present in the spleen suspension.

11. The peptide-specific CD8+ T-cell population is identified based on its expression
of CD8 and the congenic marker CD90.1.

12. Set the flow cytometry gates using control mice administered with antigen-
specific CD8+ T cells but not immunized. This will determine the baseline level of
antigen-specific T cells.

13. Collect at least 50,000–100,000 live lymphocytes.
14. Determine the percentage of CD8+CD90.1+ cells. A representative flow cytometry

dot plot is shown in Fig. 1B.
15. Calculate the absolute number of antigen-specific cells by multiplying the percent-

age of cells by the number of live mononuclear cells determined (see Note 10).

4. Notes
1. All solutions should be prepared using sterile conditions and lipopolysaccharide-

free reagents. Media should be filter-sterilized.
2. Nylon filters should be cut into 2 × 2 in. squares and autoclaved.
3. Lyophilized CFSE powder should be warmed and dissolved in high quality

DMSO to create a 5-mM stock solution. CFSE is best stored at –20°C, desiccated
and protected from light. To avoid repeated freezing and thawing, store the stock
solution in small aliquots. Add to cell suspensions as required.

4. The protocol is written for the adoptive transfer of ovalbumin peptide-specific
TCR transgenic CD8+ T cells as the effector population but could be adopted for
other TCR transgenic CD8+ T cells. Identification and tracking of these cells in
vivo is by the cell surface expression of a congenic marker, CD90.1. Other con-
genic markers such as, CD45.1 could also be used. In addition, tracing an endoge-
nous population of CD8+ T cells using major histocompatibility complex class I
peptide tetramers could be applied.

5. Air bubbles must be removed from the syringe. Mice can be warmed under a heat
lamp for 1–3 min. Wipe the tail with ethyl alcohol swabs before injections.

6. This protocol was written for use of a specific ovalbumin peptide but can be
adapted for other peptide target systems. The peptide used to pulse the splenocytes
can be replaced with the peptide of choice. The concentration to add to the spleno-
cytes would need to be optimized. Sufficient washing of cells after labeling should
be performed to ensure removal of any unbound peptide.

7. Dye-labeling may vary. To ensure uniform staining, be sure that cells are in a sin-
gle cell suspension without clumps, debris, or cell aggregates. Pipet the cells gen-
tly after CFSE is added to the suspension. We have found that optimal separation
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between the two target populations is achieved using a 10-fold difference in dye
concentrations. We have labeled the peptide-pulsed target population with the
higher and the lower concentration of CFSE with similar results.

8. Prewarmed EHAA complete medium decreases cell death/loss from the dye-label-
ing process.

9. One recipient of the combined target splenocytes should be a naïve (nonimmu-
nized) recipient and used as a control to determine the 0% lysis level.

10. The naïve recipient should be used as a control for the baseline number of trans-
ferred OT-I cells. The phenotype of the effector OT-I cells could be obtained using
more than four-color flow cytometry to further phenotype the cells. Avoid using
fluorescent dyes that are identified in the FL-2 channel because of difficulty, at
times, compensating for the CFSE labeling.
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Thymic Involution
Implications for Self-Tolerance

Frances T. Hakim and Ronald E. Gress

Summary
The thymus contributes to the regulation of tolerance and the prevention of autoimmunity at

many levels. First, auto-reactive CD4+ and CD8+ T cells are clonally deleted during negative
selection in the thymus, establishing central tolerance. The unique expression of the AIRE
(autoimmune regulator) gene in medullary thymic epithelial cells results in expression of a broad
array of tissue-specific antigens. Thymocytes bearing T-cell receptors that bind to these tissue-
specific antigens are clonally deleted. This process removes self-reactive T cells from the reper-
toire before T cells are exported to the periphery. Second, CD4+CD25bright regulatory T cells (Treg)
develop in parallel with CD4+ and CD8+ effector T cells in the thymus (1,2). Unlike T effector
cells, Treg fail to be deleted by exposure to tissue antigens during thymic maturation (3). After
export to the periphery, Treg cells play a critical role in the prevention of autoimmunity, suppres-
sion of inflammatory responses, and the modulation of T-cell homeostasis (4,5). Finally, produc-
tive thymopoiesis, in and of itself, may be a factor deterring autoimmunity. The thymus
continuously generates stable, resting populations of naïve T cells that maintain the numbers and
the diversity of the T-cell repertoire. Under conditions of lymphopenia prolonged by inadequate
thymopoiesis, compensatory peripheral expansion of T cells occurs to maintain stable T-cell
levels. Under circumstances in which the repertoire is limited, homeostatic proliferation may
increase the opportunity for T-cells reactive with self antigens to expand, leading to autoimmune
disorders (6). In all of these respects, the thymus maintains immunologic tolerance to self. Given
the importance of the thymus in control of autoimmunity, the gradual age-dependent decline in
thymic cytoarchitecture and thymopoietic productivity may, therefore, contribute to the develop-
ment of auto-reactivity and loss of self-tolerance.

Key Words: Thymopoiesis; regulatory T cells; involution; immune reconstitution.

1. Age-Dependent Thymic Involution
The thymus attains its greatest size and cellularity in the late fetal and early

neonatal period. By computerized tomography, the thymic profile is largest in
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young children, but declines markedly with age (7). The radiodense
parenchyma dwindles and is gradually replaced with diffuse strands in middle-
aged adults; frequently, in older individuals no thymic profile is observable
(8,9). Histologically, the thymus undergoes progressive involutional changes
with age (10–12). Cortical thymic epithelial cell (TEC) markers gradually
decline and the lympho–epithelial complexes characteristic of thymic nurse
cells decrease. Thymocyte depletion begins in the subcapsular area and then
progresses throughout the cortex (11). Perivascular spaces containing connec-
tive tissue expand, and thymic medullary and cortical tissues are reduced to
small islands, surrounded by adipose and fibrous tissue (10,12).

Despite the quantitative reductions in cortical and medullary tissue, thy-
mopoiesis at some level continues throughout life (10). The processes of pos-
itive and negative selection appear to remain qualitatively intact (13). The
thymus continues to generate new T cells into the adult years and even into old
age (14–16). Thymic productivity has been assessed by the frequency of 
T cells in the peripheral blood that bear naïve phenotypic markers such as
CD45RA and CCR7 or CD62L, or by the frequency of T-cell receptor
rearrangement excision circles (TREC). The latter are stable nonreplicating
episomal DNA circles generated during thymocyte development, which 
are retained in T cells, even after export to the periphery (see Chapter 12).
Phenotypically, naïve or TREC-bearing cells are found in the peripheral blood,
even in the elderly. Yet the frequency of naïve cells steadily declines with age
(14–16), as does the main engine of thymic productivity, the intrathymic
expansion of developing T cells (17).

A major consequence of the decline in production of naïve cells with age is
a decrease in the overall T-cell receptor (TCR) repertoire. Although, naïve 
T cells express a broad range of TCR, even in the elderly (15,18), the overall
TCR repertoire is skewed and marked by oligoclonal expansions. Over time,
the expansion of activated T cells in response to antigenic stimulation occupies
increased fractions of the repertoire (19–21). Long-lived naïve T cells of diverse
repertoire proliferate only at a low rate (22,23), whereas memory T-cells prolif-
erate more rapidly, driven by ongoing cytokine-dependent homeostatic mecha-
nisms (24–26). These mechanisms maintain T-cell numbers at stable levels
through the life span of the individual, but, in the face of declining thymic out-
put, gradually reduce repertoire diversity.

Less is known of age or involution-dependent changes in thymic produc-
tion of regulatory T cells (Treg) relative to CD4+ or CD8+ effector T cells. CD4+

CD25bright Treg cells with immunosuppressive function have been found in
pediatric thymuses and in cord blood in man (1,2). Although CD4+CD25bright

Treg cells bearing naïve markers (CD45RA+CCR7+) have been found in adults,
those with central or effector memory phenotype are more common (27,28).
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Like effector T cells, Treg cells can expand in the periphery after activation;
TREC frequencies even in Treg with naïve phenotypes are low, consistent with
peripheral expansion (29). Furthermore, activated CD4+CD25– cells can be
converted into CD4+CD25bright Treg, although the in vivo functional role of
Treg cells generated by such a conversion has not been determined (30). The
numbers of Treg cells in the periphery have been found to actually increase with
age, although it is unclear whether these are directly thymically generated or
arise by expansion or conversion of effector T cells in the periphery (31).
Furthermore, the functional activity of such Treg cells in older donors has been
questioned (32).

2. Factors Contributing to Thymic Involution
Factors that contribute to thymic involution can be broadly subdivided into

those that result from age-dependent systemic changes outside the thymus, those
dependent on the thymic epithelial cells that support thymopoiesis, and those
intrinsic to thymocyte progenitors and the thymocytes themselves. First, changes
in thymopoiesis may result from systemic hormonal changes that occur over the
life span of the individual. Growth hormone (GH) levels peak in man in the
early twenties and decline with age. This pituitary hormone mediates its functions
through production of insulin-like growth factor (IGF)-1, which is primarily pro-
duced in the liver but also made by the bone marrow and thymic stroma. The
age-dependent decline in GH/IGF-1 has been linked to reduced hematopoiesis
and increased deposition of adipose tissue in the bone marrow and thymus (33).
HIV+ adults and children have demonstrated a consistent increase in thymic
mass and naïve T-cell levels when GH was added to antiretroviral therapy
(34,35). Whereas lymphopoiesis may decline due to the age-dependent
decrease in GH/IGF-1, the rise in gonadal steroids after puberty—estrogens,
progesterone, and androgens—may contribute to the same effect. Ovariectomy
produces an increase in the size and cellularity of the thymic cortex and medulla
that can be reversed by 17β-estradiol or progesterone (36). Surgical castration
results in thymic enlargement and increased T-cell populations, even in the 
thymuses of old rats, whereas androgen treatment induces involutional changes
(37,38). Pharmacologic androgen blockade in man can similarly enhance thy-
mopoiesis, increasing naïve T-cell and TREC levels (39). These data suggest
that systemic changes in pituitary and gonadal hormones play a major role in
modulating thymic involution.

Second, age-dependent changes in the thymic microenvironment may result
in thymic involution. The associated histological changes involve parallel losses
in both thymocytes and the nonlymphoid stromal supportive cells. Transplants of
young marrow into irradiated aged mice result in repopulation of the thymus with
a normal thymocyte subset distribution, but do not reverse the reduced thymocyte
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numbers and histological abnormalities found in the thymuses of aged hosts
(13). One proposed mechanism for this age-dependent decline in thymopoiesis
is reduced production by TEC of the cytokine Interleukin-7 (IL-7). IL-7 is nec-
essary for thymocyte maturation, as evidenced by severely reduced T-cell mat-
uration in both IL-7–/– and IL-7Rα–/– mice (40). IL-7 therapy in vivo and in
vitro reduces the apoptotic loss of thymocytes during the transition between
subsets of double negative (DN; CD4–8–) thymocytes in aged mice: the DN1
to DN2 transition (41,42). Levels of IL-7 mRNA in murine thymic stroma do
not change for the first 7 mo of life, but then decline 15-fold over the next year
(42,43). In contrast, other mRNA associated with the cortical TEC, such as
Connexin 43 and keratin-8, decline in the first 3 mo, and then stabilize after
7 mo (42). These differences suggest that the decline in IL-7 is not merely a
drop in the relative proportion of cortical TEC in the thymus, but a specific
change in the regulation of IL-7 expression (42). Running counter to the argu-
ment for a central role for TEC-derived IL-7 is, however, evidence that long-
term enhancement of intrathymic IL-7 production does not prevent
age-dependent involution or the decline in either double positive thymocytes
(DP; CD4+8+) or single positive cells (SP; CD4+8– or CD4–8+) (41).
Furthermore, in man, thymic IL-7 mRNA levels are maintained with aging,
but intrathymic production of inflammatory cytokines such as leukemia
inhibitory factor, oncostatin-M, and IL-6 increases (44). When these cytokines
were administered to mice, the cortical DP thymocytes declined and the thy-
mus atrophied (44). Hence, TEC-generated factors, other than IL-7, may play
a role in thymic involution.

Finally, T lineage-committed progenitors and thymocytes may be less com-
mon or less functional in aged marrow than in young marrow owing to intrinsic
programming rather than TEC-derived or systemic factors. In clinical trials,
umbilical cord stem cells resulted in higher TREC frequencies than adult bone
marrow stem cells, even in young adult recipients (45). In murine competitive
repopulation experiments performed on irradiated hosts or in fetal thymic organ
cultures, marrow from young mice was consistently more productive than that
from old donors in generating thymocytes (46,47). These studies suggest that
the frequency of stem cells capable of T lineage commitment may decrease
with age. Intrinsic thymocyte programs of gene expression may be altered with
age. Ortman has observed a marked decline in the expression of E2A in thymo-
cytes in aging mice and an increase in LMO2, a negative regulator of E2A
activities (43). The E2A-encoded transcription factors, E12 and E47, are criti-
cal to T-cell maturation, regulating the expression of RAG genes and pre-Tα
and promoting TCR gene rearrangement. Furthermore, the frequency of func-
tional DN thymocytes may decline with age. The absolute numbers of DN1
cells in the thymuses of young and aged mice are quite comparable in number,
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but Min has shown that the DN1 of aged mice have a 40-fold lower frequency
of true early thymocyte progenitors (ETP) based on phenotypic criteria
(Lin–CD4–CD8–CD44+CD25–CD117+CD127–) (48). Furthermore these ETP
are functionally less productive in fetal thymic organ cultures and more suscep-
tible to apoptosis (48). This evidence suggests that there is an age-dependent
accumulation of dysfunctional progenitors in the thymus.

A deficit in the proportion of functional DN thymocytes present at the ear-
liest step of thymopoiesis could have cascading effects on thymocyte numbers
and thymic structure. Adoptive transfer experiments have shown that the
number of progenitor binding sites in the thymus is limited and can be satu-
rated (49), and that functional and dysfunctional DN thymocytes can compete
for these limited numbers of sites (50). Overall, thymic productivity is deter-
mined by the proportion of functional thymocytes present (51). If the dys-
functional T progenitors identified by Min in aged thymuses occupy binding
sites for DN cells but do not mature, then there would be less “space” for nor-
mal progenitors. An accumulation of dysfunctional ETP in aged thymuses
could, therefore, limit stromal sites available for thymopoiesis. Indeed, because
the level of expansion of thymic stroma reflects the proportion of functional
thymocytes (50), a reduction in functional ETP could result in a loss in TEC
and thymic size.

3. Capacity for Renewal of Thymopoiesis
Despite the emphasis on the inevitable age-dependent decline of the thymus,

the thymus is remarkably capable of renewal of thymopoiesis after severe
peripheral cytoreduction in some adults (9,52). In a cohort of middle-aged to
elderly patients undergoing autologous hematopoietic stem cell transplantation
for treatment of breast cancer, we were able to examine the frequency, time
course, and consequences of thymic recovery without the presence of con-
founding factors such as hematologic malignancy, immunosuppressive drugs,
or graft-vs-host disease (9).

We assessed thymic structural change during the posttransplant period by
evaluating serial thoracic CT scans using a four-point thymic size index
(8,9,53). The thymic profile was extremely reduced in size by the end of trans-
plant conditioning (thymic index [TI] = 0) and, in most patients, thymic size
remained minimal after transplantation (see Figs. 1 and 2). In one-third of the
patients, however, thymic size gradually increased, attaining a maximum TI at
or more than 2, the size of the typical thymus in middle-aged adults (8,9).
Furthermore 7 of 32 patients achieved a TI of at least 3, a significantly larger
thymic profile with moderate cellularity (see Fig. 1D–F). This change in size
and radiodensity is particularly remarkable given that only two of these
patients had a TI of three prior to the start of therapy. Thus, the development
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Fig. 1. Time course of thymic recovery following autologous hematopoietic stem
cell transplant by serial CT. The patient was 43 yr old at the time of transplantation. The
thymus was reduced to a small remnant between the aorta and the sternum at the end of
the pretransplant conditioning regimen (thymic index = TI = 1) (A), and was little
changed in 6 wk (TI = 1) (B). By 6 mo posttransplant, the expanded thymus had radio-
dense areas (TI = 2) (C). At 12, 18, and 24 mo posttransplant (D,E,F), the thymus
remained large and cellular (TI = 3).
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of a radiodense thymic profile posttransplant in these patients represented
not merely a return to the pretreatment condition, but an increase over their
previous status.

Two points are worth noting. The first is that the maximum thymic size
attained correlated strongly with age. Whereas four out of five of the patients
aged 30–39 showed a significant thymic enlargement, the incidence of thymic
recovery dropped to only 6 of 13 patients among those aged 40–49, and only 
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Fig. 2. Time course of the posttransplant recovery of thymic size (solid line),
CD45RA+CD62L+ CD4+ T cells (cells/µL; triangles) and TREC-bearing CD4+ T cells
(TREC/105 CD4+ cells; squares) in the peripheral blood of four typical patients. The 
37-yr-old patient demonstrates marked increase in thymic size by 6 mo, peaking at 
12 mo. The frequency of TREC-bearing cells is elevated in the CD4+ T-cell population
by 6 mo and the absolute number of naïve CD4+ cells steadily increases during the first
24 mo. The 42-yr-old patient demonstrates a similar renewal of thymopoiesis, but over
a more protracted time course, and a lower recovery of naïve cells. At 53 and 63 yr,
typical patients demonstrate little thymic recovery or return of naïve cells.
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2 of 14 over 50 yr of age demonstrated any thymic enlargement from the treat-
ment nadir (9). Second, the development of thymic enlargement proceeded very
slowly, requiring 6–12 mo in younger patients to reach maximal size and as
long as 24 mo in older patients showing thymic recovery (see Figs. 1 and 2).

