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Preface

The immune system has been known to be capable of distinguishing self
from non-self since the pioneering work of Paul Erhlich more than a century
ago. Originally described in experiments studying blood transfusion compat-
ibility, the principle of “horror autotoxicus” is still valid, although today the
phenomenon is usually described in terms of tolerance or ignorance. A great
deal has been learned about the various processes preventing self-reactivity
normally. These include processes that operate during immune cell ontogeny
and subsequently on reactivity of mature lymphocytes in the periphery. They
encompass mechanisms that are intrinsic to potentially reactive lymphocytes
and can result in central or peripheral deletion or the alteration of functional
potential. In addition, there are influences that are extrinsic to potentially
auto-reactive lymphocytes, including the function of regulatory cells, dif-
ferentiation state of antigen-presenting cells, availability of self-antigen, the
cytokine and chemokine milieu, as well as the trafficking patterns involved
in generating productive immune interactions. It is clear that the immune
system devotes a considerable effort to the avoidance of the development of
potentially pathogenic self-reactivity.

Despite this, the development of self-reactivity is relatively common. Al-
though the development of autoimmune disease is less frequent, autoimmune
diseases, such as rheumatoid arthritis, multiple sclerosis, systemic lupus ery-
thematosus, psoriasis, thyroiditis, and myasthenia gravis, are all too common,
andcancause considerablemorbidity andevenmortality.That thebreakdown
of self/non-self discrimination can result in autoimmunity and in some cir-
cumstances autoimmune disease has been known for more that 50years. In
most circumstances, however, the precise mechanism underlying the devel-
opment of autoimmune disease is unknown. Although many elegant animal
models of autoimmune disease have been developed, some of which result
from a single genetic defect, in most circumstances the relevance of these
animal models to human autoimmune disease remains uncertain.

There has been great progress in the last few years in the development of
more precise knowledge of the control of the function of the immune sys-
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tem. Awareness of the complex interactions of the innate and the adaptive
immune system, the role of apoptosis in regulating the evolution of immune
reactivity, as well as the role of various regulatory cells in shaping and limiting
immune reactivity has permitted the development of a better understanding
of immune system biology. New insights have not only come from traditional
immunologic studies, but also from genetic analyses of both immune respon-
siveness and autoimmune disease. In addition, new insights have emerged
from studies of the control of cell signaling, biochemical analysis of the regu-
lation of cellular differentiation, as well as the detailed analysis of the biology
and biochemistry of the plethora of effector molecules involved in regulating
the expression of immune reactivity.

The wealth of new insights has prompted a re-assessment of the mecha-
nisms controlling self/non-self discrimination and the specific abnormalities
that result in a breakdown of this fundamental and essential protective prop-
erty of animals. The goal of this volume is to utilize the wealth of new in-
formation to re-assess self/non-self discrimination with the expectation that
viewing this old challenge with more modern eyes may generate novel in-
sights. It is anticipated that new hypotheses may emerge about the control of
autoimmunity, and that novel potential targets may be recognized as potential
points of intervention to treat or even prevent autoimmune disease.

December 2005 Peter E. Lipsky and Andreas Radbruch



List of Contents

B Cell Tolerance—How to Make It and How to Break It . . . . . . . . . . . . . . . . . . . 1
F. Melchers and A. R. Rolink

Breaking Ignorance: The Case of the Brain . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
H. Wekerle

Naturally Arising Foxp3-Expressing CD25+CD4+ Regulatory T Cells
in Self-Tolerance and Autoimmune Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

S. Sakaguchi, R. Setoguchi, H. Yagi, and T. Nomura

Sex Hormones and SLE: Influencing the Fate of Autoreactive B Cells . . . . . . . . . 67
J. F. G. Cohen-Solal, V. Jeganathan, C. M. Grimaldi, E. Peeva, and
B. Diamond

Innate (Over)immunity and Adaptive Autoimmune Disease . . . . . . . . . . . . . . . 89
M. Recher and K. S. Lang

Can Unresolved Infection Precipitate Autoimmune Disease? . . . . . . . . . . . . . . . 105
D. J. B. Marks, N. A. Mitchison, A. W. Segal, and J. Sieper

The Systemic Autoinflammatory Diseases:
Inborn Errors of the Innate Immune System . . . . . . . . . . . . . . . . . . . . . . . . . . 127

S. Brydges and D. L. Kastner

Inefficient Clearance of Dying Cells and Autoreactivity . . . . . . . . . . . . . . . . . . 161
U. S. Gaipl, A. Sheriff, S. Franz, L. E. Munoz, R. E. Voll, J. R. Kalden, and
M. Herrmann

The Importance of T Cell Interactions with Macrophages
in Rheumatoid Cytokine Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

F. M. Brennan, A. D. Foey, and M. Feldmann

T Cell Activation as Starter and Motor of Rheumatic Inflammation . . . . . . . . . . 195
A. Skapenko, P. E. Lipsky, and H. Schulze-Koops



VIII List of Contents

Signalling Pathways in B Cells: Implications for Autoimmunity . . . . . . . . . . . . . 213
T. Dörner and P. E. Lipsky

Immunological Memory Stabilizing Autoreactivity . . . . . . . . . . . . . . . . . . . . . 241
R. A. Manz, K. Moser, G.-R. Burmester, A. Radbruch, and F. Hiepe

Genetics of Autoimmune Diseases: A Multistep Process . . . . . . . . . . . . . . . . . . 259
M. Johannesson, M. Hultqvist, and R. Holmdahl

Subject Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277



List of Contributors

(Addresses stated at the beginning of respective chapters)

Brennan, F. M. 177
Brydges, S. 127
Burmester, G.-R. 241

Cohen-Solal, J. F. G. 67

Dörner, T. 213
Diamond, B. 67

Feldmann, M. 177
Foey, A. D. 177
Franz, S. 161

Gaipl, U. S. 161
Grimaldi, C. M. 67

Herrmann, M. 161
Hiepe, F. 241
Holmdahl, R. 259
Hultqvist, M. 259

Jeganathan, V. 67
Johannesson, M. 259

Kalden, J. R. 161
Kastner, D. L. 127

Lang, K. S. 89
Lipsky, P. E. 195, 213

Manz, R. A. 241
Marks, D. J. B. 105
Melchers, F. 1
Mitchison, N. A. 105
Moser, K. 241
Munoz, L. E. 161

Nomura, T. 51

Peeva, E. 67

Radbruch, A. 241
Recher, M. 89
Rolink, A. R. 1

Sakaguchi, S. 51
Schulze-Koops, H. 195
Segal, A. W. 105
Setoguchi, R. 51
Sheriff, A. 161
Sieper, J. 105
Skapenko, A. 195

Voll, R. E. 161

Wekerle, H. 25

Yagi, H. 51



CTMI (2006) 305:1–23
c© Springer-Verlag Berlin Heidelberg 2006

B Cell Tolerance—How to Make It and How to Break It

F. Melchers1,2 (�) · A. R. Rolink3

1Department of Cell Biology, Biozentrum, University of Basel,
Klingelbergstrasse 50–70, 4056, Basel, Switzerland
fritz.melchers@unibas.ch; melchers@mpiib-berlin.mpg.de
2Campus Charite, Max Planck Institute for Infection Biology,
Schumannstrasse 21–22, 10117 Berlin, Germany
3Center for Biomedicine, University of Basel, DKBW,
Developmental and Molecular Immunology,
Mattenstrasse 28, 4058 Basel, Switzerland

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Repertoire Selections by the pre-B Cell Receptor . . . . . . . . . . . . . . . . . . 6

3 Generation of Immature, sIgM+B Cells . . . . . . . . . . . . . . . . . . . . . . . . . 7

4 Negative and Positive Selection, and Ignorance
of the Developing Immature B Cell Repertoires . . . . . . . . . . . . . . . . . . . 9

5 Negative Selection and Editing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

6 Ignorance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

7 Positive Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

8 Peripheral B Cells Without sIg Expression . . . . . . . . . . . . . . . . . . . . . . 14

9 Rescue of Autoreactive B Cells by T Cell-Independent Antigens
of Type I, TLR–Ligand–Antigen-Complexes . . . . . . . . . . . . . . . . . . . . . 15

10 Autoreaction Rescued by Ignorance . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

11 Breaking the Tolerance of Mature, Peripheral B Cell Repertoires . . . . . . . 17

12 Consequences of Breaking B Cell Tolerance—Autoimmune Diseases . . . . 19

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Abstract A series of checkpoints for antigen receptor fitness and specificity during
B cell development ensures the elimination or anergy of primary, high-avidity –
autoantigen-reactive B cells. Defects in genes encoding molecules with which this
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purging of the original B cell repertoires is achieved may break this B cell tolerance,
allowing the development of B cell- and autoantibody-mediated immune diseases.
Furthermore, whenever tolerance of helper T cells to a part of an autoantigen is
broken, a T cell-dependent germinal center-type response of the remaining low –
or no – autoreactive B cells is activated. It induces longevity of these B cells, and
expression of AiD, which effects Ig class switching and IgV-region hypermutation.
The development of V-region-mutant B cells and the selections of high-avidity –
autoantigen-reactive antibodies producing B cells by autoantigens from them, again,
can lead to the development and propagation of autoimmune diseases such as lupus
erythematosus or chronic inflammatory rheumatoid arthritis by the autoantibody
BcR-expressing B cells and their secreted autoantibodies.

1
Introduction

It has long been clear that tolerance, unresponsiveness to autoantigens, ex-
ists in the mature B cell compartments. Major mechanisms to achieve such
unresponsiveness include clonal deletion by apoptosis of autoreactive B cells,
either generated de novo from pluripotent hematopoietic stem cells and early
lymphoid progenitorsm modulated by receptor editing to rescue cells from
death, anergy through receptor downregulation, followed by apoptosis often
induced by T cells, and suppressive regulation, acting via regulatory T cells
indirectly, or by cytokines directly, to eliminate or silence autoreactive B cells
(Chiller et al. 1970; Nossal and Pike 1980; Nossal 1992; Goodnow et al. 1988;
Nemazee and Bürki 1989a, b; Klinman 1996).

The repertoires of immunoglobulin (Ig) -, antigen-specific receptor (B cell
receptor, BcR) -expressing B lymphocytes are generated by stepwise rear-
rangements of the IgH (first DH to JH, then VH to DHJH segments), followed
by the IgL (VL to JL segments on κL and λL chain loci) chain gene rear-
rangements. If the IgH chain and L-chain gene rearrangements are in-frame,
i.e., capable of generating IgH and L chains by translation of the transcribed
rearranged genes, and if the IgH and L chains are capable of pairing, i.e., of
forming IgH/L-chain tetramers, the BcRs are expressed at the surface of first
an immature B cell, then virgin mature B cell and, finally, after a response to
antigen, of a memory B cell population (for reviews see Melchers and Rolink
1998; Rajewsky 1996; Schlissel 2003).

At least two major subcompartments of mature, BcR-expressing B lym-
phocytes are generated (Fig. 1). Approximately half of them are found in the
follicular regions of spleen and lymph nodes and in the recirculating blood
and lymph. They are often called conventional, or B2-type B cells. The other
half is mainly found in the gut-associated lymphoid tissues, e.g., in Peyer’s
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patches, in follicular structures near the M cell regions of the gut epithelia,
and often as single intraepithelial lymphocytes in the lamina propria of the
gut. At least a majority of these B cells appear to belong to these so-called BI
subpopulations. (Craig and Cebra 1971). In addition, B cells in the spleen are
found in the marginal zone (MZ) surrounding the T cell-rich periarteriolar
regions (PALS) and the B cell-rich follicular regions. They appear to be mainly
of the B2-type conventional B cells.

While conventional, B2-type B cells appear truly resting, i.e., in the Go
phase of the cell cycle, ignorant of autoantigens in their environment, BI cells
appear slightly activated, “tickled,” by autoantigens as well as by antigens
present in the gut. These antigens can access the lymphoid follicles in the
epithelia lining the gut by penetration through flat epithelial M cells, so that
food antigens as well as antigens of the indigenous bacterial flora of the
gut might be recognized (Backhead et al. 2005; Fagarason and Honjo 2003;
Hooper and Gordon 2001).

Conventional, B2-type B cells are most often triggered into responses by
helper T cell-dependent antigens, i.e., by foreign antigens that also stimulate
helper T cells to cooperate with the follicular B cells in a response, which
takes place mainly in germinal centers. This induces B cells in a CD40 (B)–
CD40 ligand (T) cell, cytokine (e.g., IL4- or TGF-α-) -dependent fashion to
switch to IgG, IgE, and IgA, and to hypermutate preferentially the V regions
of the rearranged IgH- and L-chain genes, leading to affinity maturation of
B cells. These switched, hypermutated BcR-expressing B cells have the choice
to mature to Ig-secreting plasma cells or to BcR-expressing memory cells,
both of them having gained longevity with half lives changed from a few days
to weeks and months of survival in the immune system. The memory B cells
and the long-lived plasma cells appear to leave the germinal centers to lodge
in special niches in the bone marrow until recall by a secondary challenge of
the same antigen.

In contrast, gut-associated, maybe B1-type B cells can respond to antigen
even in the absence of helper T cells, with Ig class switching mainly to IgA
production. Hence, IgA-secreting plasma cells are abundant in the lamina
propria. The IgA can transmigrate into the lumen of the gut and may bind
to food-derived and to indigenous bacterial antigens. As much as one-third
of the IgA levels found in the serum may be derived from T cell-independent
stimulation of such gut-associated B cells.

In mice and humans, the generation of B cell repertoires is continuous
throughout life, fed from the pools of pluripotent hematopoietic progenitor
cells, lymphoid and B-lineage-committed progenitors and precursors, and—
perhaps especially strongly in the BI compartment—from BcR-expressing,
i.e., fully Ig gene-rearranged B cells. During embryonic development, B cell
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generation occurs in waves at different sites. The first progenitors originate
from the aorta-gonad mesonephros area of the embryo, seeding the omentum
and the fetal liver, before bone marrow takes over as a continuous site of B cell
generation throughout adult life. During life, the B-lineage-committed pro-
genitor and precursor compartments appear to decrease by at least 100-fold,
but never cease completely to generate B cells. Therefore, the establishment
of an unresponsive state to autoantigens should be achieved by mechanisms
that remain operative throughout life.

V(D)J rearrangements of the IgH- and L-chain loci generate a diversity of
antigen-binding BcRs, during embryonic development in omentum and fetal
liver without, and in adult bone marrow, with N-region diversity introduced
by the enzyme terminal-deoxynucleotidyl-transferase (TdT) at the VH to
DH-, DH to JH and VL to JL joints. The generated repertoire of IgH/IgL-chain
combinations, i.e., of BcRs, is limited by the number of cells generated per day,
approximately 5% of the total B cell pool in a young adult, possibly decreasing
with increasing age as the frequencies of IL-7/sromal cell-clonable precursors
have been seen to decrease 20- to 100-fold within a few months in mice and
from birth to 10 years of age in humans (Ghia et al. 1998, 2000).

This means that in adult mice, with 5×108 B cells, 2×107 B cells may be
generated per day. Humans, showing striking similarities in the generation
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�
Fig. 1 Development of B lymphocytes in bone marrow and their partners, T lympho-
cytes in the thymus. Pluripotent hematopoietic stem cells are the origins of B and T
lymphocytes. In the B lineage, precursor B cells rearrange D to J, and then V to DJ
segments on the H chain loci and then express pre-B cell receptors (preBcR) as H chain
surrogate L (SL) chain heterodimeric receptors. Immature B cells develop thereafter
from V to J rearrangements. They express a wide variety of antigen-binding V-region
combinations, which include specificities to foreign and autoantigens. If the avidity
to autoantigens present in the bone marrow is high, they may be arrested and die by
apoptosis, unless they can edit their H and/or L chains by secondary replacements or
rearrangements, respectively, and might thereby be allowed to proceed to the mature
pools. Low-avidity interactions with autoantigens mildly activate and positively select
cells as B1 types into the gut-associated lymphoid tissues where they can either lodge
as isolated single intraepithelial lymphocytes (IEL), or where they can form follicles
underneath the flat epithelial M cells. Stimulated B cells, perhaps under the influence
of bacterial and food antigens traversing the M cells to reach the follicles, may give rise
to IgM- and IgA-secreting plasma cells, which are found in the lamina propria. IgA is
transported through the epithelium to reach the luminal side of the gut to interact with
the indigenous bacteria, food, and other antigens. Immature B cells with no avidity
to autoantigens are allowed to enter the spleen through the central artery, traverse
the T cell-rich periarteriolar sheet (PALS) and aggregate in the follicular regions as
B2-type conventional B cells. B cells are also found in the marginal zone surrounding
the follicular region. T cells are generated in the thymus and mature to CD4+ CD25–

helper, CD 8+ cytolytic and CD4+ CD25+ regulatory T cells. As in B cell development,
immature thymocytes with high-avidity autoantigen-specific T cell receptors are neg-
atively selected to die by apoptosis before reaching the mature cell pools. In addition,
regulatory T cells negatively control the differentiation of autoantigen-specific mature
effector helper and cytolytic T cells. Foreign antigen-reactive helper T cells cooperate
with B2-type conventional B cells either in extrafollicular areas or in the follicular
regions to form germinal centers, in which AiD is induced, leading to IgH chain gene
class switching and V-region hypermutation, as well as to B cell longevity. Helper T
cell responses to autoantigens appear to occur outside germinal centers (William et al.
2002). Long-lived memory B cells and plasma cells migrate out of the germinal centers
and back into the bone marrow (Kunkel and Butcher 2003; Manz et al. 2005; Hoyer
et al. 2005)

of B cells in bone marrow, have approximately 1,000 times more B cells and
should, therefore, also generate 1,000 times more B cells with newly formed
BcRs.

It has been estimated that a large part—perhaps more than 60%–80%—
of the newly generated repertoires of B cells, both of mice and humans,
can bind autoantigens (Ait-Azzuzene et al. 2004). In this chapter, we review
the influences on this emergence and on the mature B cell repertoires that
contribute to the apparent unresponsiveness of the selected, mature, resting
B cell repertoires toward immunogenic stimulation by autoantigens, which
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could lead to pathological B cell responses resulting in autoimmune dis-
eases.

2
Repertoire Selections by the pre-B Cell Receptor

In the developmental pathway of B lymphocytes from pluripotent hematopoi-
etic stem cells, commitment to the lymphoid cell lineages is marked by the
expression of the rearrangement machinery, i.e., the RAG1 and RAG2 genes, as
well as the IL-7 receptor, which controls much of the cytokine responsiveness
of early B- as well as T-lineage progenitors and precursors (Melchers and Kin-
cade 2004) (Fig. 1). Surrogate light (SL) chain and pre-Tα chain are expressed
in the early lymphoid progenitors, before they express the IgH chain in B lin-
eage and the TcRα chain in α/β TcR-T-lineage cells. The transcription factors
E2A, EBF, and Pax5 control the entry of lymphoid-committed cells into the B-
lineage pathway, so that a pre-BI cell develops in which both IgH chain alleles
are DHJH-rearranged. VH to DHJH rearrangements are initiated at the transi-
tion from pre-BI to large pre-BII cells. Whenever these rearrangements occur
in-frame, and whenever the H chains produced from such a productively
rearranged IgH chain allele can pair with an SL chain, pre-B cell receptors
(preBcR) are deposited at the cell surface. If the rearrangement at the first
DHJH allele is productive, rearrangement at the second allele is turned off, se-
curing allelic exclusion at the IgH chain locus, so that one B cell produces only
one type of H chain. Membrane-bound Ig H chains signal the cell to turn off
the rearrangement machinery and make the second, DHJH-rearranged IgH
chain allele inaccessible for further rearrangements (Melchers et al. 2000).
However, the classical preBcR with SL chain appears not to be involved in
signaling for this allelic exclusion (Shimizu et al. 2002; Melchers 2005).

On the other hand, the preBcR signals proliferation, so that the pre-BII
cells are in the cell cycle, i.e., large. At the same time, the preBcR signals the
pre-BII cell to turn off SL chain expression, thereby limiting the amount of
SL chain available for preBcR formation. Hence, proliferative expansion of
large pre-BII cells is limited, as SL chains are diluted out by cell division.
An individual VH domain of an H chain appears to be probed for pairing by
the VpreB subunit of the SL chain, and this interaction may display different
avidities, depending on the structure of the VH domain, thereby perhaps
expanding different individual Ig H chains in large pre-BII cells to different
extents, i.e., for different numbers of divisions.

It appears that the non-Ig-portion of the λ5-subunit of SL chain is manda-
tory for the capacity of preBcRs to stimulate pre-BII cell proliferation (Ohnishi
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and Melchers 2004). Since this proliferation appears to be cell-autonomous,
preBcRs on the surface of pre-BII cells could be either self-crosslinked, or
could be crosslinked by a linker molecule, made by the pre-BII cells, inducing
cross-linking of preBcRs via the non-Ig-portions of the λ5 subunit of the SL
chain. As SL chains become limiting in the proliferative expansion, pre-BII
cells exit the cell cycle and fall into a resting state into the small pre-BII cell
stage.

In this view of B cell development, the preBcR does not use the
complementarity-determining regions (CDRs) of the VH domain of its H
chain to bind ligands that could induce proliferation. Therefore, the newly
generated VH domain repertoire is not screened for antigen, i.e., autoantigen
binding, but merely for fitness to pair, eventually with conventional L chains.
In this way, unfit H chains that may have other unwanted properties, such
as the formation of self-aggregating immune complexes that might bear the
danger of glomerulonephritis and vasculitis, are excluded (Melchers 2005).

In conclusion, the IgH chain repertoire emerging from pre-BII cell expan-
sion and entering L-chain gene rearrangements should be fully autoreactive.
This conclusion is also warranted by the observation that in vivo or in vitro
administrations of either autoantigens or IgH-chain- and SL-chain-specific
monoclonal antibodies do not disturb—positively or negatively—the devel-
opment of pre-B cells to the stage of an immature, sIgM+B cell (Ceredig et al.
2000).

3
Generation of Immature, sIgM+B Cells

When large pre-BII cells cease to express preBcRs, they begin to re-express the
rearrangement machinery, i.e., RAG1 and RAG2. In human but not in mouse
development, theyalso re-expressTdT.Hence theemergingL-chain repertoire
can be expected to contain N-region sequences, that is, be more diverse
than that of mice. The cells open the L-chain gene loci, first detectable by
the production of sterile transcripts. However, the DHJH-rearranged H chain
alleles remain inaccessible for the rearrangement machinery, thus securing
allelic exclusion of the H chain locus.

When large pre-BII cells finally exit the cell cycle and become small, VL to JL

rearrangements become detectable (Yamagami et al. 1999). Hence, the small
pre-BII compartment contains cells that have rearranged the L-chain gene
loci but do not express L chains, hence do not express IgM on their surface.
A part of them appear to be nonproductively rearranged, another part were
found to express L chains in their cytoplasm, but not (yet) on the surface,
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some of them because the pre-existing H chain may not have been able to pair
with the L chain; and yet another part may already have expressed L chains on
their surface but may have been exposed to autoantigens, downregulating the
surface expression (see below). In fact, single-cell PcR analyses and analyses of
subcellular L-chain expression of this small pre-BII cell compartment indicate
that all of these different types of precursor B cells may be present in this
compartment.

In the small pre-BII cell compartment, as well as in the immature,
sIgM+B cell compartment, the rearrangement machinery remains expressed,
i.e., active. In the mouse, nearly 100 functional V segments can rearrange to
four J segments by either deletion or inversion of the intervening sequences,
and multiple rearrangements on one allele are possible as long as J elements
remain unrearranged. In a large proportion of the small pre-BII cells, multiple
L-chain gene rearrangements have been, and still are taking place, and more
frequently so than in the immature IgM+B cell compartment. Furthermore,
productive rearrangements are often seen to be followed by nonproductive
rearrangements, suggesting that the L chains produced from the productive
rearrangements were either incapable of pairing or led to the expression
of sIgM on an immature B cell, with specificity for an autoantigen present
in the environment of the primary lymphoid organ. The reactions of the
autoreactive sIgM on immature B cells stimulates a sustained expression of
the rearrangement machinery and thereby allows editing of the autoreactive
IgM by a second L chain, with the possibility of changing its specificity away
from autoreactivity (Gay et al. 1993; Rolink et al. 1993; Tiegs et al. 1995;
Melamed and Nemazee 1997; Casellas et al. 2001). As a consequence, some
small pre-BII cells are not the precursors, but the products of immature
sIgM+B cells.

Initially, only one of the two IgL alleles appears to be usable for VL to JL rear-
rangements, reflected in a differential chromatin methylation and acetylation
state of the two alleles (Mostoslavsky et al. 2003). For nearly two-thirds of all
emerging B cells, this is sufficient to generate a sIgM+B cell for the peripheral,
mature pools of cells. Hence, for two-thirds of the developing and mature
B cell repertoires, allelic exclusion at the L chain loci is achieved by an ap-
parent positive selection of an H chain–L chain combination that terminates
the expression of the rearrangement machinery. These cells in the repertoires
have only one VL to JL rearrangement, usually to the must proximal JL segment
on one allele, while the second allele remains in germ line configuration. It is
not yet clear how sIgM signals the termination of secondary rearrangements
in these cells and whether occupancy by antigen is required for it, but it is
reasonable to expect that surface deposition of the IgM is an essential part of
this signal (Monroe 2004; Dal Porto et al. 2004).
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The role of sIgM on immature B cells appears to be quite different, when-
ever that sIgM+B cell encounters an autoantigen in the primary lymphoid
organ. The rearrangement machinery is kept active, and the cell appears to
open the second L chain allele for rearrangements. Hence, the single-cell BcR
analyses of wild type B-lineage cells with two rearrangement-competent L-
chain alleles have shown that only a minority (i.e., approximately 5%) of all
pre-BII cells containing secondary rearrangements retain this second allele in
germ line configuration (Yamagami et al. 1999). This suggests the possibility,
and danger, that a B cell could produce two L chains from two productively
rearranged L chain alleles.

4
Negative and Positive Selection, and Ignorance
of the Developing Immature B Cell Repertoires

The large numbers of immature sIgM+B cells that develop from H chain-
expressing pre-BII cells with autoreactivity for autoantigens are first screened
in the primary lymphoid organs, and later at second checkpoints in spleen
(where immature B cells are found). The strength of the signal through the
BcR, thought to be a consequence of the avidity of the autoantigen toward
the corresponding sIgM-expressing B cell, the environment and the form of
the antigen, appear to determine the fate of a B cell at these earliest repertoire
checkpoints (Casola et al. 2004; Carroll 2004a, b).

Genetic deficiencies in complement components such as CIq, C4, serum
amyloid protein, and complement receptor 2 (CR2), as well as secreted natural
serum IgM (Boes et al. 1998, 2000; Chan et al. 1999), lead to systemic autoim-
mune disease (systemic lupus erythematosus, SLE) with a preponderance of
autoantibodies against single- and double-stranded DNA and a variety of
other nuclear antigens. Such high avidity autoantibodies are not found in
normal, nondiseased individuals.

From these observations two models for the selection of the emerg-
ing B cell repertoires have been proposed (Carroll 2004a). In one model,
the maturing B cells are protected from the stimulatory influence of au-
toantigens released from apoptosing, blebbing cells in the primary lym-
phoid organ because macrophages expressing complement receptors (CIqR
for CIq, CRI for C4) efficiently take up, and thereby remove, apoptosing
cells bound by natural serum IgM and complexed with CIq and C4b. This
model does not explain how the developing repertoire of immature B cells
is purged of autoreactive cells, and does not take into account that imma-
ture B cells are sensitive to being induced to apoptosis rather than to pro-
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liferation and to the development of Ig-secreting plasma cells and memory
B cells.

5
Negative Selection and Editing

Thesecondmodel,bycontrast,proposes thatautoantigens fromdyingcells are
presented to the emerging repertoire of B cells by stromal cells in the primary
lymphoid organs. These autoantigen-presenting cells are suggested to express
CIq receptor and CRI, to bind CIq or C4, respectively, which, in turn bind to
surface IgM occupied by autoantigens on autoreactive B cells. Depending on
the strength of the interaction of the BcRs with autoantigens, and possibly also
on the nature of the stroma cell (in bone marrow or spleen), this autoantigen-
induced signaling can have different outcomes. It can lead to apoptosis of the
B cell, if the avidity of autoantigen-BcR binding is high, leading to negative
selection of the B cell repertoire. Such negative selection has been documented
in a variety of experimental settings. If BcR downregulation and re-expression

�
Fig. 2 A hypothesis for the modes of selection of the developing B cell repertoires in
the primary lymphoid organs for B cell development, e.g., bone marrow. B cells first
express BcRs on their surface as immature cells. Autoantigens can bind to those B cells
which express BcRs with sufficient avidities as complexes with natural antibody-type
serum IgM, possibly produced mainly by B1 cells. The antigen–antibody complexes
can bind C1q and C4, activating the classical complement activation pathway. It is
proposed that stromal cells in the microenvironment of the primary B cell-generating
organ express Fc mu receptors,C1q receptors (C1qR) and C4 receptors (CR1), which
bring the autoantigen-complement IgM-loaded B cells near these stromal cells to es-
tablish B cell–stromal cell contacts and expose the B cells to cytokines produced by
the stromal cells. The avidity of the BcR–antigen interaction modulates the actions of
these contacts and cytokines to be, for high avidity, negative (to apoptosis), and for
low avidity, positive (mild activation). Autoantigens with polyclonal B cell activators,
e.g., TLR2, TLR4, or TLR9 ligands can replace cytokines and cell contacts and signal B
cells. Genetic defects in serum IgM, C1q, C4, C1qR, CR1, and possibly Fc mu R all inac-
tivate this mechanism of repertoire screening and predispose to B cell/autoantibody-
mediated autoimmune disease. Those B cells not recognized by autoantigens can be
exposed to BAFF via BAFF receptors (BAFF-R), produced by cooperating cells such as
dendritic cells (DCs), also activatable by TLR ligands. BAFF induces polyclonal, BcR-
independent maturation of BcR+ immature B cells without proliferation to mature,
B2-type conventional B cells. BAFF thereby competes for positive B cell repertoire
selection. Excessive BAFF production, for example, can rescue autoantigen-reactive
B cells from deletion, while deficiencies in BAFF and/or its receptor results in defective
development of B2-type conventional, but not of B1 B cells



B Cell Tolerance—How to Make It and How to Break It 11

of a secondary BcR due to editing of a new L chain, thus leading to a new,
nonautoreactive BcR, occurs fast enough, this apoptosis may be avoided.

As an extension of this model, one could propose that the stromal cells
also express receptors for natural serum IgM (Fc receptors) to include serum
IgM in these processes (Fig. 2). In this way, the serum IgM could also bind to
autoantigens, and then be able to fix CIq, creating a multiple bridge between
the CIqR, CRI, and FcR on stromal cells and the autoreactive BcR on the
immature B cell, brought together by CIq, C4, serum IgM, and autoantigens.
Approximately 90% of the 2×107 sIgM+ immature B cells that are made each
day in the bone marrow of a mouse never arrive at the immature sIgM+B cell
pool of the spleen, suggesting that most of the negative selection of the B cell
repertoires occurs at the transit from bone marrow to spleen (Rolink et al.
1999).
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6
Ignorance

Emerging B cells with no apparent autoreactivity pass the two checkpoints
in bone marrow and spleen, as long as they express a surface membrane-
deposited BcR. A variety of Ig-transgenic mouse models support this view
(Fields and Erikson 2004). The ignored B cells enter the spleen via the ter-
minal branches of the central arterioles and populate the follicular regions
as conventional, B2-type B cells. Initially they are short-lived, with half-lives
of 2–4 days. They then mature to longer-lived B cells, with half-lives longer
than 6 weeks. The BcR complex with Ig and Ig is mandatory for transition to
the peripheral sIgM+B cell pools; no sIg– B cells survive normally. The transi-
tion from short-lived to long-lived, from AA4.1+ to AA4.1– , CD21–/CD23– to
CD21+/CD23+ cells is controlled by a series of genes, including OBF, bt, and
CD40. Thus, bt–/CD40–-, or bt–/OBF– double-deficient mice have a strong de-
fect at the transition from the immature, transitional T1- and T2-type B cells
to mature B cells (Rolink et al. 2001). In addition, crosslinking of surface IgM
by anti-IgM-antibodies (possibly a polyclonal example of a crosslinking au-
toantigen) induces immature B cells of bone marrow as well as spleen (T1 and
T2) to apoptosis. This apoptosis can be prevented by the transgenic expres-
sion of the anti-apoptotic transgene bcl-2, and is circumvented by polyclonal
activation with LPS, and with CD40-specific antibodies, or CD40 ligand.

Deficiency in the expression of the TNF family member, BAFF (also called
B-lys), or its receptor, BAFF-R blocks the maturation of immature B cells
into conventional, B2-type B cells, but not to B1-type B cells (Schneider et al.
1999; Moore et al. 1999; Gross al. 2001; Schiemann et al. 2001; Rolink and
Melchers 2002; Ng et al. 2005). In vitro BAFF induces polyclonal maturation
of immature B cells from bone marrow and from spleen (T1, T2) without pro-
liferation (Rolink et al. 2002). BAFF has been found in the sera of some lupus
erythematosus patients, as well as in the sera of NZBxNZW SLE autoimmune
disease-prone mice. In these mice, administration of BAFF-specific antibod-
ies prevents, or at least delays the development of SLE disease. Therefore,
excessive production of BAFF, administered at the sites of negative selection
of immature B cells, could rescue autoreactive B cells from deletion, lead-
ing to autoimmune reactivities in the peripheral mature conventional B cell
repertoires (Fig. 2). One major site of BAFF production has been found to be
dendritic cells. Hence, in order to interfere with the deletion of autoreactive
immature B cells, such dendritic cells would have to be located near the sites of
B cell deletion in bone marrow or spleen, and would have to be strongly acti-
vated to BAFF production to effect rapid maturation of autoreactive immature
B cells before they are subjected to negative selection. Such a scenario still
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needs to be investigated, and the observed partial rescue of B cell tolerance by
T-cell independent antigens may be one experimental way to probe the molec-
ular and cellular requirements for such competition with clonal deletion.

7
Positive Selection

Autoreactive, in fact often polyreactive B cells (Leslie et al. 2001) can be
positively selected, and appear to accumulate in the BI compartments of the
gut-associated lymphoid tissues, i.e., in the follicles below the M cells of the
flat epithelium of the gut (Fig. 1). They are also found as single, intraepithelial
cells. B cells within the marginal zone of the spleen also appear to be positively
selected. However, it remains to be seen whether this major traffic intersection
of newly generated (as well as possibly of recirculating) B cells, in contact with
cellular debris of dying blood cells and of killed bacteria about to be removed
from the circulation in the spleen, are the sites of positive selection into the
BI compartments, which are later predominantly found in the gut.

B cells in the gut-associated lymphoid tissues (GALT), including the lam-
ina propria, produce IgM, and predominantly switch to IgA (Fig. 1). Secreted
IgA traverses the epithelia associated with the secretory piece that it acquires
during the migration through the epithelial layer. On the luminal side, it binds
with low affinity and high crossreactivity to bacteria of the endogenous flora
and to food antigens. Hence, the low-avidity positive selection of these (even-
tually IgA-producing and secreting) BI cells appears to possible be useful for
neutralizing interactions of the secreted antibodies with potentially infectious
bacteria of the gut flora. At least in parts, this IgA production appears to be
quite distinct from the Ig production elicited in a helper T cell-dependent, in-
flammatory response of B cells in germinal centers of peripheral lymph nodes
and the spleen. First, while the follicular B cell response beneath the M cells
may be helper T cell-dependent, germinal center-derived, the submucosal, in-
traepithelial response in the lamina propria can be helper T cell-independent.
One-third of the IgA might derive from such T cell-independent B cell re-
sponses in these T cell-independent responses. The expression of the Ig class
switch-inducing AiD gene could be induced by a CD40 ligand–CD40 interac-
tion, in which the cooperating cell providing the CD40 ligand is not known
and must not be a helper T cell. Furthermore, these B cell responses could be
co-stimulated by other cell–cell contacts and cytokines, which might not be
typical for a T cell-dependent, germinal center response of B cells. Hypermu-
tation of the V regions of the IgM, and later IgA, expressed and secreted by the
lamina propria of the intestine BI cells could well occur in the AiD-expressing,
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IgA class switching cells, but the lack of the selection of better fitting V-region
mutants by bacterial antigens and the lack of germinal center formation,
i.e., exclusive B cell proliferation, may decrease the probability to generate
and select better-fitting antibacterial antibodies, as much as that should also
decrease the probability of generating high-affinity autoreactive antibodies.

8
Peripheral B Cells Without sIg Expression

The Epstein-Barr lines (EBV) encodes latent membrane proteins (LMP), of
which LMP 2A, a multispanning transmembrane protein, expressed in B lym-
phocytes, can associate with Igα and Igβ and share with these two anchor
proteins an ITAM motif (Gross et al. 2005; Fruehling and Longnecker 1997;
Miller et al. 1995; Caldwell et al. 1998). In fact, the phosphorylated form of
the ITAM motif of LAMP 2A recruits tyrosine kinases and adaptor proteins
that are also used by the BcR complex for signaling. In this way, LMP 2A
acts as a BcR analog, supporting the selection into the peripheral mature B
cell compartments of B cells lacking BcRs. High-level transgenic expression
of LMP 2A selectively recruits cells into the BI compartments, e.g., into the
gut and intestine, while low-level expression promotes development of con-
ventional, B2-type and marginal zone B cells (Casola et al. 2004). Neither of
these B cell populations can be stimulated by T cell-dependent antigens to
develop germinal centers in peripheral lymphoid organs, indicating that BcRs
on the surface of B cells are needed for peripheral germinal center responses.
By contrast, the low-level, but not the high-level, i.e., the conventional B2,
but not the B1 cell-directed LMP 2A expression allows germinal centers to be
formed in the gut. Hence, the role of BcRs in germinal center formation in
the gut might be replaced by an antigen-unspecific mechanism antigen up-
take, which allows processing and presentation by MHC class II molecules to
helper T cells. Alternatively, these gut-associated BcR-deficient B cells might
be stimulated by bystander helper T cells activated with bacteria of the gut, or
by bacteria-derived polyclonal activators, such as LPS, lipoprotein, etc., in the
latter case via TLR2, TLR4 and others, or by other T-lineage cells or NK cells
not restricted by the recognition of MHC class–peptide complexes. In sum-
mary, T cell (or NK cell) -dependent, BcR-independent (perhaps MHC class
II-independent) activation of B cells in germinal centers can lead to GC re-
sponses, in which the activated B cells (as well as T or NK cells) can be expected
to secrete pro-inflammatory cytokines—such as IFN, IL-1, IL-4, IL-5, IL-6,
and TNF—which can lead to systemic manifestations of autoimmune-like re-
actions, in severe cases to bowel disease. It remains to be seen how strong the
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contributions of the BcR-independent responses of GALT-associated B cells
are in BcR-proficient immune systems.

Furthermore it has been observed in pre-BI cell-transplanted RAG-
deficient mice, containing only pre-BI cell-derived BI cells, but no T cells,
that one-third of the normal levels of IgA can be produced, apparently
T cell-independently, mainly by cells in the intestinal lamina propria, without
the formation of germinal centers (Rolink et al. 2001). It is likely that
these cells are also present in BcR-deficient, high-level LMP 2A-expressing
lamina propria BI cells. Obviously, they cannot produce IgA, but they can
be expected, again, to respond to bacteria by the secretion of cytokines that
might be of the pro- or anti-inflammatory types.

In conclusion, the GALT-associated B cell compartments can develop even
when the B cells do not express BcRs (and possibly also not MHC class II),
i.e., they can function in cellular responses of proliferation and differentiation
to effector functions in an antigen-independent, perhaps bacteria-dependent
way, leading to pro-inflammatory (and perhaps also anti-inflammatory) re-
sponses that could manifest themselves as quasi-autoimmune.