The changes in thymic profiles represented a renewal of thymopoiesis. The
recovery of radiodense thymic mass correlated strongly with the recovery of
newly matured CD4+ T cells in the peripheral blood. Because more than 95%
of naive CD4+ T cells are lost during transplant regimens, the reappearance and
increase of phenotypically naïve T cells posttransplant can provide an estimate
of recovery of newly matured cells and hence an assessment of thymic function
(7,54,55). Following APBSCT, levels of naive (CD45RA+CD62L+) CD4+ T cells
remained low, returning to normal levels of naïve cells only in the second year,
even in patients with the best recovery (see Fig. 2) (9). Consistent with the pat-
tern of thymic enlargement, the production of naïve cells at the end of 2 yr was
strongly age dependent, even within this middle-aged cohort of patients.
Patients with evident thymic enlargement recovered naïve CD4+ T cells in the
periphery more rapidly and attained the highest levels of phenotypically naïve
CD4+ T cells. We further corroborated the emergence of newly matured T cells
from the thymus (recent thymic emigrants [RTE]) by quantitative PCR of
TREC in peripheral blood CD3+CD4+ T cells. Using this method, we confirmed
that the incidence of patients with a marked recovery of phenotypically naïve
or TREC-bearing CD4+ cells, the total level of these cells achieved over 2 yr,
and even the overall time course of naïve T-cell recovery were all age depend-
ent (see Fig. 2). Finally, we examined the TCR repertoire diversity of the newly
matured naïve populations posttransplant, determining that a broadly diverse
repertoire was generated within naïve CD45RA+ CD4+ T cells within a few
months. Hence, the thymic role of generating TCR repertoire diversity was
maintained in the restored thymus posttransplant.

Renewal of thymopoiesis was further demonstrated to significantly affect
overall CD4+ T-cell recovery. Independent of any early peripheral expansions of
residual CD4+ T cells, the long term recovery of quantitatively normal levels of
CD4+ T cells was strongly based upon renewed thymopoiesis. Individuals with
evidence of renewed thymopoiesis were capable of quantitatively restoring nor-
mal levels of CD4+ cells; those lacking effective thymopoiesis remained defi-
cient in CD4+ populations for as long as 5 yr. Second, renewed thymopoiesis
restored the balance of resting effector memory and central memory CD4+

cells. This effect on memory populations is consistent with an ongoing process
of utilization of cells out of the naïve pool, which then restores resting memory
pools. Expanding the naïve pool through renewed thymopoiesis would there-
fore contribute to rebalancing memory populations. The same dependence upon
thymopoiesis underlies the recovery of TCR Vβ repertoire diversity in the
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memory CD4+ population. By separately assessing repertoire in CD45RA–

memory CD4+ cells, this study demonstrated that recovery of a diverse TCR
repertoire in the memory population was directly dependent upon renewed 
thymopoiesis (see Fig. 3). That is, in patients with a robust recovery of thymo-
poiesis, the CD4+ population that became activated by antigen and developed
into memory T cells included a broad repertoire of TCR, whereas in patients
with inadequate thymopoiesis, the memory CD4+ population included a lim-
ited, oligoclonal repertoire of T cells. As with restoring the homeostatic balance
of effector and central memory ratios, recovery of TCR repertoire diversity in
memory cells requires the presence of a high frequency of functionally compe-
tent naïve cells as a source (9). These data confirm that, even in a patient cohort
comprised of middle-aged adults, renewal of thymopoiesis can restore both nor-
mal total CD4+ T-cell population levels and a broad TCR repertoire within the
memory CD4+ population.

4. Implications for Strategies for Inducing Tolerance
Studies of thymic involution and thymic renewal have two major implications

for the development of strategies to establish (or reestablish) immunological
tolerance. The first is that the thymus is a remarkably adaptive organ. Following
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Fig. 3. Spearman nonparametric correlation of renewal of thymopoiesis at 24 mo
posttransplant, as measured by TREC frequency and TCR repertoire diversity in
CD45RA– memory cells, assayed by spectratyping. Sorted CD45RA– CD4+ cells were
spectratyped to assess CDR3 diversity in 21 TCR Vβ families. Vβ families with more
than five separate peaks were considered to have polyclonal, diverse repertoires;
remaining Vβ families may have been absent or showed limited oligoclonal repertoires.
The TREC frequency of the total CD4+ population was concurrently assessed for each
patient. Patients with a greater renewal of thymopoiesis demonstrated a broader TCR
repertoire diversity, not only within the naïve CD4+ population (not shown), but also
within the memory CD4+ population.
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severe cytoreduction (and this may be a key factor), the thymus is capable of
being recolonized with ETP, expanding and generating significant numbers of
naïve T cells. Not only in children, but in most adults under 45 yr of age, the thy-
mus can restore naïve T-cell populations to normal levels, including a broad
repertoire of TCR, within 1–2 yr (9,56). The capacity to regenerate Treg popu-
lations in adults by thymopoiesis rather than peripheral conversion or expansion
has not been adequately studied. Nevertheless, conditions of lymphopenia can
contribute to Treg recovery (57). Certainly the recovery of naïve cells with a
broad repertoire would run counter to lymphopenia-induced homeostatic
expansion and skewing of the repertoire toward autoreactivity (6). The second
implication is that age is a critical determinant in deciding whether to use
thymic-dependent or thymic-independent strategies for establishing tolerance. In
older individuals, strategies that induce tolerance in existing peripheral T-cell
populations may be preferable. As described in the following chapters, these
strategies may provide alternative routes when thymic-based mechanisms to
induce tolerance have failed.
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Inducing Mixed Chimerism and Transplantation Tolerance
Through Allogeneic Bone Marrow Transplantation 
With Costimulation Blockade

Ines Pree and Thomas Wekerle

Summary
Induction of mixed chimerism (i.e., coexistence of donor and recipient hematopoietic cells)

through transplantation of allogeneic donor bone marrow under appropriate host conditioning, is
one of the most reliable strategies to induce transplantation tolerance. Robust tolerance is evident in
mixed chimeras as they permanently accept donor skin grafts while promptly rejecting third party
grafts. Although historically, myeloablative and T-cell depleting regimens have been described,
milder protocols involving costimulation blockade have recently been developed. The prototypical
murine protocol described in this chapter, involves the use of CTLA4Ig and a monoclonal antibody-
specific for CD154 (CD40L) for costimulation blockade, 3 Gy of nonmyeloablative total body irra-
diation and a conventional number of 20 × 106 fully allogeneic bone marrow cells. Flow cytometry
is used to determine levels of multilineage hematopoietic chimerism and deletion of donor-reactive
CD4+ T cells. Tolerance is assessed in vivo by grafting of donor and third party skin.

Key Words: Tolerance; transplantation; mixed chimerism; bone marrow transplantation; cos-
timulation blockade; experimental.

1. Introduction
Mixed chimerism reliably induces permanent tolerance in numerous rodent

and large animal models. Once donor stem cells have engrafted, they coexist and
develop together with those of recipient origin giving rise to all hematopoietic
cell types. Consequently, not only self-reactive but also donor-reactive thymocytes
are intrathymically eliminated through negative selection, leading to a robust state
of tolerance.

To surmount physiological and immunological barriers for successful bone
marrow cell (BMC) engraftment, various myeloablative or nonmyeloablative
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conditioning protocols have been developed involving the global elimination of
recipient T cells (1–4). Myeloablative irradiation leads to complete destruc-
tion of the hematopoietic repertoire of the host, which is then reconstituted by
donor BMC. Apart from the toxicity of this approach, full chimerism is asso-
ciated with some degree of immunoincompetence and is, therefore, clinically
undesirable. Mixed chimerism can be achieved by nonmyeloablative doses of
total body irradiation (TBI) combined with administration of T-cell depleting
monoclonal antibody (MAb) to overcome preexisting allo-reactive T cells in
the periphery plus a more restricted irradiation to the thymic region pre-
venting intrathymic alloreactivity (2). Alternatively, thymus irradiation can
be eliminated by repeated administration of T-cell depleting MAb (5). The
least toxic approach developed so far for inducing mixed chimerism experi-
mentally is, however, based on the use of costimulation blockers as part of
BMT protocols (6–8).

Costimulation blockade allowed the establishment of allogeneic mixed
chimerism for the first time without global elimination of the recipient T-cell
repertoire. Although noncytoreductive protocols have been published as well
(without any irradiation) (9–10), they require clinically impractical doses of
donor hematopoietic cells. Thus, for reasons of clinical relevance, a prototypical
nonmyeloablative, fully allogeneic (Balb/c to C57Bl/6) costimulation blockade-
based (anti-CD154 MAb and CTLA4Ig) protocol and its mechanisms will be
the focus of this chapter (6,11).

Maintenance of tolerance in mixed chimeras relies predominantly, if not
exclusively, on negative selection of alloreactive cells in the thymus (12).
During the induction phase immediately post-BMT, two barriers need to be sur-
mounted. A nonimmunological engraftment barrier is evident by the failure of
moderate doses of even syngeneic BMC to engraft, unless the recipient is irra-
diated (or treated with cytotoxic drugs). The mechanisms by which irradiation
promotes engraftment are not completely understood but may involve creating
physical space for donor stem cells. Second, an immunological barrier needs to
be overcome, which otherwise leads to the rejection of the transplanted donor
BMC. In most of the recent mixed chimerism models this is achieved by the use
of costimulation blockers. Costimulation blockade, consisting of an anti-
CD154 MAb (given on the day of BMT) and the fusion protein CTLA4Ig
(given 2 d post-BMT) inhibits CD40-CD40L and CD28-CD80/86 interactions
between T-cells and (allo-) antigen presenting cells (13). Costimulation block-
ade in combination with BMT leads to progressive extrathymic deletion of
mature donor-reactive T cells (6,14–16). In addition to deletion, regulatory
mechanisms play an important role in the induction of tolerance (17,18).

Here, we outline a nonmyeloablative murine BMT protocol for chimerism
induction (3 Gy TBI on d –1, a conventional dose of fully mismatched BMC

392 Pree and Wekerle

25_Wekerle  4/4/07  10:28 AM  Page 392



plus a single dose injection of anti-CD154 on day 0 and administration of
CTLA4Ig on d 2) (see Fig. 1), explain FCM analysis of multilineage chimerism
and deletion of donor-reactive T cells and describe skin grafting as in vivo tol-
erance test. With this protocol, high levels of mixed chimerism (20–90%) in all
tested lineages is induced and maintained for the length of follow-up, and donor
skin is accepted permanently in the majority of chimeras, whereas third party
skin is rejected promptly.

2. Materials
2.1. Animals

1. Female C57Bl/6 (B6: H-2b) are used as recipients, Balb/c (H-2d) donor mice and
C3H (H-2k) as third party donors. All mice are housed under specific pathogen-
free conditions. Recipient mice are used between 6 and 10 wk of age (see Notes
1 and 2).

2. Irradiator for TBI of recipients (see Note 3).
3. Numbered ear tags and special tagging device.
4. Scales for weighing mice.

2.2. BMT and Costimulation Blockade

1. B6 as recipients and Balb/c as bone marrow donors. One donor mouse provides,
on average, approx 30–50 × 106 BMC. Each recipient will be injected with approx
20 × 106 BMC (see Note 4).

2. Freshly prepared bone marrow medium: 500 mL medium 199, 5 mL of stock 1 M
HEPES buffer, 5 mL DNase (1 mg/mL), 40 µL of gentamicin (50 mg/mL). Pass
the supplemented medium through a sterile filter and keep it on ice (see Note 5).

Tolerance Through Mixed Chimerism 393

Fig. 1. Induction of chimerism via costimulation blockade and BMT. B6 recipients
receive 3 Gy of total body irradiation 1 d before BMT. On the day of transplantation,
20 × 106 fully mismatched BMC are injected into Balb/c recipients. Costimulation
blockade consists of an anti-CD154 monoclonal antibody (given on the day of BMT)
and the fusion protein CTLA4Ig (administered 2 d post-BMT).
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3. In vivo MAb stocks should be stored at –80°C. Before use, MAb are freshly
diluted in PBS and kept at 4°C: 1 mg/mL hamster anti-mouse CD154 (clone MR1)
and 0.5 mg/mL human CTLA4Ig (see Note 6). Costimulation blockade MAb can
be purchased from commercial suppliers.

4. 70-µm Mesh (Miltenyi-Biotec, Bergisch Gladbach, Germany).
5. 10-mL Syringes and 1- to 3-mL syringes
6. 21-, 25-, and 30-Gauge needles.
7. Sterile scissors and forceps.
8. ACK buffer for lysis of red blood cells.
9. Trypan blue for viability staining of cells under the light microscope.

10. Mouse restrainer.

2.3. Flow Cytometry

1. This method requires a flow cytometer and appropriate software for data analysis.
Fluorochrome-conjugated MAb are light-sensitive and should be stored in the
dark at 4°C. Flow cytometry (FCM) MAb are all titrated to select a dilution pro-
viding optimal staining for the amount of cells to be stained.

2. FCM medium: 1 L Hank’s buffered salt solution (HBSS), 210 µL of 1 N NaOH,
1 g of sodium azide, 1 g of BSA. This medium can be stored for several months
at 4°C.

3. Cold Aqua bidest for hypotonic water lysis of erythrocytes.
4. 10X HBSS to stop lysis and rescue leukocytes.
5. MAb for measurement of chimerism: FITC-labeled anti-CD4, anti-CD8, anti-

B220, and anti-MAC1 (see Note 7) and biotinylated anti-H-2Dd (clone 34-2-12)
together with appropriate isotype controls. Biotinylated MAb may be visualized
with avidin-phycoerythrin for detection of donor cells.

6. MAb for measurement of superantigen-reactive T cells as markers for the deletion
of donor-reactive CD4+ T cells: FITC-labeled anti-Vβ5, anti-Vβ11 and anti-Vβ8
MAb s, and PE conjugated anti-CD4 MAb; isotype controls (see Note 8).

7. Propidium iodide (PI) stock solution at 1 mg/mL diluted 1:10 for staining dead
cells (both stock and working solutions should be stored at 4°C and protected from
light). PI is toxic, as it intercalates into nucleic acid molecules and can cause DNA
damage; protective gloves should, therefore, be worn.

2.4. Skin Grafting

1. Balb/c donor mice and C3H mice as third party skin donors.
2. Autoclaved surgical instruments: needle holder, suture material (preferably 4-0),

scissors, forceps, and scalpel.
3. Anesthesia: 0.4 mL of ketamine (100 mg/mL), 0.1 mL of 23.32 mg/mL xylazin,

and 4.5 mL PBS or NaCl solution.
4. Razor.
5. Adhesive band-aids.
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3. Methods
Host conditioning for successful BMC engraftment begins 1 d prior to BMT

when mice receive a nonmyeloablative dose of TBI (3 Gy, day –1). Subsequently,
mice are transplanted with a conventional dose of approx 20 × 106 BMC (day 0)
and are injected with 1 mg of MR1 MAb to block CD154 (day 0). Two days
post-BMT mice receive 0.5 mg of the fusion protein CTLA4Ig. Two-color
FCM is employed to distinguish donor and recipient cells of particular line-
ages among blood leukocytes. The first FCM analysis of chimerism is usually
performed 2 wk post-BMT. Chimerism is followed thereafter every 4–6 wk;
for at least 6 mo. Persistence of multilineage chimerism over such pro-
longed periods suggests that true hematopoietic stem cells of donor origin
have engrafted (19).

Deletion of donor reactive cells is analyzed by following the percentage of
CD4+ cells expressing certain Vβ-subunits of the T-cell receptor (TCR) (using
two-color flow cytometry with FITC-conjugated antibodies against Vβ8.1/2
(control), Vβ11, Vβ5.1/2, and PE-conjugated MAb specific for CD4). The
donor strain (Balb/c) expresses the major histocompatibility complex (MHC)
class II molecule H-2 I-E, which is required to present superantigens derived
from endogenous retroviruses encoded in the B6/Balb/c background genomes
(20–22). Developing thymocytes whose TCR contain Vβ11 or Vβ5.1/2, and
which therefore bind to these superantigens, are deleted in I-e+ mice, but not in
B6 mice because they do not express I-E. Once chimerism has been established,
donor antigen presenting cells are present in the thymus mediating negative
selection of donor-reactive thymocytes. Thus, newly developing, alloreactive T
cells are continuously intrathymically deleted as long as chimerism persists.
Furthermore, preexisting mature donor-reactive cells are deleted extrathymi-
cally immediately after BMT with costimulation blockade, being progressively
eliminated from the periphery.

The specific acceptance of donor skin is commonly considered to be the
most stringent test for tolerance. Thus, mice are tested for tolerance by grafting
donor (Balb/c) skin and third party (C3H) tail skin. Systemic tolerance should
allow skin graft acceptance at any time post-BMT, from the day of BMT to sev-
eral months thereafter (9,23). Tolerance testing is essential because chimerism
does not always lead to skin graft acceptance. Rejection despite chimerism
implies incomplete tolerance, possibly a result of the failure to achieve toler-
ance toward skin specific antigens.

3.1. TBI and Preparations for BMT

1. One day before BMT, B6 recipient mice are irradiated with a nonmyeloablative
dose of 3 Gy TBI (see Note 9).
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2. Afterward, mice should be randomly separated into cages according to experi-
mental groups.

3. Each mouse receives an ear-tag with a number for individual follow up.

3.2. BMT and Costimulation Blockade

1. On the day of BMT, sacrifice Balb/c donor mice and put them in a container filled
with alcohol. You can expect about 30–50 × 106 BMC per donor mouse (each
recipient will receive approx 20 × 106 BMC). Work under sterile conditions in a
laminar flow hood throughout the cell harvest and the transplantation procedure.
Bone marrow medium should be freshly prepared.

2. Femurs, tibias, humeri, and pelvic bones are isolated from the donor mice. Take
care to remove muscles from bones, and to harvest the full-length bones in their
entirety. Bones are collected in a 50-mL tube filled with bone marrow medium.

3. Bone marrow is flushed out into a sterile Petri dish with a needle attached to a 10-mL
syringe filled with cold medium. Use 25-gauge needles for the femurs and
humerus and 30-gauge for the tibia and pelvic bones.

4. To create a single cell suspension, the 10-mL syringe barrel attached to a 21-gauge
needle is filled and emptied repeatedly. Then cell suspension is filtered through a
70-µm mesh (Miltenyi-Biotec, Bergisch Gladbach, Germany) and collected in 50-mL
Falcon tubes. Rinse the Petri dish with medium to collect any remaining cells.

5. Centrifuge the Falcon tubes (850g for 5 min at 4°C) and decant the supernatant.
Resuspend the pellets and pool the cells in an appropriate volume of bone marrow
medium before final dilution (mice are later injected with 20 × 106 BMC in a vol-
ume of 1 mL medium).