9
Rescue of Autoreactive B Cells by T Cell-Independent Antigens
of Type I, TLR–Ligand–Antigen-Complexes

Immature and mature B cells express Toll-like receptors (TLR) (Akira and
Takeda 2004) such as TLR2 (for bacterial lipoprotein), TLR4 (for bacterial
LPS), andTLR9(forbacterialCpG). Ithas longbeenknownthat thesebacteria-
derivedTLR ligands canact aspolyclonal activators forboth stagesofBcell de-
velopment, inducing the B cells to proliferation and maturation to Ig secreting
cells. At limiting, nonpolyclonally activating concentrations of these TLR lig-
ands, hapten-TLR ligand conjugates can induce hapten-specific B cell prolif-
eration and maturation. In this way, conjugates of CpG with double-stranded
(ds) DNA, as well as chromatin–IgG complexes, can activate dsDNA-specific
IgG or chromatin-specific IgG, respectively, i.e., autoantigen-reactive B cells to
autoantibodyproduction. Initially, andperhapsnormally, theperipheralBcell
repertoires might not contain high-avidity autoantigen-reactive B cells, there-
fore limiting these TLR-dependent, initially T cell-independent responses to
low-affinity autoantibodies. However, high-affinity autoantibodies might de-
velop with these T cell-independent antigens in at least two possible ways. In
one, helper T cells or N cells may take over the stimulation of the activated
B cells. In the former case, this induces AiD expression, i.e., Ig class switching
and hypermutation, as well as longevity of B cells leading to high-affinity au-
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toantibody production. However, tolerance to autoantigens has to be broken
in the helper T cell compartment.

In the other way, autoantigen–TLR–ligand complexes might activate im-
mature B cells to proliferation, rather than to apoptosis of the autoantigen-
specific B cells, as, for example, LPS has been seen to induce such responses on
a polyclonal level with immature B cells. Thereby, autoantigen–TLR–ligand
complexes could compete with autoantigen–natural IgM–complement com-
plexes for reactions leading either to survival and proliferation or to apoptosis
of the autoantigen-reactive cells. This may well occur during the peak of a bac-
terial infection and might become chronic if the infection is chronic. A real
danger of autoimmune disease (in the case of dsDNA IgG or chromatin to
SLE) should only arise if the response of the rescued, matured, activated au-
toreactive B cells is taken over by a helper T cell-dependent, or otherwise
AiD-inducing action of the immune system.

10
Autoreaction Rescued by Ignorance

A mouse strain has been generated by transplantation of a nucleus from
a peripheral sIg+B cell into an enucleated embryonic stem (ES) cell, followed
by implantation of the nucleus-altered ES cell into a foster mother to develop
the new mouse strain (Hochedlinger and Jaenisch 2002). The mouse strain
carries one productively VHDHJH-rearranged H chain allele and, surprisingly,
two productively VLJL-rearranged L chain alleles. Hence, its B cells express
Ig receptors with two different L chains. To study the two IgM receptors
independently of each other, two mouse substrains were bred in which only
one of the two L chain alleles is carried and expressed, each together with the H
chain (Gerdes and Wabl 2004). One L chain allele (cu2) contributes to an IgM
on B cells that leads to the rapid and efficient selection of the (monoclonal cu2
L chain/H chain) expressing B cells into the follicular, originally short-lived,
conventional, B2-type B cell compartments, which are not impeded by high-
or low-affinity reactions with autoantigens. Hence they are ignored during
their development, similar to the two-thirds of B cells that a normal mouse
generates as cells with one productive VLJL rearrangement on the first allele,
while retaining the second allele in germ-line configuration.

However, the other L chain allele (b4) of the nuclear transplant mouse
makes an autoreactive IgM with the same H chain. It recognizes an unidenti-
fied autoantigen on apoptotic cells in the nearby environment of the primary
lymphoid organ. Consequently, a large fraction, but not all of the developing
B cells at the transition from immature to mature cells from bone marrow
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to spleen are deleted, i.e., negatively selected. Since the deletion is more
extensive when the B cells cannot edit the b4-L chain by secondary VL to
JL rearrangements, i.e., on a RAG-deficient background, the b4-L chain /H
chain-containing IgM induces editing.

This suggests the following scenario for the generation of the original B cell
from which the nucleus was isolated and used to generate the mouse strain by
nuclear transplantation (Melchers 2004). At the transition from pre-BI to large
pre-BII cells, one productive VHDHJH rearrangement led to the formation of
a preBcR, which expanded the pre-BII cell population by proliferation. One
of the resting small pre-BII cells then rearranged the V(b4) segment to J on
the first allele and in-frame. The sIgM on the resulting sIgM+ immature B cell
then recognized the autoantigen, and this recognition signaled the cell to open
the second allele and rearrange V (cu2) to J. Again, the rearrangement was
productive, and the expression of the second IgM and of IgM molecules with
mixed L chains allowed the cell to shut down the rearrangement machinery
and to enter one of the mature pools of B cells. Ignorance appears to have
dominated over self-recognition.

These results raise many questions. How frequently are double producers
selected into the BI or the conventional B cell compartments? Do double pro-
ducers also emerge from VH to DHJH rearrangements and are they positively
selectable by mixtures of ignorant and autoreactive VH domains? It also re-
mains to be seen whether such double BcR-producers constitute a potential
danger for autoimmune reactions and autoimmune diseases.

11
Breaking the Tolerance of Mature, Peripheral B Cell Repertoires

After the selections of the repertoires of BI and of conventional (B2) cells,
we expect these repertoires to be essentially devoid, because purged, of high-
affinity autoantigen-reactive BcR-expressing B cells, unless such autoantigens
did not have a chance to be exposed to the developing B cells in the primary
lymphoid organs (i.e., in bone marrow) and in spleen. Hence, all stimulatory
actions on these B cells that do not activate AiD should not generate high-
affinity, autoantigen-reactive B cells and autoantibody secretion. Such B cell-
activating actions include the ways in which T cell-independent antigens are
expected to stimulate B cells. Such T cell-independent antigens, e.g., of type 1,
are known to use the receptors of polyclonal activators such as TLR4, -2 or -9.

Furthermore, continuous exposure to soluble antigens (hence, also au-
toantigens) can induce a state of anergy in mature B cells trough continuous
downregulation of BcRs from the surface. This induces, or keeps, a short
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half-life of such B cells. In addition, helper T cells specific for the processed
form of the anergizing antigen recognize the peptide–MHC class II complexes
and co-stimulate the now Fas-expressing B cells via Fas-ligand expressed on
the T cells. Fas-induced apoptosis of the specific B cells is initiated, while all
other B cells not recognizing any soluble (auto)antigens are not stimulated
and survive.

Most importantly, helper T cell repertoires are purged of autoreactive cells
at comparable stages of their development in the thymus, with much the
same result of negative selection by high-avidity interactions of autoreactive
TcR-expressing T cells by autoantigen-MHC-presenting cells in the thymus.
Furthermore, the development and maturation of autoreactive helper T cells
is suppressed by autoantigen-specific suppressor T cells, today called CD4+

CD25+ regulatory T cells. It remains to be investigated whether these regu-
latory T cells also have direct suppressive interactions with mature B cells in
autoantigen-specific ways.

However, whenever these B cell repertoires can be initially activated by
helper T cells—and viral as well as bacterial infections are suspected of
doing that through release of sequestered autoantigen, through molecular
mimicry of TcR- and/or BcR-directed epitopes of infection antigens with au-
toantigens, or through polyclonal activation of T and/or B cells—in CD40
ligand-CD40-dependent ways, or whenever T cell-independently activated B
cells can be restimulated with the help of T cells, AiD can be induced. The
resulting hypermutation of Ig variable-region genes can then generate high
affinity, autoantigen-reactive B cells, and autoantibody secretion. Whenever
the autoantigen is present in this—usually germinal center-located, T cell
-dependent antigen and autoantigen-dependent response—this should favor
the positive selection of such high-affinity autoantibody-producing B cell
clones, much in the same way in which a foreign antigen selects high-affinity
antibody-producing cells specific for the foreign antigen in a normal immune
response. Therefore, breaking of the B cell compartment tolerance is often
achieved by breaking this tolerance with a helper T cell capable of recogniz-
ing a peptide on self-MHC processed from an autoantigen taken up through
a low-avidity autoantigen-specific BcR-expressing B cell. These helper T cells
then induce CD40 L- CD40-dependent AiD activation and, hence, V-region
hypermutation in the autoantigen-reactive B cells. Thereafter the autoanti-
gen selects hypermutated BcR-expressing B cells with higher avidities toward
the autoantigen. This leads to clonal expansions and eventual high-avidity
autoantibody secretion of BcR-mutant B cells that have also gained longevity,
hence, are long-lived memory B and plasma cells.

As a consequence of such an autoantigen-driven-, high-avidity antibody-
selecting response, two major players of autoimmune disease are generated:
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1. Autoantibodies with the capacity to form large immune complexes
are secreted into the blood stream. Bound to Fc receptors on reticulo-
endothelial cells in the kidney and the blood vessels and thus activating
complement, they destroy the tissues and, hence, induce glomeru-
lonephritis and vasculitis.

2. Expanded numbers of long-lived B cells with high-avidity autoantigen-
specific BcRs can cooperate much more efficiently with helper T cells
in inflammatory germinal center B cell responses because their high-
avidity, autoantigen-specific receptors allow the uptake, processing, and
MHC class II presentation of autoantigen peptides at concentrations that
might be 10e22–10e33-fold lower than the antigen-presenting capacity of
a dendritic or a macrophage cell that can take up such autoantigens only
by autoantigen-unspecific endocytosis at much higher concentrations
(Lanzavecchia 1987; Coutinho, Gronowicz and Möller 1975).

It remains surprising that autoimmune reactions resulting in chronically
altered, deregulated responses are not more frequent, given the many genes
that must function in stimulatory and suppressive ways to effect immune
protection against the wide world of foreign invaders and to maintain nonre-
sponsiveness and suppression to the equally wide world of autoantigens.

12
Consequences of Breaking B Cell Tolerance—Autoimmune Diseases

In at least two major types of autoimmune diseases, autoantibodies, and
B cells producing them, contribute to the pathophysiology of the disease. In
both cases, somatically hypermutated autoantibodies have been identified,
and some of them have been shown to possibly induce, but certainly prop-
agate factors in the destruction of cells and tissues generating the disease
phenotypes. A characteristic spectrum of autoantigens appears to be con-
nected with the induction and/or propagation of these autoimmune diseases.
In systemic lupus erythematosus (SLE), nuclear antigens, especially double-
stranded DNA, histones, and nucleoprotein complexes such as the ss- and
Rho-antigens, are recognized by the somatically mutated autoantibodies. In
chronic inflammatory rheumatoid arthritis (RA) posttranslationally modi-
fied proteins of cells in the target tissues, e.g., citrullinated proteins of the
tissues of the synovialis, characterize some of the autoantigens recognized
by the autoantibodies. In SLE viral antigens, for example, those encoded by
Epstein-Barr virus and antigens of other infectious agents have been implied
in breaking T cell tolerance, thereby setting the stage for B cell activation,
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V-region hypermutation, and selection of B cells with hypermutated, nu-
clear antigen-specific BcRs. In RA, breaking of tolerance may initially involve
helper T cell activation by peptides containing posttranslationally modified
peptides of autoantigens in MHC class II complexes, followed by activation of
B cell-specific for the same, or similarly modified proteins, with the positive
selection of hypermutated, high-avidity autoantibody-producing cells. Again,
the autoantibodies can form immune complexes and can participate in the
destruction of tissue, in this case in the synovialis.

For both diseases, secreted autoantibodies were long suspected to be major
disease-propagating factors. However, recent evidence from clinical trials
with a B cell-specific monoclonal antibody, i.e., against the B cell-associated
surface marker CD20, have shifted the focus of interest to B cells and cells
expressing the hypermutated, autoantigen-specific BcRs on their surface as
major contributors to the acute disease manifestations. Within 2 weeks, two
dosesof theCD20-specificmAbnearlyabolishmajordiseasemanifestations—
in a time period in which the autoantibody detectable in the patient’s blood
stream are hardly reduced. The CD20-specific mAb that induces a strong B cell
cytopenia in circulating blood might, therefore, remove the inflammation-
inducing cooperators from the autoantigen-peptide-MHCII-specific helper
T cells which normally produce inflammatory cytokines such as TNF in the
autoimmune response.
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Abstract Immunological self-tolerance is maintained through diverse mechanisms,
including deletion of autoreactive immune cells following confrontation with au-
toantigen in the thymus or in the periphery and active suppression by regulatory cells.
A third way to prevent autoimmunity is by hiding self tissues behind a tissue bar-
rier impermeable for circulating immune cells. The latter mechanism has been held
responsible for self-tolerance within the nervous tissue. Indeed, the nervous tissues
enjoy a conditionally privileged immune status: they are normally unreachable for
self-reactive T and B cells, they lack lymphatic drainage, and they are deficient in
local antigen-presenting cells. Yet the immune system is by no means fully ignorant
of the nervous structures. An ever-growing number of brain specific autoantigens is
expressed within the thymus, which ensures an early confrontation with the unfolding
T cell repertoire, and there is evidence that B cells also contact CNS-like structures out-
side of the brain. Then pathological processes such as neurodegeneration commonly
lift the brain’s immune privilege, shifting the local milieus from immune-hostile to
immune-friendly. Finally, brain-reactive T cells, which abound in the healthy immune
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repertoire, but remain innocuous throughout life, can be activated and gain access to
their target tissues. On their way, they take an ordered migration through peripheral
lymphoid tissues and blood circulation, and undergo a profound reprogramming of
their gene expression profile, which renders them fit to enter the nervous system and
to interact with local cellule elements.

1
Introduction

The brain is generally reputed to be the body’s site of intelligence, not of
ignorance. An aberrant view has been held by the community of neuroim-
munologists. Indeed, from an immunological point of view, the brain has
long enjoyed the status of a terra incognita. The traditional dogma of neu-
roimmunology had it that the central nervous system (CNS: brain and spinal
cord) is out of reach of the prospecting and protecting mechanisms of im-
mune surveillance. Accordingly, immune cells would ignore the CNS, a state
commonly referred to as immune privilege.

Theconceptof centralnervous immuneprivilegeclassically restsonseveral
structural peculiarities that set the brain apart from other tissues. These in-
clude, first of all, a tight endothelial blood–brain barrier (BBB), which blocks
free exchange of cells and macromolecules between blood flow and the CNS
parenchyma. Second, the CNS lacks a fully differentiated lymphatic drainage,
which would connect the brain with local peripheral immune organs, and,
finally, at least under normal conditions, CNS tissues neither express substan-
tial levels of MHC proteins, nor do they harbor specialized antigen-presenting
cells (APCs) such as dendritic cells (DCs) (Wekerle et al. 1986; Hickey 2001).

Functionally, immune privilege and ignorance were thought to act on two
separate levels. Brain-specific protein structures were supposed to be hidden
behind the BBB, without access to immune organs. The immune cell lineages
newly arising within thymus and bone marrow would differentiate without
any possible contact with CNS components. At least in theory, there could be
some positive, but certainly no negative selection (deletion) of CNS-specific
T or B cell clones. T and B cell repertoires would be formed without censure
by CNS autoantigens. Hence, CNS-specific lymphocytes could be introduced
into the repertoires, but they could not reach their target tissues, again due
the tight BBB, and the lack of local MHC.

Thus goes theory, but it has not been supported by clinical experience.
In fact, immune privilege and ignorance are by no means absolute; there are
numerous pathological CNS conditions that involve intracerebral immune
reactions. These include responses to microbial infections, neoplasias, and
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even degenerative disorders are often accompanied by immune cell infiltra-
tions. Most spectacular are, however, the inflammatory processes noted in
multiple sclerosis (MS), where immune cells invade the tissue and produce
response patterns only seen in established cases of other autoimmune diseases
(Lassmann et al. 2001).

How could immune cells gain access to the secluded CNS and respond not
only to microbes, or tumors, but perhaps even to autoantigenic components
of the tissue? The answer is that separation between CNS and the immune
system is not as strict as described until here. In fact, as has been recognized
quite recently, there are indeed connections between both organ systems,
and, as will be shown, these are numerous and complex. We will see that
an ever-increasing number of putative brain autoantigens are produced and
also exposed within immune organs (central as well as peripheral), and that
particular immune cells are able to gain access to the CNS, where MHC
antigens can be induced under certain favorable conditions.

2
Brain Autoantigens in the Immune System

Myelinbasicprotein (MBP) is the classical brain-specific autoantigen. Inmany
species and strains of animals, immunization against MBP in suitable immune
adjuvants almost unfailingly results in the development of experimental au-
toimmune encephalomyelitis (EAE), a T cell-mediated autoimmune disease
targeted exclusively against CNS white matter. The exquisite tissue specificity
has been traditionally explained by a correspondingly restricted tissue distri-
bution. Indeed, MBP is produced at the highest level in CNS myelin sheaths,
where it is positioned on the inner membrane leaflets, not on the surface
(Campagnoni and Macklin 1988).

However, quite unexpectedly, several observations showed that CNS-
specific autoantigens were also produced within the immune system,
most prominently by thymus cells, mainly stroma, and that these ectopic
autoantigens actively influenced the generation of the autoimmune T cell
repertoire. At about the same time, two laboratories described a whole family
of MBP and MBP-related genes in the immune cells (Pribyl et al. 1993; Grima
et al. 1992). Both groups described MBP-like sequences in the thymus as
well as in lymph nodes and the spleen. In particular, MBP expression by
thymus stroma cells was unexpected. Then Kojima et al. showed directly for
the first time the co-existence of CNS autoantigen and specific autoreactive
T cells in the same rodent thymus. The autoantigen was the calcium binding
protein S-100β, which is expressed in astrocytes, rather than in myelin
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and myelin-binding oligodendrocytes. S-100β autoreactive T cells transfer
inflammation in the CNS, as well as in the eye (Kojima et al. 1994). Besides
astrocytes, however, S-100β is lavishly produced by certain thymus stroma
cells, located preferentially in the thymic medulla (Kojima et al. 1997).

Would ectopically expressed CNS-specific autoantigen affect the distribu-
tion of encephalitogenic T lymphocyte clones within the newly generated
immune repertoire? Again, almost simultaneously, two groups independently
reported that indeed myelin autoantigens produced in the thymus robustly
affect the generation of the myelin-specific, encephalitogenic T cell repertoire.
The investigators compared immune reactivity against myelinproteins innor-
mal mice with mutant mice lacking the myelin component in question. They
found that myelin protein-deficient mice generally possess many more myelin
autoreactive T cells than their wild type counterparts (Anderson et al. 2000;
Klein et al. 2000). Complex cell and organ transfer experiments supported the
initial suspicion that myelin proteins produced by thymus medullary stroma
cells helped remove most of the complementary autoimmune T cells freshly
formed in the thymus cortex. Even more, myelin protein portions that may
be formed by some strains, but not in others, appeared to reciprocally control
the formation of region-specific T cell clones.

Is expression of (myelin-specific) autoantigens in the thymus a singular
caprice of nature, is it the exception or the rule? The latter may be the case.
A look into another important autoimmune paradigm, type 1, autoimmune
diabetes mellitus will make the case. About 10 years ago, a group of diabetol-
ogists was interested in producing tumors derived from insulin-producing
β cells. To reach this goal, they first linked the gene for the oncogenic T antigen
controlled to the pancreas islet-specific insulin promoter, and then inserted
this construct into the germ line of transgenic mice. These mice indeed de-
veloped, and as expected they showed the transgene in their pancreas islets.
It was unexpected, however, that in addition the transgene also showed up
in the thymus (Jolicoeur et al. 1994). Subsequent investigations showed that
not only insulin promoter-driven transgenes were expressed both in islets
and thymus, but that the same was true for insulin itself. An ever-increasing
number of autoantigens followed this pattern: they were found not only in
the expected specific organ, but in also in the thymus. In the case of CNS
autoantigens, the examples include, except myelin components (MBP, PLP,
MOG), other proteins such as S100β (Table 1) (Derbinski et al. 2001).

Very recent observations indicate that the Aire gene, whose mutated form
was discovered in patients with the poly-endocrine autoimmune syndrome
APECED, has a role in thymic presentation of some, though not all organ-
specific autoantigens. The protein is produced mainly by medullary epithe-
lium, but is also demonstrable in thymic DCs (Zuklys et al. 2000). Its ex-
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Table 1 Organ-specific autoantigen expression in the thymus (modified from Kyewski
and Derbinski 2004)

Thymic components Disease model

Autoantigen Macro-
phage

DC MTEC CTEC Animals

(Golli)MBP +/− +/− + +/− EAE Lewis rat

PLP +/− +/− + + EAE SJL/J mouse

MOG − − + − EAE C57BL mouse

S100β + + + − EAE Lewis rat

AChR − − + − EAMG C57BL mouse

GAD67 − − + − T1D NOD mouse

Insulin − − + − T1D NOD mouse

Amylase1 +/− − + +/− Autoimmune
pancreatitis

Lewis rat

A1-crystallin +/− + + + EAE Biozzi mouse

Retinal S
antigen

+ − + + EAU Lewis rat

IRBP − − + − EAU Lewis rat

H/K ATPase-β − − + +/− Gastritis C3H/HeJ
mouse

Thyroglobulin − − + + EAT Lewis rat,
C3H mouse

EAE, experimental autoimmune encephalomyelitis; EAMG, experimental au-
toimmune myasthenia gravis; T1D, Type-1 diabetes mellitus; EAU, experimental
autoimmune uveitis; EAT experimental autoimmune thyroiditis

pression is not autonomous, but regulated by lymphotoxin and its receptor
(Boehm et al. 2003; Chin et al. 2003). Much of the Aire protein sits in the
nucleus, where it may act on nuclear transcription. Intriguingly, there is re-
cent evidence that, in addition, Aire may act as a ubiquitin ligase, which
would involve the protein in processing of intracellular (auto-) antigens and
their presentation in the MHC context (Uchida et al. 2004). There are several
mechanism(s) by which Aire might control self-tolerance. They may include
physical deletion of freshly emerging self-reactive T cell clones, but generation
of regulatory T cells is another viable possibility (Mathis and Benoist 2004).

A word of caution seems to be appropriate. Expression of organ-specific
autoantigens within the thymic medulla is by no means a guarantee of self-
tolerance.This isdocumentedby theexistenceof themillionsoforgan-specific
autoreactive T cells in the healthy immune repertoire. However, it should be
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mentioned that thymic autoantigen expression may even have a role in the
initiation and maintenance of autoimmune disease. Most prominently, the
most common form of human myasthenia gravis goes along with thymic
hyperplastic changes, which characteristically include expression of the es-
tablished target autoantigen, the nicotinic acetylcholine receptor (AChR).
AChR-bearing myoid cells, often tightly surrounded by DCs, are typically
found in the thymic medulla, which contains substantial numbers of AChR
autoreactive CD4 mature T cells (Melms et al. 1988). There is reason to assume
that processing and presentation of medullary AChR does not prevent anti-
AChR reactions in MG, but rather may be the trigger of the disease (Wekerle
and Ketelsen 1977).

3
B Cell Ignorance?

B cell response to antigen differs fundamentally from the T cell counterpart.
In contrast to the T cell receptor, the B cell antigen receptor, immunoglob-
ulin, binds to native soluble or membrane proteins and does not need their
processing by special APC and embedding on MHC products for successful
presentation. Second, while the TCR remains unmodified throughout pri-
mary and secondary immune responses, the B cell receptor undergoes drastic
changes which form the basis of affinity maturation. During a B cell response,
the immunoglobulins are modified by somatic mutations of the antigen bind-
ing CDR regions.

This is of importance for understanding B cell autoimmunity. While in
the case of T cells, each autoreactive T cell is derived from a progenitor with
exactly identical TCR, a high-affinity autoreactive B lymphocyte may have
acquired its autoreactivity during a pathological autoimmune response via
affinity maturation. Encounter of a developing autoreactive B cell with its
autoantigen in the bone marrow (the primary B cell organ) results in the
physical elimination of the cell, functional silencing, or, unique to B cells,
to the replacement of one autoreactive immunoglobulin chain by another,
one with non-self specificity (B cell receptor editing) (Nemazee and Hogquist
2003). Generation of high-affinity autoreactive B cells in the bone marrow
therefore is not a prerequisite of a B cell autoimmune response.

There are very few studies investigating the generation of CNS-specific
B cell repertoire. One of the few relevant insights comes from the work of
Litzenburger and Iglesias (Litzenburger et al. 1998), who produced a knock-
in transgenic mouse, whose immunoglobulin (Ig) germline J(H) locus was
replaced with the rearranged Ig H chain V gene of a pathogenic MOG-specific
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mouse MAb (8–18C5) (Linington et al. 1984). As expected, in these single-
transgenic mice all B cells expressed the transgenic H chain. It was, however,
surprising that about 30% of all recirculating immunoglobulin and about 30%
of all B cells specifically bound the autoantigen MOG. These animals never
developed spontaneous EAE. However, when sensitized to the encephalito-
genic protein PLP, the clinical signs of the resulting EAE were dramatically
enhanced. The lesions, which in wild-type mice were almost exclusively in-
flammatory, showed large confluent foci of demyelination, changes produced
by the autoreactive immunoglobulins that attach to the myelin surface and,
together with complement and/or phagocytes, cause myelin destruction.

More directly relevant to the repertoire question was a second, double
transgenic mouse strain created by the same investigators. This mouse had,
in addition to the knocked-in MOG-specific H chain gene, a second transgene
encoding the anti-MOG MAb (8–18C5) L chain. These double transgenic mice
did not display 100% MOG-binding B cells, as one might have expected, but
only approximately 30%, like their single H chain transgenic counterparts
(Litzenburger et al. 2000). As it turned out, during development, B cells ex-
pressing both transgenic Ig chains were either deleted from the bone marrow
or they were forced to replace their transgenic L chain by another, endoge-
nous L chain, a process termed B cell receptor (BCR) editing. BCR cell receptor
editing is the well-known result of a confrontation of immature autoreactive
B cells with their nominal autoantigen during differentiation in the bone
marrow (Nussenzweig 1998).

In analogy toTcell differentiation, themost obvious candidate autoantigen
to enforce tolerogenic BCR editing would be classical MOG, expressed on the
surface of one of the stroma cells. But this does not seem to be the case. Litzen-
burger and Iglesias crossed the double transgenic anti-MOG B cell mice on
a background lacking MOG autoantigen. Unexpectedly, deprivation of MOG
autoantigen in the organism did not affect BCR editing in any demonstrable
fashion. So, which self structure, if not MOG, acts as censuring structure in
the bone marrow? Is it an antigen, which, from a B cell’s point-of view closely
resembles MOG but is encoded by a distinct gene?

This raises the question of the origin of the anti-MOG MAb (8–18C5).
Obviously, this hybridoma has been created by fusion of a B cell occurring
in the spleen of the donor mouse with the neoplastic lymphoma partner cell
(Linington et al. 1984). The donor, a BALB/c mouse repeatedly immunized
with cerebellar glycoproteins, must have escaped self-tolerance in vivo. How
this may have happened is unclear; as one possibility, the B cell may have been
a member of the B-1 population, a subset of B cells that preferentially resides
in the peritoneal space and produces many of the natural low-affinity polyre-
active autoantibodies (Su and Tarakhovsky 2000). Autoreactive antibodies
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produced by B-1 cells are normally of too low affinity to be pathogenic. Could
it be that the anti-MOG MAb is a polyreactive antibody selected for low-
affinity binding to an unknown bone marrow structure, and which happens
to display heteroclitic high reactivity to the CNS component MOG?

4
Activation of Ignorant Autoreactive T Cells—
The Transition from Autoreactive to Autoaggressive

Now that it is clear that the immune repertoire contains millions of potentially
autoreactive T (and B) lymphocyte clones, one may certainly wonder why so
few people (and animals) actually develop autoimmune disease. The answer is
that autoreactive T cells are not automatically pathogenic, i.e., autoaggressive.
In order to become able to attack their autologous target tissues, an autore-
active T cell must be activated. But activation is not easy to achieve, since
there seem to be several tiers of regulatory controls that safeguard the non-
pathogenic status of the autoreactive T cells. Breakage of these controls seems
to occur only under very special circumstances, as is the case with immuniza-
tion of animals with autoantigens in complete Freund’s adjuvant.

Traditional concepts list four activation mechanisms that may break tissue-
specific autoimmunity, most of these related to concurrent microbial immune
responses. These are:

1. Molecular mimicry

2. Activation by microbial superantigens

3. Bystander activation in hyperinflammatory microenvironments

4. Utilization of dual T cell receptors, one set specific for microbial antigen,
the other one for a true autoantigen.

A fifth mechanism would result from weakened down-regulatory control
loops, for example, after loss of suppressor T cells.

4.1
Molecular Mimicry, Duped Ignorance?

Historically, molecular mimicry was the first, and over a long period of time
the most attractive concept of organ-specific autoimmune disease. In 1985,
Fujinami and Oldstone identified a viral peptide sequence (from the hepatitis
B virus polymerase) that shares sequence identity of six contiguous amino
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acids with the classical encephalitogen, MBP. Immunization of outbred rab-
bits with the viral decapeptide resulted in histological EAE in some of the
animals, going along with MBP-specific T cell proliferation and MBP-binding
autoantibodies (Fujinami and Oldstone 1985). This work marked the birth of
the mimicry concept of autoimmunity, a concept that engendered a flurry of
investigations and published papers.

Subsequent investigations revealed that contiguous sequence identity
between microbial and autoantigenic epitopes is not required for cross-
activation of autoreactive T cells. With increasing insights into the molecular
events of antigen presentation and recognition, it became clear that similarity
of amino acid motifs, rather than compete identity is essential in T cell
cross-reactivity. This involves motifs required for peptide binding to appro-
priate MHC class II proteins (anchoring positions), as well as motifs needed
for binding the specific T cell receptor surface. It turned out that in some
cases only very limited sequence identity of a microbial peptide is sufficient
to activate a CNS-specific T cell clone, which implies a large number of
bacterial or viral peptide sequences qualifying as potential mimicry partners
(Wucherpfennig and Strominger 1995). At the same time, it was recognized
that variations of peptide sequences may result in highly variant activation
results upon confrontation. While recognition of some of the artificially
permutated altered peptide ligands (APL) causes an activation response
higher than the one provoked by the original epitope (hyperagonist), others
drive the T cell into nonreactivity (antagonists), or divert the cytokine
pattern from the original Th1-like to a Th2-like profile (partial antagonists).

Most investigations into mimicry reactions compare mimicking peptides
presented by the same MHC protein, but this is a simplification. T cells of
a given specificity can be activated by peptides presented in the context of
completely different MHC products. A spectacular example was provided by
Lang et al. who investigated the peptide reactivity of a human T cell clone
specific for the human MBP peptide p85–99 in context of DRB1*1501 (DR15).
It was known before that this clone cross-reacted with a related sequence
of EBV DNA polymerase p627–641. Studies using monospecific transfected
APCs established, however, that, contrary to previous tacit assumption, the
mimicking virus peptide was presented by DRB5*0101, a distinct, nonallelic
product of the DR2 locus (Lang et al. 2002).

While the mimicry concept, which has mainly been focused on comparing
the immunogenicity of synthetic short peptides has led to important thera-
peutic strategies, its value for understating the pathogenesis of spontaneous
autoimmune diseases has remained limited to date. Most mimicry studies
ignore that, under in vivo conditions, (auto-)antigenic proteins are picked
up by antigen-presenting cells and that these proteins are then degraded by
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intracellular proteases to short peptides, which are fitted into MHC class I or
class II proteins before being presented on the cell surface to a specific T cell
receptors. Depending on the particular APC, and on the nature of the anti-
genic protein, individual molecules are cleaved into a limited set of peptides,
which may or may not include the cross-reacting epitope sequences identified
by screenings of synthetic peptide panels. Thus, future mimicry screenings
should go for cross-reacting proteins, rather than for peptides.

Thus it is not surprising that to date there is little cogent evidence that
mimicry responses really trigger encephalitogenic responses in real life. While
there are numberless studies showing cross-reactivity of myelin-specific
T cells with microbial peptides, there are extremely few experiments showing
such cross-reactivity with microbially infected APC, or APC processing intact
microbial protein components.

4.2
Microbial Superantigens

Bacteria and viruses can be spotted by the innate and adaptive immune
systems, either via pattern receptors or specific T and B cell receptors. But
some of the organisms can fight back. One way is via superantigens, secreted
proteins that activate large groups of T cells and thus make them produce
pro-inflammatory cytokines in amounts big enough to flood a patient’s body
and cause severe disease. Toxic shock syndrome was widely publicized some
years ago as an example of superantigen-mediated pathogenesis. One version
is caused in people by the toxic shock syndrome toxin-1 (TSST-1), a superanti-
gen released from Staphylococcus aureus (Llewelyn and Cohen 2003). Apart
from producing acute disease, superantigens were credited with shaping the
immune repertoire, and, most important in our context, with triggering au-
toimmune disease.

Like recognition of specific peptide antigen by T cells, superantigens must
be presented by APCs in the context of MHC class II proteins. But in contrast
to specific antigen presentation, superantigens do not bind into the central
peptide groove of MHC proteins, but to the outside. Superantigens do not
engage the antigen-recognizing CDR3 regions of the T cell receptor, but bind
to variable (V) regions of the TCR β-chain (Marrack and Kappler 1990).

Depending on the number of different Vβ chains targeted, superantigens
can activate between 1% and 30% of all accessible T cells. At least in theory,
the set of T cell populations selected by a particular superantigen may contain
an especially high proportion of autoreactive T cells. Their activation would
then kick off autoimmune disease. Such a situation is given in the case of EAE
in certain rats and mice. In the Lewis rat and in mice with the MHC H-2u
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haplotype, autoimmunization with MBP results in an EAE, which is mediated
largely by CD4+ T cells utilizing the Vβ8.2 gene for their T cell receptor (TCR)
(Heber-Katz and Acha-Orbea 1989).

One could expect that in these animals, superantigens specific for Vβ8.2+

TCRs could well activate MBP-specific, Vβ8.2 utilizing T cells in numbers suf-
ficient to cause EAE. But the experimental results reflected a more complex
situation. Superantigen treatment of naïve rodents not only failed to produce
EAE, but in most cases even rendered the treated animals resistant against
later encephalitogenic treatments (Rott et al. 1992; Gaur et al. 1993). EAE could
only be triggered in animals containing an expanded clonal contribution of
encephalitogenic T cell clones. This was the case in rodents that had gone
through a previous anti-MBP immunization, or in recipients of MBP-specific
T cell transfers (Brocke et al. 1993), and superantigens can precipitate EAE
relapses in animals that recovered from a previous disease bout (Schiffen-
bauer et al. 1993). Apparently, in naïve animals, superantigen treatment leads
to the depletion of specific TCR carrying clones. Further, there must be a min-
imal number of autoimmune T cell clones required for triggering of EAE by
superantigens, and these T cells should express the memory phenotype.

Do microbial superantigens have a role in human CNS immune disease,
especially in MS? Do they have a role starting the disease or can they kick off
relapses? Shortly after demonstration of biased Vβ usage in T cells causing
EAE in rodents, there were reports that, also in human MS, myelin autore-
active T cells utilized only very few Vβ species. As in other supposed human
autoimmune diseases, such as type 1 diabetes and psoriasis, the biased TCR
usage by potentially disease-related T cells in MS raised the possibility of
microbial superantigens as disease triggers (Brocke et al. 1998). Much of the
original enthusiasm has, however, evaporated. First, only in rare cases is there
a notable expansion of individual Vβs among MS-related CD4 T cells, and,
second, in spite of intensive search, so far no superantigenic microbe has been
associated with MS.

There remains, however, a particular class of endogenous superantigens
to be considered. Human endogenous retroviruses (HERVs) are integrated
in multiple loci of the human genome, where they occupy up to 10% of
the entire sequence. According to a recent report, HERV activation can be
observed in astrocytes located in MS lesions. These glia cells express a HERV
protein, which triggers the release of demyelinating toxic factors (Antony
et al. 2004). Alternatively, MS-associated HERVs (Perron et al. 1997) (whose
existence does not seem to be globally accepted [Brahic and Bureau 1997])
might activate CNS autoimmune T cells or shape the immune repertoire so
as to facilitate anti-CNS autoimmunity, as has been proposed as a general
scenario of autoimmunity(Posnett and Yarilina 2001).
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4.3
T Cells with Two Antigen Receptors

As a hallmark of the antigen-specific immune response, T cells (and B cells,
too) normally express only one particular antigen receptor. This phe-
nomenon, termed allelic exclusion, is noteworthy, as, in principle, receptor
genes of both alleles could rearrange T and B cell receptor genes and thus
provide one T cell with more than one, perhaps up to four distinct receptor
species. During generation of the diversified T cell receptor repertoire in the
thymus, recombination of the complete T cell receptor β chain leads to the
almost unfailing repression of a second β chain—the other allele is excluded
from expression. A similar, though less stringent exclusion is the case with
the other T cell receptor chain, the alpha chain (Schlissel 2003).

But even if allelic exclusion is strict, it is not unfailing. As hinted, especially
in the case of the TCR alpha chain, rearrangement of one alpha chain may be
followed by a rearrangement of a second one, and both chains may make it to
the T cell surface (Hinz et al. 2001). Thus in exceptional cases, one T cell may
express two distinct sets of T cell receptors, one specific for an autoantigen,
the other against a foreign, microbial protein. Theory would predict that in
these dual-receptor T cells, recognition of a microbial by one TCR set would
co-activate the autoimmune potential represented by the second TCR. This
idea has been examined experimentally in EAE, for example by crossing two
TCR (one of the receptors specific for CNS autoantigen) transgenic strains
of mice. So far, repression of autoimmune reactivity by engagement of anti-
foreign receptors has been reported, but not activation of autoimmune T cells
(Dittel et al. 1999).

4.4
The Inflammatory Milieu—Link to Innate Immunity

According to current theory, recognition of antigen by specific T cells may
lead to radically different results. Depending on the circumstances of antigen
presentation and recognition, the T cell can be either activated, or tolerized,
i.e., pushed into a state of non-reactivity. The circumstances involve nature of
APCs (including the number and spectrum of co-stimulatory molecules used)
and the surrounding microenvironment (cytokines, cell adhesion molecules,
etc.) (Walker and Abbas 2002). These rules apply not only to T cells specific
for foreign antigens, but also to autoreactive T cells.

Thus, mere presentation of an autoantigen by an APC is not sufficient to
trigger a pathogenic autoimmune response; the antigen recognizing T cell
must receive an additional stimulus to be fully activated, to start to divide.
This second signal comes from the T cell’s immediate microenvironment,
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often from the APC itself, and the second signal is often communicated as
a result of an innate immune response. In extreme cases, autoimmune T cells
may even be activated in the absence of the specific autoantigen, by especially
strong inflammatory stimuli, called bystander activation.

The earliest observations of EAE indicated, by hindsight, a link between
CNS autoimmunity and innate immune reactivity. It has been known for
decades that EAE can be readily induced by immunizing susceptible an-
imals with autoantigen (MBP, or other CNS proteins) immersed in com-
plete Freund’s adjuvant (an oil-in-water emulsion containing strongly pro-
inflammatory mycobacterial proteins) (Freund et al. 1953). Adjuvant emul-
sions without bacterial material, such as incomplete Freund’s adjuvant, not
only failed to produce disease but even conferred protection from induction
of autoimmunity.

As has been recognized in the meantime, it is the microbial component that
activates APCs close to the immunization site and within the local lymph tis-
sues by binding to toll-like receptors. This response makes the APCs produce
a spectrum of pro-inflammatory mediators, which together signal the au-
toreactive T cell (which may have recognized its autoantigen in proper MHC
context on the surface of the APC) to become autoaggressive, to produce
disease (Lanzavecchia and Sallusto 2001).

As mentioned, pro-inflammatory signals alone may be sufficient to trig-
ger the autoimmune potential of T cells, even in the absence of concomi-
tant autoantigen presentation. T cells isolated from mice primed with IFA,
which by themselves were unable to transfer EAE. They became, however,
pathogenic when cultured either with agonist MAbs against CD40 (a strong
second signal receptor) or with CpG oligonucleotides, which represent bac-
terial nucleic acids and activate APCs via the TLR-9 innate immune receptor
(Ichikawa et al. 2002). Also, transgenic mice having myelin-specific TCR on
all of their CD4 T cells may nevertheless fail to develop spontaneous EAE
throughout a long phase of their life. Injection of microbial material (e.g.,
CpG-containing oligonucleotides, which act via TLR-9) readily precipitate
autoantigen-independent T cell activation, and EAE (Waldner et al. 2004).

Thus, a microenvironment which accumulates a sufficient number of
autoreactive T cells and at the same time produces a high level of pro-
inflammatory mediators, due to innate response to microbes, may activate
the autoaggressive potential even in the absence of formal presentation of
autoantigens. The pro-inflammatory mediators, which may include IL-23 (or
IL-12, as traditionally assumed [Segal and Shevach 1996]) deviate the CD4
T cells from a neutral or Th2-like phenotype to the pathogenic Th1 lineage
(Langrish et al. 2005).
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5
Regulatory Suppression of Autoimmune T Cells—
But How Do Suppressor T Cells Know?

If activation is the prime prerequisite for autoreactive T cells to become
autoaggressive, it should be asked why such activation happens that rarely
in real life. The answer is that autoimmune T cells are not completely free
in their response to activating stimuli, but that they are subject to efficient
regulatory mechanisms, often referred to as tolerogenic. Thus effector T cell
activation is the result of positive, activating stimuli interacting with counter-
regulatory signals. In the presence of intact counter-regulation, this means
that the positive activating signal must be much stronger than in an individual
with compromised regulation.

In thecaseofCNSautoimmuneTcells, first evidence for counter-regulatory
cell loops came from early studies inoculating animals with incomplete Fre-
und’s adjuvant, a treatment that protected from autoimmune disease, rather
than inducing it. The protective effect could not be transferred to naïve re-
cipients by serum, but by MBP-specific lymphocytes from spleen or other
immune tissues (Bernard 1977; Swierkosz and Swanborg 1977). These studies
marked the birth of the suppressor cell in EAE, a capricious cell that there-
after submerged for decades until its recent reappearance in a new guise, as
Tregs.

Regulatory T cells became visible in transgenic mice that had an MBP-
specific T cell receptor in their germline, but lacked recombinase RAG-1,
a protein critically required for the generation of endogenous T (and B) cell
repertoires. In these mice, without exception, all T cells bear the MBP-specific
transgenic T cell receptor on their surface. Most, if not all of the double-
transgenic RAG–/–, TCR+/+ mice develop spontaneous CNS inflammation,
most probably as a consequence to the unfettered activation of the autoim-
mune transgenic T cells. Complex transfer experiments using cells from trans-
genic mice lacking circumscript immune populations revealed that the salient
factor in allowing spontaneous development of EAE was the lack of a regu-
latory class of CD4 T cells(Olivares-Villagómez et al. 1998; Van de Keere and
Tonegawa 1998). Perhaps not too surprisingly, the suppressor cell responsible
displayed some key features of CD4+CD25+ Tregs (Furtado et al. 2002).

What is the target epitope recognized by regulatory T cells? The early
experiments isolating regulatory T cells from rodents immunized with MBP
in CFA seemed to indicate that the regulatory T cells themselves were specific
for the relevant autoantigen. This has not been confirmed by the more recent
investigations using TCR transgenic mice. Wild type regulatory T cells of
random antigen specificity seem to suppress EAE induction more efficiently
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than autoreactive T cells (Olivares-Villagómez et al. 1998; Van de Keere and
Tonegawa 1998; Hori et al. 2002).

Another typeof regulatoryTcellsweredetectedsoonafter thefirst isolation
of MBP specific encephalitogenic T cell lines, when Ben-Nun et al. observed
that transfer of the cell not only mediated EAE, but in addition protected
animals that had survived disease from renewed attempts to transfer EAE
with the same cell line (Ben-Nun et al. 1981). This protection effect was not
only seen after transfer of viable T cells, but even after transfer of inactivated
T cells. The latter failed to transfer disease, but still procured protection,
a phenomenon that laid the basis for T cell vaccination strategies. Later work
showed that protection was mediated mainly by CD8 T cells, which recognized
clone-specific structures on the surface of the vaccinating CD4 T cells (Lider
et al. 1988; Sun et al. 1988) .

The importance of CD8 T cells as counter-regulatory cells has been stressed
by several groups who depleted CD8 T cell from rodents in vivo, and by such
treatment ablated protection against repeated EAE induction (Jiang et al.
1992). Others observed that transgenic mice lacking CD8 T cells develop more
severe EAE than their intact counterparts (Koh et al. 1992). It appears now
that at least a substantial part of the regulatory CD8 T cells recognize peptide
epitopes on the autoimmune T cell receptor, some apparently derived from the
β chain’s V region. Intriguingly, and against intuition, the receptor-derived
peptides are not presented in the context of classical MHC class I molecules,
as in the case of most CD8 T cells, but in the context of atypical class Ib, Qa
molecules (Jiang et al. 1995).Themechanismofhow the regulatoryCD8Tcells
regulate EAE susceptibility is not clear at all. As mentioned, vaccination with
live or attenuated T cell lines induces CD8 T cells, which act by killing their
CD4 target cells. Alternatively, CD8 T cells may act on CD4 T cells by diverting
them from a pathogenic (Th1) to a nonpathogenic (Th2) response pattern.

It seems to be safe to conclude that there are numerous distinct regulatory
pathways to protect an individual from autoimmune disease. There are regu-
latory T cells of CD4, and of CD8 phenotype, and there are in addition NK and
NK1 T cells, which may have roles in regulation (Sarantopoulos et al. 2004).

5.1
Autoantigen Retrouvé: Recognition/Presentation in the Target Organ

The terminal act of an autoimmune disease is initiated when the autoimmune
T cell recognizes its specific autoantigenic epitope properly presented within
the target tissue. This is less trivial than it may sound. First, as mentioned
initially, autoimmune effector T cells do not routinely gain entry into the CNS,
an organ that is secluded from the rest of the body by a tight blood–brain
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barrier (BBB). The only cells that can pass though the resting BBB are a few
fully activated T cells (Hickey et al. 1991; Wekerle et al. 1986). Microcine-
matography suggests that these lymphoblasts interact with the sparse cell
adhesion molecules present on the BBB’s inner surface to gain access to the
CNS parenchyma (Vajkoczy et al. 2001).

TheBBBcan,however, be renderedmorepermeablewhenactivatedbypro-
inflammatory signals. Following activation, BBB endothelium cells express
new sets of cell adhesion molecules, chemokines, and other structures, which,
together, allow additional inflammatory cells to enter the CNS. The first class
of immune cells to gain access into the CNS are postactivated T cells, which
during their stay in peripheral immune tissues assume properties that allow
them to migrate through endothelial barriers with particular ease (Flügel et al.
2001). These migratory effector T cells enter the CNS target tissues in masses
and interact there with primed microglia cells that present local autoantigen.
Only later in the course of a florid autoimmune reaction does the BBB get
completely broken and allow the influx of macrophages, unspecific T cells,
and permeation of blood molecules.

After successful intrusion into the CNS, the autoimmune effector T cell
is confronted with a second problem, the search for a competent antigen-
presenting cell. We have also mentioned above that the healthy CNS tissues
barely hold any MHC class I or class II proteins, and there are no professional
APCs. However, the CNS contains a large number of resident cells, which can
be induced to produce and acquire MHC determinants and other structures
required to productively present (auto-)antigens. These include microglia
cells, and also astrocytes as well as macrophage-like cells surrounding the CNS
microvessels (Aloisi et al. 2000). Importantly, none of these facultative APCs
produces the myelin autoantigens, which are the targets of autoaggressive
T cells in MS and most variants of EAE. These myelin structures must be
released from myelin or myelin-forming oligodendrocytes, and taken up by
the induced APCs, which process them and present them in a proper, T cell-
readable MHC context.

How many effector T cells must invade the CNS in order to produce disease?
Traditionally, we assumed that a small population would be sufficient. These
T cells, activated following recognition of autoantigen, would secrete soluble
factors that then would attract accessory inflammatory cells, macrophages,
and activate them to ultimately damage glia and neurons (Steinman 1996).
Recently, studies using fluorescent biomarkers—GFP—showed that unex-
pectedly high numbers of effector T cells indeed go into the CNS, especially
in the critical early phase of lesion generation. In T cell line-transferred EAE,
for example, literally thousands of effector T cells cross the BBB within a few
hours immediately before onset of clinical CNS disease (Flügel et al. 2001).
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These studies further demonstrated that many, if not all of these T cells
rapidly zigzag through the CNS parenchyma and finally dock on MHC class
II-induced APCs and become activated (Fig. 1). Thus, within short periods of
time, the infiltrated tissue is flooded with cytokine, chemokines, and other
pro-inflammatory molecules released by the T cells, a process that readily
explains the rapid onset of clinical EAE.

What is the fate of effector cells within the CNS target tissue? In the best
studied EAE models, it appears that very few, if any effector T cells leave
the tissue again after a disease episode. Most of them seem to die locally by
apoptosis (Pender et al. 1991; Schmied et al. 1993). At least in the EAE models
quoted, T cells do not seem to carry information from the CNS back to the
peripheral immune system. There may be, however, a different link between
the two compartments. Several groups have observed that during intense
inflammation the CNS lesions can acquire phenotypically distinguishable
dendritic cells, professional APCs (Fischer et al. 2000; Serafini et al. 2000;
Suter et al. 2000). Such DCs can be the cytokine induced progeny of resident
microglia cells, or, alternatively, arise from infiltrating bone marrow-derived
macrophages or, a third possibility, immigrate into the tissue via the blood
stream. There is evidence that DCs take up CNS material, process it, and
export it to the outside. According to one theory, presentation of various
myelin proteins may recruit autoimmune T cells from the naïve immune
repertoire. This would explain the phenomenon of determinant spreading,
which describes the broadening of an autoimmune T cell clone repertoire
during an autoimmune response starting by one specificity and spreading
out to additional new epitopes on the initial autoantigen (intramolecular
spreading) or even other proteins (intermolecular spreading) (Vanderlugt
and Miller 2002).

How does an autoimmune T cell create damage in its target organ? Does it
attackdirectly the target tissues, ordoes it recruit andarmaccessory cells todo
the final job? Several observations indicate that cellular helpers are required.
For a long time, the prevalent concept had it that a few specific autoimmune
T cells are sufficient to trigger all the events underlying autoimmune tissue in-
flammation. More recently, and as mentioned above, using tracer technologies
that allow the real-time identification of autoimmune effector T cells showed,
however, that in the early, critical stages of inflammation, a large proportion,
i.e., most if not all of the infiltrating T cells are indeed specific effector cells.
There is a mass invasion of the target organ by effector cells. Many of these
T cells make contacts with local antigen-presenting cells, in the CNS mainly
activated microglia cells or perivascular macrophages, and become activated.

Yet there is an impressive body of data showing that effector cells by
themselves are not sufficient to produce the pathogenic tissue damage.
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�
Fig. 1A–C Motility of (auto-)antigen-specific T cells in EAE lesions. A, B Two-photon
live microscopy of TMBP-GFP cells in acute spinal cord slices. Two types of T cell
movements are observed within CNS lesions: motile (A) and stationary (B) TMBP-GFP
cells. Numbers indicate time after start of the analysis (minutes). Dotted lines indicate
the trajectories and the cell shape of the preceding pictures. Arrows point to the
tracked cells. Representative cells of ten videos from four independent experiments.
Bars, 10 µm. C Locomotion of TOVA-GFP cells in living spinal cord slices analyzed
by two-photon analysis (4 days after co-transfer of TMBP cells and TOVA-GFP cells).
A representative cell of six videos from three independent experiments is shown. Bar,
10 µm. (From Kawakami et al. 2005)

Comparing, for example, different T cell line-mediated EAE variants, the
degree of clinical severity was remarkably tightly correlated with the number
and state of activation of co-invading macrophages (Berger et al. 1997). In
the Lewis rat, for example, MBP-specific T cells transfer severe, potentially
lethal CNS inflammation; the mature pathological lesion is characterized by
a number of activated macrophages that impressively exceeds the number
of lymphocytes. In stark contrast is the lesion of EAE-mediated by T cells
specific for S100β, a protein produced by astrocytes. When transferred into
naïve rats, anti-S100β T cells produce large infiltrates, but unexpectedly mild
clinical disease. The inflammatory infiltrates are dominated by T cells, with
only a sprinkle of macrophages. It appears that the pathogenic potential
of an encephalitogenic T cell correlates with the degree of activation it
reaches during the early mass invasion phase. Highly pathogenic T cells are
maximally activated and recruit maximal numbers of macrophages, while
T cells with modest encephalitogenicity are less activated and attract many
fewer macrophages (Kawakami et al. 2004).

The role of macrophages as terminal effector cells is corroborated by
depletion experiments. Macrophages can be efficiently depleted in vivo by
administration of particulate materials that contain a cellular toxin. These
particles are taken up by macrophages, which digest off the lipoid capsules,
set free their toxic contents and then succumb to the toxic contents. Using the
macrophage depletion approach, several groups showed that in MBP-specific
EAE of the Lewis rat, T cells readily gain access to the CNS, but in the absence
of macrophages, clinical severity is greatly reduced (Huitinga et al. 1990; Tran
et al. 1998; Martiney et al. 1998).

It should also be noted that macrophages are not the only amplifiers of
autoimmune T cell attacks. Myelin-specific autoantibodies are additional
players, especially in EAE forms involving large-scale demyelination. The
autoantibodies in question must bind to a surface structure on the outer
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membrane of myelin or myelin-forming oligodendrocytes. The only struc-
ture that reliably satisfies this criterion is MOG, a glycoprotein that makes
about 0.1% of all myelin proteins, but indeed is exclusively positioned on the
outside of myelin membranes (Linington et al. 1988; Schluesener et al. 1987).
The injection of anti-MOG antibodies into MBP-specific EAE rats greatly ag-
gravates clinical severity, and this is due to the binding of the antibodies to
myelin sheaths, resulting in large, confluent demyelinating plaques. More re-
cently, a transgenic knock-in mouse was constructed, whose own germline
J(H) locus was replaced by the rearranged immunoglobulin H chain V gene
of the classic demyelinating MOG-specific MAb. In this mouse, more than
30% of all B cells produced MOG binding autoantibodies, which substantially
enhanced T cell-mediated EAE (Litzenburger et al. 1998).

There is evidence that complement plays a major role in autoantibody-
dependent destruction of myelin sheaths. Depletion of complement in vivo
reduces anti-MOG demyelination in Lewis rats (Linington et al. 1989), and
demyelination is also mitigated by treatment of soluble complement recep-
tor (Piddlesden et al. 1994). While complement may lyse the myelin mem-
brane via the membrane attack complex (Mead et al. 2002), additional toxic
mechanisms, including the production of anaphylatoxins and macrophage
opsonization cannot be excluded.

6
Conclusion

Immune tolerance of CNS tissues has been often ascribed to T cell ignorance.
We were used to assuming that potentially autoimmune T cells have no access
to the CNS, which is shielded from the peripheral immune and blood systems
by a tight blood–brain barrier. In addition, CNS-specific autoantigens, such
as the encephalitogenic protein components of CNS myelin, were considered
to be strictly absent from the peripheral immune system, adding another
dimension to immune ignorance.

We know now that this immunological separation of nervous and immune
systems is more than leaky. T cells, if activated, do gain access to the CNS, and
conversely, an ever-increasing number of CNS autoantigens is demonstrated
within the immune tissues, central as well peripheral. Further, the peripheral
immune repertoire abounds with CNS-specific autoreactive T lymphocytes.
These autoimmune T cells are completely innocuous, when remaining in
a resting state, but they start to attack the body’s own CNS when activated
(a proven mechanism), or when escaping counter-regulatory control loops
(a hypothetical scenario).
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Cui bono? Why is the immune repertoire loaded with potentially perilous
Tcells?Are these indeed slumbering timebombs, or could theyhaveapositive,
beneficial function?

There is evidence that autoreactive T cells participate in tissue regen-
eration. Besides pro-inflammatory mediators, which are of use in fighting
intruded microbial organisms or newly arising tumor cells, T cells are able
to produce a respectable range of mediators furthering cell survival and re-
generation. Neurotrophins are paramount examples (Kerschensteiner et al.
2003). Thus there is the serious possibility that autoreactive T cell spot areas
of degeneration and stem the pathological process by releasing trophic factors
(Schwartz 2001).

Detailed insights into the interactions between brain-specific T cells and
their target tissues in the CNS will therefore be used from two distinct points
of view. Such information will help to identify and neutralize pathogenic,
autoaggressive T cells, such as in multiple sclerosis. In addition, beneficial
autoreactive T cells can be used as therapeutic tolls to support regeneration
in neurodegenerative processes.
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Abstract Naturally arisingCD25+CD4+ regulatoryTcells,which express the transcrip-
tion factor Foxp3, play key roles in the maintenance of immunologic self-tolerance and
negative control of a variety of physiological and pathological immune responses. The
majority of them are produced by the normal thymus as a functionally mature T cell
subpopulation specialized for suppressive function. Their generation is in part ge-
netically and developmentally controlled. Genetically determined or environmentally
induced abnormality in CD25+CD4+ regulatory T cell development, maintenance, and
function can be a cause of autoimmune disease in humans.

Abbreviations
APC Antigen-presenting cell
ATx Adult thymectomy
IBD Inflammatory bowel disease
IPEX Immune dysfunction polyendocrinopathy enteropathy X-linked

syndrome
NTx Neonatal thymectomy
TCR T cell receptor
T1D Type 1 diabetes mellitus
Treg Regulatory T cells

1
Introduction

Although the cause of autoimmune diseases is largely obscure at present, it
is well established that T cells are the key mediators of many autoimmune
diseases as the effectors of cell-mediated immunity and helper T cells for
autoantibody formation [1]. It has also been well demonstrated that T cells
that are reactive with normal self-antigens and hence potentially pathogenic
are present in normal individuals [2, 3]. Fundamental questions for under-
standing the cause and mechanism of autoimmune disease are, therefore,
what specificities and potencies of self-reactive T cells can be produced by
the thymus, how their activation and expansion is physiologically controlled
in the periphery, and what conditions are required for their activation and
expansion to cause autoimmune disease. In addition, given that both genetic
and environmental factors contribute to the pathogenetic process of common
autoimmune diseases, such as type 1 diabetes (T1D) and rheumatoid arthritis,
one can ask howgenetic and environmental factors affect the control of thymic
production and peripheral activation/expansion of self-reactive T cells.

There is accumulating evidence that, in addition to clonal deletion or inac-
tivation of self-reactive T cells, T cell-mediated dominant control is another
important mechanism of immunologic self-tolerance (see [4–7] for review).
The normal immune system harbors naturally arising regulatory T cells (Treg)
that engage in suppressing the activation and expansion of pathogenic self-
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reactive T cells in the periphery, thereby preventing autoimmune disease.
Impaired thymic development of natural Treg or their abnormality in num-
ber or function in the periphery indeed leads to the spontaneous occurrence
of various organ-specific autoimmune diseases in otherwise normal rodents
and also in humans [7]. Based on recent findings, we shall discuss in this
article a possible mechanism of autoimmune disease due to impaired im-
munoregulation mediated by natural Treg.

2
Self-Tolerance Maintained by Thymus-Produced Natural Treg:
Induction of Autoimmune Disease by Their Manipulation
at the Cellular and Molecular Level

As evidence for the crucial role of natural Treg in the maintenance of natural
self-tolerance, autoimmune diseases immunopathologically resembling their
human counterparts can be produced in normal rodents by removing natural
Treg from the periphery, abrogating their thymic production, or altering their
survival or function at the molecular level.

2.1
Induction of Autoimmune Disease in Normal Rodents
by Depleting Treg from the Periphery

Several lines of investigations suggested that T cells capable of preventing
the development of autoimmune disease are present in normal animals [7].
For example, autoimmune disease spontaneously develops in mice that have
received thymectomy in a critical neonatal period (day 2–4 after birth, see
below) or in rats that are subjected to thymectomy in adults and several
subsequent doses of X-irradiation; the development of autoimmune disease
in these animals can be prevented by inoculation of T cells, especially CD4+ T
cells from histocompatible normal mice or rats [8, 9]. Based on these findings,
attempts were made to produce autoimmune disease by removing a purported
autoimmune-suppressive population from normal animals, directly and not
indirectly, by neonatal thymectomy (NTx) or Tx plus X-irradiation. Transfer
of spleen cell suspensions depleted of particular T cell subpopulations to
histocompatible T cell-deficient mice or rats elicits autoimmune disease in
otherwise normal animals. Several differentiation antigens such as CD5,
CD45RC, RT6.1, or CD25 can identify Treg cells with varying degrees of accu-
racy [10–15]. CD25-expressing cells constitute only 5%–10% of CD4+ T cells
in normal naïve mice and the transfer of CD25+ T cell-depleted populations to
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syngeneic mice reliably induces autoimmunity such as autoimmune gastritis,
thyroiditis, diabetes/insulitis, adrenalitis, sialadenitis, oophoritis, or orchitis.
Importantly, co-transfer of CD25+CD4+ T cells prevents such autoimmune
disease induction [15]. A similar protocol of cell transfer, especially to T/B
cell-deficient SCID mice also elicited colitis [6]. Autoimmune/inflammatory
diseases thus produced are clinically and immunopathologically similar to
their human counterparts, such as autoimmune gastritis/pernicious anemia,
premature ovarian failure with autoimmune oophoritis, Hashimoto’s thy-
roiditis, adrenalitis/Addison disease, insulitis/T1D, and inflammatory bowel
disease (IBD). Thus, depletion or reduction of naturally arising CD25+CD4+

Treg leads to spontaneous triggering of pathogenic autoimmune responses,
and also heightened immune responses to non-self-antigens including
invading or co-habiting microbes as shown in IBD, which is presumably due
to excessive immune responses to commensal bacteria in the intestine.

2.2
Thymic Production of Natural Treg and Induction
of Autoimmune Disease by Abrogating Their Production

Similar autoimmune diseases also develop when mature CD4+CD8– thymo-
cyte suspensions, 5% of which are CD25+, are transferred to athymic nude
mice after removing CD25+ cells; reconstitution of the removed population
prevents the autoimmunity [16]. This indicates that the normal thymus is con-
tinuously producing both Treg and pathogenic self-reactive T cells, releasing
both to the periphery, irrespective of thymic expression of some peripheral
self-antigens targeted in autoimmune disease [17].

CD25+CD4+ CD8– Treg in the thymus and the periphery appear to form
a cell lineage continuity. They share many immunologic characteristics, in-
cluding autoimmune-preventive activity, a cell surface phenotype that in-
dicates their antigen-primed state, in vitro hyporesponsiveness to antigenic
stimulation, potent in vitro suppressive activity, and expression of Foxp3,
a gene highly specific for natural Treg (see below) [7, 16]. Furthermore, NTx
around day 3 after birth produces organ-specific autoimmune diseases similar
to those produced in nude mice by the transfer of CD25+ cell-depleted spleen
cells or thymocytes; and inoculation of CD25+CD4+ T cells from non-Tx mice
prevents the autoimmune development in NTx mice [18]. CD25+CD4+ T cells
become detectable in the periphery of normal mice from around day 3 af-
ter birth [18]. These findings collectively indicate that thymic production of
natural Treg is developmentally programmed, and that abrogation of their
thymic generation from the beginning of their ontogeny, for example by NTx,
leads to the paucity of Treg in the periphery, causing autoimmune disease.



Natural CD25+CD4+ Regulatory T Cells 55

2.3
Induction of Autoimmune Disease by Molecular Alteration
of Treg Development, Maintenance, or Function

Several molecules expressed in natural Treg, in particular the transcription
factor Foxp3, IL-2/IL-2 receptor, and CTLA-4, are closely associated with their
generation, maintenance, and function. Their molecular defects indeed lead
to the development of autoimmune/inflammatory disease.

2.3.1
Foxp3

Foxp3 was found as the defective gene in the Scurfy strain of mice, which is an
X-linked recessive mutant with lethality in hemizygous males within a month
after birth, exhibiting hyperactivation of CD4+ T cells, and overproduction
of proinflammatory cytokines [19]. Foxp3 encodes Scurfin, a new member of
the forkhead/winged-helix family of transcription factors [20]. Mutations of
the human gene FOXP3, the ortholog of the murine Foxp3, were subsequently
found to be the cause of IPEX (immune dysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome), which is an X-linked immunodeficiency
syndrome associated with autoimmune disease in multiple endocrine organs
(such as T1D and thyroiditis), IBD, allergic dermatitis, and fatal infections
([21], see below).

Foxp3 plays a specific role in the development and function of natural
CD25+CD4+ Treg [22–24]. For example, CD25+CD4+ peripheral T cells and
CD25+CD4+CD8– thymocytes express Foxp3 mRNA, whereas other thymo-
cytes/T cells and B cells do not. Importantly, activation of CD25–CD4+ T
cells, Th1 or Th2 cells fails to induce Foxp3 expression [22, 23]. Furthermore,
retroviral transduction of Foxp3 to CD25-CD4+ T cells can convert them to
CD25+CD4+ Treg-like cells both phenotypically and functionally [22, 24].
Foxp3-transduced CD25–CD4+ T cells are able to suppress proliferation of
other T cells in vitro and the development of autoimmune disease and IBD
in vivo [22].

Analyses of Foxp3-transgenic or -deficient mice also revealed an indis-
pensable role of Foxp3 for the development of CD25+CD4+ Treg [23, 24]. The
number of CD25+CD4+ T cells increased in Foxp3-transgenic mice; further-
more, CD25–CD4+ T cells and CD8+ T cells in these transgenic mice also
expressed high levels of Foxp3 and exhibited in vitro suppressive activity [24].
Foxp3-deficient mice, on the other hand, showed hyperactivation of T cells,
as observed in Scurfy mice. In bone marrow (BM) chimera mice with a mix-
ture of BM cells from wild type and Foxp3-deficient mice, Foxp3-deficient BM
cells failed to give rise to CD25+CD4+ T cells, while Foxp3-intact BM cells
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generated them [23]. Scurfy mice, whose Scurfin protein lacks the fork-head
domain, harbor few CD25+CD4+ Treg, and inoculation of CD25+CD4+ T cells
prevented severe autoimmunity in Scurfy mice [23].

Thus, Foxp3/FOXP3 appears to be a master control gene for the develop-
ment and function of natural CD25+CD4+ Treg. Disruption of the Foxp3 gene
abrogates the development of Treg, leading to hyperactivation of T cells re-
active with self-antigens, commensal bacteria in the intestine, or innocuous
environmental substances, thus causing autoimmune polyendocrinopathy,
IBD, and allergy, respectively.

2.3.2
IL-2/IL-2R

A number of findings indicate that IL-2 is an essential cytokine for peripheral
survival, activation, and thymic generation of natural Treg and that CD25
(the IL-2R α chain ) is not a mere marker for natural Treg but an indispens-
able molecule for high-affinity IL-2 binding to IL-2R. First, administration
of neutralizing anti-IL-2 monoclonal antibody (mAb) to normal naïve mice
for a limited period selectively reduces the number of CD25+CD4+ T cells
in the thymus and periphery, resulting in the development of organ-specific
autoimmune diseases similar to those produced by depletion of CD25+CD4+

T cells [25]. The IL-2-neutralization inhibits in vivo physiological prolifera-
tion of CD25+CD4+ T cells that are presumably responding to normal self-
antigens [25]. Second, IL-2, IL-2Rα (CD25), or IL-2Rβ (CD122) deficiency
all produces similar fatal lymphoproliferative inflammatory disease with au-
toimmune components (e.g., IBD, lymphoproliferation, and lymphocytic in-
filtration into multiple organs), generally called IL-2 deficiency syndrome
[26]. Notably, the number of CD25+CD4+ T cells is selectively reduced in
the thymus and periphery of IL-2-deficient mice, irrespective of the normal
number, composition, and function of other CD4+ and CD8+ T cells [27, 28].
The syndrome can be prevented by inoculation of IL-2-replete spleen cells
or thymocytes [28–31]. While transfer of IL-2-deficient BM cells produces
multi-organ inflammation in RAG-deficient mice, co-transfer of normal BM
cells inhibits the inflammation by giving rise to CD25+CD4+ Treg [31]. Third,
IL-2 is also required for in vivo and in vitro functional activation of Treg and
for sustaining their CD25 expression [32].

2.3.3
CTLA-4

An intriguing feature of natural CD4+ Treg is that they constitutively express
CTLA-4, whereas naïve T cells express the molecule only following T cell acti-
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vation [33–35]. Although there is substantial evidence for CTLA-4-transduced
negative signaling to activated effector T cells, the following findings support
the possible contribution of CTLA-4 to Treg cell-mediated suppression as well.
First, administration of anti-CTLA-4 mAb to normal young naïve mice over
a limited period elicited autoimmune disease similar to the one produced by
depletion of CD25+CD4+ Treg, without reducing their number [35]. Likewise,
anti-CTLA-4 mAb treatment abolished the protective activity of CD25+CD4+

Treg in a murine IBD model [34]. Second, a lethal lymphoproliferative and au-
toimmune syndrome that spontaneously develops in CTLA-4-deficient mice
is not T cell autonomous but can be inhibited by wild-type T cells [36]. Third,
blockade of CTLA-4 by Fab fragments of anti-CTLA-4 mAb abrogated in vitro
CD25+CD4+ Treg cell-mediated suppression in the setting where Treg were
prepared from normal mice (hence constitutively expressing CTLA-4) and re-
sponder T cells were from CTLA-4-deficient mice [35, 37]. The precise molec-
ular mechanism by which CTLA-4 plays a part in Treg-mediated regulation
remains to be determined, especially as to whether the molecule transduces
a co-stimulatory signal to Treg or it may directly mediate suppression.

2.3.4
CD40 and GITR

In addition to Foxp3, IL-2/IL-2R, CTLA-4, there are other molecules, such as
CD40 and GITR, that control the development and function of natural Treg.
Molecular alteration in their expression or function leads to the development
of autoimmune diseases similar to those produced by Treg depletion [38, 39].

3
IPEX as an Example of Human Autoimmune Disease Due
to a Genetic Defect of Naturally Arising CD25+CD4+ Treg:
Its Implications for Immunologic Self-Tolerance
and Autoimmune Disease in Humans

CD25+CD4+ Treg found in rodents are present in humans as well and share
similar immunological characteristics [40]. Based on the fact that the de-
velopment of natural Treg is in part developmentally controlled, it has been
suspected that certain autoimmune diseases in humans are due to defects of
CD25+CD4+ natural Treg in maintaining self-tolerance. In this regard, IPEX
is so far the clearest example that abnormality in naturally arising Treg is
a primary cause of human autoimmune disease and for that matter IBD and
allergy. Although IPEX is a rare disease, it has important implications for
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the mechanism of immunologic self-tolerance as well as the etiology and the
pathogenetic mechanisms of autoimmune and other immunological diseases.

First, this is the best illustration that the mechanism of dominant self-
tolerance is physiologically operating in humans. Because of random inactiva-
tion of the X-chromosome (lyonization) in individual Treg, some hemizygous
females may have FOXP3-defective Treg and FOXP3-normal ones as a mosaic,
but they are completely normal, as are female Scurfy mice, and do not show
intermediate disease phenotypes [41]. This indicates that the residual normal
Treg dominantly control self-reactive T cells in such hemizygous females.

Second, human autoimmune disease can occur as a result of a solely in-
trinsic defect of the T-cell immune system. IPEX patients generally develop
autoimmune disease within several months after birth and sometimes already
at the time of birth [21]. This indicates that autoimmune disease has started to
develop in utero in some patients, indicating that autoimmune disease can be
triggered without requiring participation of plausible autoimmune-causing
environmental agents that might affect the target organs or tissue

Third, defects of a single gene are able to cause autoimmune diseases
in multiple organs and tissues by affecting Treg-mediated dominant control
of self-reactive T cells. This is illustrated by the clinical findings that IPEX
patients frequently develop not only T1D and thyroiditis but also various
other autoimmune diseases, including hemolytic anemia, thrombocytopenic
purpura, and arthritis [21].

Furthermore, Foxp3 abnormality can have a more dominant effect in the
pathogenesis of various autoimmune diseases than other polymorphic genes
known to influence the genetic susceptibility to autoimmune disease. For
example, T1D develops in more than 80% of IPEX patients, including even
those bearing diabetes-protective HLA haplotypes [42].

4
Contribution of Impaired Immunoregulation and Host Genetic Factors
to the Development of Autoimmune Disease:
A Possible Mechanism of Autoimmune Disease

4.1
Altered Balance Between Natural Treg and Self-Reactive T Cells
as a Possible Cause of Autoimmune Disease

The above findings in rodents and humans indicate that, in general, any
genetic abnormality or environmental insult can be a cause or a predisposing
factor of autoimmune disease if it affects the development, maintenance, and
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function of natural Treg and tipped the balance between natural Treg and
self-reactive T cells toward the dominance of the latter [43].

As examples of such genetic causes, defects of the Foxp3, CTLA-4, CD40,
IL-2, CD25, or CD122 genes elicit severe autoimmune diseases in rodents and
humans presumably through impairing the generation or function of natural
CD25+CD4+ Treg, as discussed above. This also suggests that the polymor-
phismsof these genesmaycontribute todetermining thegenetic susceptibility
to autoimmune disease by affecting Treg development or function. For exam-
ple, the polymorphism of the IL-2 and CTLA-4 genes, which are known to
associate with genetic susceptibility to T1D in NOD mice and humans [44, 45],
may affect natural Treg-mediated mechanism of self-tolerance, as neutraliz-
ing anti-IL-2 antibody or blocking anti-CTLA-4 antibody exacerbate T1D in
NOD mice, in part, by affecting Treg survival and activation (see above).

As environmental causes of autoimmune disease, a physical, chemical,
or biological agent can cause autoimmune disease when it reduces natural
CD25+CD4+ Treg in the periphery or affects their thymic production or func-
tion [7]: for example, administration of cyclosporin A (CsA), infection with
mouse T lymphotropic virus (MTLV), or low-dose fractionated X irradia-
tions [46–49]. These autoimmune inductions can be attributed to specific
immunological properties of natural CD25+CD4+ Treg. For example, natural
CD25+CD4+ Treg recognizing self-antigens are continuously proliferating in
the periphery and hence are more radiosensitive than other T cells [25, 50].
Inhibition of IL-2 production, for example by CsA, may reduce natural Treg
in the periphery by affecting their thymic production or peripheral survival.
In addition, the early period in life seems to be more susceptible to such
environmental insults because it is relatively easy to deplete a small number
of natural Treg in the periphery or because self-reactive T cells produced
by the thymus can more easily expand owing to the paucity of Treg in the
periphery [18], as illustrated by neonatal CsA treatment and MTLV infection
in mice [46, 47]. It is noteworthy in this regard that in utero infection with
rubella virus later causes T1D and other autoimmune endocrinopathies (such
as thyroid autoimmunity) at high incidences [51, 52]. Infection with rubella
virus at a particular stage of intrauterine life might affect developing natural
Treg and thereby trigger autoimmunity as the virus infects T cells and impairs
proliferation of various tissue cells, including T cells.

4.2
The Role of Host Genes in Determining the Phenotype of Autoimmune Disease

When autoimmune responses are triggered by reduction or dysfunction of
natural Treg, it is of note that their deficiency or dysfunction by itself cannot
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determine which organs or tissues are targeted by the responses [52, 53].
The genetic makeup of the host mainly determines the phenotype of the
autoimmunity triggered by altered T cell regulation. For example, NTx pre-
dominantly produces autoimmune oophoritis in the A strain, autoimmune
gastritis in the BALB/c but not DBA/2 strain (which shares the H-2d MHC
haplotype), and no apparent organ-specific autoimmunity in the C57BL/6
strain [53]. Administration of neutralizing anti-IL-2 mAb produced gastritis
in BALB/c mice, exacerbated T1D in NOD mice [25], and produced de novo
autoimmune peripheral neuritis in NOD mice [25]. ATx and subsequent frac-
tionated X irradiations predominantly induces thyroiditis in PVG/c rats with
the RT1c MHC haplotype, and T1D in MHC congenic PVG-RT1u rats [54].
Thus, MHC and non-MHC genes contribute to determining the phenotype
of autoimmune disease triggered upon reduction or dysfunction of natural
Treg. Polymorphisms of these genes may affect the formation of a self-reactive
repertoire of effector as well as regulatory T cells through thymic positive
or negative selection, or peripheral activation of each T cell population, or
both.

4.3
A Hypothesis on the Cause and Mechanism of Autoimmune Disease

The findings discussed above lead to formulation of a possible mechanism
of autoimmune disease. That is, the development of many, if not all, autoim-
mune diseases, especially organ-specific ones, may be determined by two
elements: one is the degree of deficiency or dysfunction of natural Treg, or
the balance between natural Treg and self-reactive T cells, and the other the
host genes, including MHC and non-MHC genes, which determine the phe-
notype of the autoimmune disease including the specificity and intensity of
the autoimmune responses triggered by abnormal Treg cell-mediated con-
trol. This possible pathogenetic mechanism of autoimmune disease has the
following implications. First, unless the abnormality of Treg is present, host
genes per se are unable to cause autoimmune disease; for example, moth-
ers of IPEX patients are completely healthy even if they share phenotype-
determining genes with their affected children [41]. Second, the degree of
the abnormality of Treg is able to influence the manifestation of the ge-
netically predetermined phenotype. In general, the longer and/or the more
severe the reduction or dysfunction of CD25+CD4+ Treg is, the higher the
incidence is of the genetically predisposed particular autoimmune diseases
and the wider the spectrum of autoimmune diseases is in a genetically de-
termined hierarchical pattern. In the BALB/c strain, for example, the order
of incidence in the hierarchy is: autoimmune gastritis, oophoritis, thyroidi-



Natural CD25+CD4+ Regulatory T Cells 61

tis, adrenalitis, insulitis/T1D, and others [15]. In IPEX, a high incidence of
T1D and its early onset (within 1 year in the majority of cases [21], see
above) could be attributed to so severe a deficiency or dysfunction of natural
Treg. Notably, thorough depletion of natural Treg from the normal immune
system can induce novel autoimmune diseases that have been postulated to
be of autoimmune etiology in humans, but with little evidence. For exam-
ple, autoimmune neuritis or autoimmune myocarditis, resembling human
CIDP (chronic inflammatory demyelinating polyneuropathy) or giant cell
myocarditis, respectively, can be induced in NOD and BALB/c mice, respec-
tively ([25], Ono et al., unpublished data). Third, this possible mechanism of
autoimmune disease implies that a single causative agent or a single genetic
abnormality affecting the Treg-mediated control, or the balance between Treg
and self-reactive effector T cells, may lead to the occurrence of different au-
toimmune diseases, frequently more than one, in a single individual, as in
IPEX. On the other hand, different causative agents affecting this control may
produce the same autoimmune disease through a common mechanism in in-
dividuals with similar polymorphisms of the phenotype-determining genes
(e.g., BALB/c mice predominantly develop autoimmune gastritis following
CsA treatment, MTLV infection, fractionated X irradiation, or genetical al-
teration of Treg cell ontogeny). In this respect, many, if not all, autoimmune
diseases may have a common mechanism, and not necessarily a specific etiol-
ogy for each autoimmune disease [43]. It remains to be determined whether
the mechanism of autoimmune development in IPEX and congenital rubella
syndrome, both of which develop T1D and thyroiditis, share a common mech-
anism.