6. Resuspend the cells well before counting live cells under a light microscope using
a counting chamber. Lyse the erythrocytes with ACK buffer for 2 min. The same
volume of trypan blue is added to stop lysis and to stain dead cells. Then cells can
be diluted to the required concentration for 20 × 106 BMC for 1 mL injection per
mouse (see Note 10).

7. Recipient mice (B6) are gently warmed under a heating lamp, which facilitates
intravenous (i.v.) injection. Place the mice in a restrainer and carefully inject BMC
(20 × 106 per mouse in 1 mL medium) into one of the lateral tail veins using a 2-mL
syringe attached to a 30-gauge needle (see Note 11).

8. Costimulation blockade involves injection of 1 mg of hamster anti-mouse-CD154
MAb intraperitoneally (i.p.) on day 0, in a volume of 1 mL on the same day as
BMT (see Note 12).

9. Two days post-BMT, mice are injected with the human CTLA4Ig fusion protein
(0.5 mg injected i.p. in a volume of 1 mL).

3.3. Detection of Chimerism and Deletion by Flow Cytometry

1. For bleeding, gently warm mice until they start to become slightly agitated. Also
take naïve Balb/c and B6 mice as controls for proper staining (see Note 13).

2. Place the mouse in a restrainer, gently cut a lateral tail vein using a scalpel blade
and collect approx 250–500 µL of blood in a tube containing a few drops of
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heparin to avoid coagulation. Sample preparation for FCM can be performed
under nonsterile working conditions (see Note 14).

3. Erythrocytes are lysed by hypotonic shock by adding 9 mL of Aqua bidest. for
approx 20 s and rescuing the more resilient leukocytes by the addition of 1 mL
10X HBSS. This lysis procedure can be repeated to achieve more complete lysis
of erythrocytes.

4. After centrifugation (850g for 5 min at 4°C), the supernatant is decanted, 200 µL
of medium are added and cells are divided according to the number of tubes/stains
per mouse: five tubes are required for the detection of chimerism among CD4,
CD8, B220, or MAC1 positive cells (plus isotype control); and cells are split into
four tubes per mouse in the case of deletion analysis to provide staining for
anti-Vβ8, anti-Vβ11, or anti-Vβ5 plus isotype control. Be sure to also have single
positive samples for compensation of overlapping spectra while calibrating the
cytometer before acquisition.

5. Cells are first incubated with FITC-conjugated MAb for 30 min at 4°C in the dark
(lineage markers for chimerism analysis; Vβ specific MAb for the analysis of
deletion). Simultaneously, cells are incubated with biotinylated anti-H2Dd (clone
34-2-12) MAb for chimerism analysis, or with anti-CD4-PE conjugated MAb for
FCM analysis of deletion.

6. Staining is halted by adding 2 mL medium followed by 5 min centrifugation.
Decant supernatant.

7. In case of chimerism analysis, incubate the cells with avidin-PE for 10 min.
Avidin-PE binds to biotinylated 34-2-12. Stop staining reaction with 2 mL of
medium and centrifuge again.

8. After centrifugation, resuspend the cells in a volume of approx 200 µL.
9. Dead cells can be excluded by staining with PI: add 10 µL of a 0.1 mg/mL solu-

tion immediately before sample acquisition (see Note 15).
10. For analysis, dot plots and histograms are gated on PI-negative leukocytes.
11. When analyzing chimerism (see Fig. 2), the percentage of donor cells is calculated

by subtracting control staining from quadrants containing donor and host cells
expressing a particular lineage marker, and by dividing the net percentage of donor
cells by the total net percentage of donor plus host cells of that lineage. For the
detection of deletion, gate on CD4+ cells and analyze percentages of cells expressing
a certain Vβ subunit.

3.4. Skin Grafting

1. Skin donors are sacrificed and placed in ethanol for a few minutes. All instruments
used should be autoclaved and all manipulations should be carefully carried out
under sterile working conditions.

2. Prepare the grafts by removing the tails and storing them in a Petri dish with sterile
PBS on ice. Grasp the tail with forceps and cut the skin in a straight line from the
tip of the tail to its end, using a surgical blade. The skin can be peeled off in its
entirety afterward. Skin is kept in cold PBS and cut into five to six square pieces
per tail, approx 1 cm2 in size.
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398

Fig. 2. Multilineage chimerism in a representative BMT recipient. FCM analysis of peripheral white blood cells 5 wk post-BMT reveals
high levels of donor cells. CD4+ T cells (anti-CD4), CD8+ T cells (anti-CD8), B cells (anti-B220), and myeloid cells (anti-MAC1) were
stained with fluorescein isothiocyanate-conjugated monoclonal antibody (MAb); donor-major histocompatibility complex class I was
detected by a biotinylated anti-H-2Dd MAb and visualized with phycoerythrin streptavidin allowing two-color plot analysis of recipient
and donor cells.
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3. Using 1-mL syringes attached to a 30-gauge needle, administer anesthesia i.p. to
the recipients, consisting of 0.25 mL of xylazin/ketamine solution per mouse (see
Note 16). Shave the flank of each recipient and disinfect the shaved area with
ethanol.

4. On the dorsal thoracic wall of the recipient, prepare two graft beds approximately
matching the size of the grafts, by pulling the skin up with forceps and cutting
underneath using scissors, thereby removing only the upper skin and leaving the
subcutaneous tissue intact. Bleeding should be avoided as hematomas can inhibit
healing of the grafts.

5. Donor specific Balb/c and fully mismatched C3H (H-2k; third party) skin is placed
on opposite sides of the flank and secured with sutures.

6. Finally, secure grafts with an adhesive band-aid applied tightly, but without
inhibiting respiration.

7. Band-aids are carefully removed 1 wk after transplantation and grafts are mon-
itored by visual and tactile inspections daily thereafter. Grafts are considered to
be rejected when less than 10% of the tissue remains viable. Usually, third
party skin and Balb/c skin of nonchimeric mice are rejected within 20 d.
Although most chimeras accept donor skin permanently, some chimeric mice
reject donor skin in a chronic fashion weeks or months after transplantation
(see Note 17).

4. Notes
1. Female mice are preferred because they are less aggressive and easier to handle,

thus facilitating the technical success of skin grafting, for instance. Recipients of
a particular experiment should be age-matched. Although there is no strict age
limit, younger recipients are preferred. Donor mice of different ages can be used
because BMC are pooled; the amount of BMC that can be harvested per mouse
increases somewhat with age. Various strain combinations can be used. The trans-
plantation model described here (Balb/c to B6) is a fully allogeneic one, involving
MHC mismatches as well as mismatches at minor histocompatibility loci. Such a
fully mismatched strain combination is closer to the clinical situation than MHC-
congenic combinations involving MHC mismatches only (e.g., B10.A to B6). B6
have been reported to be relatively costimulation blockade resistant (24), thus pro-
viding a stringent, clinically relevant model.

2. All parts of the in vivo experiments (BMT, skin grafting, and so on) should be
performed under strictly sterile working conditions. Subclinical infections can
potentially influence the outcome, for example by interfering with tolerance
induction. Specific pathogen free conditions foster reproducibility of the protocols
and safeguard against infection with pathogens that would require the culling of
the entire mouse colony.

3. TBI can be obviated in a noncytoreductive protocol in which an approx 10-fold
higher dose of BMC is administered (9).

4. A conventional dose of 15 × 106 BMC transplanted into a 25 g recipient corre-
sponds to 6 × 108 BMC/kg, which is similar to doses used in the clinical setting.
The number of BMC injected may be varied somewhat from experiment to
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experiment (in a range of about 15 to 25 × 106), but to allow comparability
between groups, it is critical to inject each mouse with the exact same dose
within a particular experiment.

5. DNase digests DNA present in the suspension owing to some damaged cells,
thereby inhibiting clot formation. Although helpful, DNase is dispensable.

6. Store MAb for use in vivo in small aliquots because they decline in quality if
repeatedly thawed and refrozen. In vivo MAb must be free from endotoxin.

7. Alternative surface markers for hematopoietic cell lineages can be used, e.g.,
anti-CD19 or anti-mouse IgM as B cell markers, or anti-Gr-1 as a myeloid
marker.

8. Alternatively, instead of detecting deletion of superantigen reactive T cells, deletion
can also be demonstrated by following truly alloreactive T cells in TCR-transgenic
mouse models (16,25).

9. Do not change timing of TBI. TBI on the day of BMT is inefficient (26).
10. The number of BMC injected is critical. Carefully count the cells before dilution

and resuspend well before administering to recipients. Within a particular experi-
ment, all mice should receive the same number of BMC.

11. Avoid air bubbles in the syringe because mice die when injected i.v. with air. Take
care that exactly 1 mL is injected i.v.

12. Various dosing regimens have been described in the literature for MR1 and
CTLA4Ig (7,27–29). Delayed administration of CTLA4Ig might be beneficial,
possibly by allowing a signal through CTLA4 in the first 2 d (30,31).

13. Be sure not to warm up mice too long because they may die if exposed for too long
to the heating lamp. Stop the procedure once they begin jumping around.

14. It is also possible to store blood samples at 4°C on a shaker overnight and perform
the FCM the following day.

15. Be aware that PI is toxic to the cells and must only be added immediately before
sample acquisition.

16. Dose anesthesia carefully because mice easily die if overdosed.
17. In our Balb/c to B6 protocol, tolerance can be improved by short-term treatment

with rapamycin, mycophenolate mofetil, and steroids, which also allows reduction
of TBI to 1 Gy (11).
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Induction of Dominant Tolerance 
Using Monoclonal Antibodies

Ana Água-Doce and Luis Graça

Summary
Monoclonal antibodies (MAb) have been shown to be effective in inducing immune tolerance

in transplantation and autoimmunity. Several different MAb have tolerogenic properties and their
effect has been studied in a range of experimental animal models and, in some cases, in clinical
trials. The tolerant state seems to be maintained by CD4+ regulatory T cells (Treg), induced in the
periphery, capable of suppressing other T cells specific for the same antigens or antigens pre-
sented by the same antigen presenting cells. Furthermore, following the initial induction of Treg
cells under MAb treatment, Treg cells themselves can maintain the tolerant state in a dominant
way in the absence of the therapeutic MAb or other immunosuppressive agents, and are able to
recruit other T cells into the regulatory pool—a process named infectious tolerance.

Key Words: Immune tolerance; monoclonal antibody; regulatory T cells; autoimmune dis-
eases; transplantation; animal models; immunotherapy.

1. Introduction
Ever since the description of classical transplantation tolerance by Medawar

and colleagues (1), the attainment of clinical transplantation tolerance has been
considered the “Holy Grail” of immunology. Two decades have passed since the
initial demonstration that long-term transplantation tolerance can be induced fol-
lowing a brief treatment with monoclonal antibodies (MAb) (2–4) and that tolero-
genic CD4 MAb can be used to treat experimental allergic encephalomyelitis
(EAE) (5). However, the mechanisms by which tolerance is induced and maintained
are not yet fully understood. In recent years it has become clear that antibody-
induced transplantation tolerance leads to both deletion of some alloreactive
clones and regulatory T cells (Treg) cell expansion (6,7).

In the first examples of peripheral tolerance induced with MAb, depleting anti-
CD4 MAb were used to induce tolerance in mice to foreign immunoglobulins
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(2,3). It was soon demonstrated that depletion of CD4+ T cells was not
required for tolerance induction, as similar results were obtained using F(ab’)2
fragments (8,9), nondepleting isotypes (10) or nondepleting doses of syner-
gistic pairs of anti-CD4 MAb (11). A brief treatment with anti-CD4 MAb
was also shown to lead to long-term acceptance of skin grafts differing in
multiple minor antigens (10), even in presensitized recipients (12). The same
results were also demonstrated for heart grafts across major histocompatibil-
ity complex (MHC) barriers (13,14) or concordant xenografts (13). The
treated animals accepted the transplanted tissues indefinitely without the
need for immunosuppression, and remained fully competent to reject unre-
lated (third-party) grafts. Clearly the antibody treatment had rendered them
tolerant to antigens belonging to the transplanted tissue (see Fig. 1).

Following these studies, it became clear that MAb, other than anti-CD4,
could be used to impose peripheral transplantation tolerance (see Table 1).
Tolerance induced with MAb, such as CD4 or CD154 (CD40-Ligand), is
dependent on Treg cells—both CD4+CD25+ and CD4+CD25– (15). These Treg
cells can be demonstrated both within lymphoid tissue and infiltrating the tol-
erated transplant (16). The dominant tolerance state, maintained by the Treg
cells, allows the immune system to resist the adoptive transfer of nontolerant
lymphocytes without tolerance break down (10,17). In addition, adoptively
transferred nontolerant lymphocytes are rendered tolerant and regulatory when
allowed to coexist with the initial cohort of Treg cells—a process usually
referred to as infectious tolerance (18–20). The dominant tolerance state can be
extended through linked suppression to additional antigens, if those new anti-
gens are provided genetically linked with the tolerated ones within a new trans-
plant (19,21–23).

In addition to tolerogenic antibodies, several experimental procedures may be
used to facilitate tolerance induction (see Subheading 3.1.). Such is the case
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Fig. 1. Induction of transplantation tolerance with monoclonal antibody (MAb).
Mice transplanted under the cover of tolerogenic MAb accept skin grafts indefinitely.
To demonstrate that mice are indeed tolerant, one can simultaneously transplant a new
graft of the tolerated type and a graft from an unrelated third-party donor, showing that
tolerant mice remain fully competent to reject the latter.
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with the administration of donor bone marrow (BM), or donor blood (donor-
specific transfusion [DST]). The elimination of cell populations that may create
an obstacle to graft survival with weak tolerogenic antibodies is also commonly
used. Such is the case for CD154 tolerogenic antibodies, able to induce domi-
nant tolerance within the CD4+ T cells, but when used alone cannot prevent skin
graft rejection mediated by CD8+ T cells (22,24). As a consequence, CD8 deple-
tion is often used when the tolerogenic properties of CD154 MAb are studied.

Tolerogenic MAb have been also used to reprogram the immune system in
animal models of autoimmune diseases (25). However, it has been more diffi-
cult to confirm that the tolerant state, so induced, is dominant and mediated by
Treg cells than in the context of transplantation, as experiments with third-party
antigens are harder to conduct. Nevertheless, the characterization of the phenotype
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Table 1
Therapeutic MAb Used to Induce Transplantation Tolerance

Antibody Transplantation Reference

CD2 Delayed rejection of islet allografts 113
and xenografts

CD3 Tolerance to heart allografts 114
CD3+ CD2 Long-term acceptance to heart grafts 41
CD4 Tolerance to antigens 10,29
CD4+CD8 Tolerance to minor mismatched skin, 10,19

MHC-mismatched, and xenogeneic 
heart grafts

CD4+CD8+CD154 Tolerance to MHC-mismatched skin 23
CTLA4-Ig Xenogeneic pancreatic islets 43
CD45RB Long-term survival of MHC mismatched 42,115

islets and kidney transplants
CD45RB + CD154 Long-term survival of MHC mismatched skin 52
CD134L (OX40L) Long-term survival of minor mismatched 116

heart allografts
CD134L+ CTLA4-Ig Long-term acceptance of MHC-mismatched 108

heart grafts
CD154 MHC-mismatched pancreatic islets 44
CD154+CD8dep Tolerance to minor mismatched skin 20,22
CD154+CTLA4-Ig Long-term acceptance MHC-mismatched skin 45,60
LFA-1 Tolerance to soluble antigen 9
LFA-1+ICAM-1 Long-term acceptance MHC-mismatched 46

heart grafts
IL-2 + IL-15 Ig Long-term acceptance of MHC-mismatched 35

islets in diabetic NOD mice
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of the dominant Treg population in maintaining self-tolerance as being
CD4+CD25+Foxp3+ has permitted the confirmation that tolerogenic MAb, such
as the ones directed toward CD3, can prevent autoimmunity by eliciting Treg
cells that maintain the tolerant state in a dominant manner (26). As a 
consequence, it appears that MAb, known to be able to induce dominant trans-
plantation tolerance, may also restore dominant self-tolerance in autoimmunity.

2. Materials
2.1. Induction of Transplantation Tolerance With MAb

1. Animals: most animal studies have been performed in mice, although rats and
nonhuman primates have been tolerized to foreign antigens and transplants with
MAb. Transplant rejection or tolerance does not depend exclusively on the degree
of mismatch between host and donor. Different strains of mice exhibit distinct
behavior concerning the capacity to reject or become tolerant to transplants
(27,28), which may be further modulated upon exposure to infectious microorgan-
isms (see Note 1). In general, the hierarchy of strains, from the easiest to toler-
izeate to the most difficult, is as follows: C3H, CBA/Ca, DBA/2, BALB/c, and
C57Bl/6. Apparently, these properties are not primarily due to the MHC molecules
present in each strain. For instance, B10.BR mice, expressing identical MHC mol-
ecules to CBA/CA mice, are as difficult to tolerize as C57Bl/6 with whom they
share only minor antigens (27). The genetic basis of strain variability is still
unknown.

Several studies have used T-cell receptor (TCR) transgenic animals, where all T
cells share the same TCR. Even in these mice, it has been possible to use MAb,
such as nondepleting CD4 or CD154, to induce a state of dominant tolerance
where the de novo peripheral generation of Treg cells can be demonstrated (29). It
should be noted that prior to tolerization, these TCR-transgenic animals have no
demonstrable CD4+CD25+Foxp3+ Treg cells.

2. Transplanted tissue: the capacity to accept a transplant also depends on the graft
itself. In general, the greater the genetic disparity between donor and recipient, the
more difficult it becomes to prevent rejection. The donor strain itself may also con-
tribute to different outcomes in terms of tolerance. For example, BALB/c grafts are
harder to tolerize than C57Bl/6 grafts in CBA/Ca recipients (23,30). In addition, dif-
ferent organs have been shown to have distinct requirements for succumbing to tol-
erance induction (31,32). Vascularized grafts are, in general, more easily accepted
than nonvascularized grafts, such as skin. Acceptance of the liver is relatively easy
to achieve, with many different liver allografts being spontaneously accepted by per-
missive strains without any treatment (33). Kidney allografts are also occasionally
spontaneously accepted in rodents, although not as consistently as liver (32). In con-
trast, pancreatic islets and heart allografts are usually rejected in the absence of ther-
apeutic intervention. It should be noted that in diabetic animals, such as nonobese
diabetic (NOD) mice, it is more difficult to induce tolerance to islet allografts 
presumably because a primed autoimmune response must be overcome in addition
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to the allogeneic barrier (34,35). The rejection of small intestine seems to be more 
vigorous than the above mentioned organs (32,36). However, skin grafts are even
more difficult to tolerize as some treatments, capable of preventing rejection of heart
allografts, are ineffective in inducing long-term survival of skin allografts (37–40).
It is known that both CD4+ and CD8+ T cells can contribute to skin graft rejection,
with each population capable of rejecting grafts independently (29).