It is not our assertion, however, that every autoimmune disease is due to
abnormality in Treg-mediated immunoregulation. It is plausible that genetic
anomalies or environmental insults may primarily activate autoimmune ef-
fector T cells, not Treg, to the degree that they can overcome normal Treg
cell-mediated downregulation. For example, strong stimulation of potentially
self-reactive T cells with self-antigens emulsified in complete Freund’s adju-
vant activates them to cause autoimmune tissue damage. Such autoimmune
responses are, however, generally self-limiting and the tissue damage appears
to resolve eventually if the animals can survive the acute phase of autoimmu-
nity. Furthermore, in suchanantigen-inducedautoimmunedisease, depletion
of natural Treg can render a genetically resistant strain of mice susceptible and
make the disease more chronic, indicating that the repertoire and strength of
natural Treg can contribute to the genetic susceptibility to antigen-induced
autoimmune disease [55].
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5
Conclusion and Perspective

There is now substantial evidence in animals and humans that naturally aris-
ing Treg play crucial roles in the maintenance of immunologic self-tolerance
and their abnormality can be a cause of autoimmune disease. Further study
of Treg, especially the molecular basis of their generation, activation, and
function, will contribute to our understanding of the cause and mechanism
of autoimmune disease. Furthermore, in addition to the present method of
treating autoimmune disease by physically destroying autoimmune effector
T cells as much and as specifically as possible, use of Treg may be a future
strategy for the treatment and prevention of autoimmune disease through
reestablishing dominant self-tolerance.
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Abstract Theprevalenceof systemic lupuserythematosus (SLE) is farhigher in females
than in males and numerous investigations to understand this gender bias have been
conducted. While it is plausible that some sex-linked genes may contribute to the
genetic predisposition for the disease, other likely culprits are the sex hormones
estrogen and prolactin. In this chapter we review studies that have addressed the
influence of sex hormones in SLE activity and discuss the recent data established
in a BALB/c mouse transgenic for the heavy chain of an anti-DNA antibody. These
mice are prone to develop lupus following exposure to exogenous sex hormones.
We describe how estrogen and prolactin influence B cell maturation and selection,
permitting B cells to mature to immunocompetence. Finally, we discuss the relevance
and implications of these data for human disease.
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1
Introduction

Systemic lupus erythematosus (SLE) is a polygenic autoimmune disease. The
disease is characterized by a breakdown of B cell tolerance, which results in
the development of tissue-specific and non-tissue-specific autoantibodies that
mediate a variety of pathologic outcomes. The common targets of many of the
autoantibodies are ubiquitous nuclear antigens: single- or double-stranded
DNA, chromatin, nuclear proteins such as Ro/SS-A or U1RNP. The most com-
mon clinical manifestations include glomerulonephritis, arthritis, vasculitis,
cerebritis, pericarditis, cytopenias, and serositis [1]. It is now apparent that
the predisposition to producing autoantibodies is genetically determined, and
that many genes and genetic loci can contribute to this predisposition. The
production of autoantibodies can precede clinical disease by several years [2].
Recently, it has become clear that target organ vulnerability to autoimmune
attack is also genetically determined [3]. Thus, some individuals will ex-
perience more tissue destruction than others, despite harboring the same
autoreactivity.

Susceptibility to SLE is influenced by nongenetic factors also, and there
is compelling evidence that sex hormones can exacerbate disease, in at least
some individuals.

SLE is nine times more common in women than men [4]. It has a char-
acteristic age of onset after menarche and before menopause. Outside the
period of female reproductive activity, the onset of disease is uncommon and
without sex preference [5, 6]. These observations suggest that endogenous
sex hormones may play a role in the development of the disease, with estro-
gen acting to trigger disease and androgen to reduce disease susceptibility.
Consistent with this hypothesis, some women with SLE have low levels of
plasma androgen [7] and abnormal patterns of estradiol metabolism, leading
to increased estrogenic activity [8].

Because endogenous estrogen may promote SLE disease, clinical studies
have been conducted to question the safety of exogenous estrogen therapies,
hormone replacement therapy (HRT), and oral contraception (OCP). Early
studies described a link between estrogen and disease flares [9–14], but later
studies failed to show a correlation [15–20]. Two large retrospective surveys
suggested that the use of exogenous estrogen increases the risk of developing
SLE: HRT with a relative risk of 2.1 [21] and OCP with a relative risk of 1.9 [22].
The recent Safety of Estrogens in Lupus Erythematosus: National Assessment
trial demonstrated that HRT increases the number of mild and moderate
flares, while OCP does not. Why there should be discordance between HRT
and OCP is not resolved [23]. One possible explanation is the heterogeneity of
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the genetic background of SLE patients, which might influence the response to
estrogen. This would flatten the statistics of large cohorts and might explain
the inconsistent results obtained for small cohorts. The discrepant studies
on the effects of estrogen have highlighted the need for additional research
to determine the molecular pathways affected by estrogens and potential
genetic links between estrogen susceptibility and the onset and exacerbation
of disease.

Murine models that spontaneously develop a syndrome resembling human
SLE have been exploited to question the potential effects of estrogen. Data
obtained with the lupus-prone NZB/W F1 mice clearly demonstrate that es-
trogen can modulate disease. Female mice treated with 17β-estradiol manifest
an earlier onset of lupus and an earlier mortality [24]. Similar results have
been established for lupus-prone MRL/lpr mice [25–27]. Conversely, when fe-
male mice are ovariectomized and treated with testosterone [24, 28] or simply
treated with an antiestrogenic drug such as tamoxifen [29] or ICI-182,780 [27]
or fed with an antiestrogenic diet [30], they exhibit a prolonged lifespan.

SLE severity has also been linked to elevated prolactin levels. Approxi-
mately 15%–20% of patients have elevated prolactin levels [31]. Few have
pituitary adenomas; therefore, the etiology of the prolactin elevation is un-
clear [32]. In NZB/W F1 mice, increasing prolactin levels results in earlier
onset of disease and earlier mortality [33, 34].

We have begun to dissect the role of estrogen and prolactin in the fate of
autoreactive B cells using a nonspontaneous mouse model of autoantibody
production, the R4A transgenic mouse. This mouse is transgenic for the γ2b
heavy chain of the R4A anti-DNA antibody. In BALB/c mice, approximately
5%–10% of the B cells express the transgene; the remaining B cells express
a full endogenous heavy chain repertoire. All B cells express an endogenous
light chain [35–37]. The association of some light chains with the R4A heavy
chain generates an antibody with no binding to DNA. Other light chains
confer low-affinity DNA binding and still others confer high-affinity DNA
binding. The B cells making antibodies with no or low affinity for DNA
mature to immunocompetence, but those B cells making high-affinity anti-
DNA antibodies are subject to tolerance induction.

Female BALB/c R4A mice are not spontaneously autoimmune. After ad-
ministration of exogenous estrogen, they develop elevated titers of high-
affinity anti-dsDNA antibodies composed of the R4A heavy chain and a num-
ber of different light chains, and display kidney deposition of these antibod-
ies [38]. Exogenous estrogen is a sufficient factor for the development of an
SLE serology in this model. A doubling of serum prolactin in BALB/c R4A
transgenic mice also leads to autoantibody production, demonstrating that
prolactin as well as estrogen can alter B cell repertoire selection, and B cell
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activation [39]. This model, therefore, provides the opportunity to observe
how estrogen and prolactin alter B cell selection and maturation and allow
autoreactive R4A B cells to survive and mature to antibody secreting cells.

In this chapter, we will review the mechanisms by which estrogen and
prolactin appear to contribute to autoantibody production. Based on the
R4A model, we will describe the mechanisms responsible for the estrogen-
or prolactin-dependant breakdown of B cell tolerance. We will discuss the
clinical relevance of these observations for SLE patients. It is highly probable
that both hormones may also affect target organ sensitivity to autoantibody
attack. This question will not be addressed in this review, but remains an
important topic for future study.

1.1
Estrogen, Prolactin, and the Immune System

1.1.1
Estrogen

Estrogens are steroid hormones synthesized from a cholesterol backbone
and produced predominantly in the ovary in response to follicle-stimulating
hormone (FSH); 17β-estradiol is the most abundant estrogenic compound
in the circulation. Metabolic precursors of estrogen include progesterone,
dehydroepiandrosterone, and testosterone. Some catabolites of 17β-estradiol
such as 16-hydroxyestrone display high estrogenic activity. Many SLE patients
have high levels of 16-hydroxyestrone and low levels of androgen [8]. Among
the many effects of estrogen is increased prolactin secretion.

Two types of estrogen receptor, estrogen receptor α (ERα) and estrogen
receptor β (ERβ) mediate the effects of estrogen. They are expressed not
only in reproductive tissues but also in multiple other cell types, including
cells of the immune system, such as monocytes and macrophages [40], NK
cells [41], B and T lymphocytes [34] [42]. These receptors are targets for
both endogenous and exogenous estrogens and for pharmacological estrogen
receptor modulators. The classic signaling pathway for estrogen is ligand-
dependent receptor activation with activated estrogen receptors acting as
transcription factors [43]. There are differences in the structure and cellular
distribution of ERα and β that suggest different biological roles for the two
receptors. In addition, there appears to be membrane-associated estrogen
receptors, which are expressed by T lymphocytes [44] and macrophages [45]
but not B lymphocytes [46]. These receptors are involved in nongenomic
rapid responses to estrogen. It is not clear whether these receptors are an
alternative splice variant of ERα/β [47] or the recently described membrane
G-protein-coupled estrogen receptor GPR30 [48].
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Estrogens affect both B and T lymphopoiesis. B cell development in the
bone marrow is inhibited by 17β-estradiol and during pregnancy B cell lym-
phopoiesis is reduced [49]. In estrogen-treated mice, lymphoid-restricted
progenitors are selectively depleted [50]. Estrogen induces thymic atrophy
with a reduction of T cell lymphopoiesis; this atrophy is mainly attributable
to the effects of ERα engagement. While all T cell subsets are reduced, there is
a disproportionate loss of CD4+CD8+ double-positive cells [51]. The CD4+ to
CD8+ T cell ratio is altered with an increase of CD8+ T cells [52]. Furthermore,
a reversible thymic atrophy is observed during pregnancy.

It has been reported that pregnancy is associated with a bias toward the
production of Th2 cytokines by T cells. C57Bl/6 mice are usually resistant
to Leishmania infection due to a strong Th1 response, but during pregnancy
female C57BL/6 mice become susceptible to Leishmania. This susceptibility
correlates with a switch from a Th1 to a Th2 pattern of cytokine secretion by
splenocytes with decreased secretion of IFNγ and increased secretion of IL4,
IL5, and IL10 [53]. While a shift to a Th2 bias has been attributed to estrogen,
estrogen can also enhance a Th1 response. The IFNγ promoter possesses an
estrogen response element that allows estrogen to directly stimulate IFNγ se-
cretion through a mechanism that requires ERα expression in hematopoietic
cells [54, 55].

Estrogen also affects monocyte differentiation. Estrogen treatment in-
creases FasL expression in the human monocytic cell line U937 through
estrogen response elements present in the FasL promoter [40]. Estrogen also
induces apoptosis in monocytes, which is dependent on ERβ engagement. In
addition, 17β-estradiol increases TNFα synthesis and decreases IL-10 synthe-
sis in PMA-differentiated U937 cells [56]. Tamoxifen, a pure ERβ antagonist
and partial ERα agonist, and ICI-182,780, an antagonist of both ERα and β,
completely abolish induction of TNFα [56]. In contrast, transcription and
protein synthesis of CD16 (FcγRIII), an activation receptor, are significantly
increased in the absence of estrogen. In estrogen-deprived macrophages, the
higher level of CD16, is responsible upon cross-linking for the secretion of
significantly more TNFα, IL-1β, and IL-6 [57]. Thus, the cytokine profile in-
duced by the presence or absence of estrogen is complex and dependent on
the combination of activating factors.

To determine the action of estrogen on autoimmune pathologies, sev-
eral studies have been performed with peripheral blood mononuclear cells
(PBMCs) from healthy donors and SLE patients. PBMCs of healthy donors
stimulated in vitro with pokeweed mitogen and treated with 17β-estradiol
show enhanced immunoglobulin secretion. This increase in immunoglobu-
lin production is dose-dependant for concentrations of 17β-estradiol ranging
from 10–10 to 10–8 M (eq 0.03–3 ng/ml), and is also observed in PBMCs of
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SLE patients with an accompanying enhancement of anti-dsDNA IgG produc-
tion [58]. Treatment of PBMCs from SLE patients with 17β-estradiol at 10–8M
also causes a decrease in both apoptosis and TNFα production and an increase
in IL-10 production, mostly due to estrogen’s effects on monocytes [59]. This
is in contrast to the effect of estrogen on PBMCs of healthy donors.

As highlighted in Table 1, data obtained with mouse models of SLE display
a strong link between response to estrogen and a female bias in disease sus-
ceptibility and conversely the absence of response to estrogen in the absence
of female susceptibility [60–67].

The studies with MRL/lpr mice illustrate an estrogen paradox that also
appears to exist in human disease [68]. In experimental autoimmune en-
cephalomyelitis (EAE), estrogen ameliorates disease manifestations, while
in lupus estrogen worsens disease. In human disease, estrogen ameliorates
rheumatoid arthritis while potentially leading to exacerbations in SLE. This
may reflect the fact that estrogenaltersnotonly the inductionof autoreactivity,
but also effector mechanisms of target organ injury.

1.1.2
Prolactin

Prolactin functions as the lactogenic master hormone but is also an im-
munomodulator that affects apoptosis, activation, and proliferation of im-
mune cells. Prolactin (PRL) is a peptide hormone secreted by the anterior
pituitary and by cells of the immune system. It binds to surface receptors of
the cytokine superfamily (PRLR), which are expressed in the breast and the
uterus in the female and in the prostate in the male, and are also found on
lymphohematopoietic cells. [69]

Prolactin induces the dimerization of PRLRs, which trigger the activa-
tion of the Janus Kinase/Stat pathway [70] or the MAPK pathway [71]. The
prolactin-PRLR system is regulated at the translational level by the expression
of a nonactivatable PRLR isoform, which serves as a decoy receptor, [72] and at
the post-translational level by prolactin phosphorylation, which is necessary
for agonist activity [73, 74].

Prolactin promotes lymphocyte development enhancing pro-B cell gen-
eration [75] as well as CD4,CD8 double-negative thymocyte maturation into
double-positive cells [76, 77]. As PRL- and PRLR-deficient mice display nor-
mal hematopoiesis, prolactin appears to play an adjunct role [78, 79]. In vitro,
prolactin supports splenocyte stimulation by mitogen but alone does not
induce proliferation [80]. A major effect of prolactin may be upregulation
of anti-apoptotic factors such as Bcl-2 and downregulation of pro-apoptotic
factors such as Bax [81]. Prolactin also influences both Th1 and Th2 cytokine
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production: prolactin-mediated upregulation of IL-6 and IFNγ and downreg-
ulation of IL-2 have been reported [82–84].

Roughly 15%–20% of lupus patients of both sexes have hyperprolactine-
mia [31], the etiology of which is unknown. Studies of PBMCs from lupus
patients have revealed that they produce more prolactin than PBMCs of
healthy donors. In vitro, prolactin stimulates production of IgM, IgG, and
anti-dsDNA antibodies [85, 86] as well as IFNγ [82] from PBMCs of lupus
patients. In lupus-prone mice, an excess of prolactin is associated with accel-
erated onset of the disease and early mortality [33, 34, 39]. In MRL-lpr/fas
lupus prone mice, lactation correlates with postpartum arthritic flares [87].
Conversely, treatment of NZB/NZW F1 mice with bromocriptine (which in-
hibits prolactin secretion) causes a decrease in serum anti-DNA antibody titer
and improves survival [88].

2
Estrogen, Prolactin, and B Cell Fate in the R4A Model

2.1
Estrogen

The breakdown of tolerance of autoreactive B cells is central to the develop-
mentof SLE.BecauseR4Atransgenicmicearenot spontaneously autoimmune
and do not develop elevated titers of anti-DNA antibody until they are given
exogenous estrogen, the model opens a window to the cellular and molecular
basis of the actions of estrogen.

The development of B cells is controlled by multiple checkpoints, which are
set in order to ensure competency of B cell receptor signaling and to eliminate
autoreactivity (Fig. 1).Thefirst checkpoints are in thebonemarrow, at thepro-
B cell to pre-B transition. The newly synthesized mu heavy chains associate
with surrogate light chains to formapre-Bcell receptor (pre-BCR).Afterwards
the mu heavy chain combines with a kappa or lambda light chain to form the
BCR. The cells that are able to form a functional pre-BCR and BCR continue
differentiating due to a “tonic signal” that appears to be antigen-independent
[89]. Some of the newly expressed BCRs display autoreactivity [90] and are
purged from the pool by one of three mechanisms: deletion by apoptosis [91,
92], functional inactivation called anergy [93], and receptor editing, which
replaces the autoreactive BCR with a nonautoreactive BCR [94, 95].

Immature B cells are subject to negative selection in the bone marrow upon
BCR ligation. Alternatively, they mature to become T1 transitional cells [97]
that migrate from the bone marrow to the spleen [98]. T1 B cells continue
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Fig. 1 Influence of sex hormones on BALB/c R4A tg B cells development. (E2 17-β-
estradiol, MZ B cells marginal zone B cells, FO B cells follicular B cells)

their development in the spleen, where they are targets for a second round
of negative selection in the periarteriolar lymphoid sheath [99]. Surviving
T1 B cells enter the primary follicle and become T2 cells. There is some
controversy whether BCR engagement of T2 B cells can also mediate negative
selection or whether it constitutes a survival factor that permits the B cell to
mature to immunocompetence [100, 101]. Clearly, T1 and T2 cells differ as T1
B cells express Fas and are readily susceptible to Fas L-induced apoptosis; T2
Bcells repressFas, expressBcl-2 and/orBAFFreceptor, andare less susceptible
toapoptosis [101, 102]. Some investigatorsbelieve theT2 stageofdevelopment
is followed by a T3 stage [103]. The functional differences between these stages
are not well defined.

Late T2 cells mature into marginal zone (MZ) B cells or follicular B cells.
Engagement of the BCR signal appears necessary to drive this differentiation.
It appears that late transitional B cells are subject to positive selection by BCR
ligation, with antigen presented by follicular dendritic cells [101, 104]. Strong
to intermediate BCR signaling promotes the maturation into follicular B cells
and weaker signaling into MZ B cells. This emerging concept is supported
by studies of mice with deletions of molecules involved in the BCR signaling
pathway [99, 105, 106] and is generally a well-accepted concept despite some
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contradictory data [107]. Follicular B cells are conventional B2 cells that re-
spond to T-dependent antigen stimulation. They can form short-lived plasma
cells, which reside in the red pulp in the spleen. With help from CD4 T cells,
follicular B cells can also constitute a germinal center response, proliferate,
and undergo somatic hypermutation, affinity maturation, and isotype class
switching. These T cell-dependent, high-affinity B cells surviving germinal
center selection give rise to memory B cells and long-lived plasma cells [108].
MZ B cells are predominantly responsible for the rapid secretion of IgM
against T independent blood-borne pathogens, but they also can undergo
heavy chain class switching, and perhaps limited somatic mutation [109]. MZ
B cells are a major source of circulating low-affinity autoantibodies. Immune
complexes composed of antibodies secreted by MZ-derived plasmocytes are
believed to be presented to follicular B cells by follicular dendritic cells; thus,
MZ B cells participate indirectly in T-dependant B cell responses [110].

In the BALB/c R4A transgenic female mice, most of the B cells express
an endogenous mu chain, while 5%–10% express the transgene encoded
γ2b heavy chain [96]. The transgenic heavy chain can pair with a variety of
light chains to produce BCRs with affinities for dsDNA ranging from nonde-
tectable to high [35–37]. Three distinct DNA-reactive B cell populations have
been described: one that secretes low-affinity anti-DNA antibody and two that
produce high-affinity anti-DNA antibody. The population with low-affinity
for DNA is not tolerized and matures in peripheral lymphoid organs [36]. One
population of high-affinity autoreactive B cells expresses a germ line encoded
light chain and is deleted at the immature B cell stage. Its existence has been
identified in BALB/c mice transgenic for both R4A and Bcl-2 [37] and in R4A
transgenic NZB/W mice [35]. In these strains, these high-affinity autoreactive
B cells mature to immunocompetence. R4A transgenic mice harbor a second
population of high-affinity autoreactive B cells that is anergic and displays
somatically mutated light chains, suggesting that their autoreactivity devel-
oped after encounter with antigen and germinal center maturation. These
B cells can be identified as they secrete anti-DNA antibodies after LPS stimu-
lation [111]. Thus, R4A BALB/c mice possess well-characterized populations
of autoreactive B cells that make it valuable for studying the effects of sex
hormones on B cell development.

To study the effects of estrogen, R4A mice were treated with implants of
17β-estradiol that release hormone to achieve a constant serum concentration
of 75–100 pg/ml (about 10–9 M) for 2 months. This concentration corresponds
to the highest physiological level reached during the estrus cycle.

Female BALB/c R4A mice given 17β-estradiol display the expected al-
teration in lymphopoiesis with a decreased number of bone marrow B220+

cells [49]. They have enhanced titers of anti-DNA antibodies encoded by
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the R4A transgene. The analysis of the kidney by immunohistochemistry re-
veals the deposition of IgG2b in the glomeruli. Hybridomas generated from
estradiol-treatedmicedemonstrate thatnaïveBcellswitha transgeneencoded
heavy chain and a germline encoded light chain are rescued by hormone treat-
ment [112]. Analysis of estradiol-treated mice also shows that the number of
transitional B cells is decreased, reflecting decreased lymphopoiesis and that
the ratio of T1:T2 cells is shifted toward more T2 cells. The population of
mature B cells is increased and the percentage of MZ B cells is doubled [113].
These data are summarized in Fig 1.

High-affinity DNA-reactive B cells expressing the R4A heavy chain differ-
entiate into MZ B cells. The maturation of these B cells is T cell-independent,
as the phenomenon occurs in mice with CD4 T cell depletion [38]. There is,
however, no secretion of anti-DNA antibodies in CD4 T cell-depleted mice,
suggesting that autoreactive B cell activation may require CD40 ligation (Di-
amond and Grimaldi, unpublished data).

A detailed analysis of B cell maturation in estradiol-treated mice demon-
strates that DNA-reactive B cells are usually eliminated at the T2 stage. When
they are induced to mature by estradiol, they acquire a MZ phenotype. Fur-
thermore, the high-affinity DNA-reactive B cells appear to out-compete the
low-affinity DNA-reactive B cells. Thus, 17β-estradiol permits the survival
of potentially pathogenic B cells and diminishes the survival of autoreactive
B cells presumed to play a protective role in the elimination of apoptotic
debris.

Estradiol exerts a direct effect on B cells as B cells express both estrogen
receptors, ERα and ERβ. The analysis of the gene expression profile of splenic
B cells from mice treated with estrogen or placebo demonstrates that estrogen
upregulates molecules of the apoptotic pathway (Bcl-2) and molecules of
the BCR signaling pathway (SHP1 and CD22) [38]. Bcl-2, an anti-apoptotic
molecule, has been shown to be upregulated in B220+ cells as they traverse
negative selection [114]. The Bcl-2 promoter possesses an estrogen response
element, and isupregulatedby thedirect actionof estrogen [115].Transfection
of B cell lines with a constitutively activated mutant ERα upregulates Bcl-2,
confirming a direct effect of estradiol on Bcl-2 expression. Similarly, the
constitutively activated ERα also upregulates CD22 and SHP-1 in B cells [38].
CD22 is a cell surface receptor that possesses two immunoreceptor tyrosine-
based inhibitory motifs (ITIM). Once phosphorylated, these ITIM motifs
recruit SHP1, aprotein tyrosinephosphatase,whichdephosphorylatesprotein
tyrosine kinases and inhibits BCR signaling. A 20% increase in expression
of CD22 and SHP1 in transfected B cell is sufficient to reduce the calcium
response induced by BCR cross-linking [38]. This observation substantiates
the hypothesis that a slight variation in the strength of BCR signaling can
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Fig. 2 The strength of the BCR signal determines susceptibility to autoreactivity.
DNA reactive B cells are normally deleted, anergized or ignored. Estrogen treatment
reduces the BCR signaling strength to a level that is insufficient to delete potentially
high-affinity DNA reactive B cells. Prolactin treatment rescue the high-affinity DNA
reactive B cells without alteration of the signaling strength of the BCR, by increasing
B cell co-stimulation

alter B cell fate and can result from the direct effect of estrogen. The overall
model for estrogen effects on B cell development begins with a weaker BCR
signal in estrogen-treated mice, leading to the rescued autoreactive B cells
from apoptosis and the maturation of transitional B cells into MZ B cells [116]
(illustrated in Fig. 2). The capacity of estrogen to rescue immature B cells from
BCR-induced apoptosis has been confirmed in vitro using splenic B cells from
estrogen-treated and placebo-treated BALB/c R4A mice [38].

Tamoxifen is a partial estrogen agonist, partial estrogen antagonist. When
given to R4A transgenic mice together with estradiol, it antagonizes the se-
cretion of anti-DNA antibodies [116]. While Bcl-2 remains upregulated, there
is no upregulation of either CD22 or SHP-1. The DNA-reactive B cells do
not mature to acquire an MZ phenotype. Thus, the stronger BCR signal that
exists in the absence of upregulation of CD22 and SHP-1 appears to mediate
tolerance induction.

2.2
Prolactin

When prolactin was given to BALB/c R4A mice, there was an expansion of
transgene-expressing B cells and a rise in titer of anti-DNA antibodies. The
autoreactive B cells matured as follicular B cells, although they expressed
the same light chains as MZ B cells rescued from deletion by estradiol. The
mechanism for B cell rescue appears to be upregulation of CD40 on B cells and
CD40L on T cells, leading to the protection of transitional B cells normally
destined for deletion [117].
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Estrogen and prolactin have a reciprocal relationship; estrogen increases
prolactin secretion by the pituitary and prolactin decreases estrogen se-
cretion [69]. Female BALB/c R4A transgenic mice were treated with 17β-
estradiol with or without bromocriptine, a specific inhibitor of prolactin
secretion [118]. The analysis of peripheral B cells of both groups revealed the
same number of transgene-expressing B cells. The bromocriptine-induced
reduction in prolactin does not negate the estrogen-dependent rescue of au-
toreactive B cells, but B cells from bromocriptine-treated mice do not sponta-
neously secrete autoantibodies. B cells of estrogen and bromocriptine-treated
mice did not secrete anti-DNA antibodies in response to IL-4 and anti-CD40
antibody in vitro, but they did respond to LPS stimulation [117]. These results
demonstrate that estrogen allows the rescue of high-affinity DNA-reactive
B cells from negative selection through a prolactin-independent pathway, but
prolactin is implicated in the activation of those B cells.

Several studies of mice with deletions of molecules belonging to the BCR
signal transduction pathway have demonstrated that a slight variation in the
strength of the signal can dramatically compromise B cell maturation and
promote autoimmune diseases [119–121]. BALB/c R4A transgenic mice have
an estrogen or prolactin inducible lupus-like serology, while C57B1/6 R4A
are not responsive to exogenous estrogen or prolactin (Peeva, unpublished
data). Why BALB/c mice lose B cell tolerance while C57B1/6 mice do not is not
known. It would appear that any component of the BCR-signaling pathway or
co-stimulatory pathway that might be regulated by estrogen or prolactin could
be decisive for the escape from the negative selection. The analysis of poly-
morphisms of these molecules in humans will be a major focus for research.

3
Clinical Relevance

A major goal of many studies of lupus is to identify genes directly or indirectly
incriminated in the breakdown of B cell tolerance and to determine genes that
lead to enhanced disease severity that are regulated by estrogen. The gender
bias in SLE may not be explained solely by the contribution of estrogen but we
believe that some women with SLE, like BALB/c mice, have an enhanced sus-
ceptibility to estrogen. The identification of estrogen or prolactin-inducible
genes will help to characterize the subpopulation of patients that may have
a disease exacerbated by hormones.

Bcl-2, CD22, SHP1, ERα, prolactin, and prolactin receptor are all molecules
of interest in studies of hormonal effects on B cell development. One study
concluded there was no linkage of a bcl-2 polymorphism with SLE in a large
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cohort of 378 Mexican patients and 112 Swedish simplex families [122]. Four
polymorphisms, a SNP (–394) C→T and a micro-deletion polymorphism (–
195) ∆ CTGA in the promoter region, a missense SNP (541) G→C in exon 1
(which changes the amino acid sequence G171A), and a SNP (903) C→T in
exon 2 have been described for the human shp1 gene [123], but no studies have
been published demonstrating a linkage with SLE. Several polymorphisms
have been described for the murine CD22 [124], and one study suggested
that a polymorphism of human CD22 associates with SLE. Liu has proposed
that ERα gene polymorphisms may be important in lupus nephritis patients
in the Chinese population. The PpXx ERα genotype may be associated with
susceptibility to SLE in males [125]. Moreover, the frequency of the ppXx
genotype was greater in childhood onset SLE than in controls (pc = 0.0009)
or adults (pc = 0.027) in Korean patients [126]. Recently, a study on 260
patients with SLE from northern Sweden has confirmed the association of p
(T→C)andx(A→G)polymorphismswithamilder formofSLEcharacterized
by skin manifestations, later onset, and less organ damage [127]. A SNP
(–1149) G→T in the promoter of the prolactin gene has been characterized.
One disease association study of a cohort of SLE patients demonstrated an
increased frequency of the prolactin −1149 G allele compared with control
subjects [128], but another failed to replicate this observation [129]. It may
be that identifying patients with a hormonally modulated disease needs to be
accomplished before critical genetic polymorphisms can be identified.

4
Conclusion

It is clear that both estrogen and prolactin exert immunomodulatory effects,
including effects on both immature and mature B cells. Their impact on
lupus onset and disease exacerbation is well established in mouse models.
The BALB/c R4A transgenic mice are prone to develop lupus-like symp-
toms only upon hormone exposure. The breakdown of tolerance induced by
estrogen correlates with the upregulation of molecules from both B cell apop-
totic pathways and the BCR signalosome leading to survival of autoreactive
cells and maturation to a MZ phenotype. This maturation and activation of
autoantibody-secreting cells is due to an altered strength of BCR signaling.
The absence of disease in C57Bl/6 R4A transgenic mice treated with estrogen
emphasizes the role of genetic background in the breakdown of B cell toler-
ance and perhaps explains the controversial situation observed in the human
disease. Moreover, the data suggest that only a subset of SLE patients is likely
to have estrogen-exacerbated disease and invites us to pursue research on
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potential estrogen-responsive genomic factors that are B cell-specific and to
expand the study to other cell types influencing B cell development such as
stromal cells, monocytes, dendritic cells, and T cells, which are known to be
responsive to estrogen.

Prolactin also alters B cell selection, but does so by rescuing transitional
B cells through a CD40–CD40 ligand interaction. Whether it acts directly on
B cells, like estrogen, or indirectly, is not yet established. Like estrogen, pro-
lactin’s ability to break B cell tolerance is dependent on genetic background.
These studies suggest that pathways affected by these hormones may consti-
tute therapeutic targets for diminishing the predisposition to autoantibody
formation, and that effective therapies that focus on the targets may expand
the time of disease remission.
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Abstract Autoimmune disease is characterized by clinical symptoms mediated by
adaptive (T cell and B cell) immune reactions towards autoantigen-expressing tissue.
Here we discuss that autoimmune disease is often preceded by autoreactivity, mean-
ing the priming of autoantigen-specific immune cells without relevant tissue damage.
Recent experimental evidence has demonstrated that both the induction of autoreac-
tivity and the conversion into autoimmune disease is controlled by the activation of
the nonspecific innate immune system. Also, the “inflammatory status” of the target
organ critically influences the onset of overt autoimmune disease.

1
Introduction

Autoimmunediseases inhumansare chronic syndromescharacterizedby typ-
ical, often relapsing, clinical symptoms combined with diagnostic results of
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adaptive humoral (autoantibodies) or cellular (autoreactive T cells) responses
directed against autoantigen-expressing tissues. Important human autoim-
mune diseases include autoimmune diabetes mellitus, rheumatoid arthritis,
multiple sclerosis, and myasthenia gravis. Remarkably, autoimmunity often
associates with, or is triggered by virus infections and is associated with cer-
tain MHC alleles [1]. Endocrine organs such as the adrenal gland (Morbus
Addison), the thyroid gland (Hashimoto thyroiditis, Graves disease) and en-
docrine cells in the stomach are often involved in autoimmunity [2]. Since
there barely exists an organ where autoimmunity has not been reported, the
frequent involvement of endocrine organs may reflect relatively easy diagno-
sis or special pathogenetic features. This review will focus on mechanisms
involved in the activation and effector function of autoreactive T cells and
attempts to explain some clinical observations in a novel way to suggest new
therapeutic strategies.

2
Autoimmunity and/or Infection

The thymus negatively selects T cells with autoantigen-specific surface re-
ceptors. This negative selection process requires the presence of periph-
eral autoantigen in the thymus. Although this review will not focus on the
thymic selection process, it is noteworthy that the transcription factor AIRE
has been proposed to assure thymic expression of peripheral antigens [3].
AIRE was identified as the mutated gene in humans with Autoimmune
Polyendocrinopathy-Candidiasis-Ectodermal Dystrophy (APECED), a famil-
iar polyendocrine autoimmune disease [4]. To study central tolerance and
peripheral autoimmunity, several T cell receptor transgenic mice specific for
relevant extralymphatic peripheral autoantigens have been developed during
thepastdecade [5]. Interestingly, central toleranceappeared tobemore theex-
ception than the rule. These findings implicate that naïve autoantigen-specific
Tcells areprobably common,muchmore thanwidelybelieved.However,most
T cell receptor transgenic autoimmune mouse models fail to induce disease
spontaneously, at least during the relatively short lifespan of a laboratory
mouse [5]. Thus, while accepting the importance of the presence of the final
adaptive effector cells in mediating clinical disease, it seems even more es-
sential to understand the pathways that initially led to their induction, i.e.,
why, where, and how are these autoreactive B and T cells primed? Several
explanations have been offered:

1. Molecular mimicry, meaning that an infectious agent shares a protein-
epitope with a self-protein within the peripheral target tissue [6]. Cross-
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reactivity has been proposed to be involved in the association of infection
with beta hemolytic streptococci and rheumatic fever, B3 Coxsackievirus
and myocarditis, various viruses and multiple sclerosis, Borrelia burgdor-
feri and Lyme arthritis and B4 Coxsackie virus, rubella virus or CMV
and diabetes type I. Since epitope binding occurs in a MHC-restricted
manner, molecular mimicry may also explain the associations with MHC
alleles [7]. However, confirmation of molecular mimicry involvement in
autoimmunity requires more than simple associations. The endogenous
as well as the foreign epitopes must be identified and the induction of
cross-reactive T cells during disease should be confirmed. In a best case
scenario, deletion of either epitope should result in absence or reduc-
tion of autoimmunity in an animal model [8]. Based on these criteria,
molecular mimicry has not been demonstrated convincingly. Neverthe-
less, molecular mimicry may sometime still contribute to autoimmunity
in some cases [9–11].

2. A more common first step in the autoimmune disease pathway involves
organ damage and release of so far immunologically ignored autoanti-
gen and its presentation by antigen-presenting cells (APCs) in draining
lymph nodes and the spleen. For example, ischemic myocardial infarc-
tion leads to the increase of myocardial proteins measurable in blood and
may induce autoimmune myo/epi/pericarditis some weeks later (Dressler
syndrome). Similarly, mechanical eye injury may lead to autoimmune
destruction of the other undamaged eye [12, 13]. In infection-associated
autoimmunity, cytopathic virus (e.g., B3 Coxsackie virus) replication may
cause myocardial apoptosis and release of heart muscle proteins. T cells
against both the virus and against autoantigen are primed in local lymph
nodes and the spleen and are recruited to the heart [14]. Depending on
the virus, molecular mimicry may in addition enhance autoimmune at-
tack. Once started, autoimmunity destroys additional heart muscle tissue
and autoantigen is again released, which maintains the process and may
involve additional epitopes (epitope spreading).

Despite these complexities, autoantigen-specific T cells usually seem to ignore
the peripheral antigen in the absence of an organ pathology or inflammation.
This view was supported from experiments in a mouse diabetes model where
a viral antigen (lymphocytic choriomeningitis virus (LCMV) -glycoprotein
GP or LCMV-nucleoprotein NP) is expressed solely in the pancreatic islets
due to expression control by the rat insulin promoter (RIP-GP and RIP-NP
mice) [15, 16]. If these mice are crossed with mice in which all (transgenic)
T cells recognize the same viral antigen, no activation of T cells is induced (Ig-
norance) (Fig. 1). In contrast, if the RIP-GP or RIP-NP mice are systemically
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Fig. 1 RIP-GP mice express the LCMV glycoprotein under the rat insulin promoter.
These mice express the LCMV antigen specifically in the pancreatic islets. T cells
specific for the LCMV glycoprotein exist but are not activated since the antigen is not
expressed by antigen-presenting cells (APCs) in the spleen (left). If these mice are
infected with LCMV, virus replicates in the spleen, LCMV glycoprotein is presented by
splenic APCs followed by an activation of CD8+ T cells. These effector cells then home
to the pancreas where they encounter LCMV antigen on islets cells. This leads to the
destruction of beta islets cells and to overt diabetes (right)

infected with LCMV, the T cells proliferate, migrate within the pancreas, and
induce diabetes within days (RIP-GP) or weeks (RIP-NP). When researchers
aimed to induce myasthenia-like autoimmune disease by injection of acetyl-
choline receptor autoantigen, the response was low. Only repeated autoanti-
gen injection in combination of so-called adjuvans could induce autoimmu-
nity [17]. Adjuvans as an essential part in inducing autoimmunity were later
shown to activate the innate immune system, including macrophages and den-
dritic cells [18]. From this point of view, autoimmunity develops similarly to
an adaptive immune response against pathogens. There, the so-called danger
hypothesis postulates that adaptive immune responses (e.g., against a virus)
are enhanced in the presence of additional pathogen-related signals [19, 20].
For example, immunization with LCMV antigen-peptide alone is insufficient
to activate adaptive cellular immune responses. However, if the same antigen
is delivered in the form of a virus-like particle or virus-derived signals, the
immune response is greatly enhanced [21–23]. Interestingly, T cell receptor
transgenic mice specific for basic myelin protein developed multiple sclerosis-
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like disease in a conventional mouse facility while remaining healthy under
specific pathogen-free (SPF) housing conditions [5, 24]. Thus, additional
inflammatory signals, even if their origin is unrelated to the autoantigen-
expressing tissue, may accelerate and support the induction of autoimmune
disease.

3
Innate Regulators of Autoreactive T Cell Priming

During the last few years, so-called danger signals have been character-
ized molecularly. They, amongst others, include bacterial and viral oligonu-
cleotides, bacterial and fungal cell wall components such as lipopolysaccha-
rides (LPS), or bacterial proteins derived from flagellae [25, 26]. They all
have in common that they are ligands for specific pattern-recognition recep-
tors called toll-like receptors (TLRs) on innate antigen-presenting cells [25].
The TLR family is built of ten members, each specifically recognizing a dif-
ferent pattern. For example, TLR4 recognizes LPS and TLR9 is engaged by
DNA oligonucleotides. Intracellular TLR signaling involves different adaptor
molecules such as MyD88 or TRIF and commonly results in the activation of
the transcription factor NF-kappa B [27]. Consequences of toll-like receptor
triggering are the release of interferons and other cytokines as well as the ex-
pression of co-stimulatory molecules. In an autoimmune myocarditis model,
only autoantigen-presenting dendritic cells, additionally and specifically acti-
vated by toll-like receptor stimulation, induced myocarditis and heart failure.
Dendritic cells carrying autoantigen without TLR engagement failed to induce
autoimmunity [28]. Thus, be it immune or autoimmune responses, the acti-
vation of these antigen-presenting cells by toll-like receptor engagement leads
to an enhanced activation of adaptive immune responses. Ligands of toll-like
receptors are not restricted to pathogen-related products. “Stressed” cells are
another source of potent innate immunity [29, 30]. This activation has been
reported to be partially mediated by so-called heat shock proteins (HSPs) [29].
Upregulated during cellular damage, HSPs are potent activators of toll-like
receptors. In the RIP-GP model, autoimmune diabetes could be induced more
easily by administration of endogenous heat shock protein in addition to virus
peptide [31]. However, LPS contamination of HsP preparations may be at least
partly responsible for some of the observed effects [32]. A recent report has
identified uric acid released from damaged cells as another source of innate
immune activation [33]. The underlying mechanisms of innate immunity
triggering adaptive autoimmune responses include enhanced expression of
the aforementioned co-stimulatory molecules by toll-like receptor-triggered
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APCs. Among these co-stimulatory molecules, the B7 group built of CD80
and CD86, both binding to the T cell activating CD28 protein, has been char-
acterized most extensively [34, 35]. In addition, co-stimulatory interactions
of Ox40-OX40L and ICOS-B7H-2 have been demonstrated to facilitate T cell
priming both in vitro and in vivo [36, 37]. Balancing these activating co-
stimulatory receptors, there exist negative signals that inhibit the priming of
both autoreactive or pathogen-specific T cells (Table 1). These are provided
for example by PD-1 or CTLA4 [38, 39]. PD-1 or CTLA4-expressing, antigen-
presenting naïve DCs lead to the tolerization/anergy of specific T cells [40].
In contrast, DCs lacking PD-1 or CTLA4 lead to the activation of the same
T cells.