3. Antibodies: several antibodies and fusion proteins have been shown to be effective
at inducing dominant transplantation tolerance, either on their own or in combina-
tion (see Table 1). It is interesting to note that virtually all MAb able to induce
peripheral tolerance, target molecules involved in the formation of the immune
synapse: the coreceptor molecules CD3, CD4, and CD8 (10,41); CD45RB (42); the
costimulatory molecules CD154 and CD28 (43–45); and the adhesion molecules
leukocyte function-associated antigen 1 and intercellular adhesion molecule-1
(9,46). It is thus possible that tolerance induction requires T-cell activation under
suboptimal conditions, i.e., in the presence of reagents that interfere with efficient
T-cell activation, although this does not extend to conventional immunosuppres-
sive agents (see Note 2) (47).

2.2. Induction of Tolerance With MAb in Autoimmunity

1. Animals: the use of MAb to restore the state of dominant regulation has been
tested in several animal models of autoimmune and immune-inflammatory dis-
ease. Some of the most common examples are listed in Table 2. Such animal
models can be divided into three broad categories: (1) animals developing the dis-
ease spontaneously, (2) animals where the disease is induced experimentally, and
(3) TCR-transgenic animals where most or all the T cells are specific for a self-
antigen. It should be noted that some animals, initially described as developing
an autoimmune disease spontaneously, were later found to develop the disease
following an environmental challenge. This is the case for SKG mice, carrying a
mutation of the ZAP-70 gene, that develop chronic autoimmune arthritis with fea-
tures closely resembling rheumatoid arthritis (RA) (48). In spite of initial reports
suggesting that autoimmune arthritis was spontaneous, it was recently shown that
the disease is triggered by Dectin-1 agonists such as zymosan (49). It is also
important to note that the immune systems of most animals used in animal mod-
els of autoimmune disease behave as lymphopenic (see Note 3) (50). Some of the
most common animal models of autoimmune pathology are as follows:

Autoimmune diabetes: NOD mice spontaneously develop insulin-dependent dia-
betes and are a model of type I diabetes mellitus. Disease in these animals, as in
humans, appears to be of autoimmune aetiology that is heavily influenced by both
genetics and environment (51,52). The similarity between diabetes in the NOD mice
and humans is extensive, including the influence of sex on the incidence of disease:
whereas about 80% of female mice at 6 mo of age are diabetic, only 20% of males
develop the disease (53). BB rats also develop autoimmune diabetes spontaneously
but, as in humans, the disease incidence is similar in both sexes and not affected by
gonadectomy or androgen administration (54). The immune system of these rats is
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severely lymphopenic. Another rat model of diabetes is the LEW.1WR1 rat
(RT1u/u/a) where the disease occurs spontaneously with a cumulative frequency of
approx 2% at a median age of 59 d. Both sexes are affected, and islets of acutely dia-
betic rats are devoid of β cells whereas α and δ cell populations are spared (55).

RA: the most commonly used animal models of autoimmune arthritis are mice
and rats in which the disease is induced with type II collagen and incomplete
Freund’s adjuvant (56–58). In these cases, the disease usually affects larger joints
of the limbs and is self-limited. K/B×N mice spontaneously develop a progressive
joint-specific autoimmune disease between 3 and 5 wk of age. Pathology of disease
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Table 2
Animal Models of Autoimmune Diseases

Associated human disease Reference

Mouse models
Spontaneous

NOD Type 1 diabetes 52
NZB × NZW SLE 69
MRL/lpr SLE 117
K/B × N RA 59,60
T/R– (TCR transgenic to MBP) MS 65

Induced
DBA/1 + Type II collagen in IFA RA 56–58
SKG + Dectin-1 agonists RA 48,49
BALB/c + Spinal cord MS 64

homogenate in CFA
SJL + PLP in CFA MS 61
SLJ + Thyroglobulin in CFA Autoimmune thyroiditis 118

Rat models
Spontaneous

BB/wor Type 1 diabetes 119
Komeda diabetes-prone (KDP) Type 1 diabetes 120
Lewis (LEW.1AR1/Ztm) Type 1 diabetes 121

Induced
Lewis + retinal pigment Autoimmune uveitis 122

epithelium-specific 65-kDa 
protein peptides

Lewis + MBP in CFA MS 123
Wistar + MBP in CFA MS 32
Wistar + testis homogenates Autoimmune orchitis 124

CFA, complete Freund’s adjuvant; IBD, inflammatory bowel disease; IFA, incomplete
Freund’s adjuvant; MBP, myelin basic protein; MS, multiple sclerosis; RA, rheumatoid arthritis;
SLE, systemic lupus erythematosus.
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in K/B×N mice is similar to human RA, with pannus formation, synovial hyperplasia,
increased synovial fluid volume, and chaotic remodelling of cartilage and bone in
the distal joints in the later stages (59,60). SKG mice, harboring T cells more resist-
ant to TCR stimulation, also develop chronic autoimmune arthritis. Although dis-
ease in K/B×N mice is mediated by antibodies and can be adoptively transferred to
healthy recipients by transferring the serum, in SKG mice arthritogenic T cells are
sufficient to cause the disease as their adoptive transfer into lymphocyte-deficient
hosts triggers autoimmune arthritis (48).

Multiple sclerosis: EAE is characterized by T cell-mediated destruction of the
myelin sheath in the central nervous system. Myelin basic protein, myelin/oligo-
dendrocyte glycoprotein, and proteolipid apoproteins when administered with
adjuvant to mice or rats can induce autoreactive T cells that cause the disease
(61–63). The same outcome has been reported following the administration of
syngeneic mouse spinal cord homogenate in complete Freund’s adjuvant (64).
TCR transgenic mice in the RAG–/– background, in which all T cells express a
TCR directed to a myelin protein, spontaneously develop EAE with 100% inci-
dence at 8 mo (65,66). Interestingly, the disease is abrogated by the presence of
additional CD4+ T cells from wild-type syngeneic mice (67,68).

Systemic lupus erythematosus (SLE): MRL/lpr mice spontaneously develop a
disease similar to SLE, because of defective apoptosis of activated B cells as the
mice are deficient in Fas/FasL (69). Other mouse strains, such as the NZB × NZW
and the BXSB, also develop a SLE-like syndrome that appears to be influenced by
multiple genes (69).

2. Antibodies: several MAb have been tested for the treatment of autoimmune dis-
eases. In many cases such MAb do not aim to restore tolerance but rather to con-
trol the inflammatory process (such as the anti-tumor necrosis factor α or the
anti-interleukin-1 MAb) (70), or induce immunosuppression by elimination of
pathogenic lymphocyte populations (such as T-cell depletion with CAMPATH or
B-cell depletion with anti-CD20) (71,72). However, tolerogenic MAb have also
been reported to have a beneficial effect on the prevention or treatment of autoim-
mune pathology, although in many cases the true re-establishment of dominant
self-tolerance based on T-cell regulation remains to be confirmed (see Table 3).

CD3: therapy with nonmitogenic CD3 MAb has been shown to prevent and
revert type 1 diabetes in NOD mice and in virus-induced autoimmune diabetes
(73–75). Different from most other tolerogenic MAb, anti-CD3 seems to be more
effective if used after the onset of disease, apparently because activated T cells are
the main targets of this treatment (74). In autoimmune arthritis the use of this anti-
body was not shown to be as effective as in type 1 diabetes, but in both systems,
treatment causes a reduction in serum interferon-γ and an increase in interleukin-4,
interpreted as deviation to a Th2 response (76). Anti-CD3 MAb were also shown to
lead to an increase in Treg cells able to suppress diabetogenic T cells and maintain
a state of dominant tolerance (26,77).

CD4: following initial reports showing a beneficial effect of anti-CD4 on the
treatment of EAE in rats (5), it has been shown that nondepleting CD4 MAb can
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Table 3
Targets of Therapeutic MAb in Experimental Autoimmune Diseases

MAb Animal/disease Outcome Reference

CD2 Lewis rats (EAM) Prevents onset 125
Lewis rats (EAE) Prevents onset 126
BB/wor rats (type 1 Prevents onset 119

diabetes)
CD3 NOD mouse (Type 1 Ameliorates established disease 26,73–75

diabetes)
DBA/1 mouse (CIA) Delayed onset, reduced severity 76

CD4 NOD mouse (Type 1 Prevents onset 78–81
diabetes)

NZB/NZW mouse Ameliorates established disease 127
(murine SLE)

DBA/l (CIA) Prevents onset and ameliorates 86–87
established disease

CD30L NOD mouse Prevents onset 128
(type 1 diabetes)

OX40L SJL mouse (EAE) Ameliorates established disease 61
C.B-17 SCID (IBD) Ameliorates established disease 138

CTLA4-Ig BALB/c mouse (EAE) Ameliorates established disease 64
NZB/NZW mouse Prevents onset 129–132

(SLE)
BXSB mouse (SLE) Delayed onset, reduced severity 133

CD154 Marmoset monkey Prevents onset 134
(EAE)

B6/A (C57BL/6×A/J) Prevents onset 98
(AOD)

B10.BR mouse Ameliorates established disease 135
(EAU)

SJL mouse (EAT) Less severity 118
NZB/NZW mouse Prevents onset 136–139

(SLE)
CD40 Marmoset monkey Prevents onset 140

(EAE)
CD137 DBA/1 (CIA) Prevents onset 141

NZB/NZW mouse Ameliorates established disease 142
(SLE)

C.B-17 SCID (IBD) Ameliorates established disease 143,144
C57BL/6 (EAE) Ameliorates established disease 63

(Continued)
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prevent the onset of diabetes in NOD mice, as well as preventing pancreatic islet
damage in recently established disease, with the animals tolerating islet trans-
plants from prediabetic syngeneic donors or even islet allografts (78–82). The
same MAb have also been shown to prevent the onset of experimental autoim-
mune arthritis as well as to ameliorate overt arthritis (83–85).

Several other MAb, such as the ones targeting CD154, CTLA4-Ig, and
CD134L, have been shown effective in preventing or treating several experimen-
tal autoimmune diseases (see Table 3).

3. Methods
3.1. Induction of Dominant Transplantation Tolerance With MAb

3.1.1. Induction of Dominant Tolerance With Nondepleting MAb

Several protocols have been used to induce transplantation tolerance with
nondepleting MAb in the absence of further treatment. In general, the animals
are treated with the antibodies, administered intravenously (i.v.) or intraperi-
toneally (i.p.), at the time or shortly in advance of transplantation. The dose of
MAb varies between protocols but usually neutralizing doses of the MAb (in
excess of 75 mg/kg; or 1.5 mg per 20 g mouse) are required. An example pro-
tocol is shown, capable of inducing dominant tolerance to MHC mismatched
skin allografts in euthymic mice (23):

1. Sex-matched mice at 8 wk of age are transplanted with donor skin grafts (see
Chapter 20). This tolerogenic protocol is known to be efficient in either euthymic
or thymectomized animals (see Note 4). To facilitate tolerance induction, deple-
tion of T-cell subsets may be achieved by treating the recipient animals with
appropriate depleting MAb (for example the anti-CD8 MAb YTS169 and
YTS156) 5 d prior to transplantation (29). In this case, it is convenient to use adult
thymectomized mice to block T-cell production. However, euthymic CBA/Ca
mice can be tolerized to C57Bl/10 skin without any treatment except the tolero-
genic MAb (23).
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LFA-1 NOD mouse (Type 1 Prevents onset 145
diabetes)

EAE, experimental allergic encephalomyelitis; EAM, experimental autoimmune myelitis;
AOD, autoimmune ovary disease; CIA, collagen-induced arthritis; EAU, experimental autoim-
mune uveoretinitis; IBD, inflammatory bowel disease; MS, multiple sclerosis; SLE, systemic
lupus erythematosus.

Table 3 (Continued)

MAb Animal/disease Outcome Reference
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2. The three different therapeutic MAb—nondepleting CD4 (YTS177), CD8
(YTS105), and CD154 (MR1)—are mixed together in PBS, at a final concentra-
tion of 3.33 mg/mL. Care should be taken to keep the MAb preparation sterile and
pyrogen-free. On the day of transplantation, usually after the animals recover from
the anaesthetic, a dose of 0.3 mL of the MAb cocktail is injected i.p. in each trans-
planted animal (i.e., each animal receives 1 mg of each of the three MAbs).

3. The MAb treatment is repeated in the same way twice, 2 and 4 d following the ini-
tial injection.

4. Graft rejection should be monitored daily by visual inspection of the trans-
planted skin.

5. Confirmation of tolerance can be performed as described in Subheading 3.2.

3.1.2. Induction of Dominant Tolerance With MAb and DST

For more than two decades, it has been observed that the infusion of whole
blood from donors into recipients can prolong allograft survival in humans and
mice (64,86). More recently, it has been shown that the prolonged survival of
allografts induced by DST is synergistically enhanced by the coadministration
of anti-CD154 MAb (44), CTLA4-Ig (87) or nondepleting anti-CD4 MAb (88).
Furthermore, tolerance achieved in this way is dominant and dependent of Treg
cells (89). In some experiments, whole blood can be replaced by splenic
mononuclear cells from the donor (44). The following protocol for inducing tol-
erance using DST is adapted from ref. 89:

1. Adult CBA/Ca mice (8 wk of age) receive 200 µg of the anti-CD4 MAb (YTS177)
i.v. on d –28 and –27.

2. On day –27, mice are transfused with 250 µL of C57Bl/10 whole blood i.v.
3. Mice, rendered tolerant with the previously listed treatment, can be transplanted

with donor skin on d 0.

3.1.3. Induction of Dominant Tolerance With MAb and Donor BM

Donor BM has been used to induce transplantation tolerance ever since the
pioneering work of Medawar et al. (1). However, the use of large doses of donor
BM usually leads to tolerance by purging the repertoire of alloreactive T-cell
clones and not to dominant tolerance (23,90–92). MAb, in particular anti-
CD154, have been used in this setting to facilitate BM engraftment (23,93–95).
Nevertheless, a quantitative study, using mice mismatched for minor antigens,
has shown that although doses of donor BM equal or in excess of 2 × 106 cells
induce macrochimerism and tolerance by deletion, a dose of 4 × 105 cells or less
can be used to induce dominant tolerance without mixed chimerism, when given
under the cover of tolerogenic CD4 and CD8 MAb (90). The following protocol
is based on these observations:

1. T-cell depleted BM can be prepared by treating donor mice with depleting MAb
targeting CD4 and CD8 (such as YTS3.1 and YTS191 targeting CD4; and YTS156
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and YTS169 targeting CD8) 3–5 d prior to collection of the BM (29). Bone mar-
row cells can be recovered by flushing the femoral and tibial bones using RPMI
1640, supplemented with 10% fetal bovine serum, 50 µg/mL penicillin/strepto-
mycin, 0.01 M HEPES buffer, and 5 × 10–5 M 2-mercaptoethanol.

2. After washing the BM cells in fresh medium, they are re-suspended in PBS at 5 ×
105 cells/mL, and 200 µL of the single cell suspension is injected i.v. in the lateral
tail vein of recipient mice (each mouse will thus receive 1 × 105 T-cell depleted,
donor BM cells).

3. On the day of BM transplantation a dose of 0.5 mg of anti-CD4 (YTS177), and
0.25 mg of each of the anti-CD8 MAb YTS156 and YTS169 is administered i.p.
to the recipient mice.

4. The MAb treatment is repeated twice, 2 and 4 d following the initial injection.
5. Donor skin can be grafted 6 wk following BM transplantation to assess the 

tolerant state.
6. Dominant tolerance can be confirmed using linked suppression as a readout, fol-

lowing transplantation of (DONOR × THIRD-PARTY)F1 skin grafts (see below).

3.2. Confirmation of the Dominant Tolerance State

3.2.1. Tolerance vs Immunosuppression

Long-term allograft survival following MAb treatment does not prove domi-
nant tolerance has been successfully induced. To demonstrate tolerance, it is nec-
essary to confirm that the immune system is fully competent to mount a response
against antigens other than the tolerated ones. Usually, a simultaneous transplant
of tolerated-type and unrelated third-party grafts is used, to confirm that tolerant
animals remain able to reject specifically the third-party transplant (see Fig. 1).

3.2.2. The Antigen Specificity of the Tolerant State

The putative antigen-specificity of the tolerant state is frequently demonstrated
simply by grafting a third-party and a tolerated type transplant, and observing that
only third-party grafts are rejected. However, given the possible differences in the
“rejectability” of the different types of grafts (see Subheading 2.1.), such results
should be approached with caution (6). Ideally, these studies should be performed
in criss-cross experiments: mice should be tolerized, in independent experiments,
to transplants of different types. Then both groups should be tested for capacity
to reject the appropriate third-party grafts (see Fig. 2).

Alternatively linked suppression can be used as an exquisite and straight-
forward assay for both specificity and the dominant nature of tolerance 
(see below).

3.2.3. Dominant Tolerance

A direct way to assess the dominant tolerance status of an animal is through
the infusion of T cells with the capacity to reject the graft. In such a challenge,
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T cells obtained from the spleens of naïve animals can be used (10,17). If the
transfused cells are allowed to coexist with the tolerant ones for 6 wk, it
becomes possible to demonstrate that they themselves have been rendered tol-
erant by ablating the initial population of T cells with depleting MAb directed
to a specific marker (18,20). This recruitment of T cells toward a regulatory
function is generally known as infectious tolerance.

Instead of using T cells from naïve wild-type animals, it is possible to trans-
fuse TCR-transgenic T-cells specific for the tolerized alloantigens (63). This
experimental setting allows the study of dominant tolerance effects on the cells
being subjected to active regulation (63).