Table 1

Mechanism Proteins involved Enhancement (+)
or suppression (–)
of autoimmune
disease

Selected
references

Thymic selection

Expression
of autoantigens

AIRE – 3, 4

Initial priming

Co-stimulation CD80, CD86, OX40 + 34–36

Tolerance PD-1, CTLA-4 – 38–40

Regulatory T cells FoxP3, IL10,
TGF-beta, CTLA-4

– 42, 46

Homing

Retention of T cells S1P, IP10 – 67–69

Reduced homing
in peripheral organs

CXCR3 + 66

Effector function
in target organ

T cell intrinsic anergy Cbl-b – 74

Enhancement
of peripheral
antigen presentation

TNF, IFNγ, IFNα + 71, 72, 77

Apoptosis FASL – 76
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4
Regulatory T Cells and Their Relation to Toll-Like Receptor Signals

Another control mechanism of autoreactive T cell priming has been proposed
to be mediated by so-called naturally arising regulatory T cells. These T cells
develop in the thymus, are mostly but not exclusively CD25+, and are func-
tionally characterized by expression of the transcription factor FoxP3 [41, 42].
Upon T cell receptor triggering, so-called T regulatory cells seem to suppress
the activation of CD4+ and CD8+ T cells both in vitro and in vivo assays. The
mechanism of suppression is still debated but seems to be partly contact-
dependent, although cytokines such as IL-10, IL-4, and TGFβ may play an ad-
ditional important role. The contact-dependent suppression involves CTLA4,
whose expression is tightly regulated by FoxP3 [41]. Recent evidence has re-
vealed that regulatory T cells paradoxically require the cytokine IL-2, which
was known for some time to accelerate T cell activation [43, 44]. Together with
the fact that CD25 functions as an IL-2 receptor chain, it might be suggested
that regulation is achieved by simply depriving T cells from IL-2. However, IL-
2 knock-out mice lack regulatory T cells and die of severe autoimmunity, while
their T cell response upon various immunizations is, at least initially, quite
normal [45]. In contrast, in vivo neutralization of IL-2 results in autoimmune
disease by selective reduction of FOXP3-expressing CD25+CD4+ T cells [46].
Depletion of regulatory T cells clearly lowers the threshold of autoreactive
T cell priming. However, simple administration of antigen in the absence of
regulatory T cells is only associated with autoreactive T cell activation when
co-stimulation (e.g., via CD28) is present [47]. Thus, different levels exist that
assure peripheral ignorance/nonresponsiveness of autoreactive T cells. These
include regulatoryTcells or signalsderived fromTLRengagement.Allmay in-
fluence the upregulation of co-stimulatory or downregulation of co-inhibitory
moleculesondendritic cells andother antigen-presentingcells.TLR-triggered
APCs are also capable of overcoming the control by regulatory T cells. For
example, activated antigen-presenting DCs with upregulated co-stimulatory
molecules fail to initiate T cell priming as long as CD25+ T cells are present [47,
48].However, the sameregulatoryTcells no longer inhibitT cell primingwhen
DCs produce cytokines such as IL-6 following TLR engagement [48]. Also,
regulatory T cells themselves express TLRs [49]. Thus, T cell priming only oc-
curs if APC activation via TLR-mediated signals exceeds a certain threshold,
a mechanism which may hinder the formation of adaptive autoimmunity. In
mouse studies, deliberate induction of regulatory T cells has been success-
fully used to limit autoimmune diabetes, allergic encephalitis, and myasthenia
gravis in vivo [50–52]. Taken together, while the phenomenon of regulation
is undisputed, some details of the mechanisms at work remain elusive.
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5
Lack of (Auto)immunity After Innate Overactivation:
A Role for Interferons and the Nervous System

As discussed, autoimmune responses are induced similarly to an immune
response against pathogens. Both involve an early phase of innate immune
activation followed by the activation of adaptive T and B cell responses. It is
noteworthy that innate immunity may be overactivated to a state resulting
in suppression rather than priming of T cells. Interestingly, some clinically
acute infections such as measles virus infection show a phenotype of early
severe inflammatory disease and immunosuppression later. Measles patients
frequently suffer from superinfectious bacterial pneumonia and often fail to
react with a delayed type hypersensitivity (DTH) reaction to intradermal tu-
berculin protein, a classical type IV immune response according to Coombs
[53]. In mice, measles virus leads to intense activation of macrophages and
dendritic cells that finally results in an overactivated state associated with in-
creased apoptosis and failure to prime T cell responses [54, 55]. Consistently,
an infection with LCMV-Clone 13 causes DC apoptosis, which partly explains
the lack of a functional T cell response in vivo [56, 57]. Notably, the apop-
totic pathways in both virus models required type I interferon signaling [55].
A similar immunosuppressive activity has been observed following Liste-
ria monocytogenes infection in vivo, which was demonstrated to be lethal
only if type I interferon signaling was functional [58, 59]. In the presence of
type I interferon signaling, splenocyte apoptosis following Listeria infection
was enhanced. Thus, besides the widely known antiviral activity, type I in-
terferons display important immunosuppressive capacities. Another clinical
example of such induced immunosuppression is cerebral ischemic stroke,
where superinfection and sepsis are leading causes of death. In a murine
stroke model, bacterial pneumonia was rapidly observed in almost 100% of
cases [60]. This could be prevented by the administration of the beta-blocker
propanolol correlating with decreased splenocyte apoptosis. These results are
consistent with those from the Listeria infection model described above [60].
Propanolol counteracts the signals derived from the sympathic nerve and
its transmitter noradrenalin. The same counteracting is physiologically done
by the vagus nerve and its main transmitter acetylcholine. Acetylcholine
administration renders APCs more resistant to inducing experimental sep-
sis in vivo [61]. In light of these recent findings, a possible psychosomatic
contribution in induction and progress of autoimmune responses may be
worth re-evaluating [62, 63]. Intriguingly, nicotine acts as an acetylcholine
agonist and has been demonstrated to suppress lethal sepsis, provocatively
implicating a “smoke or die” regimen for patients with severe systemic inflam-



Innate (Over)immunity and Adaptive Autoimmune Disease 97

matory syndromes [64]. Taken together, innate immunity typically results in
two rather opposing consequences: mostly, adaptive immune responses are
favored. However, in case of inappropriate innate overimmunity, immuno-
suppression is induced, meaning that adaptive immune responses are greatly
suppressed. This may partly explain why severe burn injuries or acute pancre-
atitis are not regularly followed by autoimmune disease, despite the potential
systemic release of autoantigens by tissue destruction. Rather, vigorous in-
nate immune activation during such states is linked to an immunosuppression
with a great risk of superinfection, sepsis, and death.

6
Autoreactivity and Conversion to Autoimmune Disease

Once autoantigen becomes systemically released, innate immunity is induced
and adaptive responses therefore primed, the described criteria of autoreac-
tivity are fulfilled. Autoreactivity describes a state where adaptive autoim-
mune responses (T cells and/or autoantibodies) are measurable; however,
overt disease is still absent. This state can be observed in patients where
autoreactive T cells are detectable years before onset of disease. Also, de-
tection of autoantibodies is often possible in “healthy” persons without any
further signs of autoimmune disease. In general, this may reflect a quality or
quantity of the autoimmune responses below a threshold required for initia-
tion of disease [65]. Furthermore, the conversion of autoreactivity into overt
autoimmune disease requires additional immunological and inflammatory
processes. First, autoreactive T cells have to be recruited to the peripheral
target organ. Here, expression and function of chemokines and their respec-
tive receptors play an important role. For example, effector T cells express
the chemokine CXCR3, which results in migration toward an IP-10 gradient.
Interestingly, islets of NOD mice that spontaneously develop diabetes with
age have been reported to express increased age-related amounts of IP-10.
LCMV-infected CXCR3-deficient RIP-GP mice develop delayed autoimmune
diabetes associated with a decreased lymphocyte infiltration in autoantigen-
expressing islets [66]. FTY, a novel drug binding to sphingosine receptors
retains activated lymphocytes within lymphoid organs and reduces periph-
eral organ infiltration, thereby delaying or preventing diabetes in the LCMV
RIP-GP model [67, 68]. Strikingly, prediabetic mice that already showed islet
T cell infiltrations could be “cured” by a systemic virus infection [69]. This
correlated with the fact that upon viral infection, IP10 expression became up-
regulated in lymph nodes, including the pancreatic lymph node. Islet T cells
therefore migrated toward the lymph node away from the islets, where they
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were eventually eliminated by activation induced cell death [69]. In contrast,
islet expression of several immune activating molecules has been shown to
favor immune cell accumulations in the peripheral target organ and to accel-
erate disease [70–72]. Nevertheless, autoimmune responses are complex since
the encounter of autoreactive T cells and autoantigen-expressing cells may not
always accelerate autoimmune disease. For example, T cell transgenic mice
specific for pancreatic islet antigen on the NOD mouse background rapidly
induced insulitis; however, the mice rarely progressed to overt diabetes. Di-
abetes induction was even less than in nontransgenic control mice [5]. One
possible mechanism explaining this disease-delaying state might arise is T cell
intrinsic anergy or deletion, a common finding following immunizations with
high or persistent antigen immunizations [73]. The ubiquitin ligase cbl-b has
been demonstrated to critically promote T cell anergy and to reduce the
transition of autoreactivity and autoimmune disease [65, 74]. Another mech-
anism of peripheral tolerance depends on the peripheral target organ itself.
This proposal is based on the fact that some tumors have been demonstrated
to express FAS ligand, which may hinder tumor destruction due to apoptosis
of attacking FAS-expressing T cells [75]. The same was observed in autoim-
mune uveitis, where the eye tissue constitutively expresses FAS ligand [76].
Another important parameter of the peripheral target organ was identified in
RIP-GP mice. When RIP-GP mice were immunized with LCMV peptide in an
optimized prime-boost strategy, up to 90% of all CD8+ T cells in the blood
were specific for the islet antigen. However, the mice still remained healthy.
Recent experiments revealed that one limiting factor is islet MHC class I ex-
pression [77]. Only high MHC class I expression on islet cells allowed specific

Fig. 2 In naïve C57BL/6 mice (left) or C57BL/6 mice 8 days after infection with 200
plaque forming units (PFU) LCMV-WE (right), MHC I expression on pancreatic islets
is shown by immunohistology
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T cells to cause diabetes. MHC class I expression on pancreatic islets depended
on intact TLR signaling and signals driven by systemic type I interferons [77].
Remarkably, endocrine pancreatic islet cells were far more susceptible to up-
regulation of MHC class I following systemic release of interferon alpha when
compared to the exocrine pancreas (Fig. 2). Thus, a state of autoreactivity
could be converted into overt autoimmune disease by nonspecific activation
of innate immunity. This might explain why several virus infections are re-
lated to autoimmune diseases and that disease relapse is often observed in
association with generalized virus infection. While viruses may rarely share
epitopes with autoantigens (molecular mimicry), most viruses probably ac-
tivate TLRs and change the immune status (e.g., MHC class I expression) of
the autoantigen-expressing peripheral target organ.

7
Conclusion

Autoimmune disease depends on three general criteria (Table 1). First, au-
toreactive T cells have to be primed before they, second, are recruited to the
peripheral autoantigen-expressing target organ. Thirdly, these T cells have
to be able to destroy the autoantigen-presenting tissue. In all these steps,
innate immunity is a limiting factor leading to autoimmune disease (Table 1).
This happens in analogy to an immune response against a pathogen, where
adaptive responses depend on innate resistance mechanisms.

The innate triggering of T cell priming can be classified into three groups.
First, triggering of TLRs enhances the probability of T cell priming. Second,
co-stimulation results in either positive or negative effects on T cell priming.
Third, regulatory T cells generally influence T cell responses, especially in
the absence of TLR signals. In addition, the autonomous nervous system may
balance innate immune activation. While most early autoimmune research
has focused on autoimmune B and T cells so far, it has recently become clear
that innate immunity is a superposed regulator of autoimmunity. This has
also been underscored by the successful introduction of TNFα antagonists in
clinical autoimmunity trials [78]. Other clinical targets could be antagonists
of TLRs or modulators of the interferon signaling cascade. The suppressive
activities of regulatory T cells represents another means to ameliorate autoim-
mune diseases [51]. It remains to be established how to differentiate innate
immunity and related autoimmune disease from innate overactivation and
related immunosuppression. Though counterintuitive, also innate overactiva-
tion may have the potential to ameliorate autoimmune disease, while bearing
the risk of superinfection.
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Abstract Autoimmune diseases are frequently postulated to arise as post-infectious
phenomena. Here we survey the evidence supporting these theories, with particular
emphasis on Crohn’s disease and ankylosing spondylitis. Direct proof that infec-
tion establishes persistent autoimmunity remains lacking, although it may provoke
a prolonged inflammatory response when occurring on a susceptible immunological
background. The argument of infective causality is by no means trivial, since it carries
important consequences for the safety of vaccine development.
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1
Introduction

We argue here that the risk of unresolved infection precipitating autoim-
mune disease is very low. The relevant information can be summarized as
follows. First, there exists a group of “autoimmune” diseases, so designated
because they fulfil (1) a set of generally accepted positive criteria, and (2)
the negative criterion that reasonable efforts have failed to find an infectious
causal agent. The group includes RA (rheumatoid arthritis), T1D (type 1 dia-
betes mellitus), MS (multiple sclerosis), and less frequent diseases such as MG
(myasthenia gravis) and Graves’ disease (thyroid autoimmunity). The positive
criteria include presence of autoantibody and self-reactive T cells, immune
pathology, MHC associations, and an animal model. Second, another group of
diseases exists in which it is postulated that an infectious trigger establishes an
autonomous, persistent immunopathology (damage caused by the immune
system rather than the infectious agent on its own). This group includes ReA
(reactive arthritis) and its related spondylarthropathies such as AS (ankylos-
ing spondylitis), chronic rheumatic fever, Crohn’s disease, Coxsackie virus-
associated myocarditis, HSK (herpes simplex keratitis), antibiotic-resistant
Lyme disease, and a number of tropical diseases [7, 97]. The question posed
hereconcerns this latter group, and inparticularwhether thepathogencontin-
ues to drive the immunopathology in the later phase when the acute infection
has subsided. Table 1 lists the evidence bearing on autoimmunity in these
diseases.

We conclude from this survey that substantial efforts have so far failed
to demonstrate that these infections can lead to self-sustaining autoimmu-
nity. The main problem has been that although the disease typically lasts for
years after the acute event, antigen derived from the infective agent, or the
pathogen itself, remains detectable. Improved methods, notably PCR, have
undermined the case for autoimmunity: Chagas’ cardiac myopathy, for in-
stance, has been subjected cogently to this critique [63]. Strikingly, in a mouse
model of B3 coxsackievirus-associated myocarditis, CD4+ T cells themselves
provide a source of the virus (M. Hesse et al., unpublished data), and in
T1D the epidemiology has not convincingly demonstrated association with
B4 coxsackievirus infection [50]. The main exception is AS, which we argue
here may well represent a true instance of infection precipitating autoimmu-
nity.

A discussion follows of two particularly informative diseases: Crohn’s dis-
ease and AS. We present here a view of the chronic inflammatory diseases
centred on immune dysregulation. Entering the two diseases in Table 1 as
contradictory marks a difference, but does not exclude a connection between
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Table 1 Where disease may have instigated autoimmunity

Disease Autoimmunity
target

Autoimmunity?
Yes

Autoimmunity?
No/Not proven

Chagas’ Heart, gut [62, 71, 92] [63, 110]

Herpes simplex keratitis Cornea [122] [30, 115]

Malaria Red blood cell [28]
(protective)

Onchocerciasis Eye [82]

Onchocerciasis Skin (SOWDA) [47, 49] [23]

B3 coxsackievirus-
associated cardiac

Heart [98, 103] M. Hesse et al.,
unpublished data

Rheumatic fever Heart [53]

B4 coxsackievirus-
associated T1D

Pancreas [114] [46, 50]

Spondyloarthropathy Joints Discussed
in this chapter

Crohn’s disease Gut Discussed
in this chapter

Lyme disease
(antibiotic resistant)

Joints T. Kamradt,
personal
communication

the two. We argue that the neutrophil defect identified as causal in Crohn’s
disease can on occasion (depending on a genetic factor) allow enteric bac-
teria to trigger the autoimmunity of AS. We then show how recent advances
in understanding immune downregulation have blurred the boundary be-
tween self and non-self, and how they strengthen the view that autoimmunity
springs from immune dysregulation. Finally, we point out how misplaced fear
of autoimmunity can hinder vaccine development.

2
Crohn’s Disease

The central problem in Crohn’s disease concerns the nature of the stimu-
lus driving the chronic inflammation. We question the primary pathogenic
role for infection and favour an alternative mechanism based on impaired
neutrophil recruitment.
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2.1
Infections Unlikely to Cause Crohn’s Disease

The suggestion that Mycobacterium avium paratuberculosis (MAP) repre-
sents the primary aetiological agent in Crohn’s disease was made in the first
description of the syndrome [27]. In ruminants, MAP causes a granuloma-
tous ileocolitis known as Johne’s disease [19]. Many regard this as the animal
equivalent of Crohn’s disease, although others point to significant differences
between the two diseases [112].

Conventionalhistochemistry fails to revealmycobacteria inhumanCrohn’s
tissues. However, specialized culture can yield cell-wall-deficient organisms
termed spheroplasts [21]. These subsequently develop Ziehl-Neelsen-positive
cell walls and contain a MAP genome. Inoculation of animals with these iso-
lates elicits variable phenotypes: mice generate hepatic and splenic granulo-
mata, whilst many other species exhibit no detectable response. Most impres-
sively, goats develop a granulomatous ileitis following oral inoculation.

Case–control studies have examined the human disease specificity of MAP,
principally by comparing detection rates of the IS900 DNA insertion element
in patients and controls. The results have proved highly variable, not least
due to methodological differences between studies [94]. Of note, a significant
proportionof individualswithoutovertCrohn’sdisease also carryMAPwithin
the bowel wall and circulating leukocytes, although organisms isolated from
Crohn’s patients appear to exhibit greater viability [87].

Conclusive evidence for MAP pathogenicity in humans is lacking. A fre-
quently cited case report describes a 7-year-old boy who presented with gran-
ulomatous cervical lymphadenopathy, positive for MAP DNA, who 5 years
later developed terminal ileitis consistent with Crohn’s disease [55]. Whilst
this story is interesting, it warrants the proviso that the histological finding of
caseating granulomata in the lymph node implicates Mycobacterium scrofu-
laceum (untested) as the causative pathogen. Subsequent inflammatory bowel
disease could have arisen coincidentally. Furthermore, under the hypothe-
sis that MAP drives the inflammation of Crohn’s disease, anti-mycobacterial
treatment shouldgive a cure. Preliminary clinical studieshaveprovidedmixed
data but no strong evidence that this is the case [36, 52, 105]. The results of
a double-blind, randomized controlled trial currently in progress should re-
solve this issue.

Although MAP may persist abnormally in Crohn’s disease, the case for
causality remains weak. Any hypothesis invoking MAP as the primary aeti-
ology needs to explain why carriage in healthy individuals does not lead to
disease, accepting that Mycobacterium tuberculosis induces pathology only
in a minority of those infected. This requires the postulation of a susceptible
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immunological background. The clinical utility of infliximab, an inhibitor of
TNF-α, argues against this in that it ameliorates bowel inflammation whilst
permitting reactivation of latent mycobacteria [86]. Additionally, the fail-
ure to detect MAP in every patient indicates that there must be alternative
explanations in these individuals.

The measles hypothesis of Crohn’s disease is now discredited [48].

2.2
Defective Neutrophil Function Drives the Disease

Although Crohn’s disease presents as a condition characterized by excessive
inflammation, mounting evidence suggests that these patients in fact possess
an impaired acute inflammatory response. In vivo, they exhibit markedly de-
layed recruitment of neutrophils to the sites of breaches in an epithelial layer,
as demonstrated in the skin window model of acute inflammation [104]. This
defect does not occur in inflammatory disease controls (such as patients with
ulcerative colitis or RA), nor does it relate to Crohn’s disease activity or use of
medication. In assays of chemotaxis in vitro [85], Crohn’s neutrophils migrate
normally. This suggests an alteration in the inflammatory milieu rather than
an intrinsic failure of leukocyte motility; the causative agents remain uniden-
tified. Defects have also been reported in other areas of neutrophil biology,
including reduced ability to generate superoxide through their respiratory
burst in both active and quiescent disease [25] and attenuated bactericidal
capacity [118]. Recently, a preliminary clinical trial hinted at efficacy of GM-
CSF (granulocyte/macrophage colony stimulating factor) in the treatment of
Crohn’s disease [31].

Our hypothesis (DJBM and AWS) then is that impaired neutrophil migra-
tion or possibly function leads to persistence of antigenic or other organic
material within the bowel wall (Fig. 1). The importance of gut luminal contents
in the generation of Crohn’s lesions has been unequivocally demonstrated by
experiments examining the effects of diversion and reintroduction of the
faecal stream to distal bowel [99]. In healthy individuals, bacteria and other
intestinal contents that breach the mucosal barrier induce rapid neutrophil
migration to the site of insult, leading to phagocytosis, digestion and eradica-
tion of the extraneous material. This may tie in with the recent discoveries of
susceptibilitypolymorphisms inCrohn’spatients in thegenes forCARD15[60,
88] and the endotoxin-sensing proteins CD14 [64] and TLR4 [44], as these
provide some of the earliest recognition determinants for bacteria both in
leukocytes and within the bowel. Failure of clearance could lead to accumula-
tion of debris, which could then be surrounded and engulfed predominantly
by macrophages, provoking the chronic inflammatory, granulomatous pic-
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ture so characteristic of this disease. Indeed, bacterial DNA can be detected
within the macrophages of Crohn’s granulomata [100]. Parallels may be drawn
with tuberculosis, in which failure to destroy the microbe leads to its persis-
tence within macrophages. This persistence is followed by the formation of
granulomata and a lymphocyte-driven chronic inflammation similar to that
observed in Crohn’s disease.
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�
Fig. 1 Hypothesis: failure of neutrophil accumulation leads to persistence of debris
and granuloma formation within the bowel wall. Bowel luminal contents ingress into
the bowel wall through defects in the epithelial barrier (1). Detection of this extraneous
material by receptors (including CARD15 and toll-like receptors) on macrophages and
enterocytes (2) leads to cytokine secretion (3) and subsequent extravasation of neu-
trophils (4). In healthy individuals, sufficient numbers of neutrophils are recruited to
phagocytose and degrade the debris (5). The acute inflammatory response resolves and
healing follows. InCrohn’spatients, impairedneutrophilmigration leads topersistence
of the offending stimulus. This becomes surrounded and engulfed by macrophages
with resultantgranulomaformation (6).Theactivated leukocyteswithin this structure,
however, secrete pro-inflammatory cytokines driving a secondary chronic inflamma-
tion in active disease

The bowel disease observed in congenital disorders of neutrophil biology
provides a compelling precedent for suspecting such a mechanism. Patients
with chronic granulomatous disease, a primary immunodeficiency charac-
terized by defective killing and digestion of microbes by neutrophils [95], can
often develop a colitis macroscopically and microscopically indistinguishable
from that seen in Crohn’s disease [111]. Similar pathology also occurs in other
neutrophil disorders, including glycogen storage disease-Ib [32], leukocyte
adhesion deficiency [26], Chediak-Higashi syndrome [61], and various neu-
tropaenias [40, 67, 108, 113]. A defective inflammatory response also appears
consistent with epidemiological observations. The rapidly rising incidence of
Crohn’s disease in the Western world parallels an increase in the standards
of food hygiene [35]. Endemic intestinal infestation and infection, as seen
in the tropics where the disease remains exceedingly rare, might prime the
bowel for an effective response to subsequent insult; this could also explain
the benefits observed in patients treated with helminths [109]. We can also
consider smoking, which is associated with a fourfold increase in the risk
of developing Crohn’s disease [16], and which dramatically reduces mucosal
blood flow and consequent delivery of inflammatory cells [38].

A partial failure of acute inflammation could also account for much of
the data cited in support of microbiological causes of Crohn’s disease. The
immune response could be of sufficient magnitude to prevent overwhelming
infection but not total eradication of bacteria from the bowel wall. Indeed, the
evidence for MAP can be interpreted to imply abnormal persistence rather
than increased rates of acquisition. An important control experiment fre-
quently omitted in such studies would be to determine the pathogen speci-
ficity of thefindings. In fact, the failure to clearbacteria appearsnonspecific, in
that Bacteroides vulgatus, Escherichia coli [100], Listeria monocytogenes [73],
and various Yersinia [68] and Chlamydia species have all been reported at
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increased frequencies in Crohn’s patients. Whether or not any of these subse-
quently contribute to the pathogenesis remains unresolved, but their presence
may merely represent a marker of the underlying immunodeficiency disease
process that we hypothesize.

In our opinion, therefore, the evidence argues against a pathogenic role
for any specific microbial species, but instead for an insufficiency in innate
immunity that impairs clearance of foreign material in the bowel. Consequent
accumulation of these bacteria and their products may then drive the chronic
inflammation associated with active disease.

3
Ankylosing Spondylitis and the Other Spondyloarthritides

AS is of particular interest here because, on one side, a chronic immune re-
sponse against self-antigens is assumed to be crucial for the immunopathol-
ogy and, on the other, bacteria seem necessary to trigger the disease [107].
The chronic inflammation of AS primarily affects the spine and the sacroil-
iac joints, but extraspinal structures such as peripheral joints, the enthesis
(insertion of tendons/ligaments at bone), the eye (uveitis) and the aorta can
also be involved. Histology [9, 12] and magnetic resonance imaging [11] sug-
gest that the primary site of inflammation is the cartilage/bone interphase.
Mononuclear cell infiltrates occur mainly in cartilage and the subchondral
bone. In early and active sacroiliitis, T cells and macrophages dominate these
infiltrates, implicating a specific cellular immune response [9].

AS is strongly associated with the MHC class I antigen HLA-B27, found
in 90%–95% of patients [15], and the prevalence of HLA-B27 in populations
correlates with the prevalence of AS. Approximately 5% of HLA-B27-positve
individuals develop ankylosing spondylitis during their lifetime [13], the ma-
jority before the age of 45 years. Animal models together with epidemiological
and genetic studies in humans clearly indicate a direct role of HLA-B27 rather
than an alternative linked gene. Among other possibilities, presentation of
still unknown pathogenic peptides to CD8+ T cells has been suggested to
explain this association [66].

3.1
Absence of Persistent Microbial Antigen

As frequently occurs in suspected autoimmune diseases, there is no direct
evidence of an autoimmune process. Cartilage has been proposed as the
most likely target of any such response [76, 81]. It cannot be excluded that
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microbial antigens persist in the diverse structures involved, but this does
not seem likely. Furthermore, biopsies from the sacroiliac joints have proved
negative for candidate bacteria by PCR [14].

The cartilage-derived candidate autoantigens most investigated in ani-
mal models are collagen type II and proteoglycan, the major components of
cartilage and other periarticular structures. While the collagen II-induced
arthritis model resembles RA, animals immunized with proteoglycan show
features typical of AS [5, 121]. The G1 globular domain of aggrecan, the major
proteoglycan protein, has been identified as immunodominant in this model.
The proteoglycan link protein has been suggested as another candidate. These
proteins also occur in the eye and the aorta, and a T cell response against both
has also been demonstrated in human arthritides, including AS, RA and juve-
nile chronic arthritis. We could also recently demonstrate a CD4+ [122] and
a CD8+ [123] T cell response to aggrecan-derived peptides in the peripheral
blood from AS patients, although this was not HLA-B27 restricted. We subse-
quently used computer prediction to screen all cartilage proteins for candidate
peptides likely to stimulate HLA-B27-restricted CD8+ T cells [3]. From this we
isolated approximately 120 nonameric peptides, which were then tested for
in vitro stimulation of CD8+ T cells from patient synovial fluid. We identified
one peptide from collagen type VI that was stimulatory in five out of seven
patients. All these data are compatible with a cartilage-directed autoimmune
response in the disease pathogenesis, but proof for this is still lacking and we
shall investigate this question further.

3.2
The Triggering Infection

Among all the candidate autoimmune diseases, AS possesses the best evi-
dence of bacterial infection as a crucial trigger. In 1%–4% of individuals with
infection of the gastrointestinal tract with Enterobacteriae or the urogenital
tract with Chlamydia trachomatis, a so-called reactive arthritis develops in
the following 6 weeks. Between 30%–70% of these patients are positive for
HLA-B27, and among these patients 20%–40% develop the full clinical picture
of AS 10–20 years after the initial infection [70].

Similarly, 10%–20% of patients with inflammatory bowel disease (IBD)
develop peripheral arthritis at some time during the course of their disease. AS
hasbeenreported inbetween5%–10%ofpatientswith IBDwith thosepositive
for HLA-B27 at especially high risk: in one study of 231 Crohn’s patients, 54%
of HLA-B27-positive patients developed AS compared to 2.6% of those who
were negative [93]. Thus, at least half of the HLA-B27-positive IBD patients
will develop ankylosing spondylitis that cannot be differentiated from the
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primary form of the disease. Stimulation of the immune system in IBD by
translocated gut bacteria therefore might well trigger AS, and T cells primed in
the gut could recognize related bacteria or cross-reacting self-antigens in the
joints [79]. When the T cell repertoire from an inflamed joint was compared
with gut biopsies from a patient who had both IBD and arthritis, the same
antigen specificities were found in both compartments. Furthermore, the
CD8+ T cell receptor repertoire matched that of lymphocytes from patients
with ReA [78], supporting the concept that there may be common dominant
bacterial antigens in AS and related diseases. Finally, although fewer than 10%
of AS patients complain of preceding infections or IBD, infections with ReA-
associated bacteria and gut lesions in IBD patients are often subclinical [107].

3.3
Antibiotics Inhibit Triggering

The crucial question is whether an autoimmune disease runs an independent
course after the initial bacterial trigger or whether it requires chronic inter-
action. Unfortunately, good studies have not been conducted on the effect
of healing of gut lesions in Crohn’s disease or in AS. One interesting study
suggests that treatment with antibiotics can prevent development of AS or re-
lated conditions. Patients with an acute enteral ReA treated for 3 months with
ciprofloxacin did not benefit during the first 12 months of follow-up [119].
However, 11 out of 27 (45%) patients from the placebo group had developed
chronic rheumatic diseases when re-evaluated after 4–7 years, compared to
only 2 out of 26 (7.7%) of the patients who originally received antibiotic
treatment [120]. Furthermore, all rheumatic manifestations in the former
but not the latter group manifested AS-type features and occurred in HLA-
B27-positive individuals. At last we have data indicating that uncontrolled
bacterial infection can cause AS manifestations and that an initial infection
controlled by antibiotics cannot do so; nevertheless, this must occur in the
context of HLA-B27.

This interpretation is supported by additional indirect evidence. In the
1940s and 1950s, arthritis associated with urogenital infections was associ-
ated with development of ankylosing spondylitis in Sweden in a higher per-
centage than 20–30 years later [89]. Long-term antibiotic treatment was the
main difference between the management of these groups. Similarly, AS and
related diseases were more severe in lower social classes with poorer hygiene
(without a refrigerator) in North Africa [22]. AS starts at an earlier age and
runs a more severe course in countries such as Mexico [69], China [58], and
North Africa [54] as compared with Western Europe. Furthermore, the first
generation of immigrants from North Africa to France suffered more severe
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AS than does the second (B. Amor, unpublished observations). All these data
indicate that persistent or repeated infection, mostly probably gut-derived,
makes an important contribution to the pathogenesis and severity of AS. The
mechanisms that lead from infection to autoimmunity in AS have not yet been
defined.

4
Regulatory Mechanisms in Autoimmunity

Supposing that autoimmunity is not the root cause of a disease, does that
end the matter? Even when the production of autoantibodies or autoreactive
T cells clearly depends on the continued presence of the infecting organism
or its residual antigen, it would be rash to conclude that self-antigens play
no part. Their involvement might be secondary resulting from any of several
known mechanisms, including epitope spreading [37, 91], polyclonal activa-
tion of T or B cells by parasite mitogen [23], and loss of downregulation [84].
Earlier discussions of downregulation have been superseded by the discovery
of the new mechanisms listed in Table 2, all of which play a role in TCR-
transgenic models of autoimmunity as shown. In humans, inactivation of the
Treg marker FoxP3 gene causes the IPEX (immune dysregulation, polyen-
docrinopathy, enteropathy, X-linked syndrome) syndrome [6]. The role of
the adaptor molecule Cbl-1 in modulating autoimmunity is particularly well
mapped out. Additional but less well-documented molecules that could be
added to this list include SOCS-1/2, GRAIL, Delta/Serrate/Notch, Neuropilin-
1 and SATB1. Taken together, these mechanisms make it unlikely that the
border in the immune system between self and non-self is as sharp as had
once been supposed. True, deletion of self-reactive T cells (negative selection)
in the thymus and in the periphery still carries the main responsibility for
tolerance-of-self, but it no longer stands alone. Clearly disruption of any of
these suppressive mechanisms might cause autoimmunity, and any of them
might be disrupted by infection.

Table 2 Downregulatory mechanisms revealed in TCR-transgenic models of autoim-
munity

Tregs (CD25 CD4 T cells) [18, 34]

CTLA4 ligation [34]

T cells secreting: TGF-beta [39]; IL-4, IL10 [10]; IL12 [83]

Cbl-1 activity [4, 20, 51]



116 D. J. B. Marks et al.

4.1
Downregulation Occurs Within Dendritic Cell Clusters

Regulatory clusters of cells within the immune system probably play an im-
portant part in regulating autoimmunity, as is argued from the studies listed
in Table 3. Each dendritic cell (DC) located within lymph node or spleen,
together with the cluster of T cells that forms around it, comprises an au-
tonomous regulatory unit. Within the cluster, signals pass between the DC
and its surrounding T cells via the immunological synapse. Cytokines signal
between all cell types in the cluster (paracrine activity), but at normal levels of
activity each cluster forms an autonomous unit with little endocrine transmis-
sion of signals between clusters. T cells within a cluster signal to one another
not only via cytokines but also via the DC itself (Tada’s term “epicrine” activ-
ity applies). As shown in Fig. 2, each cluster operates as a democracy in which
the outcome is determined by voting among its constituent cells according

Table 3 Regulatory mechanisms within dendritic cell clusters

DC, Th(autoimmune), Th(bystander) Cell frequency effect in vivo [17, 102]

DC, Th(naïve), Th(anergic bystanders) Human cells in vitro [74]

DC, Th(naïve), Th1, Th2 Gene gun immunization in vivo [24]

DC, Th(naïve), Th2 Chimera in vivo [2]

DC, Th, Treg Mathematical model [72]

DC, Th, Treg IL-2R blockade, mathematical model [101]

Fig. 2 Majority rule in the autonomous T cell cluster. The quantitative effect of excess
activated T cells or lack of downregulatory T cells could cause autoimmunity
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to their number and level of activation. In health, potentially autoreactive
T cells are too minor a population to generate a response, and in addition may
be outvoted by suppressive T cells in accordance with the models referred
to in Table 3. Infection might increase the proportion of activated cells, thus
allowing potentially autoreactive T cells to join in the response. When the
infection dies down, autoimmune disease will ensue if activated autoreactive
T cells remain in sufficient numbers. In addition, infection might reduce the
proportion of functional suppressive T cells. We would be the first to admit
that evidence for this hypothesis is sketchy (although growing). Mathematical
modelling as an approach to systems biology is beginning to provide critical
insight, and surely has much more to contribute. The key question is whether
the democratic model provides sufficient stability to maintain autoimmunity
within what are after all stringent limits.

4.2
Arenas Where Downregulation May Operate

Where can we hope to learn more about secondary mechanisms that might
provide a window for infection-dependent autoimmunity? Table 4 lists con-
ditions where these might be expected to operate, and indeed in several cases
have been found to do so.

Finally, it is well established that one way or another infection influences
susceptibility to autoimmune disease. Two comprehensive reviews discuss

Table 4 Systems known or likely to involve downregulation

Autoimmunity driven
by monoclonal T or B cells

Collagen induced arthritis [65]
Experimental allergic encephalomyelitis [39, 83]
Optic neuritis [8]
Neuritis [90, 116]
Diabetes [33, 43]
Gastritis [1, 18]
Lupus [59]
Epithelial [80]

Long-term transplant survival,
particularly when incompatible
only at minor antigens

Cardiac, mouse [106] human [77]
Renal, human [56, 96]

Models of fluctuating
autoimmunity

EAE in SJL mice [45]
Arthritis post-cell transfer [57]
Arthritis induced by type IX cartilage [75]

Immunological genes associated
with autoimmune disease

T1D [29]
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the range of mechanisms that may underlie this association [7, 97]. To this
discussion, we would add only that attractive as the hygiene hypothesis is to
explain the association, it should not be accepted uncritically [117].

4.3
Fear of Autoimmunity Can Hold Up Vaccine Development

On a more negative note, a mistaken belief in autoimmunity can hold up vac-
cine development, as Kierszenbaum cogently argues for Chagas’ disease [63].
This is a disease where a vaccine is much needed: high disease prevalence in
particular areas, lack of effective symptomatic treatment and lack of effec-
tive anti-parasite measures. Meningococcus B is another instance. Conjugate
vaccine against Meningococcus C composed of capsular polysaccharide con-
jugated to a protein carrier is effective and now widely used. A similar vaccine
against Men B has not been developed because of the danger presented by
expression of a cross-reactive polysaccharide in neural tissue (Table 5). In-
stead, several serogroup B vaccines based on outer membrane vesicles have
been shown to be immunogenic and reasonably effective in adults and older
children, but the protection offered by them is chiefly strain-specific.

Table 5 Where threat of autoimmunity impedes vaccine development

Pathogen Cross-reactivity (“mimicry”)

Trypanosoma cruzii Heart [63]

Meningococcus B Neural [42]

Borrelia burgdorferi Joints and elsewhere (Lyme disease) [41]

In summary, direct evidence for a primary role for infection in many of
the suspected autoimmune disease remains lacking. Whilst microbial species
and their antigens appear to influence the development of inflammation,
these must occur within the context of a susceptible immune system. Al-
though secondary self-reactive immunopathology may occur during an acute
insult, no proof has been presented that infection can establish a long-lasting
autonomous immune response in these conditions.
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Abstract The autoinflammatory syndromes are a newly recognized group of immune
disorders that lack the high titers of self-reactive antibodies and T cells characteristic
of classic autoimmune disease. Nevertheless, patients with these illnesses experience
unprovoked inflammatory disease in the absence of underlying infection. Here we
discuss recent advances in eight Mendelian autoinflammatory diseases. The causative
genes and the proteins they encode play a critical role in the regulation of innate
immunity. Both pyrin and cryopyrin, the proteins mutated in familial Mediterranean
fever and the cryopyrinopathies, respectively, are involved in regulation of the pro-
inflammatory cytokine, IL-1β, and may influence the activity of the transcription
factor, NFκB. NOD2, the Blau syndrome protein, shares certain domains with cry-
opyrin and appears to be a sensor of intracellular bacteria. PSTPIP1, mutated in the
syndrome of pyogenic arthritis with pyoderma gangrenosum and acne, interacts both
with pyrin and a protein tyrosine phosphatase to regulate innate and adaptive im-
mune responses. Somewhat unexpectedly, mutations in the p55 TNF receptor lead not
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to immunodeficiency but to dramatic inflammatory disease, the mechanisms of which
are still under investigation. Finally, the discovery of the genetic basis of the hyper-
immunoglobulinemia D with periodic fever syndrome has provided a fascinating but
incompletely understood link between cholesterol biosynthesis and autoinflamma-
tion. In this manuscript, we summarize the current state of the art with regard to the
diagnosis, pathogenesis, and treatment of these inborn errors of the innate immune
system.

1
Introduction

Systemic autoinflammatory diseases are a relatively newly recognized cate-
gory of illnesses, characterized by seemingly unprovoked inflammation in
the absence of an infectious etiology. As these disorders lack the high titers
of autoantibodies and self-reactive T lymphocytes characteristic of the more
conventional autoimmune diseases, autoinflammation is considered a defect
in the regulation of innate immunity (McDermott et al. 1999; Galon et al. 2000;
Hull et al. 2003; Stojanov and Kastner 2005). Among the conditions first rec-
ognized as autoinflammatory were the hereditary periodic fever syndromes,
which present with recurrent or in some cases fluctuating fevers and local-
ized inflammation, often involving the skin, joints, or serosal membranes.
Between flares, patients may experience few overt symptoms, although bio-
chemical evidence of inflammation may continue at a subclinical level. Several
other classes of autoinflammatory disease have subsequently been proposed,
including pyogenic disorders such as the syndrome of pyogenic arthritis with
pyoderma gangrenosum and acne (PAPA), and granulomatous disorders such
as Blau syndrome and Crohn’s disease.

The present review will focus on the six known hereditary periodic fevers,
as well as PAPA and Blau syndromes, all of which are inherited as single-gene
Mendelian illnesses (Table 1). Within the last several years, the six genes un-
derlying these eight disorders have all been cloned (French FMF Consortium
1997; International FMF Consortium 1997; Drenth et al. 1999; Houten et al.
1999a; McDermott et al. 1999; Hoffman et al. 2001a; Miceli-Richard et al. 2001;
Aganna et al. 2002; Aksentijevich et al. 2002; Dode et al. 2002; Feldmann et al.
2002; X. Wang et al. 2002; Wise et al. 2002). Identification of these genes has not
only shed light on newly recognized pathways regulating innate immunity,
but has uncovered heretofore unrecognized pathophysiologic connections
among these disparate clinical conditions.
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2
Familial Mediterranean Fever

Familial Mediterranean fever (FMF) is a recessively inherited periodic fever
syndrome with carrier rates as high as 1:3 to 1:5 among individuals of Ar-
menian, Jewish, Arab, or Turkish descent (Aksentijevich et al. 1999; Stoffman
et al. 2000;Gershoni-Baruchet al. 2001;Koganet al. 2001;Touitou2001;Yilmaz
et al. 2001; Al-Alami et al. 2003), thus raising the possibility of heterozygote
selection. FMF is characterized by 1- to3-day febrile episodes with abdominal
pain, pleurisy, arthritis, or a characteristic erysipeloid rash. Between attacks,
patients feel comparatively well, despite evidence of subclinical inflamma-
tion (Tunca et al. 1999; Korkmaz et al. 2002; Duzova et al. 2003). Although
sometimes debilitating during flares, the arthritis is usually nondeforming
and none of the febrile symptoms are life-threatening. However, continuous
elevation of inflammatory markers during and between attacks may lead to
the tissue deposition of a misfolded fragment of the acute phase protein,
serum amyloid A. This type of systemic amyloidosis frequently resulted in
renal failure and early death before the era of colchicine prophylaxis.

Both the acute attacks and the amyloidosis of FMF can usually be prevented
with colchicine (Dinarello et al. 1974; Zemer et al. 1974, 1986, 1991). Although
colchicine is known to destabilize microtubules at high doses in vitro, the
mechanism by which it prevents FMF attacks is incompletely understood.
Colchicine is concentrated in granulocytes (Ben-Chetrit and Levy 1998), the
major effector cells in acute FMF attacks, and its therapeutic benefit in FMF
may be related to its effects on cell-surface adhesion molecules (Cronstein
et al. 1995), leukocyte migration (Dinarello et al. 1976), or even the fact
that the protein mutated in FMF can bind microtubules (Mansfield et al.
2001).

FMF is caused by over 50 mutations in the MEFV (Mediterranean Fever)
gene, which are available online at http://fmf.igh.cnrs.fr/infevers/ (Touitou
et al. 2004). Although most mutations show recessive inheritance patterns,
a sizable percentage of patients with single identifiable mutations evince
symptoms of FMF. In rare cases, dominant inheritance within families has
been documented (Booth et al. 2000), and it is possible that modifier genes
may sometimes allow the expression of the FMF phenotype in other patients
harboring a single mutation.

The coding sequence of MEFV subsumes ten exons, oriented 5′ → 3′, cen-
tromere → telomere, covering approximately 15 kb on chromosome 16p13.3
(International FMF Consortium 1997). The approximately 3.7-kb transcript
encodes a 781-amino acid protein called pyrin (International FMF Consor-
tium 1997) or marenostrin (French FMF Consortium 1997). Pyrin is mainly
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expressed in granulocytes, cytokine-activated monocytes, dendritic cells, and
in fibroblasts derived from skin, peritoneum, and synovium (Centola et al.
2000; Matzner et al. 2000; Diaz et al. 2004), consistent with the predominant
role of granulocytes in (FMF)!FMF inflammation and the anatomic distribu-
tion of attacks. Endogenous pyrin is cytoplasmic in monocytes but predomi-
nantly nuclear in granulocytes, dendritic cells, and synovial fibroblasts (Diaz
et al. 2004). Recent in vitro data suggest that the interaction of pyrin with the
14.3.3 protein may play a role in controlling subcellular localization of pyrin
(Jeru et al. 2005).

The pyrin protein consists of a 92-amino acid N-terminal PYRIN do-
main (Bertin and DiStefano 2000), also denoted PYD (Martinon et al. 2001),
PAAD (Pawlowski et al. 2001), or DAPIN (Staub et al. 2001), a B-box zinc
finger, a coiled-coil region, and a C-terminal B30.2/rfp/SPRY domain (Ver-
net et al. 1993; Henry et al. 1998; Seto et al. 1999). PYD is a member of the
death domain fold superfamily (Fairbrother et al. 2001; Richards et al. 2001),
which also includes death domains (DDs), death effector domains (DEDs),
and caspase recruitment domains (CARDs). DD fold superfamily motifs have
three-dimensional structures consisting of a specific orientation of six al-
pha helices, enabling homotypic protein interactions via electrostatic effects
(Eliezer 2003; Hiller et al. 2003; Liepinsh et al. 2003; Liu et al. 2003). The B-box
and coiled-coil regions also mediate protein–protein interactions (Centola
et al. 1998; Shoham et al. 2003).

Consistent with the probable functions of its subunits, pyrin is capa-
ble of interacting with several other proteins. Through cognate N-terminal
PYD interactions, pyrin binds the bipartite adaptor protein ASC (apoptosis-
associated speck-like protein with a CARD) (Masumoto et al. 1999; Richards
et al. 2001). ASC also contains a CARD domain and is able to bind caspase-1
(IL-1β-converting enzyme [ICE]) via CARD–CARD homotypic interactions
(Martinon et al. 2002; Srinivasula et al. 2002; L. Wang et al. 2002). In vitro,
contact with ASC enables multimerization and autocatalysis of caspase-1 zy-
mogen into its p20 and p10 enzymatic subunits. Caspase-1 then cleaves the
inactive, 31-kDa IL-1β precursor to its active, secreted 17-kDa form. Secreted
IL-1β is a potent proinflammatory mediator.

Studies of ASC–/– mice indicate that ASC is essential for activation
of caspase-1 and IL-1β secretion following stimulation with bacterial
lipopolysaccharide or the intracellular bacterium Salmonella typhimurium
(Mariathasan et al. 2004). In vivo, ASC participates in macromolecular
complexes denoted inflammasomes to activate caspase-1 (Martinon and
Tschopp 2004). The first inflammasome described contains ASC, a PYD and
CARD-containing protein called NALP1, and caspases-1 and -5 (Martinon
et al. 2002). A second inflammasome, to be discussed at greater length below,
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includes cryopyrin (also called NALP3), ASC, two molecules of caspase-1,
and another protein denoted Cardinal (Agostini et al. 2004).

The effects of pyrin’s interaction with ASC are complex and incompletely
understood. In mice expressing a truncated form of pyrin, caspase-1 and
IL-1β activation were shown to be increased, whereas ectopic expression of
pyrin in mouse monocytic RAW cells led to suppression of IL-1β production,
thus suggesting an inhibitory role for pyrin in caspase-1 activation, possibly
by sequestering ASC (Fig. 1) (Chae et al. 2003). In contrast, in a more recent
study of transfected human embryonic kidney cells, pyrin was found to
potentiate ASC-dependent IL-1β production (Yu et al. 2005). In transfection
systems in which ASC is not present, pyrin appears to suppress IL-1β
production (Stehlik et al. 2003).

Pyrin has variously been found to have an inhibitory effect (Dowds et al.
2003; Masumoto et al. 2003), a context-dependent effect that could either be
stimulatory or inhibitory (Stehlik et al. 2002), or no effect (Yu et al. 2005)

Fig. 1 The sequestration hypothesis of pyrin function. Pyrin inhibits inflammatory
signals by binding and sequestering ASC, which forms a multimolecular inflamma-
some complex by associating with caspase-1 and other proteins. The inflammasome
allows activation of caspase-1 and subsequent cleavage of proIL-1β to its active, se-
creted form
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on NF-κB activation in cell lines, depending on the precise experimental
conditions. Through its PYD, ASC has been shown to interact with the IκB
kinase complex (IKK), an upstream regulator of NF-κB activation, and high
levels of ASC suppress NF-κB activation (Stehlik et al. 2002). Possibly, the
relative amounts of pyrin and ASC may affect their interactions with one
another as well as with IKK, thereby tipping the balance either toward or
against NF-κB activation.

Defective apoptosis may also play a role in the pathogenesis of FMF. Peri-
toneal macrophages from mice expressing the aforementioned truncated
pyrin are deficient in apoptosis, possibly prolonging the inflammatory re-
sponsebyallowingactivated cells to survive (Chae et al. 2003).Nevertheless, in
some invitro systemspyrinappears toexert anASC-dependent anti-apoptotic
effect (Richards et al. 2001; Dowds et al. 2003; Masumoto et al. 2003).

Although it appears that the impact of pyrin on various inflammatory
pathways may depend on experimental if not physiologic conditions, it is
clear that the interaction between pyrin and ASC is crucial for several of
these effects. Perhaps reflecting the importance of PYD cognate interactions
for pyrin’s function, FMF-associated mutations in this N-terminal domain
are very rare. In contrast, mutations in the C-terminal B30.2/rfp/SPRY do-
main are extremely common, and, given the high carrier frequency for FMF
among certain human populations, appear to have been selected, perhaps
by a pathogen or group of pathogens. Moreover, there is evidence that the
wild-type sequence of the human B30.2/rfp/SPRY domain has been selected
over primate evolution (Schaner et al. 2001). These observations have fueled
speculation that the B30.2/rfp/SPRY domain of pyrin might bind certain intra-
cellularpathogen-associatedmolecularpatterns (PAMPs) (Schaner et al. 2001;
Yu et al. 2005), although there is currently no direct experimental evidence
to support this hypothesis. It is intriguing to note that the B30.2/rfp/SPRY
domain of another protein, TRIM5α, blocks infection of certain retroviruses,
and has undergone positive selection in primate evolution similar to pyrin
(Perron et al. 2004; Song et al. 2005).

3
Syndrome of Pyogenic Arthritis, Pyoderma Gangrenosum, and Acne

As noted above, the B-box and coiled-coil motifs of pyrin are also protein
interaction domains, mediating binding to proline-serine-threonine phos-
phatase interacting protein 1 (PSTPIP1) (Shoham et al. 2003), also known
as CD2-binding protein 1 (CD2BP1) (Li et al. 1998). PSTPIP1 is a 416-amino
acid protein encoded on chromosome 15q24 (Wise et al. 2002). PSTPIP1
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consists of an N-terminal Fer-CIP4 domain (Aspenstrom 1997), followed by
a coiled-coil region, and finally an SH3 domain at the C-terminus (Fig. 2).
Both the coiled-coil and the SH3 motif are necessary for interaction with
pyrin (Shoham et al. 2003).

Patients with certain mutations in the coiled-coil domain of PSTPIP1 have
a condition called the syndrome of pyogenic arthritis, pyoderma gangreno-
sum, and acne (PAPA), an autosomal dominant disease associated with de-
forming, sterile arthropathy, severe cutaneous ulcers with pathergic reactions
at sites of minor trauma (pyoderma gangrenosum), and cystic acne (Wise
et al. 2002). PAPA mutations in PSTPIP1 attenuate its association with protein
tyrosine phosphatase with a PEST (proline, glutamate, serine, threonine) do-
main (PTP-PEST) (Spencer et al. 1997; Wise et al. 2002; Badour et al. 2004),
resulting in hyperphosphorylation of PSTPIP1 (Cote et al. 2002). Hyperphos-
phorylation in turn increases the strength of the interaction between pyrin
and PSTPIP1 (Shoham et al. 2003), perhaps preventing pyrin from exerting
negative regulatory effects on the innate immune response.

Consistent with a major role for the pyrin–PSTPIP1 interaction in the
pathogenesis of PAPA syndrome, both proteins are expressed at high levels
in neutrophils (Shoham et al. 2003), and neutrophils are the major effector
cell in this disorder (Lindor et al. 1997), as is the case for FMF. Moreover,
cell lines co-transfected with pyrin and PAPA-associated PSTPIP1 mutants
secreted significantly more IL-1β than cells co-transfected with pyrin and
wild-type PSTPIP1 (Shoham et al. 2003), and peripheral blood leukocytes
from a patient with clinically active PAPA syndrome were found to secrete
high levels of IL-1β when cultured in vitro. These results are consistent with

Fig. 2 Protein schematic of PSTPIP1, showing the domains and binding partners.
PSTPIP1 interacts with a variety of proteins involved in immune regulation, including
PTP-PEST, pyrin, CD2, and WASp. Also shown are the main kinases responsible for
phosphorylation events (Fyn, cAbl), as well as proteins involved in actin polymeriza-
tion (cdc42, Arp2/3)
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the hypothesis that PAPA-associated PSTPIP1 mutants exert their effects in
neutrophils by inducing the sequestration of pyrin, with consequent excessive
IL-1β production.

PSTPIP1 may also play a role in the regulation of the adaptive immune
response. In T lymphocytes, PSTPIP1 interacts with several key molecules
implicated in the formation of the “immunologic synapse” in antigen
recognition (Badour et al. 2003a, b, 2004). Recent studies have clearly demon-
strated a necessary role for PSTPIP1 in coupling the CD2 T cell membrane
receptor with the Wiskott-Aldrich syndrome protein (WASp), thereby linking
CD2 engagement with WASp-induced actin polymerization and synapse
formation. This process is, in part, regulated by the phosphorylation status of
both CD2 (Li et al. 1998) and WASp (Cote et al. 2002), with PTP-PEST playing
a negative regulatory role (Badour et al. 2004). Although PAPA-associated
mutations in PSTPIP1 do not affect its interaction with either CD2 or
WASp (Wise et al. 2002), they may nevertheless accentuate immunologic
synapse formation in T cells by limiting the participation of PTP-PEST in the
macromolecular complex. The ramifications of these potential perturbations
in the adaptive immune response for the granulocyte-mediated pathology
of PAPA syndrome remain to be determined. The predicted lesion in
dephosphorylation of the CD2-PSTPIP1-WASp complex might also lead to
as yet undocumented increased resistance to viral or intracellular bacterial
pathogens in PAPA patients, or to increased susceptibility to contact-inducted
delayed-type hypersensitivity reactions.

4
The Cryopyrinopathies: Familial Cold Autoinflammatory Syndrome,
Muckle-Wells Syndrome, and Neonatal-Onset Multisystem
Inflammatory Disease

Similar to pyrin and PSTPIP1, many other proteins involved in the regulation
of innate immunity consist of multiple protein interaction domains. A sec-
ond disease-associated molecule containing an N-terminal PYD is denoted
cryopyrin (Hoffman et al. 2001b), so named for its N-terminal PYD and to
reflect its association with cold-induced urticaria. This protein is also known
as NALP3 (Aganna et al. 2002; Tschopp et al. 2003), PYPAF1 (Manji et al.
2002), or caterpiller 1.1 (Harton et al. 2002; O’Connor et al. 2003; Ting and
Davis 2004). Mutations in this protein cause three separate disease entities
that vary in severity. Familial cold autoinflammatory syndrome (FCAS, also
known as familial cold urticaria, familial polymorphous cold eruption, and
cold hypersensitivity) is a relatively mild febrile syndrome characterized by



136 S. Brydges · D. L. Kastner

episodic fever, rash, and arthralgia, precipitated by exposure to cold tempera-
ture. The rash resembles urticaria, but biopsies show a neutrophilic infiltrate
and the absence of mast cells (Hoffman et al. 2001b). Muckle-Wells syndrome
(MWS) is a more severe illness with more prominent joint involvement, bi-
lateral progressive hearing loss, and increased risk of systemic amyloidosis.
Febrile episodes are often longer than those with FCAS, and there is usually
no association with cold temperature. Finally, neonatal onset multisystem
inflammatory disease (NOMID; also called chronic infantile neurological, cu-
taneous, and articular syndrome, CINCA [Prieur et al. 1987]) is potentially
the most serious cryopyrinopathy, with continuous symptoms fluctuating in
intensity. Many patients with NOMID/CINCA develop a bilateral deforming
arthropathy due to overgrowth of the epiphyses of the long bones (Prieur and
Griscelli 1981; Hassink and Goldsmith 1983; Hashkes and Lovell 1997; Prieur
2001). Besides daily rash and fever, patients may have hepatosplenomegaly,
aseptic meningitis, bilateral hearing loss, vision loss, and mental retardation.
Growth retardation and reduced reproductive potential are common. Mor-
tality has been estimated at 20% by age 20 (Prieur et al. 1987; Hashkes and
Lovell 1997).

Although the cryopyrinopathies have been separated into three distinct
conditions, there is a continuous spectrum of pathology from mild (FCAS)
to severe (NOMID/CINCA), with some mutations associated with more than
one syndrome and wide variation in manifestations among individuals with
the same diagnosis. NOMID/CINCA patients in particular fall into various
disease subgroups, with some experiencing severe joint disease and central
nervous system involvement, and others with milder arthropathy and few
or no mental disabilities. All three syndromes are inherited in an autosomal
dominant fashion (Hoffman et al. 2001a; Aganna et al. 2002; Aksentijevich
et al. 2002; Dode et al. 2002), although de novo mutations have been docu-
mented, especially in NOMID/CINCA, and it appears likely that additional
modifier genes influence the observed phenotype, as is the case with FMF.

The cryopyrin protein, encoded on chromosome 1q44, consists of an N-
terminal PYD, followed by a NACHT (neuronal apoptosis inhibitor protein,
CIITA, HET-E, and TP1, also called NBS: nucleotide-binding site [Koonin and
Aravind 2000]) domain, and 7–11 C-terminal leucine-rich repeats (LRR), de-
pending on the splice isoform. Mutations associated with disease are missense
substitutions mainly found in the NACHT domain (Neven et al. 2004). The
NACHTcontains various conservedmotifs, includinganATP/GTPase-specific
P loop and a Mg++ binding site (the Walker A and B domains, respectively)
(Walker et al. 1982). The NACHT domain is homologous to a domain in
APAF-1 (Zou et al. 1997), a protein that activates the pro-apoptotic enzyme,
caspase-9, by oligomerization and ATP binding (Acehan et al. 2002).
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To date four NOMID/CINCA-associated mutations cluster around the
NACHT metal ion-binding site, and many others line the nucleotide-binding
cleft (Albrecht et al. 2003; Neven et al. 2004), suggesting that this motif regu-
lates the function of cryopyrin in inflammatory cells. Cryopyrin is expressed
in polymorphonuclear cells, consistent with the principal role of neutrophils
in the urticaria-like lesions, as well as in cultured chondrocytes, which may
explain the arthropathy observed in NOMID/CINCA (Feldmann et al. 2002).

Similar to pyrin, cryopyrin has been shown to associate with ASC via PYD–
PYD homotypic interactions (Manji et al. 2002), thus potentially implicating
cryopyrin in the regulation of cytokine production (L. Wang et al. 2002), NF-
κB activation (Manji et al. 2002; Stehlik et al. 2002; Dowds et al. 2003), and
apoptosis (Dowds et al. 2003). Cryopyrin (NALP3) forms a proinflammatory
molecular platform called the NALP3 inflammasome (Fig. 3) by complexing
withASCandanotherprotein calledCardinal, therebybringing twomolecules
of caspase-1 into close proximity to induce autocatalysis and consequent IL-
1β and IL-18 activation (Agostini et al. 2004). Disease-associated mutations
in CIAS1 cause spontaneous IL1β production by patients’ peripheral blood
monocytes (Agostini et al. 2004) and transfected cell lines (Dowds et al. 2004).
As noted above, under some conditions pyrin may compete with cryopyrin
for ASC, thereby limiting IL-1β production.

As is the case for pyrin, cryopyrin’s effect on NFκB activation is contro-
versial. In the presence of ASC, cryopyrin may activate NF-κB (Manji et al.
2002; Dowds et al. 2003), inhibit TNF-induced NF-κB induction (O’Connor
et al. 2003), exert a context-dependent effect on NF-κB activation (Stehlik et al.
2002), or have no effect on NF-κB (Yu et al. 2005). The possible ASC-dependent
effect of cryopyrin on NF-κB may be mediated by the indirect interaction of
ASC with the IKK complex through RICK/Rip2/CARDIAK (Inohara et al.
1998; McCarthy et al. 1998; Thome et al. 1998), or through a direct interaction
of ASC with IKK (Stehlik et al. 2002). Transfected cryopyrin mutants have
increased NF-κB stimulatory activity, but only if ASC is present (Dowds et al.
2004). Without ASC, cryopyrin and its mutants suppress NF-κB activity. The
currently available data suggest a complex picture in which the stoichiomet-
ric relationships of multiple interacting proteins may determine the effect of
cryopyrin on NF-κB activation under varying conditions.

The molecular mechanism by which NACHT-domain mutations in cryopy-
rin lead toautoinflammatorydisease is still under investigation.Oneattractive
hypothesis is based on the possible intramolecular interaction of the NACHT
domain and LRRs (Fig. 3). Deletion of the C-terminal LRRs is necessary to de-
tect optimal association of cryopyrin with Cardinal, suggesting the possibility
of an autoinhibitory effect of the LRRs on NACHT-mediated inflammasome
assembly (Agostini et al. 2004). By this hypothesis, disease-associated mu-
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Fig. 3 Formation of the cryopyrin inflammasome. When not sequestered by pyrin,
ASCcancomplexwith cryopyrinonce cryopyrin is freed fromautoinhibition.Caspase-
1 and Cardinal also bind the ASC–cryopyrin complex, leading to caspase-1 activation
by induced proximity and cleavage and secretion of IL-1β

tations in cryopyrin’s NACHT domain might somehow attenuate the autoin-
hibitory interaction, leading to constitutive activation or a lowered threshold
for assembly of an active inflammasome.

Recent studies have focused on the possible role of bacterial PAMPs in
the activation of the NALP3 inflammasome. Based on the known ability of
PAMPs to activate toll-like receptors (TLRs) through their extracellular LRRs
(Medzhitov and Janeway 1998; Takeda et al. 2003), it is attractive to specu-
late that intracellular proteins such as cryopyrin, with a NACHT and LRR
domain (now denoted NLR proteins [Martinon and Tschopp 2005]), might
also be activated by LRR interactions with PAMPs. Martinon and colleagues
(2004) have recently shown that muramyl dipeptide (MDP), a peptidoglycan
motif found in the cell wall of Gram-positive and Gram-negative bacteria,
may activate the NALP3 inflammasome, likely by releasing LRR-mediated
autoinhibition. Moreover, macrophages from a patient with MWS were found
to show increased IL-1β secretion in the presence of MDP. Adding an ele-
ment of complexity to the picture, disease-associated cryopyrin mutations
also increase the affinity of the PYD for ASC (Dowds et al. 2004).
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Studies on cryopyrin-null mice also suggest a role for cryopyrin in sensing
pro-inflammatory signals. One study showed activation of the inflammasome
and subsequent caspase-1 cleavage and IL-1β secretion in response to bac-
terial RNA, a response abrogated in cryopyrin-null mice (Kanneganti et al.
2006). A second study found that the monosodium urate crystals respon-
sible for gout-associated inflammation were also able to trigger caspase-1
activation and secretion of IL-1β from a cultured monocytic cell line. Pre-
treating cells with colchicine, commonly used to treat gout attacks, blocked
IL-1β maturation. Cryopyrin-null mice were unable to upregulate IL-1β secre-
tion (Martinon et al. 2006). Finally, a third study using cryopyrin-null mice
showed that substances perturbing intracellular potassium concentrations,
such as ATP and certain bacterial toxins, were also able to activate caspase-1
via the cryopyrin inflammosome (Mariathasan et al. 2006).

Although cryopyrin may potentially regulate innate immunity through
a number of pathways, including cytokine production, NF-κB activation,
and apoptosis, therapeutic trials targeting IL-1β suggest a primary role for
this cytokine in the pathogenesis of FCAS, MWS, and NOMID/CINCA. Rela-
tively short-term studies of the IL-1β receptor antagonist anakinra show great
promise in all three conditions (Dailey et al. 2004; Frenkel et al. 2004; Hawkins
et al. 2004a, b; Hoffman et al. 2004). These clinical trials demonstrated a sig-
nificant impact of anakinra on fever, rash, and acute-phase proteins in all
three disorders, and on the central nervous system manifestations in NO-
MID/CINCA (Dailey et al. 2004).

5
Blau Syndrome

Combinations of PYD, CARD, NACHT, and/or LRR domains are found in over
20 other proteins encoded in the human genome (Tschopp et al. 2003; Ting
and Davis 2004; Martinon and Tschopp 2005), many of which are expressed
in immune tissues. One such molecule is the NOD2/CARD15 protein, which
contains two N-terminal CARD domains, followed by a NACHT domain and
ten LRR motifs (Fig. 4). Mutations in the LRR of NOD2/CARD15 were first
associated with Crohn’s disease, one of two common forms of inflamma-
tory bowel disease (Hugot et al. 2001; Ogura et al. 2001). Crohn’s disease
is a multifactorial disorder characterized by fever, diarrhea, abdominal pain,
granulomatous lesions in the gastrointestinal tract, and, at times, extraintesti-
nal manifestations in the skin, joints, and eyes. Subsequently, LRR variants of
NOD2/CARD15 were associated with psoriatic arthritis (Rahman et al. 2003),
another genetically complex inflammatory disorder.
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Fig. 4 Physiologic role of NOD2/CARD15. NOD2 is normally in an autoinhibited
conformation. Upon binding MDP, NOD2 is released from autoinhibition and may
impact inflammation in several ways, including activation of NFκB, IL1β production,
and/or increased production of defensins/cryptdins

In contrast, mutations in the NACHT domain of NOD2/CARD15 have
been shown to cause Blau syndrome (BS) (Miceli-Richard et al. 2001), a rare
autosomal dominant disorder characterized by early-onset granulomatous
arthritis, rash, and uveitis with camptodactyly (permanent contractures of
the digits) (Blau 1985; Jabs et al. 1985; Miller 1986; Raphael et al. 1993). More
recently, mutations in the NACHT domain of NOD2/CARD15 have been found
to cause a clinically similar disorder, early-onset sarcoidosis (EOS) (Kanazawa
et al. 2005).

Even though they shareacommonunderlyinggene,BS/EOSandCDexhibit
important clinical differences. BS/EOS patients present with granulomatous
lesions in sterile sites such as the eye and the joints, and, as such, BS/EOS
is clearly autoinflammatory. In contrast, although CD patients sometimes
develop arthritis, uveitis, or even pyoderma gangrenosum, the primary lesion
of CD is in the intestine, and the clinical phenotype may well be influenced
by intestinal flora.

NOD2/CARD15 is expressed primarily in myeloid cells, as well as Paneth
cells in the small intestine, and activated intestinal epithelial cells (Eckmann
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andKarin2005).As is the case for cryopyrin,MDPstimulatesNOD2/CARD15-
mediated NF-κB activation (Girardin et al. 2003; Inohara et al. 2003), and
acommonCD-associatedmutationof theLRRabrogates this effect, suggesting
that NOD2/CARD15 also senses intracellular bacteria through this domain.
NOD2/CARD15-mediated NF-κB activation occurs through several pathways
(Eckmann and Karin 2005), including the induction of CARD–CARD cognate
interactions with RICK/Rip2/CARDIAK, leading to IKK activation (Abbott
et al. 2004).

The physiologic role of NOD2/CARD15 and the consequent effects of
CD-associated mutations, remain unclear. Recent studies of Nod2/Card15-
deficient mice demonstrated increased susceptibility to orally administered
bacterial pathogens and a deficiency in cryptdins, a subgroup of intestinal
anti-microbial peptides (Kobayashi et al. 2005). Moreover, mice harboring
a CD-associated Nod2/Card15 mutant exhibited increased NF-κB activation
in response to MDP and accentuated secretion of IL-1β (Maeda et al. 2005).
These data suggest a proinflammatory role for NOD2/CARD15, with CD mu-
tations representing activating, “gain-of-function” variants. Nevertheless, yet
another study of Nod2-deficient mice suggested an anti-inflammatory role
for normal NOD2/CARD15, inhibiting TLR-2-stimulated NF-κB activation,
with CD-associated mutations representing a loss of this negative regulatory
function (Watanabe et al. 2004). Although both models predict increased in-
flammatory activation in peripheral blood monocytes from CD patients, in
fact the opposite has been observed (Li et al. 2004).

Consistent with the autosomal dominant pattern of inheritance for BS, and
with the presence of BS lesions in aseptic sites, BS-associated NOD2/CARD15
mutations are gain-of-function variants that result in MDP-independent con-
stitutive activation of NF-κB (Chamaillard et al. 2003a, b; Tanabe et al. 2004). It
is interesting to note that the NOD2/CARD15 codon at which two different BS
mutations have been identified is in a position in the NACHT domain homol-
ogous to the location of the MWS/FCAS-associated R260W mutation in cry-
opyrin (Chamaillard et al. 2003a). Similarly, EOS-associated NOD2/CARD15
mutations are also associated with increased basal NF-κB activity (Kanazawa
et al. 2005).

6
TNF Receptor-Associated Periodic Syndrome

The tumor necrosis factor (TNF) receptor-associated periodic syndrome
(TRAPS) is a dominantly inherited periodic fever syndrome caused by muta-
tions in the 55-kDa TNF receptor gene (TNFRSF1A), encoded on chromosome
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12p13 (McDermott et al. 1999; Hull et al. 2002). The receptor protein is vari-
ously denoted TNFRSF1A, TNFRI, p55, or CD120a. Prior to the discovery of
the causative mutations from which this disorder takes its name, this con-
dition was clinically described in a large Irish/Scottish kindred (Williamson
et al. 1982; McDermott et al. 1997), prompting the name familial Hibernian
fever. With the benefit of molecular genetics, it is now clear that this clinical
syndrome, with associated TNFRSF1A mutations, is found worldwide, and
hence the ethnically neutral, mechanistically unifying TRAPS nomenclature
was proposed (McDermott et al. 1999). TRAPS is now the second most com-
mon hereditary periodic fever syndrome, with over 45 mutations having been
described (http://fmf.igh.cnrs.fr/infevers/).

TRAPS patients suffer febrile episodes of variable duration but at times
lasting more than 1 week (Hull et al. 2002), longer than the attacks of FMF,
HIDS, FCAS, or MWS. As is the case for FMF, fever may be accompanied by
serosal inflammation, most commonly sterile peritonitis or pleurisy. In addi-
tion, many patients have cutaneous symptoms consisting of migratory areas
of macular erythema on the torso or limb(s). Frequently, patients complain
of myalgia underlying areas of rash. Ocular inflammation, most commonly
conjunctivitis and/or periorbital edema, may also be part of the febrile at-
tacks. Laboratory findings include leukocytosis, thrombocytosis, elevations
in theC-reactiveprotein and serumamyloidA, andanaccelerated erythrocyte
sedimentation rate. Up to 10% of patients may eventually develop systemic
amyloidosis (Aksentijevich et al. 2001).

The TNF receptor p55 protein is expressed nearly ubiquitously, thus dif-
ferentiating it from the TNF p75 receptor, which is expressed mainly on
leukocytes and endothelial cells. Trimers of TNF bind the p55 receptor (Ban-
ner et al. 1993), which then oligomerizes and transduces signals into the cell
(Engelmann et al. 1990). These signals can be proinflammatory, upregulating
expression of adhesion molecules and proinflammatory cytokines and pro-
moting lymphocyte activation, or pro-apoptotic, activating caspases (Chen
and Goeddel 2002). Emphasizing the importance of the p55 receptor in sig-
nal transduction, mice with disruptions in TNFRSF1 have a severely reduced
ability to mount inflammatory responses (Pfeffer et al. 1993; Peschon et al.
1998).

Key aspects of signal transduction through the p55 receptor, beginning
with receptor aggregation by TNF trimers, are illustrated in Fig. 5 (Chen and
Goeddel 2002). The cytoplasmic tails of the p55 trimer contain DD motifs
(MacEwan 2002), which allow interaction with TNFR-associated DD proteins
(TRADDs). TRADDs subsequently recruit TNFR-associated factor 2 (TRAF2)
proteins, receptor-interacting protein (RIP), and cellular inhibitor of apopto-
sis proteins (cIAP) into the complex. Fas-associated DD protein (FADD) binds
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Fig. 5 Signaling through the p55 TNF receptor. Trimers of TNF bind trimerized recep-
tor via moieties in the second and third receptor CARD domains. Binding transduces
signals into the cell via the TNF receptor death domains (DDs). The DDs recruit various
intracellular proteins involved in NFκB activation and cell death

TRADD and recruits caspase-8, promoting apoptosis, whereas TRAF2 binds
cIAP and the IKK complex (IKKα, IKKβ, and IKKγ [NEMO]), promoting
NFκB activation and cell survival. Two additional proteins, hsp90 and CD37,
are also recruited to facilitate shuttling of NFκB into the nucleus.

The extracellular portion of p55 consists of four cysteine-rich domains
(CRDs), each containing six conserved cysteine residues, allowing formation
of three intramolecular disulfide bonds per domain (Banner et al. 1993). CRDs
2 and 3 make up the ligand-binding region of p55, while a region in CRD1
appears to mediate ligand-independent oligomerization. This region has been
termed the preligand binding assembly domain (PLAD) and is essential for
proper TNF binding and signal transduction (Chan et al. 2000). Following
signal transduction, metalloproteases cleave the receptor in its extracellular
portion, close to the membrane (Schall et al. 1990; Wallach et al. 1991; Brake-
busch et al. 1994; Mullberg et al. 1995). Normally, receptor cleavage seems to
accomplish two things: first, removal of the ligand-binding domain prevents
continuedsignaling into thecell andhelps limit the immuneresponse, andsec-
ond, cleavage creates a soluble pool of receptors that compete with membrane-
bound receptors for ligand binding, further attenuating the immune response.
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TRAPS-associated mutations are located exclusively in the extracellular
region, nearly all in CRDs 1 and 2. About half of the known mutations caus-
ing TRAPS are missense substitutions at cysteine residues, thus disrupting
disulfide bonds. Unpaired cysteine residues may allow improper folding of
the receptor and interchain disulfide bonds between two receptors to occur,
possibly interfering with receptor clearance, ligand binding, and/or signal
transduction. Emphasizing the importance of the cysteine residues, muta-
tions at cysteines tend to predispose patients to more severe disease, with
an increased risk of systemic amyloidosis (Aksentijevich et al. 2001). At the
time of this writing, no patients have been identified with null mutations,
mutations in the transmembrane or intracellular domains of TNFRSF1A, or
mutations in the p75 TNF receptor.

With the initial description of TRAPS, studies of a family with the C52F TN-
FRSF1A mutation demonstrated impaired activation-induced in vitro shed-
ding of mutant p55 receptors, but not of the normal p75 receptors (McDermott
et al. 1999). Binding of radiolabeled TNF to C52F peripheral blood leukocytes
was not significantly different from normals, and there was no evidence for
constitutive IL-6 production in vitro. Moreover, in a panel of 27 individuals
harboring four different TNFRSF1A mutations, serum levels of soluble p55
receptors between attacks were roughly half of those observed in unaffected
relatives, and during attacks were much less than those observed in patients
with active rheumatoid arthritis or systemic lupus erythematosus. Taken to-
gether, these data gave rise to the “shedding hypothesis,” which proposed that
the autoinflammatory phenotype of TRAPS is due to defective cleavage of p55
ectodomains from the cell surface.

Subsequently, shedding defects were documented for a number of other
TRAPS mutations, including H22Y, C30S, C33G, P46L, T50M, T50K, F112I,
and I170N, which is very close to the actual cleavage site (Aksentijevich et al.
2001; Nevala et al. 2002; Aganna et al. 2003; Kriegel et al. 2003). Nevertheless,
as the spectrum of TRAPS mutations expanded, it became clear that impaired
receptor cleavage couldnotbedocumented for anumberofdisease-associated
variants, including T37I, ∆D42, C52R, a splice mutation, N65I, and R92Q
(Aksentijevich et al. 2001; Aganna et al. 2003), and that in some cases receptor
shedding defects are cell type-dependent (Huggins et al. 2004).

Recent studies indicate a number of other functional abnormalities in
mutant p55 TNF receptors. These include impaired intracellular trafficking,
with consequent trapping of mutant receptor in the endoplasmic reticulum
(Todd et al. 2004), reduced affinity for TNF (Todd et al. 2004), decreased TNF-
induced leukocyte apoptosis (Siebert et al. 2005), and constitutive activation
of NF-κB (Yousaf et al. 2005). It is quite possible that certain pathogenic mech-
anisms may be more relevant to some mutations than to others, and that more
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than one mechanism may be operative for some, if not all, mutations. This
broader concept of pathogenesis may explain why TNF inhibition with the
TNFR:Fc fusion protein etanercept is effective in reducing, although usually
not totally eliminating, clinical and laboratory evidence of inflammation in
TRAPS (Hull et al. 2002, 2003; Drewe et al. 2003).

7
Hyperimmunoglobulinemia D with Periodic Fever Syndrome

Hyperimmunoglobulinemia D with periodic fever syndrome (HIDS), also
called Dutch type periodic fever, is an autosomal recessive disorder caused
by mutations in MVK, which encodes mevalonate kinase (MK) (Drenth et al.
1999; Houten et al. 1999a; Valle 1999). HIDS patients have episodes of fever,
lymphadenopathy, abdominal pain, arthralgia, and/or rash that last about
4–8 days, approximately every 4–8 weeks, though these time periods vary
(Drenth et al. 1994). The rash has no predilection for the lower legs, unlike
that of FMF, nor is it usually migratory, like that seen in TRAPS. Patients
may also suffer from diarrhea, nausea, headache, and malaise during attacks.
Generally the disease presents in infancy. Biochemical markers found in some
but not all HIDS patients include elevated serum IgD levels (Drenth et al. 1994)
and increased mevalonate concentration in the urine during febrile attacks
(Drenth et al. 1999; Houten et al. 1999a; Frenkel et al. 2001; Kelley and Takada
2002). Attacks can be triggered by physical exertion, emotional stress, or
vaccinations. Amyloidosis is a rare complication in HIDS (Ostuni et al. 1996;
Obici et al. 2004).

HIDS was first described in 1984 (van der Meer et al. 1984), and 15 years
later two independentgroups,usingcomplementarypositional and functional
approaches, identified MVK as the HIDS susceptibility locus (Drenth et al.
1999; Houten et al. 1999a). The MK enzyme is involved in the biosynthesis
of cholesterol and nonsterol isoprenoids (Fig. 6). Mutations in MVK are
also responsible for a second inherited disease, mevalonic aciduria (MA)
(Hoffmann et al. 1986; Kelley 2000). Besides inflammatory symptoms similar
to those of HIDS, MA patients exhibit mental retardation, ataxia, failure to
thrive, myopathy, and cataracts (Hoffmann et al. 1993). Thus HIDS may be
considered a mild presentation of MA.

MVK phosphorylates mevalonic acid in a pathway that leads to produc-
tion of cholesterol, isoprenylated proteins, dolichol, isopentenyl tRNAs, heme
A, ubiquinone, and sterols (Goldstein and Brown 1990; Brown and Gold-
stein 1997; Valle 1999) (Fig. 6). HIDS patients have some residual MVK
activity (1%–7% of normal controls (Houten et al. 1999a, 2001)), whereas
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Fig. 6 The mevalonate pathway. This biochemical pathway leads to production of
cholesterol, vitamin D and steroid hormones, as well as dolichol, heme, farnesy-
lated proteins, and ubiquinone. Mevalonate kinase, mutated in HIDS and mevalonic
aciduria, catalyzes the transfer of a phosphate group to mevalonic acid
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activity is unmeasurable in MA patients (Hoffmann et al. 1993; Houten
et al. 1999b), consistent with the more severe phenotype characteristic of
MA.