An alternative strategy to demonstrate dominant tolerance is to deplete puta-
tive populations of Treg cells, such as CD4+ or CD25+ T cells, unleashing
aggressive cells to mediate rejection. It should be noted, however, that toleriz-
ing treatments are often associated with a partial deletion of the alloreactive
clones (60,96). In addition, besides the major populations of Treg cells (identi-
fied as CD4+CD25+ and CD4+CD25–) other minor populations of Treg cells
may persist. This seems to be the case for CD8+ or double negative
(CD4–CD8–) Treg cells (32,97) in the light of which, it is not surprising that, in
some cases, ablation of the major Treg cell populations—such as the CD4+ or
the CD25+ cells—does not lead to the rejection of tolerized allografts.

Linked suppression has been used as an efficient assay for confirmation of both
antigen-specificity of tolerized animals and for the dominant state of tolerance
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Fig. 2. Criss-cross experiment to demonstrate antigen-specific tolerance. To account
for possible strain variations in tissue “rejectability,” tolerance can be assessed in mice
tolerized to two different strains. The antigen-specificity of the tolerant state will deter-
mine that animals from both groups reject grafts from the third-party strain. The same
sort of experiment can be used to test the antigen specificity of putative regulatory T cell
populations following their adoptive transfer into lymphocyte-deficient animals.
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(23,91). These experiments are based on the observation that, once dominant tol-
erance has been established to a set of antigens present in an allograft, new trans-
plants with cells simultaneously expressing tolerated antigens and third-party
antigens are not rejected (see Fig. 3) (21). These data have been interpreted as
evidence that Treg cells specific for the tolerated antigens actively suppress the
aggressive cells directed to the “linked” third-party antigens. With time, those
aggressive clones will themselves become tolerized, because animals start to
accept transplants with the third-party antigens in the absence of the tolerated
ones. It should be noted that third-party grafts, where the tolerated set of anti-
gens is absent, are readily rejected in control animals. Linked suppression has
been demonstrated in situations where tolerance is induced with coreceptor
blockade, costimulation blockade or a combination of the two (21–23).

3.3. Tolerance Induction in Autoimmunity With MAb

MAb have been used either to prevent the onset of experimental autoimmune
diseases, or to treat overt autoimmunity (see Note 5). For the prevention of
autoimmunity, animals are often treated from the neonatal period (98). In some
experiments, anti-CD3 MAb have been shown to be successful in treating overt
diabetes in NOD mice, restoring a state of dominant tolerance mediated by Treg
cells (73,74):
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Fig. 3. Linked suppression. Animals tolerized to skin grafts of type A accept skin grafts
from (Ax B)F1 donors, where third-party B-antigens are endogenous to cells that also
express the tolerated A-antigens (top row). However, B-type grafts are readily rejected,
even if a concomitant tolerated A-type graft is given (bottom row). Furthermore, the ani-
mals that accept the (Ax B)F1 grafts with the “linked” antigens become tolerant of grafts
of the third-party B-type.
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1. NOD females, at 10 wk of age, are screened, twice a week, until the glycemia
scores are >4 g/L for at least two consecutive measurements.

2. A group of mice receives i.v. treatment with nonmitogenic anti-CD3 MAb
whereas another group receives an isotype control. The dosage is either 5 µg/d
(low dose) on five consecutive days (25 µg in total) or 20 µg/d (high dose) on five
consecutive days (100 µg in total).

3. Remission from sickness (i.e., disappearance of glycosuria and a return to normal
glycemia) may be achieved 2–4 wk after treatment in 64–80% of the mice.

4. T cell (TCR/CD3+) depletion may be shown to be transient—approx 50% in mice
treated with the low MAb dose and approx 75% of animal treated with high doses,
recover basal CD3 levels in 25 and 35 d, respectively.

To confirm the induction of dominant tolerance, 20–40 × 106 spleen cells
may be transferred from protected mice into nontreated, sublethally irradiated
(750 rad), syngeneic male recipients. This procedure renders the recipients dia-
betic, in a similar way to the recipients of splenocytes from overtly diabetic
donors, proving that diabetogenic T cells persist in tolerant mice under the con-
trol of Treg cells (73).

3.4. Conclusions

Although MAb have been successful in inducing dominant tolerance in
animal models of transplantation and autoimmune diseases, it will be impor-
tant to investigate whether similar strategies can be adopted, in the context of
allergy, to induce tolerance to allergens. Such experimental systems have
been useful in understanding the biology of Treg cells and the suppressive
mechanisms maintaining dominant tolerance. But besides such important
contributions toward the basic understanding of the immune system and its
regulation, there is a potential for clinical application of tolerogenic MAb.
Recent observations have shown that MAb equivalent to the ones used in
murine studies can be successfully used to induce tolerance in primates
(29,104,111). Furthermore, a recent clinical trial has shown a beneficial effect
of tolerogenic CD3 MAb in autoimmune diabetes (112). There are, therefore,
reasons for optimism concerning the clinical use of tolerogenic antibodies in
human immune pathology.

4. Notes
1. Active viral infection, with lymphocytic choriomeningitis virus, at the time of tol-

erance induction with costimulation blockade and DST can prevent the effective-
ness of the treatment leading to graft rejection (80,99,100). However, this effect
seems to be virus-specific, with some viral infections (murine cytomegalovirus and
vaccinia virus) not leading to graft rejection (99). A persistent viral infection with
lymphocytic choriomeningitis virus clone 13 can also prevent the establishment of
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transplantation tolerance with a costimulation blockade-based regimen, and the
antibody treatment can prevent an effective antiviral immune response (100).
Furthermore, the persistence of memory T cells elicited by prior exposure to infec-
tious agents has been reported as a barrier to the induction of transplantation tol-
erance, even in the absence of concomitant infection (101). This phenomenon is
generally known as heterologous immunity. An explanation for these findings may
be the cross-reactivity between viral and transplantation antigens (99,102).
However, these obstacles do not seem to be complete. With coreceptor blockade,
instead of costimulation blockade, it has been possible to induce tolerance to allo-
grafts in mice or rats previously primed to donor antigens (12,14). In addition,
infection of tolerized mice (with anti-CD4+ DST) with murine influenza PR8, at d
7 following heart transplantation, did not lead to impaired antiviral responses or to
graft rejection (103).

2. It has been reported that successful induction of dominant tolerance following
coreceptor blockade leads to expansion of Treg cells (20), and elimination of
alloreactive cells through activation-induced cell death (60,96). Some conven-
tional immunosuppressive drugs, such as corticosteroids and calcineurin
inhibitors like cyclosporine-A and tacrolimus, by preventing T-cell activation and
activation-induced cell death can abrogate the induction of dominant tolerance
(60,96,104,105). The use of donor BM to induce tolerance by deletion of allore-
active clones does not seem to be affected by those drugs (106). Other immuno-
suppressive drugs, such as rapamycin or mycophenolate mofetil, do not seem to
prevent tolerance induction and may be useful in addition to the tolerogenic MAb
(60,105). The impact of the novel immunosuppressant FTY720, which induces a
reversible sequestration of T cells in secondary lymphoid organs, in tolerance
induction has not been established (107). Given that Treg cells can be found in tol-
erated allografts (16), it will be important to assess whether the impact on T-cell
migration may prevent the onset of dominant tolerance.

3. Lymphopenia is a common feature in animal models of autoimmunity, appearing
to be associated with the break down of tolerance (50). In transplantation experi-
ments it was shown that T-cell depletion in advance of treatment with costimula-
tion blockade + DST constituted a barrier for tolerance induction (108).
Apparently, this effect is because of the acquisition of functional memory T cells
(109). It remains to be established whether tolerizing regimens, successful in
inducing tolerance in presensitized recipients (12,14), will remain effective when
used with lymphopenic animals.

4. It is usually assumed that newly formed T cells exported from the thymus create
an obstacle for dominant tolerance maintenance. In some stringent experimental
systems, the use of thymectomized animals can facilitate maintenance of the toler-
ant state (52). Dominant tolerance, however, has been induced in either euthymic
or thymectomized animals in many experimental systems, including stringent
MHC-mismatched skin transplantation (23). The presence of the thymus is required
for the induction of tolerance based on mixed-chimerism, where thymic deletion
of alloreactive clones occurs (110).
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Induction of Tolerance by Adoptive Transfer of Treg Cells

Kanji Nagahama, Eiji Nishimura, and Shimon Sakaguchi

Summary
Naturally arising CD4+CD25+ regulatory T (Treg) cells can be exploited to establish immuno-

logic tolerance to allogeneic transplants. In vivo exposure of CD4+CD25+ T cells from normal
naïve mice to alloantigen in a T cell-deficient environment elicits spontaneous expansion of
alloantigen-specific CD4+CD25+ natural Treg cells, which are able to suppress allograft rejection
mediated by subsequently transferred naïve T cells, leading to long-term graft tolerance. Similar
antigen-specific expansion of natural Treg cells can also be achieved in vitro by stimulating
CD4+CD25+ T cells from normal animals with alloantigen in the presence of high doses of inter-
leukin-2. The expanded CD4+CD25+ Treg cells are even capable of suppressing secondary mixed
leukocyte reaction in vitro and, by in vivo transfer, establishing antigen-specific long-term graft
tolerance. Thus, in vivo or in vitro, direct or indirect ways of alloantigen-specific expansion 
of naturally arising CD4+CD25+ Treg cells can establish antigen-specific dominant tolerance to
allogeneic transplants.

Key Words: CD4+CD25+ regulatory T cells; allograft tolerance induction; organ transplantation.

1. Introduction
It is hoped that immunologic tolerance to certain nonself antigens, such as

alloantigens in organ transplants, can be established as stably as natural toler-
ance to self-constituents. There is accumulating evidence that naturally arising
CD4+CD25+ regulatory T (Treg) cells play a crucial role in the maintenance of
immunologic self-tolerance and negative control of immune responses (1–3).
For example, depletion of CD4+CD25+ Treg cells leads to spontaneous devel-
opment of various autoimmune diseases in normal animals and provokes effec-
tive tumor immunity in otherwise nonresponding animals (4–8). The depletion
also enhances immune responses to nonself antigens including allogeneic trans-
plantation antigens (4).
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Natural CD4+CD25+ Treg cells are at least in part produced by the normal thy-
mus as a functionally mature T-cell subpopulation (9). They are functionally
unique in that they proliferate poorly in response to in vitro antigenic stimulation
unless interleukin (IL)-2 is provided and, upon in vitro stimulation with specific
antigens, they potently suppress the activation/proliferation of other T cells in an
antigen-nonspecific manner, seemingly through cell–cell interaction on antigen-
presenting cells (APC) (9–12). Phenotypically, they constitutively express
CTLA-4, certain members of Toll-like receptors, CD103 (αE integrin) and GITR
(glucocorticoid-induced TNF receptor family-related gene) at high levels
(13–19). They specifically express the transcription factor Foxp3, which appears
to act as a master control gene for their development and function (20–22).
Furthermore, recent studies utilizing CD4+CD25+ Treg cells from T-cell receptor
transgenic mice have shown that antigen-specific Treg cells can expand in vivo
upon antigen stimulation along with potent adjuvant or mature dendritic cells
(23–25). Natural CD4+CD25+ Treg cells also show homeostatic proliferation in a
T cell-deficient environment (26,27), and a fraction of them are proliferating in
normal animals presumably by recognizing self-antigens (28,29). These findings
collectively indicate that naturally arising CD4+CD25+ Treg cells are a develop-
mentally, phenotypically, and functionally distinct subpopulation of T cells (1).

We have previously shown that alloantigen-specific Treg cells present in the
naturally arising CD4+CD25+ Treg cell population can be expanded in vivo by
sensitizing them to alloantigens, in contrast to their in vitro hypoproliferation
upon allogeneic stimulation (30). Notably, permanent graft tolerance can be
achieved when this in vivo antigen-specific expansion of natural Treg cells
is allowed to the extent that they become sufficient in number and suppres-
sive activity to control the expansion/activation of alloreactive effector T cells.
Alloantigen-specific CD4+CD25+ Treg cells can also be expanded in vitro in the
presence of high dose IL-2 and exploited for inducing antigen-specific graft tol-
erance in vivo by transferring them to animals with allografts (31,32). In addi-
tion, recent reports have shown that natural CD4+CD25+ Treg cells are also
instrumental in the prevention of graft-vs-host disease after allogeneic bone
marrow transplantation (33,34).

Based on these findings, we discuss in this chapter how donor-specific graft
tolerance can be achieved by in vivo or in vitro expansion of antigen-specific
CD4+CD25+ natural Treg cells.

2. Materials
2.1. Mice

1. Six- to 8-wk-old female BALB/c, C57Bl/6 (B6), and C3H/He may be purchased
from suppliers such as SLC Japan (Osaka, Japan).

2. BALB/c athymic nude mice may be obtained from Clea Japan (Tokyo, Japan).
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2.2. Skin Transplantation and Cell Transfer

1. Full thickness tail skin is removed from euthanized donors, placed on sterile filter
paper moistened with PBS, and kept at 4°C until use usually within 30 min. The
dorsal surfaces of anesthetized recipient mice are washed with 70% ethanol. A
graft bed is prepared with fine scissors by removing an area of epidermis and der-
mis down to the level of the muscle fascia. Skin grafts (0.5 cm2) are placed into
the prepared bed without suturing and then covered with Vaseline-impregnated
gauze and an adhesive plastic bandage. After 7 d, the bandage is removed.

2. Cell suspensions in 0.4 mL of RPMI 1640 medium (Gibco BRL, Gaithersburg,
MD) are administrated intravenously through a tail vein.

3. Skin graft survival is assessed four times a week by visual and tactile examination.
Rejection is defined as the first day on which the entire epidermal surface of the
graft becomes necrotic. Statistical analysis of graft survival is made by the log-
rank method.

2.3. Monoclonal Antibodies and Reagents

1. Fluorescein isothiocyanate-, phycoerythrin-, CyChrome-labeled, or biotinylated
monoclonal antibodies (MAb) to CD25 (clone 7D4) and CD4 (clones RM4-5 and
H129.19) (PharMingen, San Diego, CA).

2. PE- or CyChrome-conjugated streptavidin, as the secondary reagent (PharMingen).
3. Affinity-purified goat anti-rat IgG (specific for the whole IgG molecule) (ICN

Pharmaceuticals, Aurora, OH).
4. Normal rat IgG (Sigma, St. Louis, MO).
5. Murine recombinant IL (rIL)-2 (3.89 × 106 U/mg) (Shionogi Co., Osaka, Japan).

2.4. Fractionation of T-Cell Suspensions

1. Lymphocyte suspensions are prepared from spleens and inguinal, axillary,
brachial, and mesenteric lymph nodes of 6- to 8-wk-old female BALB/c mice.
Erythrocytes are lysed with ACK buffer (8.29 g of NH4Cl, 1 g of KHCO3, 37.2 mg
of Na2EDTA, 800 mL of H2O, adjusted to pH to 7.2–7.4 with 1 N HCl, and topped
up to 1 L with H2O).

2. B cells and adherent cells are depleted by treating with anti-CD24 (clone J11d) MAb
(4°C, 30 min.) and incubating on plastic dishes precoated with goat anti-rat IgG at
4°C for 30 min (nontreated 100-mm dishes: IWAKI, 1020-100) (see Note 1).

3. For further depletion, the nonadherent cells (at 5 × 106 cells/mL) are incubated
with nontoxic rabbit serum (Cedarlane Laboratories, Ontario, Canada), as a com-
plement source, diluted 1:10 as a final concentration, for 30 min at 37°C with
occasional shaking.

4. To remove CD4+CD25+ cells from splenic and lymph node cells, cell suspen-
sions are incubated at 5 × 106 cells/mL for 30 min at 4°C with the culture super-
natant of hybridoma cells secreting anti-CD25 MAb (clone 7D4). They are then
washed once and incubated with nontoxic rabbit serum diluted 1:10 as the final
concentration, and incubated for 30 min at 37°C with occasional shaking. This
procedure is repeated twice.
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2.5. CD4+CD25+ Treg and CD4+CD25– T Cells

1. For enrichment of CD4+CD25+ T cells, spleen and lymph node cells are first incubated
with anti-CD8 (clone 3.155) and anti-CD24 (clone J11d) MAb for 30 min at 4°C, then
incubated at 4°C for 30 min on plastic dishes precoated with goat anti-rat IgG.

2. Nonadherent cells (>85% of which are usually CD4+) are stained with biotin-anti-
CD25 MAb, followed by PE-streptavidin and fluorescein isothiocyanate-anti-CD4
MAb at 4°C for 30 min.

3. CD4+CD25+ or CD4+CD25– T cells are purified by MoFlo cytometer (Dako-
Cytomation, Carpinteria, CA) (the purity of the CD4+CD25+ or CD4+CD25– popu-
lation is usually >98% and ~99%, respectively). Alternatively, CD4+CD25+ cells
are enriched by the MACS system (magnetic cell sorting; Miltenyi Biotech).

4. The enriched CD4+ T cellsare stained with biotin-anti-CD25 MAb, PE-streptavidin, and
then incubated with anti-PE microbeads according to the manufacturer’s instructions.

5. Cells are positively selected on an LS separation column. The CD4+CD25+ popu-
lation is further enriched from the positive fraction by passing a second time over
an LS column (see Note 2).

6. The cells in the negative fraction are incubated with anti-CD4 microbeads and the
CD4+CD25– population is positively selected on an LS column (see Note 2).
Purity of the CD4+CD25+ and CD4+CD25– populations is usually >93% and
approx 99%, respectively.

2.6. Mixed Leukocyte Reaction

1. BALB/c whole, CD4+ or CD4+CD25– T cells (5 × 104/well) together with various
numbers of CD4+CD25+ Treg cells (0–5 × 104/well) are cultured with RBC-lysed and
X-irradiated (20 Gy) B6 or C3H splenocytes (1 × 105/well) as stimulators for 6 d in
96-well round-bottom plates (Corning Costar, Cambridge, MA) in Dulbecco’s mod-
ified Eagles medium containing 10% fetal calf serum (PAA Laboratories, Newport
Beach, CA), penicillin (100 U/mL), streptomycin (100 µg/mL), and 50 µM 2-ME.

2. Cultures are pulsed with [3H]thymidine ([3H]TdR) (37 kBq/well) (Du Pont/NEN)
for the final 16 h.

3. To assess the secondary mixed leukocyte reaction (MLR), BALB/c CD4+CD25–

T cells (5 × 104/well) are precultured with irradiated B6 splenocytes for 7 d,
washed, and then cultured with X-irradiated fresh B6 splenocytes for 5 d in the
presence or absence of CD4+CD25+ Treg cells.

3. Methods
3.1. Induction of Allograft Tolerance by Naturally Occurring
CD4+CD25+ Treg Cells

1. B6 tail skin is grafted on BALB/c nude mice, which are then reconstituted with
CD25+-depleted cells from BALB/c mice. They reject B6 skin grafts significantly
faster than those reconstituted with nondepleted cell suspensions (see Fig. 1). This
indicates that CD4+CD25+ Treg cells in normal naïve mice have the potential to
downregulate immune response to alloantigens in vivo.
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2. Cotransfer of CD4+CD25+ Treg cells and naïve T cells into BALB/c nude mice
with B6 skin grafts significantly prolongs graft survival compared with the trans-
fer of naïve T cells alone (see Fig. 2).

3. Transfer of CD4+CD25+ Treg cells 7 d prior to naïve T-cell transfer can prolong graft
survival further than cotransfer of CD4+CD25+ Treg and naïve T cells. This can be
attributed to antigen-specific expansion of CD4+CD25+ Treg cells during this 7 d
period, which suppress allogeneic immune responses more effectively when naïve 
T cells are transferred (see Fig. 2). Notably, permanent graft tolerance is attained in
more than 70% of the recipients when a threefold excess of CD4+CD25+ Treg cells
to naïve T cells are transferred 7 d prior to naïve T cells (see Fig. 2).

3.2. In Vitro Stimulation of CD4+CD25+ Treg Cells

1. Naturally occurring CD4+CD25+ Treg cells exhibit poor proliferative responses in
primary allogeneic MLR in vitro, and suppress alloreactive proliferation of both
CD4+ T cells and CD8+ T cells. However, with addition of rIL-2, the donor-
specific cohort of fresh BALB/c CD4+CD25+ Treg cells can expand in MLR with
donor-type APC (see Fig. 3).

2. BALB/c CD4+CD25+ Treg cells (2.5 × 104/well) are cocultured with X-irradiated
(15 Gy) B6 or C3H splenocytes (1 × 105/well) for 7 d in the presence of 100 U/mL
of rIL-2.

3. Cells are washed and added to the MLR or administered to skin-grafted nude mice.
4. These prestimulated Treg cells potently suppress a secondary MLR, whereas the

same number of freshly prepared CD4+CD25+ T cells fail to do so (see Fig. 4A).
5. The suppressive activity of the 4-wk-stimulated CD4+CD25+ T cells is much

higher than the activity of their 1-wk-stimulated counterparts (see Fig. 4A).

Tolerance Induction by Treg Cells 435

Fig. 1. Control of allograft rejection by natural CD4+CD25+ regulatory T cells cells.
BALB/c nude mice with B6 skin grafts were inoculated with 5 × 107 CD25+-depleted
cells (black squares, n = 10) or nondepleted cells (white circles, n = 10). Percentage sur-
vival of the grafts (ordinate) on days after cell transfer (abscissa) is shown as the total of
3 independent experiments (MST = 12 and 24 d, respectively, n = 10 each, p < 0.0001).
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6. Titration of the number of Treg cells required for a particular degree of suppres-
sion reveals that B6-prestimulated BALB/c CD4+CD25+ T cells are more
(nearly eightfold) potent than C3H-prestimulated BALB/c CD4+CD25+ T cells
in suppressing the response of BALB/c CD4+CD25–T cells to B6-stimulation;
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Fig. 2. Induction of allograft tolerance by natural CD4+CD25+ regulatory T cells (Treg)
cells. BALB/c nude mice with B6 skin grafts were reconstituted with naïve T cells (2 × 105)
from normal BALB/c mice on day 0. Some mice were transferred with CD4+CD25+ Treg
cells (2 × 105) on day 0. Others were transferred with CD4+CD25+ Treg cells (2 × 105 or
6 × 105) 7 d prior (d –7) to transfer of naïve T cells. Control mice received naïve T cells
only. The result shown is the total of 21 independent experiments. Although the
cotransfer of CD4+CD25+ Treg cells and naïve T cells significantly prolonged graft 
survival compared with transfer of naïve T cells alone (MST: 42 vs 31 d, n = 12 and 29,
respectively; p = 0.002), inoculation of CD4+CD25+ Treg cells 7 d prior to naïve T-cell
transfer prolonged graft survival further (MST: 64 d, n = 13, p = 0.0002) with 23% of the
mice showing long-term (>100 d) graft acceptance. Furthermore, when a threefold excess
of CD4+CD25+ Treg cells to naïve T cells was transferred 7 d apart, 73% of the recipients
showed long-term acceptance of the grafts (MST: >100 d, n = 15, p < 0.00001).

27_Sakaguchi  4/4/07  10:49 AM  Page 436



Tolerance Induction by Treg Cells 437

Fig. 3. In vitro expansion of alloantigen-specific CD4+CD25+ regulatory T cells
(Treg) cells. BALB/c CD4+CD25– T cells, CD4+CD25+ Treg cells, or the two popula-
tions mixed at the ratio of 1:1, were stimulated with B6 splenocytes in the presence of
various concentrations of IL-2.

the C3H-prestimulated CD4+CD25+ T cells show a comparable suppressive
activity to that of freshly prepared BALB/c CD4+CD25+ T cells (see Fig. 4B).

7. Likewise, C3H-prestimulated BALB/c CD4+CD25+ T cells more potently 
suppressed the response of BALB/c CD4+CD25–T cells to C3H stimulation than
B6-prestimulated or freshly prepared BALB/c CD4+CD25+ T cells (see Fig. 4B).

8. Thus, in vitro stimulation of CD4+CD25+ Treg cells with allogeneic cells and in
the presence of IL-2 can enhance their suppressive activity in an alloantigen-specific
fashion as demonstrated by in vitro secondary MLR.

3.3. Antigen-Specific Suppression of Graft Rejection 
by Ex Vivo Stimulated CD4+CD25+ Treg Cells

1. Donor-specific tolerance of skin grafts can be induced by the ex vivo prestimu-
lated CD4+CD25+ Treg cells described above. BALB/c CD4+CD25+ Treg cells
stimulated in vitro with B6 APCs plus 100 U/mL IL-2 for 1 wk are transferred to
BALB/c nude mice carrying B6 skin grafts. The transfer significantly prolongs
graft survival in a cell dose-dependent fashion (see Fig. 5A).

2. This prolongation is antigen-specific because B6-prestimulated CD4+CD25+ T
cells significantly prolong the survival of B6 grafts at 1:1 ratio of Treg cells and
naïve T cells; the survival is significantly longer compared with the transfer of
C3H-prestimulated CD4+CD25+ T cells. Similarly, C3H-prestimulated CD4+CD25+

T cells prolong the survival of C3H grafts significantly longer than B6-prestimulated
CD4+CD25+ T cells (see Fig. 5B and Note 3).

3. Thus, in vitro stimulation of CD4+CD25+ Treg cells with allogeneic cells and in
the presence of IL-2 can enhance their suppressive activity in an alloantigen-specific
fashion as demonstrated by both in vivo and in vitro analysis.
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Fig. 4. In vitro expansion of alloantigen-specific CD4+CD25+ regulatory T cells (Treg) cells and enhancement of their anti-
gen-specific suppression. (A) BALB/c CD4+CD25+ T cells freshly prepared, or prestimulated with B6 splenocytes plus inter-
leukin (IL)-2 for 1 or 4 wk, were mixed with BALB/c CD4+CD25– T cells either freshly prepared (left) or prestimulated with
B6 splenocytes for 7 d (right). The cell mixtures were stimulated with X-irradiated B6 splenocytes. (B) BALB/c CD4+CD25+

T cells either freshly prepared, or prestimulated with B6 or C3H spleen cells plus IL-2 for 7 d, were mixed with freshly pre-
pared BALB/c CD4+CD25– T cells at various ratios and stimulated with either X-irradiated B6 (left) or C3H (right) splenocytes.
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Fig. 5. Antigen-specific suppression of graft rejection by ex vivo antigen-stimu-
lated CD4+CD25+ regulatory T cells (Treg) cells. (A) BALB/c nude mice engrafted
with B6 skin grafts received 2 × 105 B6 or C3H-prestimulated BALB/c CD4+CD25+

T cells, 1 × 106 B6-prestimulated BALB/c CD4+CD25+ T cells, or PBS alone as
control. Seven days later, all mice received 2 × 105 naïve BALB/c whole T cells.
The transfer significantly prolonged graft survival in a cell dose-dependent fashion
(MST = 67 d at 1:1 ratio of prestimulated CD4+CD25+ T cells vs freshly prepared
naïve T cells, n = 10, and MST >100 d at 5:1 ratio, n = 9; p = 0.00004 and 0.00003
vs control, respectively). B6-prestimulated CD4+CD25+ T cells significantly pro-
longed the survival of B6 grafts at 1:1 ratio of Treg and naïve T cells and the sur-
vival was significantly longer compared with the transfer of C3H-prestimulated
CD4+CD25+ Treg cells (MST = 62 vs 40 d, p = 0.03). (B) BALB/c nude mice
engrafted with C3H skin grafts received 2 × 105 B6 or C3H-prestimulated BALB/c
CD4+CD25+ T cells, or PBS alone as control. Seven days later, all mice received 
2 × 105 naïve BALB/c whole T cells. C3H-prestimulated CD4+CD25+ Treg cells
prolonged the survival of C3H grafts significantly longer than B6-prestimulated
CD4+CD25+ T cells (MST = 36 vs 23 d, p = 0.017).
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4. Notes
1. Ab-coated dishes should be covered with plain medium until they are used for

panning.
2. To prevent cell aggregation, it is recommended to use MACS buffer containing 

2 mM EDTA.
3. BALB/c may reject C3H grafts faster than B6 grafts.
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Modulation of the Immune Response Using Dendritic
Cell–Derived Exosomes

Nicole R. Bianco, Seon-Hee Kim, Adrian E. Morelli, 
and Paul D. Robbins

Summary
Initial studies in our laboratory were focused on the use of dendritic cells (DC) genetically

modified to express Th2-derived cytokines (i.e., interleukin [IL]-4 and IL-10) or apoptotic pro-
teins (i.e., Fas Ligand [FasL]) to reduce inflammation in a mouse model of experimentally
induced arthritis. Exosomes are nano-sized vesicles (40–100 nm diameter) released by different
cell types, including DC, that contain many of the proteins thought to be involved in regulating
the immune response. We have demonstrated that exosomes derived from immature DC treated
with immunomodulatory cytokines (i.e., IL-10, IL-4) are able to inhibit inflammation in a murine
footpad model of delayed-type hypersensitivity (DTH) and reduce the severity of established
collagen-induced arthritis (CIA). In fact, the exosomes were as therapeutic as the parental DC.
Because purified DC-derived exosomes are very stable vesicles, they may be a better approach
for future treatment of arthritis and other autoimmune disorders than the more unstable DC. In
this chapter we detail a protocol for preparing the exosomes produced by murine bone
marrow–derived DC. We also review methods to assess the purity and concentration of purified
exosomes, by using electron microscopy, Western blot analysis, and flow cytometry. Finally, we
describe methods to assess the function of exosomes in vitro, using the mixed leukocytes reaction,
and in vivo by means of DTH and an experimental model of CIA.

Key Words: Rheumatoid arthritis; exosomes; autoimmune disease; dendritic cells; collagen-
induced arthritis; delayed-type hypersensitivity.

1. Introduction
1.1. Discovery of Exosomes

Exosomes are membrane-bound nanovesicles (50–100 nm diameter) gen-
erated by reverse budding of the limiting membrane of multivesicular late
endosomes. Exosomes were first described in the 1980s, originating from
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differentiating red blood cells (1). Because exosomes are generated in the
late endosomal compartment by inverse budding, they carry many membrane-
associated proteins. Exosomes have also been shown to be released by various
cells of hematopoietic origin (B cells, T cells, DC, mast cells, and platelets) and
tumor cells (2,3). Initially, exosomes were considered to be cellular “garbage
bags,” removing unwanted proteins from cells with a low content of lysosomes,
such as the transferrin receptor from differentiating reticulocytes (4). It is now
believed that exosomes may serve many functions, depending on the cell type
and stage of maturity of the originating cell.

1.2. Immunologic Effects of Exosomes

Exosomes originating from immune cells, such as B cells, T cells, DC, and
mast cells, are thought to play a role in communicating immuno-regulatory sig-
nals to other immune cells in either an immuno-stimulating or suppressive man-
ner. Indeed, exosomes derived from immune cells express regulatory molecules
to carry out this function, including major histocompatibility complex class I
and II molecules, B7-1, B7-2, as well as various targeting and adhesion mole-
cules that may dock exosomes to acceptor cells (3).

In murine models, exosomes can be immunostimulatory or suppressive,
depending on the state of maturation and cell type from which they derive.
Peptide-pulsed DC-derived exosomes are able to elicit a potent antitumor
immune response in mice (5,6) and have recently been tested in phase I
human trials (7,8). Tumor cell-derived exosomes carrying tumor antigens also
have been demonstrated to have antitumor effects in mice (9). Toxoplasma
gondii antigen-pulsed DC2.4 cell line-derived exosomes have also been
shown to be able to trigger humorally mediated immunity to the T. gondii
parasite (10).

However, several reports have shown that exosomes may also exert
immunosuppressive functions. Small exosome-like vesicles (termed tolero-
somes) produced by rat intestinal epithelial cells cultured in the presence of
interferon-γ and the model antigen ovalbumin (digested) were able to induce
antigen-specific tolerance after injection into untreated mice (11). Allogeneic
exosomes from immature bone marrow-derived DC delayed rejection of heart
allografts in rats (12). Furthermore, T cells and tumor cells are able to gener-
ate exosome-like vesicles expressing Fas ligand (FasL), which induce apop-
tosis of T cells that would otherwise counteract tumor growth (13–16). FasL
containing vesicles have been found in the first trimester syncytiotrophoblast
and may be responsible for immune privilege in the placenta (17).

We have shown that both DC and exosomes derived from immature DC
pretreated with interleukin (IL)-10 produce anti-inflammatory exosomes that
suppress the onset of murine collagen-induced arthritis (CIA) and reduce the
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severity of established arthritis (18). In fact, exosomes were as effective as the
parental DC. Moreover, exosomes from DC transduced with recombinant ade-
novirus encoding FasL (19) or IL-4 (unpublished data) produce exosomes able
to suppress inflammation in a murine model of delayed type hypersensitivity
and partially reverse established CIA. Because exosomes are more stable in
vitro than DC, they may be a better approach for future treatment of arthritis
and other autoimmune disorders.

In this chapter, we first detail a protocol for preparing the exosomes from
murine bone marrow-derived DC and methods to assess the purity and con-
centration of exosomes using electron microscopy, Western blot and FACS
analysis for exosome-associated proteins. Finally, we describe methods to
assess the function of exosomes in vitro (mixed leukocyte reaction [MLR]),
and in vivo by means of delayed-type hypersensitivity (DTH) and the mouse
model CIA.

2. Materials
2.1. Preparation of Exosomes Released by Dendritic Cells

2.1.1. DC Generation

1. ACK cell lysing buffer (Mediatech, Herdon, VA).
2. Nycoprep 1.077 (NycoMed, Roskilde, Denmark).
3. RPMI-1640 medium (Mediatech).
4. RPMI-1640 complete medium: RPMI-1640 medium supplemented with 10% fetal

calf serum (FCS) (heat-inactivated and filtered), 2 mM L-glutamine, 1% of
nonessential amino acids, 50 µM 2-mercaptoethanol, 100 U/mL penicillin, and
100 µg/mL streptomycin.

5. Mouse recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF)
(Endogen, Rockford, IL).

6. Mouse recombinant IL-4 (Endogen, Rockford, IL).
7. Hanks’ balanced salt solution (HBSS) (Mediatech).

2.1.2. Exosome Isolation

1. Phosphate-buffered saline (PBS).
2. Beckman SW-41 Ultracentrifuge rotor.
3. Bio-Rad protein assay kit and bovine serum albumin (BSA) to act as a standard.
4. Microtiter 96-well plates.

2.2. Visualization of Exosomes Using Electron Microscopy

1. Formvar/carbon coated EM grid.
2. Neutral 1% aqueous phosphotungstic acid or 1% uranylacetate.
3. Transmission electron microscope (JEOL-1210 computer controlled high contrast

120 kv transmission electron microscope).
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2.3. In Vitro Characterization of Exosomes

2.3.1. Western Blot Analysis

1. 5X protein loading sample buffer: 1 g SDS, 5 mg bromophenol blue, 5 mL glycerol,
2.5 mL Tris-HCl, pH 6.8, 2.8 mL 2-mercaptoethanol.

2. Nitrocellulose or polyvinylidene fluoride (PVDF).
3. Methanol (MeOH).
4. 10X SDS running buffer: 144 g glycine, 30.2 g Tris, 10 g SDS in 1 L ultrapure

H2O. 1X SDS running buffer: 100 mL 10X buffer, 900 mL ultrapure H2O.
5. 10X semidry transfer buffer (no MeOH): 116.4 g Tris, 58.6 g glycine, 1.0 g SDS

in 1 L ultrapure H2O. 1X semidry transfer buffer: 100 mL 10X buffer, 700 mL
H2O, 200 mL MeOH.

6. Semidry transfer apparatus (Bio-Rad; Hercules, CA).
7. Amido Black Staining Solution (Sigma Chemical Co., St. Louis, MO).
8. PBS-Tween-20 (PBS-T): PBS plus 0.1% Tween-20.
9. Nonfat dry milk.

10. BSA.
11. Primary and horseradish peroxidase-conjugated secondary antibodies.
12. Western blot developing reagents of choice.

2.3.2. FACS Analysis
1. 4-µm Latex beads (Interfacial Dynamics).
2. MES buffer: dissolve 1.33 g MES in 200 mL deionized H2O, heat to 50°C, adjust

pH to 6.0 with NaOH, then bring the volume to 250 mL with dH2O when the solu-
tion has cooled.