Mutations associated with HIDS are scattered nearly throughout the
MVK coding sequence, with over 35 different substitutions tabulated online
(http://fmf.igh.cnrs.fr/infevers/). The vast majority of HIDS patients have
at least one copy of the V377I substitution (Cuisset et al. 2001; Houten
et al. 2001), and most are compound heterozygotes for V377I and a second
mutation. Although some HIDS patients are homozygous for V377I, they
tend to have milder disease presentations, suggesting that V377I is a low
penetrance allele (Simon et al. 2003).

Just how loss of activity of the MK enzyme leads to an autoinflammatory
phenotype is unclear. Elevated mevalonate levels do not appear to cause
fever, as MA patients have much higher levels than HIDS patients, yet MA
inflammatory episodes occur at about the same frequency and intensity as
those of HIDS. Further, two patients with MA treated with lovastatin, an
inhibitor of HMGR, developed flares despite reduced levels of mevalonate
(Hoffmann et al. 1993). HIDS symptoms are also unlikely to be triggered by
low cholesterol, as patients’ cholesterol levels are usually in the low normal
range (Simon and Drenth 1999).

Studiesexamining the functionofMKcarryingHIDS-associatedmutations
indicate theenzyme’sactivity is temperaturesensitive (Houtenetal. 2002).The
V377I mutation decreases the protein’s stability at high temperatures. When
produced in Escherichia coli, the V377I MK variant showed approximately
20% of control activity at 30°C, 5% at 37°C, and almost no activity at 40°C.
Likely theprotein ismisfoldedundernormal, invivoconditions, anddegraded
during episodes of fever.

Surprisingly, protein isoprenylation in HIDS patients is normal (Houten
et al. 2003), indicating that compensatory mechanisms exist to circumvent
low enzymatic activity. MK-deficient cells appear to continue flux through
the pathway by maintaining very high intracellular levels of mevalonate, pos-
sibly through the induction of 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGR), the enzyme just upstream of MK. One hypothesis for the patho-
genesis of HIDS suggests that fever resulting from minor stimuli such as
vaccinations or upper respiratory infections might reduce the activity of mu-
tant MK, leading to a transient drop in isoprenylated compounds, stimulating
an upregulation of HMGR activity, which increases intracellular mevalonate
concentration to maintain movement through the pathway (Houten et al.
2003). Due to the very high levels of mevalonate maintained within cells,
there is substantial leakage, accounting for the elevated urine mevalonate
seen during attacks.



148 S. Brydges · D. L. Kastner

Possibly, a transient decrease in isoprenoids may trigger HIDS symptoms.
In one study, IL1β secretion was accentuated in HIDS cells, an effect poten-
tiated by lovastatin and relieved by addition of mevalonate, farnesol, and
geranyl-geranyl (Frenkel et al. 2002). Small GTP-binding proteins in the Rho,
Ras, and Rab families are important intermediates in signal transduction and
require prenylation for function (Sinensky 2000). These intermediates may
form a link between the mevalonate pathway and the inflammatory symptoms
of HIDS.

The elevation in IgD common in HIDS patients may be an epiphenomenon,
though one study indicated that IgD can cause proinflammatory responses in
monocytes in vitro (Drenth et al. 1996). HIDS patients with normal IgD levels
have been documented (Saulsbury 2003). In addition, elevated IgD levels
may not precede inflammatory attacks and attack severity is not correlated
with IgD concentration (Drenth et al. 1994). Further, other diseases involving
chronic inflammation, including sarcoidosis and tuberculosis (Drenth et al.
1994), also cause elevations in IgD. Nevertheless, patients with HIDS may
exhibit IgD levels much higher than those seen in other conditions, although
the connection with the mevalonate pathway remains enigmatic.

8
Concluding Remarks

As noted by Sir William Harvey, a detailed understanding of rare disorders
often informs our understanding of normal physiology. Molecular analysis of
the autoinflammatory syndromes described in this manuscript has provided
important new insights into the regulation of innate immunity. In the case
of FMF and the cryopyrinopathies, positional cloning led to the discovery
of novel genes and proteins that define new pathways for the regulation of
cytokine production, NF-κB activation, and apoptosis. For PAPA syndrome
and HIDS, the underlying genes were already in the databases at the time the
causal relationship was discovered, but the connection with autoinflamma-
tory disease was quite unexpected. Even for BS/EOS and TRAPS, for which
the underlying genes were already known to be important regulators of in-
flammation, there have been important mechanistic lessons. Recognition of
the molecular basis of these autoinflammatory disorders has provided the
conceptual underpinnings for marked improvements in the treatment of the
cryopyrinopathies and TRAPS. Continued study of these and other related
conditions is likely to lead to further advances in diagnosis, pathogenesis,
and treatment that are likely to extend far beyond the patients with these
uncommon but fascinating illnesses.
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Abstract Dying cells were basically unnoticed by scientists for a long time and only
came back into the spotlight roughly 10 years ago. The process of recognition and
uptake of apoptotic and necrotic cells is complex and failures in this process can
contribute to the pathogenesis of autoimmune diseases such as systemic lupus ery-
thematosus (SLE). Here, we discuss the recognition and uptake molecules which are
involved in an efficient clearance of dying cells in early and late phases of cell death.
The exposure of phosphatidylserine (PS) is an early surface change of apoptosing cells
recognized by several receptors and adaptor molecules. We demonstrated that dying
cells have cell membranes with high lateral mobility of PS, which contribute to their
efficient clearance. Changes of the glycoprotein composition of apoptotic cells occur
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later than the exposure of PS. We further observed that complement binding is an early
event in necrosis and a rather late event in apoptosis. Complement, C-reactive protein
(CRP), and serum DNase I act as back-up molecules in the clearance process. Finally,
we discuss how the accumulation of secondary necrotic cells and cellular debris in the
germinal centers of secondary lymph organs can lead to autoimmunity. It is reasonable
to argue that clearance defects are major players in the development of autoimmune
diseases such as SLE.

1
The Comeback of Dying Cells

About a decade ago scientists became aware that the disappearance of dead
and dying cells is not just simple trash removal, and even more, that fail-
ure of removal has severe consequences and can lead to autoimmunity. The
process of recognition and uptake of those cells is very complex and highly
regulated. Cells can die in two main ways: apoptosis and necrosis. Apoptotic
cells, which maintain their membrane integrity for a certain time, have to be
cleared quickly and efficiently to prevent the release of tissue-damaging intra-
cellular constituents, which consecutively initiates inflammation. Apoptosis
is viewed as programmed cell death or cellular suicide and is characterized by
specific morphological changes of the dying cells, including loss of membrane
asymmetry, nuclear condensation, and DNA fragmentation. Apoptotic cells
are rarely to found in vivo because of their rapid and efficient clearance by
professional or even amateur phagocytes.

Necrotic cells need to be removed efficiently to limit organ damage and
enable timely tissue repair. Apoptotic cells are normally cleared via an anti-
inflammatory pathway [19, 68]. In contrast to apoptotic cells, the uptake and
removal of necrotic or lysed cells normally involves inflammation and an im-
mune response. The morphological and biochemical characteristics of cells
dying by necrosis differ markedly from those of cells dying by apoptosis [69].
Necrosis is characterized by swelling of cells and their organelles leading to
the disruption of the cell membrane. The chromatin of a primary necrotic
cell does not get fragmented, whereas it does in apoptotic cells [36]. The
major difference between apoptotic and necrotic cells is the loss of mem-
brane integrity in the latter. Cells dying by programmed cell death also get
leaky, but only when they enter late stages of apoptosis. They are then called
secondary necrotic cells. It has been shown that the high-mobility group B1
(HMGB1) protein that is “frozen” on the chromatin of apoptotic cells remains
immobilized even under conditions of secondary necrosis, while in the case of
primary necrotic cells it is released and acts as an inflammatory cytokine [60].
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Therefore, even primary and secondary necrotic cells display different inflam-
matory signals. Another important regulator of inflammatory and immune
responses is extracellular ATP. It can affect the functions of many cells via ac-
tivation of P2 purinoceptors [15]. As one example, the semimaturation state
of dendritic cells (DCs), characterized by the upregulation of co-stimulatory
molecules and the inhibition of pro-inflammatory cytokines, can be caused
by ATP released from necrotic cells [41]. ATP can be released by regulated
exocytosis, traumatic cell lysis, or passive leakage from damaged cells.

2
Various Molecules Are Involved in the Clearance of Dying Cells

One major “eat me” signal for phagocytes on both apoptotic and necrotic cells
is the exposure of phosphatidylserine (PS) [28]. Many receptors and adaptor
molecules have been shown to contribute to the recognition and uptake of
apoptotic cells by phagocytes (reviewed in [59]): collectin receptors, calreti-
culin/CD91, Fcγ-receptors, c-Mer, the β2-glycoprotein-1-receptor, integrins,
lectins, CD14, the putative PS-receptor, ABC transporters, and scavenger re-
ceptors including CD36. Most of these receptors do not directly bind to apop-
totic cells, rather the dying cells are engaged via bridging molecules (reviewed
in [25]). Normally, apoptotic cells are efficiently taken up by phagocytes in
the early phase of apoptosis. Defects in important recognition molecules for
apoptotic cells can lead to autoimmunity [25]. Impaired clearance of apoptotic
cell material or increased apoptosis has been implicated in the pathogene-
sis of systemic lupus erythematosus (SLE) [27, 38, 43]. Several gene-targeted
mice that show defects in apoptosis and in the disposal of effete cells have
been described to develop autoimmunity. In C1q-deficient mice, significantly
greater numbers of glomerular apoptotic bodies were found and spontaneous
development of autoantibodies was observed [9, 10]. DNase-I-deficient mice
also display classical symptoms of SLE [46]. Mice with targeted deletion of the
serum amyloid P component (SAP) gene have enhanced anti-DNA responses
to immunization with extrinsic chromatin and spontaneously develop antin-
uclear autoimmunity [6]. SAP and DNase I are molecules that mask and digest
autoantigens. Besides masking chromatin, SAP seems to function as an op-
sonin, enhancing phagocytosis of bound material [5]. Many other molecules
like C1q or IgM [18] promote the clearance of dying cells [70]. Just recently,
an impaired uptake of apoptotic B cells in the germinal centers in milk fat
globule epidermal growth factor (EGF) factor 8 (MFG-E8)-deficient mice was
observed [24]. MFG-E8 is a protein that binds to apoptotic cells by recognizing
PS and that enhances the engulfment of apoptotic cells by macrophages. The
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above-mentioned molecules involved in the clearance of dying cells in mice
also play important roles in human beings.

3
C-Reactive Protein and Dying Cells

C-reactive protein (CRP) is capable of binding to cells provided that they
contain a substantial amount of lysophosphatidylcholine (lyso-PC) in the
outer leaflet of their membranes, as in the case of dying cells. Once bound,
CRP induces complement activation via the classical pathway, which in turn
triggers the influx of neutrophils, decorates the surface of the ligand with
opsonizing complement fragments and enhances phagocytosis of the cells
that have bound CRP and complement. CRP also interacts with Fc receptors
on phagocytic cells and acts as an opsonin. Because the occurrence of lyso-PC
is dependent on the exposure of PS, CRP, in this chronological view, efficiently
decorates late apoptotic cells [67]. In addition to binding to the membrane of
intact injured cells, CRP also binds to membranes and nuclear constituents of
necrotic cells. Several nuclear constituents, including histones, small nuclear
ribonucleoproteins, and ribonucleoprotein particles have been shown to bind
CRP in a calcium-dependent fashion. Deposition of CRP to nuclei of necrotic
cells at sites of inflammation has been observed, whereas CRP does not cross
the plasma membrane of apoptotic cells. This might be considered another
reasonable mechanism of fine tuning the differentiation between apoptosis
and necrosis.

Characteristically, in human SLE, there is relative failure of the acute phase
CRP response during active disease despite evident tissue inflammation [48].
Plasma and whole-body turnover studies of human CRP demonstrated that
there was no evidence for accelerated clearance or catabolism of CRP [66].
The synthesis rate of CRP might thus be the only significant determinant of
its plasma level.

Recently, a polymorphism at the C-reactive protein locus (CRP 4) has been
detected in all 586 SLE families analyzed. It is located in the 3’-untranslated
region (UTR). The significance of this polymorphism is not known. Since the
stability of mRNA species depends on sequences within the 3’-UTR, it is of
interest thatCRPhasadisproportionately long3’-UTR.Themechanismwhich
influences basal CRP expression remains to be established, but it may operate
at the transcriptional or post-transcriptional stage, perhaps by specifying low
levels of the protein [56]. A low CRP level could also be explained by IgG
antibodies to CRP which are found in 78% of SLE patients [3] and may be
able to deplete CRP.
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4
Complement and DNase I Act as Back-up Molecules
in the Clearance Process

An impaired uptake of apoptotic cells by human macrophages was observed
in human serum depleted of specific complement components (C1q, C3) [42,
64]. We observed that complement binding is an early event in necrosis and
a rather late event in the case of apoptosis. Complement components, mainly
C1q, C3, and C4 act as back-up mechanism to clear apoptotic cells before
they enter the dangerous stage of secondary necrosis [21, 22]. Disturbed
clearance of nuclear DNA-protein complexes, remnants of dying cells, may
initiate and propagate SLE [4, 54]. This is further substantiated by decreased
levels of DNase I activity, as had been observed in the sera of SLE patients [14]
and patients with other autoimmune diseases such as rheumatoid arthritis
(RA) (U.S. Gaipl et al., unpublished data). DNase I, being the major serum
nuclease, may be responsible for the degradation of chromatin accidentally
released by inappropriately cleared dead cells [39]. Furthermore, DNase I acts
together with C1q to efficiently degrade necrotic cell-derived chromatin [23].
A cooperation of DNase I with the plasminogen system was also suggested to
contribute toa fast andeffectivebreakdownof chromatinduringnecrosis [47].
The complement component C1q was found to be necessary for an effective
uptake of degraded chromatin by monocyte-derived phagocytes [23] and
acts together with soluble IgM in the clearance of dying cells [50]. We tested
sera of autoimmune patients with regard to their ability to degrade necrotic
cell-derived chromatin. A significant activity reduction of DNase I in sera of
SLE and RA patients in comparison to normal healthy donors (NHDs) was
observed. Most interestingly, SLE sera showed a strongly reduced degradation
capacity of necrotic cell-derived chromatin in comparison to RA sera and
NHD sera (U.S. Gaipl et al., unpublished data). This might be due to reduced
complement activity detected mainly in the sera of SLE patients. We conclude
that an additional protection from chromatin implicated in the development
of autoimmune disorders such as SLE can be achieved by the C1q and DNase-
I-dependent clearance of degraded chromatin.

5
Phosphatidylserine Exposure as One Early Membrane Change
of Apoptotic Cells

Besides adaptor molecules such as complement, membrane changes in the
very early phase of apoptosis serve as a recognition signal for phagocytes.
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Those rapid surface changes include modifications of carbohydrates and ex-
posure of anionic phospholipids, especially PS. The redistribution of PS both
on phagocyte and prey is involved [40]. The protein annexin-V (AxV) pref-
erentially binds PS with high affinity and inhibits apoptotic cell uptake by
macrophages, most likely through interference with the availability of PS for
recognition [11, 32]. Scientists started to look for the PS receptor. PS, being
a phospholipid, could not be cloned and therefore Fadok’s group started to
produce monoclonal antibodies (Ab) against stimulated macrophages. The
antigenic target of the monoclonal Ab 217 had hallmarks of a PSR, namely it
recognized PS and blocked the engulfment of apoptotic cells [20]. Two other
groups have reported phenotypes of PSR-deficient mice consistent with a role
of the PSR in the removal of apoptotic cells [34, 35]. However, the essential
role of the protein termed PSR in mediating the phagocytosis of dead cells has
been questioned by a very recent study carefully investigating the phenotype
of a third line of PSR-deficient mice [8]. Nevertheless, there is no doubt of PS
itself and its putative receptor systems playing an important role in the uptake
process of apoptotic and necrotic cells and in the modulation of immune re-
sponses in general. We showed that the availability of AxV at the site of dying
tumor cell clearance disrupts their PS-dependent recognition and therefore
abrogates immunosuppressive clearance. Indeed, addition of AxV strikingly
heightened the immune response that apoptotic tumor cells elicit in vivo, in-
cluding rejection of growing tumors [7]. An enigma exists with respect to the
recognition and phagocytosis of PS exposing cells: viable PS exposing cells
(e.g., activated B cells [16, 17], neutrophils in Barth syndrome [33], or mono-
cytes [1]) are swallowed neither by amateur nor professional phagocytes. In
contrast, apoptotic and necrotic PS exposing cells are efficiently taken up. We
demonstrated that AxV binds to viable monocytes in a stochastic manner,
whereas AxV binding to dying (apoptotic and necrotic) monocytes proceeds
in a cooperative manner with a Hill coefficient as high as 10 [1]. We concluded
that dying cells have cell membranes with high lateral mobility of PS and that
AxV needs a critical density or clustering of PS molecules. It might also be
that AxV needs a not yet defined co-factor that is only present on dying cells.

6
Changes in the Glycoprotein Composition
of Membranes of Apoptotic Cells

Taken together, the exposure of PS is an early surface change of apoptosing
cells recognized by several receptors and adaptor molecules [25, 58]. However,
there are several reports showing that there are further membrane alterations
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during the later phases of apoptotic cell death leading to the recognition
by additional adaptor molecules of apoptotic cells: the complement compo-
nent C1q [10], surfactant protein A (SAP) and D (SPD) [61, 65], the long
pentraxin PTX3 [55], and CRP. Furthermore, carbohydrate-binding proteins,
the lectins, are also players of the innate immune system. Galactose- and
mannose-specific receptors are discussed as having an important role for the
recognition of dying cells [13]. We found that lectins recognizing the sugars
mannose, frucose and N-actelyglucosamine bind to apoptotic cells during
later phases of apoptosis. Compared to AxV, the binding of the lectins is de-
layed. A further difference is that viable cells also show a substantial binding
of these lectins, which is increased markedly on apoptotic cells. The binding of
AxV to apoptotic and necrotic cells is rather similar. This is in striking contrast
to the lectin-binding capabilities, which is substantially higher in necrotic
cells, when compared to apoptotic ones. The alteration in the exposure of
carbohydrates is a feature of the late phases of apoptotic cell death and we
conclude that it is a major membrane alteration preceding secondary necro-
sis. Examples of molecules and processes involved in the efficient clearance
of dying cells and in the resolution of inflammation are summarized in Fig. 1.

Fig. 1 Pathways and examples of molecules involved in the clearance of apoptotic
and necrotic cells. The figure illustrates surface changes and molecules involved in
the recognition and uptake of dying cells and in the resolution of inflammation.
ATP adenosine triphosphate, CRP C-reactive protein, HMGB1 high mobility group B1
protein, IL interleukin; PS phosphatidylserine, TGF transforming growth factor
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7
Impaired Clearance Functions and Autoimmunity

During necrotic as well as apoptotic cell death, autoantigens are cleaved or
otherwise modified [12, 53]. These modifications may render cryptic epi-
topes immune-dominant [44, 45]. Dendritic cells may then acquire modified
autoantigens such as apoptotic nuclei and chromatin and consequently au-
toreactive T cells can be activated (Fig. 2). Impaired clearance functions for
dying cells may explain accumulation of apoptotic cells, and subsequently of
secondary necrotic cells in various tissues of SLE patients [27, 49]. Increased
levels of DNA and nucleosomes that have been observed in some SLE pa-
tients [51, 62] are most likely due to secondary necrotic cells, which are not
able to retain this material. To investigate whether a defect in engulfment of
apoptotic cell material can also be observed in germinal centers (GCs), we
analyzed lymph node biopsies from SLE patients. A characteristic feature of
the GC is the presence of specialized phagocytes, which under normal condi-
tions remove apoptotic cells very efficiently in the early phases of apoptosis.
These specialized macrophages are referred to as tingible body macrophages

Fig. 2 Proposed mechanism for the etiopathogenesis of SLE (I). Defective scavenging
of early apoptotic cells by macrophages enables access of late apoptotic cell-derived
autoantigens (arrows) to dendritic cells and B cells. Antigen presentation occurs to
potentially autoreactive T cells, which then become activated
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(TBMs). Our data show that in a subgroup of patients with SLE, apoptotic
cells accumulated in the GCs of the lymph nodes. The numbers of TBMs
usually containing engulfed apoptotic nuclei were significantly reduced in
these patients. In contrast to all controls, apoptotic material was observed
associated with the surfaces of follicular dendritic cells (FDCs) [2]. There
are three major locations where high rates of lymphocyte apoptosis can be
observed: the thymus, the bone marrow, and the GCs of lymph nodes and
spleen. In the case of GCs, it is of major importance to remove potential
autoantigens, which could otherwise serve as antigen for affinity maturation
of B cells [29]. In case of improperly ingested complement-binding apop-
totic material, FDCs may serve as autoantigen repositories. This observation
is in accordance with the extremely low phagocytic activity of FDCs [26].
The nuclear material on the surfaces of FDCs appears to be accessible for
B cells. Therefore, we propose the following hypothesis for the induction of
autoantibodies, at least in a subgroup of SLE patients: in the GC the apoptotic
centrocytes are not adequately cleared in the early phase of the apoptotic
cell death. This may be due to impaired phagocytic activity, or caused by

Fig. 3 Proposed mechanism for the etiopathogenesis of SLE (II). In the case of normal
healthy donors (NHD) tingible body macrophages (TBM) efficiently take up apoptotic
material (left). In the case of SLE (right), defective scavenging of apoptotic cells by
TBM, which are absent or reduced in size, fails to sequester nuclear autoantigens
(Apo). The small inserts show a typical TBM with engulfed apoptotic nuclei in the
germinal centers of NHD and the accumulation of nuclear debris in the germinal
centers of a patient with SLE. Follicular dendritic cell (FDC) -bound autoantigens
(Apo) provide survival signals for B cells that had acquired nuclear reactivity during
affinity maturation (BANA). These events challenge an important step to B cell tolerance
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the absence of TBMs. Apoptosis can progress and the cells enter late stages
of apoptotic cell death, including secondary necrosis. In this state, activa-
tion of the classical complement cascade may result in deposition of C3b
on cell surfaces [21, 31, 42, 50]. Via C3b and its fragments, the apoptotic
cells and nuclear debris can bind to CR2/CD21 on FDCs. Disintegrated apop-
totic cells with lost membrane integrity give access to potential intracellular
autoantigens. The latter can now provide a short-term survival signal for
those B cells that have accidentally gained a B cell receptor reactive with nu-
clear antigens during the random process of somatic mutation. Under these
conditions, B cell tolerance relies mainly on the presence of a functional
T cell tolerance to nuclear autoantigens. Histone-specific T cells, able to pro-
vide in vitro help for dsDNA-specific B cells, have been detected in patients
with SLE [4]. The presence of these cells in the mantle zone of the lymph
node may be responsible for the activation of the autoreactive B cells and
for the generation of plasma cells producing those nuclear antibodies that
represent the humoral hallmark of SLE. Taken together, nuclear autoanti-
gens bound to FDCs may provide a survival signal for autoreactive B cells,
thereby overriding an important initial control mechanism of B cell tolerance
(Fig. 3).

8
Heterogeneous and Intrinsic Clearance Defects in Some SLE Patients

Are clearance defects in SLE patients heterogeneous? We examined the uptake
of various beads and dying cells by macrophages and granulocytes of SLE pa-
tients and NHD in vitro. We found that macrophages and/or granulocytes of
some SLE patients showed a strongly reduced uptake of albumin beads, poly-
globuline beads, apoptotic and necrotic cells, as well as degraded chromatin.
Very interestingly, phagocytes from different SLE patients showed in part dif-
ferent phagocytic defects. The next step was and is to investigate whether the
impaired clearance observed in certain SLE patients is an intrinsic defect. We
isolated CD34 positive hematopoietic stem cells derived from the peripheral
blood from SLE patients and NHD, respectively. SLE and NHD-derived stem
cells showed similar proliferation in vitro. However, the differentiation into
macrophages was reduced in SLE stem cell cultures. Many fewer macrophages
differentiated from the CD34-positive stem cells and most of the SLE stem
cell-derived macrophages showed reduced phagocytic capacity, were smaller,
and died early. Factors responsible for the impaired differentiation rate are
currently under investigation.
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9
Conclusion

Autoimmune diseases affect large numbers of people worldwide. Genetic and
environmental factors are thought to be involved in the etiopathogenesis of
systemic autoimmune diseases such as SLE. Mechanisms that contribute to
the development of SLE are T cell-dependent stimulation of B cells for the pro-
duction of antinuclear antibodies [71], B cell overactivity (reviewed in [52]),
anti-dsDNA as well as immune-complex-mediated organ damage [63], and
increased amounts and abnormal presentation of potential autoantigens in-
cluding nuclear antigens [27, 37]. The latter are accessible due to the impaired
clearance of dying cells. Fc-receptor- and complement-mediated clearance
defects have long been observed in patients with SLE [30, 57]. The con-
centration of CRP, a molecule also involved in the clearance of dying cells,
is reduced in all SLE patients, especially during inflammatory phases [48].
Many molecule and receptor defects involved in the disposal of effete cells
that contribute to the development of autoimmunity have been described.
Therefore, it is reasonable to argue that clearance defects are major players in
the development of autoimmune diseases such as SLE. The identification of
the origin and causes of clearance defects is of major interest and the subject
of ongoing investigation. The detection of defects in the clearance system
may become important for the diagnosis of SLE and the molecules involved
may become important biomarkers and therapeutic targets for autoimmune
diseases.
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Abstract The analysis of suppression of cytokines in rheumatoid synovial tissue and
fluid pioneered the studies of human cytokines in diseased tissue due to the relative
ease of staining samples, even at the height of the inflammatory process. These studies
led to the study of synovial cytokine regulation, and the identification of TNF as
a therapeutic target, which has been amply validated in clinical trials and now routine
therapy. The next key question was how is TNF disregulated in synovium. Are there
differences between the mechanisms of synovial TNF production compared to the
production of protective TNF during an immune response? Are there differences
between the induction of the pro-inflammatory TNF and the anti inflammatory IL-10?
The analysis of the interaction of the two most abundant synovial cells, T lymphocytes
and macrophages has provided interesting clues to new therapeutic approaches based
on disrupting T-macrophage interaction.
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1
Introduction

It is now well recognized that the spontaneous production of pro-inflam-
matory cytokines, in particular TNF, IL-1 and IL-6, produced locally in the
inflamed synovial joint contribute directly to the pathogenesis of rheumatoid
arthritis (RA) [1]. Theseobservationshave arisen initially fromexvivo studies
with human synovial cultures, immunohistochemical and mRNA analysis
of synovium and in vivo studies in animal models of arthritis. Blocking
TNF ameliorated collagen type II arthritis, even after disease onset, and
transgenic mice, overexpressing TNF, develop an erosive polyarthritis; these
investigations have led to the development of several TNF and IL-1 inhibitors.
Currently licensed are Infliximab Remicade (chimeric anti-TNF antibody)
and etanercept (TNF receptor fusion protein) (adalimumab, humira human
anti-TNF, anakinra (Kineret) and IL-1 receptor antagonists.

Therapies targeting TNF are useful in multiple chronic inflammatory dis-
ease including JRA, Crohn’s disease, psoriasis, psoriatic arthritis and anky-
losing spondylitis [2], it is also apparent that long-term blockade of a cytokine
such as TNF, which is important in innate and acquired immunity, may lead
to an increase in latent and/or opportunistic infections. This is now apparent,
with a small but significant increase in unusual infections, as well as the re-
emergence of latent TB in endemic areas, particularly in Central and Eastern
Europe in about 1/2,000 anti-TNF patients [3].

It is thus important in the absence of screening or prophylaxis to under-
standwhatmechanisms lead to theproductionofpro-inflammatory cytokines
in RA synovial tissue, and whether the molecular mechanisms differ from
those generating TNF in host defence situation.

It has been observed that whilst the production of multiple pro-
inflammatory cytokines and enzymes is highly increased in RA (Table 1),
this activity is offset to some degree by the action of several endogenous
anti-inflammatory cytokines and cytokine inhibitors. Of particular im-
portance in this respect is IL-10, an important regulator of TNFα and
IL-1β, spontaneously produced by macrophages and other cells in the
rheumatoid joint [4, 5]. Thus if endogenous IL-10 is blocked in RA synovial
cell cultures, the spontaneous production of both TNF and IL-1 increased
2-fold [4]. Thus there is an important need to develop therapies that block
the pro-inflammatory pathways in synovium, but leave unaffected those that
regulate immunoregulatory cytokines such as IL-10, and if possible leave the
capacity to make TNF in infection.
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Table1 Cytokinesandchemokines expressed in synovial tissue (modifiedandupdated
from [1])

Cytokine mRNA Protein References

IL-1 α and β (interleukin 1) Yes Yes 5, 53–60

IL-2 (interleukin 2) Yes +/– 61, 62

IL-3 (interleukin 3) ? ? 62

IL-6 (interleukin 6) Yes Yes 56, 63–68

IL-7 (interleukin 7) Yes Yes 68

IL-11 (interleukin 11) Yes Yes 63, 69

IL-12 (interleukin 12) Yes Yes 70

IL-15 (interleukin 15) Yes Yes 19

IL-17 (interleukin 17) Yes Yes 71

IL-18 (interleukin 18) Yes Yes 72

TNFα (tumour necrosis factor) Yes Yes 55–58, 73–76

LT (lymphotoxin) Yes +/– 74, 77

GM-CSF (granulocyte macrophage
colony-stimulating factor)

Yes Yes 78–80

M-CSF (macrophage colony-
stimulating factor)

Yes Yes 62

LIF (leukocyte inhibitory factor) Yes Yes 63

Onco M (oncostatin M) Yes Yes 63

IFNα (interferon alpha) Yes Yes 75

IFNβ (interferon beta) ? ?

IFNγ (interferon gamma) Yes +/– 56, 61, 77

IL-4 (interleukin 4) ? No 81

IL-10 (interleukin 10) Yes Yes 4, 82–84

IL-13 (interleukin 13) Yes Yes 85

IL-16 (interleukin 16) Yes Yes 86, 87

TGFβ (transforming growth
factor beta)

Yes Yes 81, 88–93

IL-8 (interleukin 8/CXCL8) Yes Yes 94–98

Groα (melanoma growth
stimulating activity/CXCL1)

Yes Yes 97

MIP-1α (macrophage inflammatory
protein 1alpha/CCL3)

Yes Yes 97, 99

MIP-1β (macrophage inflammatory
protein 1 beta/CCL4)

Yes Yes 97

MCP-1 (monocyte chemoattractant
protein 1/CCL2)

Yes Yes 95, 97, 100–102
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Table 1 (continued)

Cytokine mRNA Protein References

ENA-78 (epithelial neutrophil
activating peptide 78/CXCL5)

Yes Yes 103

RANTES (regulated upon activation
t cell expressed & secreted/CCL5)

Yes Yes 104

DC-CK1 (dendritic-cell-derived
CC chemokine-1/CCL18)

Yes ? 105

MIP-3α (macrophage inflammatory
protein-3 alpha/CCL20)

? ? 106, 107

SDF-1α/β (Stromal-cell-derived
factor-1 alpha/beta/CXCL12)

? Yes 108

MIG (monokine induced
by interferonγ/CXCL9)

Yes ? 109, 110

IP-10 (Interferon-inducible
protein-10/CXCL10)

Yes ? 109

Fractalkine (CX3CL1) ? Yes 111

BCA-1 (B-cell-attracting
chemokine-1/CXCL13)

Yes Yes 112

VEGF (vascular endothelial
cell growth factor)

Yes Yes 113, 114

FGF (fibroblast growth factor) Yes Yes 89, 115–118

PDGF (platelet-derived growth factor) Yes Yes 118–120

2
Cognate-Dependent Interactions

2.1
The Importance of the T Cell

The synovium in rheumatoid arthritis (RA) is very cellular, with several differ-
ent cell types including macrophages and T cells, in close proximity [6]. This
biological appearance suggests that contact signals between macrophages and
T cells could be of importance in vivo in modulating macrophage function.
Our prior studies have found that TNFα production in RA synovium is T cell-
dependent, as removal of CD3-positive T cells from RA synovial mononuclear
cells resulted in significant reduced macrophage TNFα production [7].

Direct contact-mediated interactions have been studied by several groups,
initially J.-M. Dayer’s, using transformed T cell and monocytic lines, and were
found to play an important role in inducing the synthesis of several cytokines
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including IL-1β, TNFα, IL-10 as well as destructive metalloproteinases [8–12].
We have studied T cell–monocyte cognate interactions using cells isolated
from the peripheral blood of normal donors and also using synovial T cells.
A key observation was that the manner in which T cells were activated in-
fluenced the profile of cytokines induced in the monocytes. Thus if blood
T cells were activated with cross-linked anti-CD3 (a mimic of antigen stim-
ulation) this induced the production of both pro-inflammatory TNFα and
anti-inflammatory IL-10 in monocytes [12]. However, if the T cells were stim-
ulated with a cocktail of cytokines (TNFα, IL-2 and IL-6) for 8 days, a model
of bystander activation, TNFα but not IL-10 production ensued [11]. This
suggested to us that cytokine-stimulated T cells (Tck) may physiologically
resemble a highly pro-inflammatory situation, and T cells in RA synovial
tissue induce macrophage TNFα production because they could induce an
unbalanced pro-inflammatory cytokine response from monocytes, and thus
could be part of a vicious cycle (Fig. 1). The corresponding T cell phenotype
would appear to be of importance, as a study by Dayer’s group [13] sug-

Fig.1 Cytokine disequilibrium induced by Tck. Peripheral blood T cells activated with
cross-linked anti-CD3 (Ttcr) for 48 h results in contact-induced production of TNFα
and IL-10 in monocytes. T cells stimulated with a cocktail of cytokines (TNFα, IL-2
and IL-6) for 8 days (by-stander activation) termed Tck cells results in TNFα but not
IL-10 production
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gested a differential regulation of monocyte-derived cytokine production by
Th1-like vs Th2-like cells. Thus CD4+ Th1 clones induced high levels of IL-1β
production by THP-1 monocytes whereas Th2 clones induced higher levels
of IL-1ra, which implies that Th1 cells are pro-inflammatory, whereas the Th2

cells are anti-inflammatory.

2.2
Are Rheumatoid T Cells Cytokine Activated?

The hypothesis that RA T cells mimic Tck cells is attractive since T cells
found in rheumatoid arthritis synovium have several unusual characteristics.
They are relatively small, noncycling, but have features of activation, with
over half expressing HLA class II, VLA antigens, CD25 and CD69 (reviewed
in [14, 15]). T cell receptor analysis has not revealed a consistent pattern:
oligoclonal and dominant clones or responses to putative auto-antigens have
not been easy to reproduce (reviewed in [16]). Based on these features, and
their low capacity to produce T cell derived cytokines, it has been proposed
that T cells in the joint are not involved in the later stages of the disease [17].
However, our data suggests that they are involved in disease pathology
through contact-dependent activation of macrophages to induce TNF. The
environment of the RA synovium is conducive to the generation of Tck cells,
as it is rich in the relevant cytokines. Unutmaz et al. described the generation
of bystander-activated T cells from normal PBMCs with the cocktail IL-2,
IL-6 and TNFα [18]; this may work via the reported upregulation of IL-2Rα
(CD25) by IL-6 and TNF. We found that IL-15 could, by itself, mimic the
IL-6/TNFα/IL-2 cocktail used to activate Tck [11]. This is likely to be due to
the suppression of IL-15 high-affinity R in the absence of activation. IL-15
is of particular interest as it is found in RA synovium [19] and can activate
peripheral blood T cells to induce TNFα synthesis in U937 cells or adherent
RA synovial cells in a contact-dependent manner [20, 21].

It is likely that other cognate cell-to-cell interactions occur in the syn-
ovial joint and contribute to the disease pathology observed in RA. These
interactions include the endothelial cell–T cell and the fibroblast–T cell in-
teractions [22]. During early stages of inflammation, there is a large cellular
infiltration from the blood to the synovial joint, where interactions between
T cells and vascular endothelium drive further inflammation and extravasa-
tion and infiltration, mediated by the expression of cell adhesion molecules,
chemokines and cytokines [22–25]. In addition, the earliest infiltrating cells,
neutrophils, can be activated by contact-mediated interaction with T cells as
determined by the ability of these neutrophils to be primed for respiratory
burst by FMLP [26]. As the pathology of RA progresses to chronic inflamma-
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tion and pannus forms at the cartilage–pannus junction (CPJ), the interac-
tions between T cells and fibroblasts or macrophages is likely to become more
important. Recently, the interaction between stimulated T cells and dermal fi-
broblasts or synoviocytes has been shown to induce MMP-1 (collagenase) and
TIMP-1 with an imbalance in favour of the pro-inflammatory MMP-1 [27], and
also inhibiting the synthesis of types I and III collagen by fibroblast cells [28].

Studies undertaken thus far have documented the potent stimulatory ac-
tivity of T cells on monocyte cytokine production during the pathology of RA.
However, there are abundant T cells and monocytes in the peripheral circula-
tion, which have the potential to physically interact with each other, but this
does not seem to induce cytokine production. This may be due to the serum
factor, apo A-1 which acts to prevent monocyte activation [29]. The capacity
of apo A-1 to inhibit T cell-mediated macrophage activation suggests that this
molecule or its derivatives may have a useful anti-inflammatory therapeutic
effect in chronic inflammatory diseases such as RA.

2.3
Cell Surface Molecules of Potential Relevance

As contact-dependent signals have been demonstrated to be of importance,
attention has focused upon which are the important signals. There are mul-
tiple candidate molecules on the surface of cells that may be able to mediate
these functions. Antibody blocking of specific surface interaction molecules
has been reported to suppress the induction of monocyte cytokine synthe-
sis. These include CD69, LFA-1 [8, 30], CD44 [31], CD45 [32], CD40 [33],
membrane TNF [12], and SLAM [34]. There are technical difficulties in these
experiments as blocking cell adhesion molecules on T or monocytic cells
would prevent the cells interacting and would not obviously indicate that
these ligation interactions were involved in monocyte activation.

Our studies have demonstrated that T cells activated through the T cell
receptor complex induced monocyte IL-10 synthesis. This was partially
dependent on endogenous TNFα and IL-1, and T cell membrane TNFα was
an important contact-mediated signal [12, 35]. However, IL-10 synthesis still
occurred when TNFα and IL-1 were neutralized, suggesting that there are
TNF/IL-1-independent signals required for IL-10 synthesis, which remain to
be identified.

Of particular interest are members of the TNF/TNF-R family, which
include CD40, CD27, CD30, OX-40, and LTβ. The ligands of these TNF-R
molecules have been described to be upregulated upon T cell activation and
in addition CD40L, 4–1BB, CD27L, CD30 have been described to be released
as soluble molecules after activation [36–39]. The interaction between CD40L
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and CD40 has been described to be of importance for inducing both IL-1
and IL-12 synthesis following T cell interaction with monocytes [33, 40]
and more recently to mediate IL-10 production by human microglial cells
upon interaction with anti-CD3-stimulated T cells [41]. In addition, we have
shown recently that CD40L–CD40 interaction mediates cognate induction of
macrophage IL-10 [42].

3
Macrophage Lineage

3.1
What Is the Impact of the Differentiation Status of Monocyte/Macrophage Lineage?

In addition to the stimulus encountered by the T cells, our data has indicated
the importance of the differentiation state of the monocyte in determining
cytokine profiles in response to activated T cells. We observed that CD40 sig-
nalling co-stimulates LPS-induced IL-10 production by monocytes, but also
that CD40 ligation induced IL-10 production by differentiated monocytes
(macrophages), even in the absence of quantifiable LPS. Indeed, the priming
mechanism of the macrophage determined cytokine profile where M-CSF pre-
programmed macrophages to produce both IL-10 and TNFα upon stimulation
by CD40L or Tck, whereas IFNγ priming resulted predominantly in TNFα [42].
IFNγ-primed macrophages, however, can produce an endogenous IL-10 ac-
tivity that is not secreted into the supernatant upon cell contact with either
Tck or CD40L transfectants, as neutralization of endogenous IL-10 resulted in
a marked increase in TNFα production. This observation is compatible with
reports of membrane-associated IL-10 [43] and may highlight differences in
the ability of these two types of macrophage-like cells to process cytokines. M-
CSF is usually readily detected in the RA joint, whilst IFNγ is relatively scarce
(reviewed in [44]), and this MCSF pre-programming may indicate why both
TNFα and IL-10 are usually found in synovial membrane cell cultures. This
pre-programming of macrophages would appear to lack an important influ-
ence irrespectiveof the triggeringstimulus, asmacrophages stimulatedbyTck,
CD40 ligation or LPS result in similar cytokine profiles. Thus it would appear
that the route of differentiation of the monocyte is critical in the induction of
IL-10 in cognate interactions between activated T cells and macrophages.