3. PBS.
4. Storage buffer: PBS, 0.1% sodium azide, 0.1% glycine.
5. Staining buffer: PBS, 1% heat inactivated FCS, 0.1% (w/v) sodium azide, adjust

pH to 7.4–7.6. Store at 4°C.
6. BSA.
7. Fixative: PBS, 4% (w/v) paraformaldehyde, adjust pH to 7.4–7.6.
8. Monoclonal antibodies (MAb) of choice.

2.4. In Vitro and In Vivo Functional Testing of Exosomes
2.4.1. MLR

1. Splenic T cells from BALB/c mice.
2. Antigen-presenting cells, including DC from BALB/c or C57Bl/6 mice.
3. Round-bottomed 96-well plates.
4. 3H-thymidine.
5. Microplate β counter.

2.4.2. Mouse DTH
1. C57Bl/6 mice.
2. Antigen (keyhole limpet hemocyanin [KLH] or ovalbumin [OVA]) emulsified 1:1

in complete Freund’s adjuvant (CFA).
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3. Antigen (KLH or OVA) in PBS (20 µg/paw) for boost injection.
4. Spring-loaded caliper (Dyer, Lancaster, PA).

2.4.3. Mouse CIA

1. DBA/1 lacJ (H-2q) mice.
2. Bovine type II collagen (Chondrex, Redmond, WA) in 0.05 M acetic acid at a

concentration of 2 mg/mL.
3. Incomplete Freund’s adjuvant.
4. Lipopolysaccharide (Sigma).
5. Spring-loaded caliper (Dyer).

3. Methods
3.1. Preparation of Exosomes From Bone Marrow–Derived DC

3.1.1. DC Generation From Bone Marrow Cells

The following method for bone marrow DC generation has been adapted
from Son et al. (20).

1. Sacrifice the mice in a CO2 chamber. Bone marrow from 10 mice will yield approx
10 µg of exosomes.

2. Swab the mice with 70% EtOH.
3. Disinfect the scissors and forceps using 70% EtOH.
4. Make a transverse incision across the abdomen and deflect the skin to expose the

entire hind limb.
5. Dissect the femur and tibia bilaterally by cutting the joints and removing as much

muscle as possible. Place the bones in a 50-mL sterile conical tube containing
sterile HBSS.

6. Remove the HBSS and rinse the bones with 30 mL of HBSS.
7. Place the bones in a 10-cm diameter Petri dish containing approx 15 mL of RPMI.
8. Using sterile gauze, remove the muscle, separate the bones and place them in a

new 10-cm Petri dish containing approx 15 mL of RPMI.
9. Carefully remove the tips of the bones and flush out the bone marrow, using a

21-gauge needle and a 10-mL syringe filled with RPMI, into a 50-mL tube 
containing RPMI.

10. Centrifuge at 500g for 7 min at room temperature (RT).
11. Remove the supernatant and resuspend in 2–3 mL of ACK cell lysing buffer per

two mice (to lyse the contaminating erythrocytes). Gently homogenize using an
18-gauge needle.

12. Allow to stand for 5 min.
13. Add 2 vol of complete medium.
14. Centrifuge at 500g for 7 min at RT.
15. Remove the supernatant: the pellet should appear white.
16. Resuspend in 8 mL of RPMI and transfer to a new tube overlaying 4 mL of

Nycoprep, taking care not to mix the layers.
17. Spin at 600g for 20 min at RT.
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18. Remove the cells at the interface and transfer to a new 15-mL tube and add 5 mL
of HBSS.

19. Spin the cells at 500g for 7 min. While centrifuging, pipet 2 mL of complete
medium into 24-well cell culture plates.

20. Resuspend the cells in 48 mL of complete medium and pipet 2 mL into each well
from step 19 to give 4 mL total/well (approx 106 cells/well).

21. Incubate the cells at 37°C, 5% CO2 overnight.
22. Harvest the nonadherent cells and transfer to 50-mL tubes. Discard the adherent

macrophages.
23. Spin at 500g for 7 min, aspirate supernatant, and resuspend each tube in 24 mL of

medium containing 50 µL of stock GM-CSF (10 µg/mL) and 50 µL of stock IL-
4 (20 µg/mL) (1000 IU/mL of each in final concentration).

24. Add 2 mL of medium per well plus 2 mL of cells.
25. Culture at 37°C for 4 d.
26. Harvest semiadherent DC and replate in fresh medium containing GM-CSF and

IL-4. Alternatively, perform infection or treat with recombinant protein (see Notes
1–3).

27. Harvest the cells and exosomes 2–3 d later.

3.1.2. Exosome Isolation

The method for exosome isolation has been adapted from Thery et al. (21).
Collected culture supernatants are serially centrifuged at 300g for 10 min,
1200g for 20 min, and 10,000g for 30 min. The supernatant from the final spin
is ultracentrifuged (Beckman SW-41) at 100,000g for 1–2 h to pellet the exo-
somes. The exosome pellet is washed in saline, centrifuged at 100,000g for 1–2 h,
and resuspended in 100–200 µL of PBS. Figure 1 shows a schematic diagram
of the isolation protocol (see Notes 4 and 5). The amount of protein in the exo-
some preparation is assessed by the Bradford assay using the microtiter plate
protocol (Bio-Rad, Hercules, CA). For short-term storage, the exosomes are
kept at 4°C to preserve the membrane integrity. For long-term storage, and
when membrane integrity is not an issue (i.e., Western blotting), the exosomes
are kept at –80°C.

3.2. Visualization of Exosomes Using Electron Microscopy

Exosomes (10 µL) purified by differential ultracentrifugation and resus-
pended in PBS are loaded on a Formvar/carbon coated grid for 1 min, nega-
tively stained with 10 µL neutral 1% aqueous phosphotungstic acid or 1%
uranylacetate for 1 min and viewed using a JEM-1011 computer controlled high
contrast 80 kV transmission electron microscope. Exosomes are typically
50–120 nm in diameter and appear “saucer” shaped. Figure 2 shows an electron
micrograph of exosomes secreted from unmodified DC.
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3.3. In Vitro Characterization of Exosomes

3.3.1. Western Blot Analysis

For Western blot, exosomes (3–10 µg) are separated by 12 or 15% sodium
dodecyl sulfate-polyacrylamide gels, semidry transferred onto PVDF and
detected by Western blotting using an enhanced chemiluminescence detection
kit. Exosomal proteins for which we routinely blot include Hsc70, CD71, and
major histocompatibility complex class II.

The basic protocol is as follows:

1. Dilute the exosomes in 5X sodium dodecyl sulfate sample buffer.
2. Boil the samples for 5 min at 95°C and load onto a sodium dodecyl sulfate-

polyacrylamide gels.
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3. After the gel has finished running, set up the semidry transfer following the man-
ufacturer’s protocol.

4. After transferring, check for the transfer of proteins by staining the membrane
with Amido Black. Destain the membrane by washing in MeOH for 3 × 5 min.
Wash the membrane in PBS-T for 5 min.

5. Block the membrane for 1 h or overnight in 5% dry milk in PBS-T.
6. Wash the membrane in PBS-T for 3 × 5 min.
7. Incubate the membrane in primary MAb (in 1% BSA/PBS-T) for 2 h or overnight

using the supplier’s dilution recommendations.
8. Wash the membrane in PBS-T for 3 × 1 min, then 3 × 5 min.
9. Incubate the membrane in secondary antibody labeled with horseradish peroxi-

dase (in 5% milk/PBS-T) at a dilution of 1:5000 for 1 h.
10. Wash the membrane in PBS-T for 3 × 1 min, once for 15 min, then 3 × 5 min.
11. Detect proteins using chemiluminescence kit of choice and develop on autoradi-

ography film.

3.3.2. FACS Analysis

For flow cytometry, exosomes are required to be attached to latex beads that
have been precoated with an antibody that recognizes markers exposed on the
exosome surface. Then the exosome-latex bead complexes are labeled with 
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fluorochrome-conjugated MAb. This method is necessary because of the small
size of the exosomes (see Note 6).

1. Use 2.5 mL of 4-µm latex beads (4% solids) and wash with 10 mL of MES buffer.
2. Centrifuge the beads at 3000g for 20 min.
3. Repeat the washing and centrifugation steps.
4. Resuspend the beads in 5 mL of MES buffer.
5. Add 250 µL of beads (5 mg) to 250 µL of BSA in MES buffer (1 mg/mL) and 60 µg

of antibody that will be used to attach the exosomes.
6. Incubate overnight at RT, rocking slowly.
7. Centrifuge at 3000g for 20 min.
8. Remove the supernatant and resuspend in 1 mL of PBS.
9. Repeat steps 7 and 8.

10. Centrifuge at 3000g for 20 min.
11. Remove the supernatant and resuspend in 500 µL of storage buffer.
12. To set up the experiment, distribute 15 µL of labeled beads into the desired num-

ber of microfuge tubes.
13. Add 50–100 µg of exosomes and make up the volume to 500 µL. Alternatively, a

master mix can be made of beads and exosomes, then distributed into FACS tubes
at step 16.

14. Incubate for 2–4 h at 4°C, rocking slowly.
15. Centrifuge at 700g in a microcentrifuge for 5 min.
16. Remove the supernatant and resuspend in 100 µL of cold HBSS or staining buffer,

then distribute the beads to FACS tubes.
17. Block each tube with 10 µL of normal goat serum for 10 min on ice.
18. Add 1–2 µL of labeled antibody (e.g., FITC or PE). Incubate for 30–45 min on

ice. Cover the tubes, as the fluorophores are light sensitive.
19. To wash away excess MAb, add 1 mL of cold HBSS or staining buffer to each

tube. Centrifuge the tubes for 5 min at 700g.
20. Aspirate the supernatant and resuspend in 200–400 µL of staining buffer. If not

analyzing immediately, resuspend in 200 µL of cold 4% paraformaldehyde.
21. Analyse by FACS.

3.4. In Vitro and In Vivo Functional Testing of Exosomes

3.4.1. MLR

To test the ability of DC-derived exosomes to suppress T-cell prolifera-
tion, the effect of adding DC-derived exosomes to a MLR is tested. T cells
are purified from the spleens of BALB/c mice for in vitro micro-culture in
round-bottomed 96-well plates. In each well, 5 × 104 splenic T cells are
seeded with C57Bl/6 derived DC plus increasing concentrations of exosomes
(0–2 µg/mL) at a ratio of 10:1. On day 5 of culture, 1 µCi of 3H-thymidine
is added to each well 16 h prior to harvest. Radioactive labeling of prolifer-
ating T cells is measured on a microplate beta counter (Wallac, Turku,
Finland).
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3.4.2. Mouse DTH

To investigate the antiinflammatory effect of DC-derived exosomes in vivo,
a DTH model in C57Bl/6 mice is used. C57Bl/6 mice are sensitized by
injecting 100 µg of antigen (KLH or OVA) emulsified 1:1 in CFA at a single
dorsal site. Two weeks later, one hind footpad of the immunized mouse is
injected with 1 µg of exosomes (in 50 µL of PBS), 12–24 h before challeng-
ing with antigen. The contra-lateral footpad receives an equal volume of PBS
as an injection control. Mice are then challenged in both footpads by injecting
20 µg of antigen dissolved in 20 µL of PBS. Footpad swelling is measured
with a spring-loaded caliper at 24, 48, and 72 h postinjection. Results are
expressed as the difference in swelling (X0.01 mm), before and after antigen
boost injection.

3.4.3. Mouse CIA

Similar pathologies to human rheumatoid arthritis can be induced in the
DBA/1 lacJ (H-2q) strain of mice with injection of bovine type II collagen.
Bovine type II collagen in 0.05 M acetic acid at a concentration of 2 mg/mL is
emulsified in an equal volume of CFA and injected into tail base of the mouse.
On d 21, the mice receive an intradermal boost injection of type II collagen in
incomplete Freund’s adjuvant. To examine the ability of DC-derived exosomes
to prevent CIA, the mice receive injections of exosomes at d 28, before the time
of disease onset. For the treatment of established disease studies, mice are syn-
chronized into disease onset with 20 µg of lipopolysaccharide i.p., and then
injected i.v. with 1 µg of exosomes (in 500 µL of PBS) 4 d later (day 32) after
disease onset. The mice are then monitored by means of an established macro-
scopic system ranging from 0 to 4: 0, normal; 1, detectable arthritis with ery-
thema; 2, significant swelling and redness; 3, severe swelling and redness from
joint to digit; and 4, maximal swelling and deformity with ankylosis. In addi-
tion, thickness of each of the four paws may be measured with the caliper. The
average macroscopic score is expressed as a cumulative value for all paws, with
a maximum possible score of 16 per mouse.

4. Notes
1. For recombinant adenoviral infection, 106 DC are mixed with 5 × 109 viral parti-

cles in a total volume of 1 mL of serum-free media. After incubation for 24 h, DC
are washed intensively three times with HBSS and incubated for a further 48 h.
On day 8, culture supernatant is collected for exosome purification and collection
of the infected DC.

2. For treatment with recombinant protein, the cells are incubated with the protein
for 24 h. The cells are then washed and the exosomes collected 48 h later.
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3. As serum contains exosome-like vesicles, it is recommended that the DC are cul-
tured in medium with FCS that has been depleted of contaminating vesicles and
protein aggregates by ultracentrifugation at 100,000g for 1 h. This is especially nec-
essary if the exosomes are to be used for protein sequencing by mass spectrometry.

4. The following ultracentrifugation protocol adapted from Wubbolts et al. (22) also
works very well. Collected culture supernatants are serially centrifuged at 200g
for 10 min, twice at 500g for 10 min, once at 2000g for 15 min and once at
10,000g for 30 min. The supernatant from the final spin is ultra-centrifuged
(SW-41) at 100,000g for 1 h to pellet the exosomes. The exosome pellet is washed
in saline, centrifuged at 100,000g for 1 h, and resuspended in PBS.

5. If the exosomes are to be used for protein characterization, they are resuspended
in PBS plus a protease inhibitor cocktail.

6. 4.5-µm Dynabeads (25 µL, Dynal, Lake Success, NY) that are coated with H-2Ab

MAb or CD11b MAb may also be used instead of latex beads. Beads coated with
exosomes are then labeled with the phycoerythrin-labeled MAb of interest.
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Breaking Self-Tolerance to Tumor-Associated Antigens 
by In Vivo Manipulation of Dendritic Cells

Ines Mende and Edgar G. Engleman

Summary
Dendritic cells (DC) are extremely potent antigen-presenting cells, which can prime both

naïve CD4+ and CD8+ T lymphocytes. In their immature state, DC continuously sample and
process antigens from the surrounding environment, but only mature DC express sufficient lev-
els of costimulatory molecules to activate naïve T cells. DC present in tumors are functionally
immature owing to the immunosuppressive actions of tumor-derived factors and regulatory T
cells, and such immature DC promote immune tolerance to the tumor. Recent studies from ani-
mal models suggest that Toll-like receptor (TLR) agonists such as CpG can reverse the tolero-
genic state of tumoral DC. Strategies that allow DC to gain access to both tumor antigens and
TLR agonists, in situ, can overcome tumor tolerance leading to the induction of potent systemic
antitumor immunity.

Key Words: Dendritic cells; vaccination; Flt3-ligand; toll-like receptor ligand; tumor-
associated antigens.

1. Introduction
Dendritic cells (DC) are potent antigen-presenting cells, which play an

important role in the initiation of primary T-cell responses (1). DC reside as
immature cells in peripheral tissues where they continuously sample and
process antigens from the environment. Upon activation, they express a variety
of costimulatory molecules as well as high levels of major histocompatibility
complex (MHC) class I and II molecules, and migrate to the local lymph nodes
where they present their processed antigens to naïve T cells, thereby initiating
a cognate immune response (2). If these properties could be harnessed in
patients with tumors, antitumor immunity should be readily attainable.
Unfortunately, tumors typically contain relatively few DC and those that are
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present are often tolerogenic (3–5), as tumor-secreted factors, such as
interleukin-10 or transforming growth factor-β, or the presence of T-regulatory
cells can prevent their proper activation (6,7). Reversal of tumor tolerance
requires activation of tumor DC, which can occur if their Toll-like receptors
(TLR) come into contact with agonistic TLR ligands (8,9). TLR ligands are
comprised of a wide range of molecules that are typically found in pathogenic
bacteria and viruses but not mammals. Once bound to these ligands the TLRs
initiate a signaling cascade in DC that leads to upregulation of costimulatory
molecules and secretion of inflammatory cytokines (10).

Thus, reversal of tumor tolerance requires that adequate numbers of DC be
exposed to tumor antigens and that the antigen-loaded DC be activated by an
appropriate stimulus. Initially, investigators sought to take advantage of the
properties of DC by isolating DC precursors from the blood of individual
patients, loading the cells in vitro with one or more tumor associated antigens
and returning them to the patients by intravenous or subcutaneous injection
(11–13). Although vaccination of cancer patients with such ex vivo antigen
pulsed DC has shown promise in some trials, this approach has proven extremely
difficult to standardize and overall clinical efficacy has been disappointing (14).
We describe here two different methods to induce antitumor immunity by in vivo
manipulation of DC. Both methods have been successfully used in mouse models
to treat weakly immunogenic tumors (15–17). The first method uses Flt3-ligand
(Flt3-L), a DC growth factor (18), to bring a large number of immature DC to an
accessible site, followed by injection into that site of a mixture of tumor antigen
and TLR agonist to induce DC activation (15,17). The second approach involves
administration of a DC attracting chemokine and a TLR agonist directly into
tumors to recruit and activate DC intratumorally where there is already an abun-
dance of available tumor antigens (16). This strategy avoids the need to identify,
produce and administer tumor antigens.

2. Materials
2.1. Administration of Tumor-Associated Antigen and CpG to Flt3-L
Treated Animals

2.1.1. Flt3-L and Vaccine Preparation

1. Recombinant human Flt3-ligand (Peprotech): reconstitute in sterile PBS and keep
at 4°C for up to 1 wk. Aliquots of reconstituted Flt3-ligand may be stored at –70°C
for several months prior to use but repetitive freezing and thawing should be
avoided.

2. Phosphorothioate-stabilized Oligonucleotides (synthesized by Oligos Etc. Inc.,
Wilsonville, OR):
Stimulating CpG 1826: TCCATGACGTTCCTGACGTT
Control oligonucleotide: TCCAGGACTTTCCTCAGGTT
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Oligonucleotides are reconstituted in sterile water (30 mg/mL) and aliquots can be
stored at –70°C. Prior to in vivo use, CpG should be diluted in sterile PBS to a
working concentration (see Note 1).

3. Tumor-associated antigen TRP2 180–188 (SVYDFFVWL, produced by Sigma-
Genosys with a purity >95% as determined by HPLC). TRP2 peptide should be
diluted in DMSO at a concentration of at least 50 mg/mL to avoid high concentra-
tions of DMSO in the final vaccine and stored at –20°C prior to use.

4. Injection material: 1-mL syringe, 27.5-gauge needle.
5. Animals: male C57Bl/6 mice, 6–8 wk old (Jackson Laboratories) (see Note 2).
6. Ear punch.

2.1.2. Tumor Inoculation

1. B16 tumor cells (ATCC).
2. Culture medium: RPMI 1640 medium, 10% fetal bovine serum (FBS), 100 IU/mL

penicillin, 100 µg/mL streptomycin, 10 mM glutamine. RPMI 1640 medium and
all supplements are obtained from Invitrogen Life Technologies. FBS (Invitrogen)
should be heat inactivated for 20 min at 56°C prior to use.

3. Freezing medium: 50% culture medium, 40% FBS, 10% DMSO.
4. 10X Trypsin/EDTA (Invitrogen, stored at –20°C prior to use). 1X Solution is pre-

pared by dilution in PBS just before use.
5. Injection material: 1-mL syringe, 27.5-gauge needle, or 0.5-mL tuberculin syringe

with attached needle.
6. Hair trimmer.
7. Caliper.

2.2. Recruitment and Activation of Tumoral DC

1. Recombinant murine CCL20 (Peprotech Inc., Rocky Hill, NJ). Reconstitute in
PBS and store aliquots at –80°C. Working aliquots can be stored at 4°C for up
to 1 wk.

2. CpG and control oligonucleotides (see Subheading 2.1.). The working concen-
tration of CpG is higher than that used in the prior method, as CpG is adminis-
tered intratumorally instead of subcutaneously. A final concentration of CpG of
2.67 mg/mL (corresponding to 80 µg CpG per injection volume) should be 
prepared in sterile PBS.

3. C57Bl/6 mice, B16 melanoma cells, hair trimmer, ear punch, injection material.

2.3. In Vivo Depletion of Lymphocyte Subsets

1. CD4+ T-cell depletion: CD4 monoclonal antibody (MAb) (clone GK 1.5) or
CD4–/– mice (Jackson Laboratory).

2. CD8+ T-cell depletion: CD8 MAb (clone 2.43) or CD8–/– mice (Jackson
Laboratory).

3. Natural killer (NK) cell depletion: rabbit anti-asialo-GM1 serum (Wako Chemicals
USA Inc., Virginia). Control rabbit serum (Sigma-Aldrich, St. Louis, MO).
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3. Methods
Two strategies are described for in vivo manipulation of DC to induce anti-

tumor immunity against the weakly immunogenic tumor, B16 melanoma. Both
methods have been successfully tested in at least two different tumor models
and can be easily adapted to other tumor models. The first approach, which uses
Flt3-L to expand DC in vivo before vaccinating animals with a mixture of
tumor-associated antigen and TLR9 agonist, has been shown to reverse tumor
tolerance and induce antitumor immunity even when the immunogen is a self-
antigen (see Tables 1 and 2). A key consideration when adapting this strategy
to other tumor models is the choice of antigen which should contain at least one
immunodominant CD8+ T-cell epitope (see Note 3) expressed on the tumor
cells. Many such tumor-associated antigens have been identified for use in
MHC identical mouse strains (19). However, because humans are genetically
diverse, multiple epitopes and probably multiple antigens are likely to be
required for a broadly effective vaccine. Vaccination with a single, well defined
tumor associated antigen might lead to tumor escape via downregulation of
antigen expression, whereas vaccination with whole tumor extracts or nucleic
acid might lead to auto-immunity because most tumor antigens are self antigens
expressed by normal tissues (19).

The second approach utilizes a DC attracting chemokine to recruit DC into
tumors where they can acquire a potentially unlimited range of tumor associ-
ated antigens, thus avoiding the need for identification, production, and deliv-
ery of such antigens or their genes. Intratumoral injection of an appropriate
TLR agonist induces upregulation of costimulatory molecules on tumoral and
tumor-draining lymph node DC. The combination of DC recruitment to tumors
and DC activation ensures that sufficient levels of tumor-derived antigens are
presented to T cells in a stimulatory manner, leading to induction of potent anti-
tumor immunity. The amount of tumor protection, which can be achieved by
this method compared to controls, is summarized in Table 3. Although data
derived from vaccination approaches in animal models have limited capacity to
predict the value of a therapeutic strategy for human cancer, it is useful to test
and optimize new strategies in a tumor preventive setting, before evaluation as
a therapeutic model, as established tumors are extremely difficult to eradicate.

3.1. Expanding DC In Vivo With Flt3-L Followed by Administration 
of a Tumor-Associated Antigen and TLR Agonist

3.1.1. Preparation and Use of Flt3-L

1. Expansion of DC with Flt3-L:
a. Flt3-L is reconstituted in sterile PBS at 50 µg/mL. Fill syringe with Flt3-L,

expel any air bubbles and inject 200 µL into the peritoneum of 6- to 8-wk-old
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Table 1
Overview of the Animal Models in Which the Flt3-L/Antigen/CpG Combination Strategy has Been Successfully 
Used for Tumor Therapy

Tumor Immunodominant
cell line Tumor dose Tumor antigen Mouse strain Relevant MHC CTL epitope Reference

B16-OVA 1 × 104 Ovalbumin C57Bl/6 H2b SIINFEKL (H-2Kb) 15
(MO5)

B16 1 × 104 TRP2 180–188 C57Bl/6 H2b TRP2 180–188 (H-2Kb) 17
– 1 × 105

CT26 1 × 106 AH1 peptide Balb/c H2d AH1 (SPSYVYHQF) 17
(SPSYVYHQF) (H-2Ld)

MC38.CEA 2 × 106 CEA CEA-tg mice H2b Not identified 17
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Table 2
Therapeutic Effects of Flt3-L + Antigen + CpG on Survival of Tumor-Bearing Mice Compared to Control
Treatments

Flt3-ligand therapy Percent survival following tumor therapy

Flt3-L + CpG PBS + CpG Flt3-L
Tumor antigen Tumor cells + antigen Flt3-L + CpG + antigen + antigen PBS Reference

TRP2 B16 80% 0% 0% – 0% 17
OVA B16-OVA 60% 20% 0% 20% – 15
AH1 CT26 100% 20% 0% – 0% 17
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animals (five per treatment group). Mice receiving the same volume of PBS
should be used as controls. Each mouse should be individually marked in the
ear, so that it is later possible to correlate tumor growth and induction of immu-
nity with vaccine efficacy.

b. In vivo expansion of DC by Flt3-L requires the continuous presence of the
growth factor for at least 1 wk. Therefore, mice should be injected with 200 µL
of Flt3-L (10 µg) once a day for a period of 7–10 d.

2. Preparation of antigen and DC activator:
a. Each mouse in the vaccination group should receive 300 µg of the antigen

TRP2 (see Note 3) and 30 µg CpG subcutaneously (s.c.) the day after the last
Flt3-L injection. CpG (or control oligonucleotide) and tumor antigen should be
mixed and diluted to their final concentration of 300 µg/mL CpG and 3 mg/mL
TRP2 peptide in sterile PBS directly before use. It is important to inject a mix-
ture of tumor antigen and TLR-agonist rather than injecting them separately,
as CpG should activate the same DC that process the antigen for presentation
to T cells.

b. Mix gently by inverting the tubes.
c. Fill a 1-mL syringe attached to a 27.5-gauge needle with antigen/CpG mixture

(no air bubbles should be present) and inject 100 µL subcutaneously into the
left flank.

3.1.2. Tumor Challenge

1. Maintenance of the B16 melanoma: B16 cells are maintained in RPMI 1640 sup-
plemented with 10% FBS, 5 mM glutamine, penicillin, and streptomycin. B16
cells grow in an adherent fashion in tissue culture flasks and need to be passaged
at a 1:10 ratio approximately twice per week (see Notes 4 and 5). As B16 is 
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Table 3
Therapeutic Effects of Intratumoral CCL20 Injections + CpG on Survival 
of B16-Bearing Mice Compared to Control Treatments

CCL20 injections CCL20 transduction

Percent Percent 
tumor-free survival 

Tumor cells Therapy after 30 d Therapy (100 d) Reference

B16 i.t. CCL20 50% CCL20 40% 16
+ 5 × CPG + 5 × CPG

i.t. CCL20 20% CCL20 0% 16
+ 5 × ODN + 5 × ODN

PBS 0% Mock + 5 × CPG 0% 16
CT26 i.t. CCL20 20% CCL20 100% 16

PBS 5% PBS 0% 16
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relatively unstable and tumorigenicity may change during culture, it is best to
freeze cells on a regular basis. Such cells are best used for tumor experiments one
or two passages after thawing.

2. Preparation of tumor cells for injection: B16 cells should be used when the
cells are in exponential growth phase. Optimal tumor dose load may vary
between 1 × 104 and 5 × 105 cells depending on the experiment and culture con-
ditions, and should be determined in preliminary experiments. For tumor pre-
vention experiments, a tumor inoculation of 1 × 105 B16 cells represents a good
starting point.
a. Aspirate medium from tissue culture flask with B16 cells (<50% density).
b. Wash once with PBS to remove FBS.
c. Add 3 mL 1X trypsin solution to the flask, incubate for 5 min at 37°C or until

the cells start to detach from the flask.
d. Add 10 mL of culture medium to inactivate the trypsin, dislodge cells from

flask by pipetting, and transfer cells into 50-mL centrifuge vial. Wash cells
once with culture medium.

e. Resuspend the cells in ice-cold sterile PBS and filter through a 40-µm nylon
mesh to remove any aggregates.

f. Determine viable cell counts and dilute the cells with sterile PBS to a final
concentration of 1 × 106 B16 cells/mL of PBS. The cells should be kept on
ice during transfer to the animal facility.

3. Injection of B16 melanoma cells:
a. The right flank of mice should be shaved prior to tumor inoculation to facili-

tate injection and monitoring of tumor growth.
b. All experimental groups should be inoculated identically. Therefore, great care

should be taken that the syringe is filled with a homogenous cell suspension and
that no air bubbles are present. The cells should be mixed just before filling of
the syringe by inverting the tube several times and should be mixed between
injections by carefully inverting the syringe. B16 cell suspensions tend to
become more concentrated near the plunger. Therefore, the last 50–100 µL
should be discarded.

c. Each mouse should be injected s.c. with 100 µL of B16 cell suspension into
the shaved part of the right flank. A defined swelling/bleb should be visible
after correct injection at this site.

4. Monitoring of tumor growth:
a. Once the tumor becomes visible, tumor growth should be monitored three times

a week. As s.c. B16 tumors are easily palpable, the tumor diameter can be
directly measured using a caliper. Either tumor area or tumor size can be used to
monitor tumor growth. The tumor area is calculated as the product of two per-
pendicular diameters multiplied by 0.8 and tumor size represents the product of
the largest diameter multiplied by 0.52 and the square of the smallest diameter.

b. Another way of determining the efficacy of the vaccine is to compare survival
of the mice. All mice whose tumors reach a certain diameter (usually 20 mm)
or show signs of distress should be euthanized.
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3.2. Vaccination of B16 Melanoma-Bearing Mice With a Mixture 
of TRP2 Peptide and CpG Following DC Expansion With Flt3-L

1. For evaluation of antitumor activity, mice receive a s.c. injection of 1 × 104 B16
cells in 100 µL PBS into the right flank as described in Subheading 3.2.3.
Because of the aggressive growth of B16 tumors it is necessary to reduce the
number of tumor cells to 1 × 104 cells to allow the vaccine sufficient time to induce
an antitumor immune response.

2. Flt3-L treatment is begun 3 d after tumor inoculation. Ten micrograms of Flt3-L
(50 µg/mL in PBS) per mouse is administered daily over a course of 9 d by
intraperitoneal (i.p.) injection (similar to Subheading 3.2.2.). At day 12 after
tumor inoculation (or 1 d after the last Flt3-L injection), mice receive a single
injection of a solution containing 30 µg CpG and 300 µg TRP2 peptide s.c. into
the left flank. Use of contralateral injection sites ensures that differences in tumor
growth are due to induction of systemic immune responses rather than local
inflammation (see Note 5).

3. Tumor growth should be measured by determining the perpendicular diameters
with a caliper three times a week.

3.3. Recruiting DC to B16 Tumors With CCL20 Chemokine Followed 
by Intratumoral Injection of CpG

1. Inoculate three groups of male C57Bl/6 mice with 5 × 104 B16 cells s.c. into the
right flank (tumor dose may need to be adapted depending on the particular clone
of B16 used). The injection area should be shaved before tumor inoculation to
mark the injection site.

2. Recruitment of DC is induced by intratumoral injections of CCL20 for a period of
3 wk starting 1 d after tumor challenge (see Note 7). At the time of the first CCL20
injection, the tumor is not yet visible. Therefore, it is critical to mark the area of
tumor inoculation. The recombinant CCL20 protein is diluted in PBS to a final
concentration of 3.3 µg/mL and 30 µL of this solution should be administered
directly into the tumor. It is best to use small syringes such as a tuberculine syringe
with low retention volume for this purpose.

3. Tumor growth should be monitored at least twice a week. As repeated injections
may induce local inflammation at the injection site, tumor-bearing mice receiving
intratumoral PBS injection should serve as control. Induction of systemic immu-
nity may also be evaluated by rechallenge of mice with 5 × 104 B16 tumor cells in
the opposite flank.

4. In contrast to more immunogenic tumors such as CT26, increasing intratumoral
DC numbers in B16 tumors is not sufficient to induce systemic antitumor immu-
nity. In this case, the DC need to receive external activation signals to overcome
inhibitory signals provided by the tumor. For activation of recruited DC, inject
mice with 80 µg CpG (or control oligonucleotide) in 30 µL of PBS into the tumor
on day 7 after tumor inoculation. This procedure should be repeated every 3 d for
a total of five injections (d 7, 10, 13, 16, and 19).
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3.4. Assessing the Role of Lymphocyte Subsets in Vaccine-Induced
Antitumor Activity

The role of individual lymphocyte subsets in the development of antitumor
immunity and tumor regression can be assessed by in vivo depletion of the cells
of interest such as CD4+ and CD8+ T cells or NK cells. This can be achieved
either by the use of gene-deficient mouse models, derived from the same strain
used for tumor experiments, or by injection of high doses of antibodies directed
against the specific cell subset.

1. To study the role of CD4+ T cells and CD8+ T cells in either of the described vac-
cination protocols, CD4–/– or CD8–/– mice (both in the C57Bl/6 background) and
wild type C57Bl/6 mice, which serve as controls, are challenged with B16 cells
and vaccinated as described in the protocols above.

2. If other tumor models are used for which no gene-deficient mice are available, CD4+

and CD8+ T cells may be depleted by i.p. injections of 200–500 µg in 500 µL PBS
of purified CD4 MAb (clone GK 1.5) or CD8 MAb (clone 2.43) or control rat MAb
starting on the day before vaccination and repeated on day 1 and day 3 after vacci-
nation to achieve complete depletion. Thereafter, antibodies should be administered
once weekly to ensure continuous depletion (see Note 8).

3. NK cell contribution to tumor protection may be assessed by i.p. injection of 20 µL
anti-asialo GM1 or control serum starting the day before vaccination. Complete
depletion of NK cells can be achieved if treatment is repeated about every 4 d
throughout the experiment.

4. Notes
1. CpG oligonucleotide 1826 activates both murine B cells and DC via TLR9. CpG

1826 is not the only TLR9 ligand with stimulating capacity. There are a variety of
CpG sequences with varying potential to activate dendritic cells, B cells, or NK
cells (20). Thus, the optimal stimulating sequence needs to be determined for each
vaccination strategy. For purposes of applying these approaches in humans, it is
important to be aware that TLR9 in humans is not present in conventional DC but
only in plasmacytoid DC and B cells. In addition, a different CpG sequence is
needed to interact with human TLR9.

2. It is important that mice in all vaccination groups are of the same sex and about
the same age to reduce the variables influencing the results. In our experience,
male mice show less variability in response than female mice and are, therefore,
preferred, although female mice have the advantage that it is easier to randomize
the experiment after tumor injection.

3. The Flt3-L + antigen + CpG combination therapy can be adapted for evaluation in a
variety of tumor models and can even reverse tolerance against self-antigens. All
tumor antigens should be tested for potential endotoxin contamination before use and
further purified if necessary. Commercially available tests (e.g., Gel clot assay,
Cambrex, Inc.) can easily be performed by following the manufacturer’s instructions.
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4. Tumor cell cultures are susceptible to mycoplasma contamination. Therefore, all
cell lines obtained from other sources should be initially tested for mycoplasma
contamination by commercially available tests. Signs of mycoplasma contamina-
tion may include slow or no growth.

5. Culture conditions may have a major impact on the tumorigenicity of cell lines
and should not be altered once the optimal tumor dose is established. FBS repre-
sents a critical factor and different serum batches should be tested for their influ-
ence on tumor cell growth in case it is necessary to switch serum batches during
the study.

6. For all tumor experiments, it is necessary to include appropriate control groups of
mice, e.g., PBS injections instead of Flt3-L, control oligonucleotides instead of
CpG and Flt3-L treatment + CpG without antigen.

7. The ability of CCL20 to recruit DC into the tumor is significantly enhanced if
CCL20 is continuously provided in the tumor environment. Therefore, it may be
preferable to transduce tumor cells with CCL20 cDNA and use these CCL20-
secreting tumor cells in certain experiments.

8. Depletion of cell subsets in the blood should be confirmed by flow cytometric
analysis using MAb directed against epitopes different from those recognized by
the depleting MAb.
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