3.2
Signalling Pathways Involved in the Monocyte Lineage

Prior work has shown that TNFα synthesis in monocytes is heterogeneous
in its signalling pathway’s response to some stimuli, e.g. LPS but not others



The Importance of T Cell Interactions with Macrophages 185

(zymosan or CD45 ligation). TNF production is NF-κB-dependent [32, 45, 46].
Thus it is of interest to observe that Tck- but not Ttcr-induced TNFα produc-
tion in M-CSF monocytes is NF-κB-dependent. Furthermore, whereas PI3K
inhibitors blocked Ttcr induction of TNFα, they paradoxically augmented
TNFα in monocytes stimulated by Tck cells. We then made the important
finding that RA T cells behaved like Tck cells in that the induction of TNFα in
resting peripheral blood monocytes was NF-κB-dependent but super-induced
if PI3K was blocked. An identical result was observed if NF-κB or PI3K was
blocked in the RA synovial cell cultures.

The IL-10 production in monocytes/macrophages is equally complex. We
found that in response to LPS, IL-10 production is dependent on both endoge-
nous IL-1 and TNFα. Furthermore, there is selective utilization of mitogen-
activated kinases where IL-10 production was dependent on p38 MAPK and
TNFα production was dependent on both p38 and p42/44 MAPKs [47]. The
involvement of p38 MAPK activity in IL-10 production subsequently led to the
characterization of the downstream effector, hsp27, as an anti-inflammatory
mediator [48]. Little is known however, regarding the involvement of the PI3K
pathway in macrophage production of IL-10 but PI3K and its downstream
substrate p70S6K mediate IL-10 induced proliferative responses but not its
anti-inflammatory effects[49]. A recent study from our laboratory has de-
scribed Tck-induced macrophage IL-10 production to be dependent on PI3K
and p70S6K, whereas TNFα production is negatively regulated by PI3K and is
p70S6K-dependent [50]. This suggests that IL-10 and TNFα share a common
component, p70S6K, but differentially utilize PI3K activity. These results have
been reproduced in the spontaneous cytokine production by RA-SMCs and
by RA-T/macrophage co-cultures, further suggesting the relevance of this
Tck/macrophage cognate co-culture system as a useful model for cytokine
production occurring in the inflamed synovium of the rheumatoid joint.

Although many other studies have implicated other signalling cascades
in the induction of IL-10 production, not much work exists on the signalling
required in macrophages stimulated by cognate interactions with fixed
activated T cells. The roles of PKC and cAMP signalling have been implicated
in IL-10 and TNFα production and are currently under investigation in
our group. Preliminary results would suggest that both these cascades also
differentially regulate IL-10 and TNFα. Studies undertaken by other groups
have reported the involvement of the cAMP/PKA pathway in the induction
of IL-10 production by human PBMCs where the membrane-permeable
dibutyryl cAMP was capable of elevating IL-10 mRNA and augmenting LPS
induced IL-10 production but on its own was incapable of producing IL-10
protein [51]. This work also demonstrated a role for PKC in the induction
of IL-10 by LPS using the PKC inhibitors calphostin C and H-7; this result
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contradicts our data but may reflect that this study used PBMCs, a heteroge-
nous population, as compared to purified monocyte-derived macrophages.
In addition, the selective inhibition of PDEIV by rolipram was found to
augment LPS-induced IL-10 production by murine peritoneal macrophages,
the mechanism of which was thought to be a consequence of LPS inducing the
anti-inflammatory mediator, PGE2, which in turn upregulates intracellular
cAMP via stimulation of adenylate cyclase activity [52].

4
Concluding Remarks

The cognate activation of macrophages by T cells has focussed almost exclu-
sively on the membrane interactions mediating macrophage effector function
such as NO release, phagocytosis, B cell help, and more recently the cytokine
profiles induced. The control of T cell-induced IL-10 and TNFα may discover
potential therapeutic targets selectively affecting pro-inflammatory TNFα,
without affecting anti-inflammatory IL-10 production. Such targets could
prove to be of great benefit in the treatment of such chronic inflammatory
diseases as rheumatoid arthritis.
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Abstract Rheumatic inflammation is driven by sustained specific immunity against
self-antigens, resulting in local inflammation and cellular infiltration and, subse-
quently, in tissue damage. Although the specific autoantigen(s) eliciting the detri-
mental immune reactions in rheumatic diseases have rarely been defined, it has be-
come clear that the mechanisms resulting in the destruction of tissue and the loss
of organ function during the course of the diseases are essentially the same as in
protective immunity against invasive microorganisms. Of fundamental importance in
initiating, controlling, and driving these specific immune responses are CD4 T cells.
Currently available data provide compelling evidence for a major role of CD4 T cells
in the initiation and perpetuation of chronic rheumatic inflammation. Consequently,
T cell-directed therapies have been employed with substantial clinical success in the
treatment of rheumatic diseases. Here, we review current knowledge based on which
CD4 T cells can be implicated as the motor of rheumatic inflammation.
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1
T Cell Development and T Cell Subsets

The peripheral T cell repertoire consists of T cells that have survived dual
selection in the thymus and comprises several distinct T cell subsets that can
be identified based on their characteristic cell surface molecule expression
(Germain 2002; Spits 2002; Weiss 1993). All T cells express a disulfide-linked
heterodimeric T cell receptor (TCR), which confers antigen specificity to the
T cell. Associated with the TCR and required for its surface expression is
the CD3 complex, which consists of four invariant transmembrane polypep-
tides (designated γδεε). The CD3 complex mediates signaling and is linked
to a largely intracytoplasmic homodimer of ζ-chains, which are critical for
maximal signaling (Chan et al. 1992). CD4 or CD8, co-receptors, whose ex-
pression is mutually exclusive on mature post-thymic T cells, bind to invariant
sites of the major histocompatibility complex (MHC) class II or I molecules on
antigen-presenting cells (APCs), respectively, stabilize the MHC/peptide/TCR
complex during T cell activation, and thus increase the sensitivity of a T cell
for activation by MHC-presented antigen by approximately 100-fold (Weiss
1993).

In humans, the great majority of peripheral blood T cells expresses TCRs
consisting of α and β chains (αβ T cells). αβ T cells can be divided into two
subgroups, characterized by the expression of either CD4 or CD8 (Table 1).
CD4 αβ T cells primarily function as regulators of other immune cells either
through secreted cytokines or by direct cell–cell contact. Consequently, CD4
αβ T cells mediate the classical helper T cell responses. CD8 αβ T cells, on
the other hand, are programmed to become cytotoxic effector cells that kill
infected target cells. CD8 T cells are therefore named cytotoxic T cells. As
the αβ TCR does not bind antigen directly, T cell activation is dependent on

Table 1 Human T cell subsets

TCR Frequency Co-receptor Function Restriction Antigen

αβ 95%–98% CD4 helper
(50–80%)

Regulators of other
immune cells;
cytokine secretion;
cell–cell contact;

MHC class II Exogenous
peptides

CD8 cytotoxic
(20–50%)

Cytolysis
of target cells

MHC class I Endogenous
peptides

γδ 2%–5% None, CD8α None Unknown,
peptides?

TCR, T cell receptor; MHC, major histocompatibility complex
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an interaction of the TCR with MHC molecules that present small peptide
fragments that have been generated from protein antigens. Whereas MHC
class I molecules are virtually expressed on all nucleated cells, MHC class II
expression is restricted to professional APCs, such as B cells, dendritic cells,
and macrophages, and to activated T cells in humans. MHC class I molecules
bind antigens that are generated by the particular cells themselves as well
as antigens from intracellular pathogens that reside in the cytoplasm; they
present their antigens to CD8 T cells. MHC class II molecules, in contrast,
present antigens derived from ingested proteins, such as extracellular bacteria
or damaged self-tissue, to CD4 T cells.

As almost all cells express MHC class I molecules and, thus, may become
the targets of CD8 T cell-mediated killing, CD8 cells evidently express a great
potential for tissue damage. Moreover, activated CD8 T cells can produce very
high levels of tumor necrosis factor (TNF) and interferon (IFN)-γ, which may
contribute directly and/or indirectly to target cell destruction in autoimmune
diseases.Notwithstanding these characteristics, however, there is inconclusive
evidence to suggest that CD8 T cells are key players in rheumatic inflammation
and contribute to tissue damage. Although some observations imply that
activated CD8 T cells are involved in aggravating pathologic responses in
rheumatoid synovitis as producers of pro-inflammatory cytokines (Berner
et al. 2000) and regulators of the structural integrity and functional activity
of germinal center-like structures in ectopic lymphoid follicles within the
synovial membrane (Kang et al. 2002; Wagner et al. 1998), studies in animals
deficient for CD4 or CD8 have clearly demonstrated a limited importance for
CD8 T cells in initiating and maintaining autoimmune inflammatory arthritis.
For example, whereas B10.Q mice lacking CD4 are less susceptible to collagen-
induced arthritis (CIA), but not completely resistant, the CD8 deficiency has
no significant impact on the disease (Ehinger et al. 2001). Moreover, in mice
transgenic for the RA-susceptibility gene HLA-DQ8, CD4-deficient mice were
resistant to developing CIA, whereas CD8-deficient mice developed disease
with increased incidence and greater severity (Taneja et al. 2002). These
data may suggest that CD8 T cells are not only incapable of initiating CIA
but may, alternatively, have a regulatory and protective effect on rheumatic
inflammation.

A small group of peripheral T cells bears an alternative TCR composed of γ
and δ chains (γδ T cells). γδ TCRs appear to recognize antigen directly, similar
to immunoglobulins (Ig), but do not require presentation by an MHC protein
or other molecules and do not depend on antigen processing (Table 1). The
function of γδ T cells within the human immune system is largely unknown. In
particular, the role of synovial γδ T cells, and their contribution to rheumatic
inflammation is incompletely defined. In the remainder of this review, we
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will therefore concentrate on the role of αβ T cells in rheumatic diseases and
we refer to αβ T cells when using the term “T cell” unless specifically noted
otherwise.

CD4 T cells that emerge from the thymus belong to the naïve T cell pool that
consists of T cells that have never encountered their specific antigen. Naïve
T cells are long lived, have a restricted function (for example, naïve CD4 T cells
only produce interleukin [IL]-2), but stringent requirements for activation
(Table 2). In humans, naïve T cells are characterized phenotypically by the
expression of the long isoform of CD45, CD45RA. Naïve T cells are restricted
to recirculate between the blood and secondary lymphoid tissues, although in
some autoimmune diseases they may also accumulate in chronically inflamed
tissues. Upon proper activation, naïve T cells proliferate and differentiate
into specialized effector cells. Differentiation of T cells is characterized by
a number of phenotypic and functional alterations, such as changes in their
migratory capacities, modifications in life span, and secretion of effector
cytokines (for example, IL-4 and IFN-γ) (Table 1). Most activated naïve T cells
become short-lived effector cells, but some enter the long-lived memory T cell
pool. Memory T cells, in humans, can be characterized by the expression of
the short isoform of CD45, CD45RO. Memory cells respond more rapidly to
antigen challenge and express a diverse array of effector functions. In contrast
to naïve T cells, memory cells do not require co-stimulation for activation.
Thus, memory T cells do not depend on the interaction with professional

Table 2 Characteristics of naïve, memory and effector αβ T cells

Naïve Memory Effector

Activation requirement Stringent Low Low

Migration pattern Blood;
peripheral LN

Inflamed tissue;
mucosal tissue

Inflamed tissue

Frequency responding
to particular antigen

Very low Low High

Cytokine production No No Yes

Cell cycling No No Yes

Live span Long Long Short

Surface protein expression

CD25 Low Low High

Adhesion molecules Low High High

CD45 isoform CD45RA CD45RO CD45RO

LN, lymph node
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APCs for activation, provided their specific antigen can be presented in the
context of the appropriate MHC molecules by nonprofessional APCs.

2
CD4 T Cells in Rheumatic Inflammation

In contrast to the limited and partially controversial information about the
role of CD8 T cells and γδ T cells in rheumatic inflammation, extensive and
compelling evidence exists to suggest that CD4 T cells play a dominant role in
the immunopathogenesis of autoimmune inflammatory rheumatic diseases,
such as rheumatoid arthritis (RA) (Table 3). For example, activated CD4
memory T cells can be found in the inflammatory infiltrates of the rheumatoid
synovium (Van Boxel and Paget 1975). Moreover, appropriate T cell-directed
therapies have clearly provided clinical benefit in RA (Table 4) (Panayi and
Tugwell 1994; Paulus et al. 1977; Strober et al. 1985). The most compelling data,
however, implying a central role for CD4 T cells in propagating rheumatoid
inflammation remain the association of aggressive forms of the disease with
particular MHC class II alleles, such as subtypes of HLA-DR4, that contain
similar amino acid motifs in the CDR3 region of the DRβ-chain (Calin et al.
1989; Winchester 1994). Although the exact meaning of this association has
not been resolved, all interpretations imply that CD4 T cells orchestrate the
local inflammation and cellular infiltration, following which a large number
of subsequent inflammatory events occur. The requirement for CD4 T cells
in the induction of inflammatory arthritis in a variety of animal models of
rheumatic inflammation and the induction of tissue damaging autoimmunity
in these models by transfer of CD4 T cells from sick animals into healthy
syngeneic recipients can be regarded as further evidence of the importance
of CD4 T cells in autoimmune rheumatic inflammation (Banerjee et al. 1992;
Breedveld et al. 1989).

Table 3 Indications for a pathogenic role of CD4 T cells in rheumatoid inflammation

Association of rheumatoid arthritis with HLA-DR4 and DR1 subtypes (shared epitope)

Enrichment of activated CD4 memory T cells in peripheral blood, synovial membrane,
and synovial fluid

Important role in disease initiation in several animal models of inflammatory arthritis

Clinical efficacy of appropriate T cell-directed therapies
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Table 4 T cell-directed therapies in rheumatoid arthritis

Reduction of T cell number or function

Total lymphoid irradiation

Thoracic duct drainage

Immunosuppressive drugs

Glucocorticoids

Methotrexate

Leflunomide

Cyclosporine

FK 506 (tacrolimus)

Rapamycin (sirolimus)

Biologicals

TCR vaccination

mAbs to T cell surface receptors

mAbs to surface receptors on cells interacting with T cells

Cytokines, mAbs to cytokines

Inhibitors of T cell/APC interactions

TCR, T cell receptor; APC, antigen-presenting cells

3
The Th1/Th2 Dichotomy

Whereas the specific antigen(s) recognized by the autoreactive CD4 T cells in
rheumatic disease are largely still unknown, much progress has been made
in defining the phenotype and function of those pathogenic CD4 T cells. In
1986, it was discovered that repeated antigen-specific stimulation of murine
CD4 T cells in vitro results in the development of restricted and stereotyped
patterns of cytokine secretion profiles in the resultant T cell populations
(Mosmann et al. 1986). Based on these distinctive cytokine secretion pat-
tern and concomitant effector functions, CD4 T cells can be divided into
at least two major subsets (Fig. 1). Th1 cells develop preferentially during
infections with intracellular bacteria. Upon activation, Th1 cells secrete the
pro-inflammatory cytokines IL-2, IFN-γ, and lymphotoxin-α (LT, TNF-β).
They activate macrophages to produce reactive oxygen intermediates and ni-
tric oxide, stimulate their phagocytic functions and enhance their ability for
antigen presentation by upregulation of MHC class II molecules. Moreover,
Th1 cells promote the induction of complement fixing, opsonizing antibodies
and of antibodies involved in antibody-dependent cell cytotoxicity, e.g., IgG1
in humans and IgG2a in mice. Consequently, Th1 cells are involved in cell-
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Fig. 1 Differentiation of CD4 T cells into specialized Th1 or Th2 effector cells. Upon
activation with specific antigen, CD4 T cells proliferate and differentiate into either
the Th1 or the Th2 subset. Th1 cells promote cellular immunity and are involved in the
development of autoimmune diseases; Th2 cells mediate humoral immunity and are
involved in allergic immune responses. (From Skapenko et al. 2005, with permission)

mediated immunity. Immune responses driven by Th1 cells are exemplified by
thedelayed typehypersensitivity (DTH) reaction (Abbas et al. 1996;Mosmann
et al. 1986). Th2 cells predominate after infestations with gastrointestinal ne-
matodes and helminths. They produce the anti-inflammatory cytokines IL-4,
IL-5, and IL-13 and provide potent help for B cell activation and Ig class
switching to IgE and subtypes of IgG that do not fix complement, e.g., IgG2 in
humans and IgG1 in the mouse. Th2 cells mediate allergic immune responses
and have been associated with downmodulation of macrophage activation,
which is conferred largely by the anti-inflammatory effects of IL-4 (Abbas
et al. 1996; Mosmann et al. 1986). Th2 cells can also secrete IL-6 and IL-10.
However, in contrast to mice, those cytokines in humans are not confined to
the Th2 subset but can also be produced by Th1 cells (Abbas et al. 1996).

The different functional T cell subsets do not derive from different pre-
committed lineages but rather develop from the same uncommitted precursor
cell under the influence of environmental and genetic factors (Rocken et al.
1992). Cytokines are the most important regulators of Th subset differentia-
tion. Whereas IL-2 is required for the differentiation of naïve cells into either
Th subset without imposing a functional bias, priming of naïve CD4 T cells in
the presence of IL-4 induces differentiation of Th2 effector cells. In contrast,
Th1 cell development occurs in the absence of IL-4 and is greatly enhanced
by IL-12 (Abbas et al. 1996). Other factors that control Th subset polarization
include the nature and intensity of co-stimulatory signals, in particular via
CD28 and OX40, the intensity of TCR ligation during priming, the type of
antigen-presenting cells, the MHC class II genotype, minor histocompatibil-
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ity complex genes, and corticosteroids or endogenous hormones (Abbas et al.
1996).

Importantly, Th1 and Th2 cells antagonize each other by blocking the
generation of the antipodal cell type and by blocking each other’s effector
functions. For instance, the generation of Th1 cells can be effectively blocked
by high concentrations of IL-4, even in the presence of IL-12 (Hsieh et al.
1993). At the level of effector functions, IL-4 antagonizes much of the pro-
inflammatory effects of IFN-γ and inhibits the proliferation of Th1 cells.
Conversely, IFN-γ secreted by Th1 cells blocks the proliferation of Th2 cells.

Differentiation of the appropriate T cell subset is of crucial importance to
the host in mounting protective immunity against exogenous microorgan-
isms. However, it is apparent that immune responses driven preferentially by
activated T cell subsets are also involved in the development of pathological
immune disorders. Whereas atopic diseases result from Th2-dominated re-
sponses to environmental allergens, Th1-mediated immunity is involved in
the generation of several organ-specific experimental autoimmune diseases in
animals, such as experimental allergic encephalomyelitis, insulin-dependent
diabetes mellitus, or CIA (Abbas et al. 1996). Although dichotomizing com-
plex diseases such as rheumatic diseases in terms of Th1 or Th2 patterns may
be an oversimplification, evidence is accumulating to suggest that human au-
toimmune diseases, such as rheumatoid arthritis (RA), might also be driven
by preferentially activated Th1 cells without sufficient Th2 cell development
to downregulate inflammation.

4
Rheumatic Inflammation Is Driven by Activated Th1 Cells

Various epidemiological and clinical observations suggest a pathogenic Th1
drive in rheumatoid inflammation. For several decades, clinical observations
have highlighted the ameliorating effect of pregnancy on the course of RA
(Da Silva and Spector 1992). Pregnancy improves the symptoms of RA in
about 75% of women, leading to a significant resolution of inflammation and
a relief of symptoms, which enables the patients to taper or even stop the use
of medications. In fact, the effect of pregnancy on RA activity is greater than
the effect of some of the newer therapeutic agents. Although the mechanisms
for this phenomenon are still unclear, a marked decrease in Th1-mediated
immunity during pregnancy has been firmly established. For example, preg-
nant women have a higher incidence of infections compared to nonpregnant
females, in particular infections with intracellular pathogens. Most recently,
a placental derived protein (placental protein 14) was identified; it inhibits
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Th1 immune responses and synergizes with IL-4 to promote Th2 immunity
by inhibiting the downmodulation of the Th2 specific transcription factor,
GATA-3 (Mishan-Eisenberg et al. 2004). These data suggest that pregnancy
induces a shift from Th1 to Th2 immune responses, thereby increasing anti-
inflammatory cytokines, which may contribute to the gestational ameliora-
tion of RA. Interestingly, relapses of RA occur within 6 months postpartum in
90% of the cases. At that time, pregnancy-associated alterations in Th subset
activation can no longer be found (Da Silva and Spector 1992), suggesting
that the beneficial Th2 shift has resolved and has allowed the Th1 dominated
autoimmune inflammation to recur.

Patients with RA have a decreased prevalence of allergic diseases (Verhoef
et al. 1998). Moreover, those patients with RA who, for example, have hay fever
have less severe disease compared with control patients with RA without hay
fever (Verhoef et al. 1998).As expected, atopicRApatientshavehigher levels of
serumIgEandperipheral bloodeosinophils, but theirTcellsproduce less IFN-
γ after maximum in vitro stimulation (Verhoef et al. 1998). As allergy is the
prototype Th2 disease and activated Th2 cells are able to inhibit the generation
and the function of Th1 effectors, these studies support the contention that
the occurrence of a Th2-mediated immune response might be beneficial in
RA by inhibiting Th1-driven immunity.

Inaddition to these clinical observations, various experimental approaches
have also emphasized thedominanceof activatedTh1 effector cells in rheuma-
toid inflammation. For example, the vast majority of T cell clones from the
human rheumatoid synovial membrane functionally represent the Th1 sub-
set, producing large amounts of IFN-γ but no IL-4 upon challenge with their
specific antigens (Miltenburg et al. 1992; Quayle et al. 1993). In the majority of
synovial biopsies, IFN-γ, as assessed by different techniques, prevails, whereas
IL-4 is rarely found (Canete et al. 2000; Kusaba et al. 1998). Importantly, syn-
ovial fluid- and synovial tissue-derived T cells express activation markers
on their surface, indicating that these IFN-γ expressing cells are actively en-
gaged in driving synovial inflammation. The frequency of IFN-γ producing
CD4 T cells is significantly increased in the synovial fluid compared to the
peripheral blood (Davis et al. 2001), resulting in a markedly elevated Th1/Th2
ratio in the synovial fluid that correlates with disease activity (van der Graaff
et al. 1999). Likewise, drastically reduced synthesis of IL-4 and IL-10 mRNA
by synovial fluid mononuclear cells of RA patients correlates with disease
activity (Miyata et al. 2000). Together, these data strongly suggest that CD4
T cells from the inflamed rheumatoid synovium represent activated Th1 cells,
secreting IFN-γ, which, in turn, orchestrates synovial inflammation.

Activated CD4 T cells expressing elevated mRNA levels for IL-2 and/or for
IFN-γ can also be detected in the peripheral blood of patients with active RA
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(Schulze-Koops et al. 1995). Most interestingly, when re-entry of circulating
T cells into sites of inflammation in vivo was blocked by administration of
a monoclonal antibody (mAb) to intercellular adhesion molecule (ICAM)-1
(CD54), a significant increase in IFN-γ mRNA levels in the peripheral blood
occurred that might reflect a redistribution of activated Th1 cells from sites
of inflammation into the peripheral circulation (Schulze-Koops et al. 1995).
Moreover, the frequencies of IFN-γ secreting peripheral blood T cells in
patients with new onset synovitis (<1 year duration) correlate well with
disease activity, emphasizing the role of Th1 cells in the initiation of the
disease (Kanik et al. 1998).

The arguments depicted here in detail demonstrate that Th1 cells and
their cytokines are not only present in RA but contribute to the perpetuation
of chronic inflammation. However, the data do not yet allow a conclusion
about whether Th1 cells are the initiators of rheumatoid inflammation or
rather appear as a consequence of it. In order to delineate the mechanisms
underlying the dominant Th1 drive in RA, studies were carried out to assess
the functional capability of T cells in RA patients. Isolated memory CD4
T cells from the majority of patients with early RA manifested a profound
inability to mount Th2 responses (Skapenko et al. 1999). Thus, those patients
cannot generate immunoregulatory Th2 cells that might downmodulate
ongoing Th1-mediated inflammation. Failure to downregulate activated Th1
cells might allow Th1 inflammation to persist and evolve into chronic inflam-
mation, characterized by the continuous activation of T cells, macrophages,
fibroblasts, and osteoclasts and, subsequently, the destruction of tissue.
As this functional abnormality of CD4 T cells in RA is evident at the time
of initial clinical symptoms of arthritis (Skapenko et al. 1999), the data
strongly suggest that the Th1 dominated immunity is the basis of rheumatoid
inflammation and is not merely its consequence.

Together, these data indicate that Th1 cells and their cytokines promote
many aspects of synovial inflammation. Moreover, evidence is accumulating
that dysregulated T cell differentiation with impaired Th2 cell generation
is instrumental in allowing the initial Th1-driven autoimmune response in
RA to evolve into chronic inflammation. Interference with the activation and
generation of Th1 cells and with the activity of their secreted cytokines might,
therefore, be beneficial in the treatment of RA.

5
T Cell-Directed Therapies

Based on the concept that activated T cells are the key mediators of chronic
autoimmune inflammation, various T cell-directed therapeutic interventions
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have been introduced for the treatment of RA. Comprehensive reviews have
discussed the concepts and the clinical efficacy of T cell-directed therapy in
RA (Panayi 1999; Schulze-Koops and Lipsky 2000; Schulze-Koops and Kalden
2003; Yocum 1999). Here, we will review those approaches that target the
pathogenetically important alterations of CD4 T cell functions as outlined
above.

As RA is driven by pro-inflammatory Th1 cells with impaired differentia-
tion of immunoregulatory Th2 cells, a shift in the balance of Th1/Th2 effector
cells toward anti-inflammatory Th2 cells would be expected to be clinically
beneficial. The concept of modulating the Th1/Th2 balance as a treatment for
chronic autoimmunity has been successfully applied in a number of animal
models of autoimmune diseases (Bessis et al. 1996; Joosten et al. 1999). It is
therefore of interest to note that several recent studies have indicated that
DMARDs appear to be able to modulate the Th1/Th2 balance. For example,
leflunomide, a potent nontoxic inhibitor of the rate-limiting enzyme of the
de novo synthesis of pyrimidines, dihydroorotate dehydrogenase (Bruneau
et al. 1998), selectively decreases the activation of pro-inflammatory Th1 cells
while promoting Th2 cell differentiation from naïve precursors (Dimitrova
et al. 2002). Sulfasalazine potently inhibits the production of IL-12 in a dose-
dependent manner in mouse macrophages stimulated with LPS. Importantly,
pretreatment of macrophages with sulfasalazine either in vitro or in vivo re-
duces their ability to induce the Th1 cytokine IFN-γ and increases the ability
to induce the Th2 cytokine IL-4 in antigen-primed CD4 T cells (Kang et al.
1999). Methotrexate significantly decreases the production of IFN-γ and IL-2
by in vitro stimulated peripheral blood mononuclear cells while increasing
the concentration of IL-4 and IL-10 (Constantin et al. 1998). Likewise, clinical
efficacy of cyclosporine is associated with decreased serum levels of IFN-γ,
IL-2 and IL-12 and with significant increases in IL-10 (de Groot and Gross
1998). Bucillamine decreases the frequency of IFN-γ-producing CD4 T cells
generated after a priming culture of mononuclear cells from the peripheral
blood (Morinobu et al. 2000). Finally, reports have suggested that gluco-
corticoids inhibit cytokine expression indirectly through promotion of a Th2
cytokine secretion profile, presumably by their action on monocyte activation
(Almawi et al. 1999). Together, the data suggest that the anti-inflammatory
effect of a number of current treatment modalities in RA is characterized
by an inhibition of Th1 cell activation and effector cell generation and by
favoring Th2 differentiation, thereby shifting the Th1/Th2 balance toward the
Th2 direction.

In an attempt to target only those cells perpetuating the chronic inflam-
mation specifically, with minimal effects on other aspects of the immune or
inflammatory systems, therapeutic tools (“biologicals”) with defined targets
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and effector functions have been designed and tested in clinical applications.
As CD4 T cells are central in initiating and perpetuating the chronic autoim-
mune response in rheumatic diseases, a large number of biologicals has aimed
to interfere with T cell activation and/or migration.

A major advance in the understanding of T cell activation has been the
identification of the critical co-stimulatory molecules on T cells, such as
CD28, LFA-1, CD2, CD4, CD30, CD44, and CD154 (CD40L), and their in-
teracting ligands on APCs or B cells. Although these molecules act through
different mechanisms, some delivering co-stimulatory biochemical signals to
the T cell, some enhancing adhesion to target tissues, they all have the ability
to augment the T cell proliferative responses to antigenic stimuli. Biologicals
designed to interfere with co-stimulation via inhibiting engagement of co-
stimulatory ligands have been used in several animal models of inflammatory
arthritis and in treatment trials in RA. In experimental autoimmune diseases
in animals, mAbs to CD4 have been used to prevent the induction of the dis-
ease (Ranges et al. 1985; Waldor et al. 1985). Of relevance to human disease,
mAbs to CD4 were also able to inhibit further progression when given after the
initial inflammation has already become manifest (Waldor et al. 1985; Wofsy
and Seaman 1987), although, with one notable exception (Schulze-Koops et al.
1998), controlled human trials have largely failed to demonstrate favorable
results to date (Schulze-Koops and Lipsky 2000). Interaction of CD2 with its
ligand, CD58 has been blocked by application of a soluble fully human re-
combinant fusion protein comprising the first extracellular domain of CD58
and the hinge, CH2 and CH3 sequences of human IgG1 (LFA-3-IgG1, ale-
facept). Alefacept has been employed in patients with psoriasis with substan-
tial clinical response (Ellis and Krueger 2001). Inhibition of CD28-mediated
co-stimulatory signals is a potent means of immunosuppression that can be
achieved by blocking either CD28 or CD80 and CD86, for example by coating
CD80 and CD86 with a soluble Ig fusion protein of the extracellular domain of
CTLA-4 (CD152). CTLA-4 is a homolog to CD28 and is expressed by activated
T cells. It can bind both CD80 and CD86 with higher affinity than CD28. Be-
cause CD152 has a high affinity for CD80 and CD86, soluble forms of CTLA-4
inhibit the interaction of CD28 with its ligands. In clinical trials, CTLA4-
Ig (CTLA-4-IgG1, abatacept) demonstrated favorable effects in patients with
psoriasis vulgaris (Abrams et al. 1999) and in patients with rheumatoid arthri-
tis (Kremer et al. 2003; Moreland et al. 2002). The adhesion receptor/counter-
receptor pair, LFA-1 (CD11α/CD18) and ICAM-1, is critical for transendothe-
lial migration of T cells and their subsequent activation (Kavanaugh et al.
1991). Therefore, mAbs to LFA-1 and ICAM-1 have been employed in au-
toimmune diseases in an attempt to block migration of T cells into sites of
inflammation and their subsequent stimulation by locally expressed antigenic
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peptides in vivo (Kavanaugh et al. 1994; Schulze-Koops et al. 1995). Significant
clinical benefit was achieved with the mAb to ICAM-1 in patients with active
RA (Kavanaugh et al. 1994). It is of interest that clinical benefit was restricted
to those patients who showed a marked increase in the levels of Th1 cytokine-
producing T cells in their circulation immediately following the administra-
tion of the mAb (Schulze-Koops et al. 1995). Thus, it can be reasoned that
in the responding patients the circulatory pattern of activated Th1 cells was
altered by inhibiting their migration into the inflamed synovium. These data
emphasize the pathogenic Th1 drive in those patients responding to therapy.

Together, T cell-directed therapy in RA is based on the idea that CD4
T cells initiate and continuously drive systemic rheumatoid inflammation.
T cell-directed DMARDs and some of the recently employed mAbs have been
successful in ameliorating signs and symptoms of the diseases and some also
seem to be able to slow disease progression. Thus, although sustained clinical
improvement has not been achieved with a short course of the biologicals,
the idea that targeting the CD4 T cells as the motor of rheumatoid inflamma-
tion will interrupt chronic autoimmune inflammation and subsequent tissue
destruction has been strongly supported.

6
Conclusion

Strong evidence has been provided for a central role of T cells in the patho-
genesis of rheumatoid inflammation. Whereas clinical and epidemiological
observations have indicated that T cell-mediated cellular immunity is in-
volved in several aspects of RA, experimental data have revealed phenotypic
and functional alterations of T cells in the peripheral circulation and the
synovial infiltrates that are sufficient to mediate continuous upregulation of
pro-inflammatory effector functions. The data suggest that T cells play an
important role in initiating the autoimmune disease and maintaining inflam-
mation by activating synovial macrophages to produce inflammatory medi-
ators. Alterations in the activity and frequency of pro-inflammatory T cells
are associated with the clinical course of the disease, further emphasizing the
role of T cells in RA. Finally, T cell directed therapies that modulate T cell
function or activity have been successfully employed in modern therapy of
RA. The clinical efficacy of T cell-directed therapies have firmly established
the central role of T cells in autoimmune rheumatic inflammation.
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Abstract Following investigations of the pathogenic role of autoantibodies in
rheumatic diseases, preclinical and clinical studies suggest a more central role of
B cells in the maintenance of the disease process beyond just being precursors of
(auto)antibody-producing plasma cells. Detailed analyses have implicated a number
of surface molecules and subsequent downstream signalling pathways in the
regulation of the events induced by BCR engagement. In this review, we discuss the
potential role of molecules involved in altered B cell longevity, especially molecules
involved in apoptosis (bcl-2, bcl-x, mutations in the Fas/Fas-L pathway), as well as
molecules that might alter activation thresholds of B cells (CD19, CD21, CD22, lyn,
SHP, SHIP-1) in the development of autoimmunity. Although focused on intrinsic B
cell abnormalities, the complexity of interactions of B cells with other immune cells
also makes it possible that increased B cell activation can be induced by distortions
in the interaction with other cells. Further delineation of these alterations of B cell
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function in autoimmune conditions will allow development of more precise B cell-
directed therapies beyond drastic B cell depletion, with the potential to improve the
risk–benefit ratio of the treatments of autoimmune diseases.

1
Introduction

Autoantibodies is among the most striking evidence of a break in immune tol-
erance and they occur in most systemic autoimmune diseases. Whereas some
autoantibodies are pathogenic and can be used to classify specific autoim-
mune diseases, autoreactivity also occurs in a variety of other circumstances,
such as during infections, immunizations and following certain traumatic
accidents. The precise cellular and/or molecular mechanisms resulting in the
development of pathogenic vs nonpathogenic antibodies remains elusive. Al-
though pathogenic autoantibodies are usually of post-switched Ig classes and
carry somatically mutated IgV genes as indications of extensive T cell help, it
has not been clearly shown that the production of these autoantibodies has
been initiated by specific autoantigens or whether they occur as a result of
abnormalities in the control of B cell responses to exogenous antigens. Very
recent evidence from B cell depletion studies using rituximab (anti-CD20)
indicate that clinical improvement, decline in circulating B cells and decrease
of antibody titres can all occur but do not correlate with each other, and there-
fore autoantibodies as products of differentiated plasma cells may not be the
essential pathogenic element in a number of autoimmune disease. However,
intrinsic abnormalities of B cell function (Table 1) and/or their interaction
with other immune cells appear to be of central importance in these diseases.
Here we discuss mechanisms, including extrinsic and intrinsic influences
on B cell function and potential candidate molecules that could drive B cell
dysfunction in autoimmune disease and might, therefore, serve as targets of
therapeutic intervention.

The importance of precise immune regulation becomes evident when the
characteristics of some immune deficiency and autoimmune disorders are
compared. In the humoral immune system, B cells and their descendants,
plasma cells, produce protective antibodies and thereby maintain the unique
serological memory and a considerable part of cellular memory. Besides these
well-known activities, a number of other immune functions of B cells have
been identified in the last several years (Table 2), which need consideration
not only for understanding their function in health but also under disease
conditions. It is apparent that disturbances in the tightly regulated circuits of
these cellular components with their products can lead to clinically important
disorders. Analyses of inherited immune deficiencies have provided insights



Signalling Pathways in B Cells: Implications for Autoimmunity 215

Table 1 Potential B cell abnormalities leading to autoimmunity

a. V(D)J recombination

b. Entry of B cells into the immune repertoire

c. Survival of B cells by altered apoptosis

d. Selection

e. Somatic hypermutation

f. Receptor editing/revision

g. Differentiation of plasma cells

h. Extrinsic

- T cells, cytokines, APC, autoantigens

i. Altered activation threshold

Table 2 Immune functions of B cells

1. Precursors of (auto)antibody-secreting plasma cells

2. Essential functions of B cells in regulating immune responses

i. Antigen-presenting cells

ii. Differentiation of follicular dendritic cells in secondary lymphoid organs

iii. Essential role in lymphoid organogenesis as well as in the initiation

and regulation of T and B cell responses

iv. Development of effective lymphoid architecture (antigen-presenting M cells)

v. Activated B cells express costimulatory molecules and may differentiate

into polarized cytokine-producing effector cells that can be essential

for the evolution of T effector cells

vi. Differentiation of T effector cells

vii. Immunoregulatory functions by IL-10 positive B cells

viii. Cytokine production by activated B cells may influence the function

of antigen-presenting dendritic cells

into the function of certain surface receptors as well as extracellular and
subcellular components. For example, it is well accepted that inherited defi-
ciencies of the complement system are associated with an increased incidence
of SLE, glomerulonephritis, and vasculitis. Several antibody deficiencies are
also associated with autoimmune disease. In this regard, autoimmune cytope-
nias are commonly observed in individuals with selective IgA deficiency and
common variable immune deficiency. Polyarthritis can also be seen in pa-
tients with X-linked agammaglobulinemia. Combined cellular and antibody
deficiencies, such as Wiskott-Aldrich syndrome also carry an increased risk
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for juvenile rheumatoid arthritis and autoimmune hemolytic anemia. Recent
advances in understanding the subcellular regulation of immune activation
may allow further insights into the mechanisms of autoimmunity.

Abnormalities in certain receptors involved in B cell differentiation and
Ig production can also be involved in a broad variety of disorders ranging
between immune deficiency and autoimmunity. In this regard, loss of func-
tion mutations of the inducible co-stimulatory molecule (ICOS) expressed on
T cells has been shown to be involved in adult onset common variable defi-
ciency (Grimbacher et al. 2003). On the other hand, in murine (Iwai et al. 2003)
as well in human lupus (Hutloff et al. 2004; Iwai et al. 2003), overexpression of
ICOS on T cells and an overall downmodulation of ICOS-L on B cells (Hutloff
et al. 2004; Iwai et al. 2003) were identified. Similarly, CD40L and Fas muta-
tions have also been shown to be critically involved in both immunodeficiency
as well as autoimmunity. Thus, loss of precise regulatory influences stabiliz-
ing B cell homeostasis can result in autoimmunity or immune deficiency or
sometimes both.

2
Disturbed Homeostasis of Peripheral B Cells in Autoimmune Diseases

Immunophenotyping of circulating B cells in patients with systemic autoim-
mune diseases has identified a number of specific abnormalities and may
provide novel approaches in diagnosis as well as analysis of the response
to therapeutic interventions (Odendahl et al. 2000a, b 2003; Hansen et al.
2002b; Jacobi et al. 2003; Anolik et al. 2004; Looney et al. 2004a, b; Cappione
et al. 2002; Potter et al. 2002; Bohnhorst et al. 2001, 2002). Since B cells at
many stages of development circulate in the blood and the stages of B cell
development can be assessed using a number of phenotypic markers (Fig. 1),
analysis of the expression profile of circulating B cells permits the detection
of B cell differentiation status in health and disease. In the peripheral blood
of healthy controls, approximately 60%–65% of B cells have the phenotype
of CD27-naïve cells, and 30%–40% have that of memory B cells (CD27+).
Typically, in such healthy donors, less than 2% of the peripheral B cells are
plasma cells (CD19dim, CD20–, CD38++, and CD27high). In an analyses of SLE
patients, Odendahl et al. first identified that plasma cells highly express CD27,
and this population appears to be expanded in lupus (Odendahl et al. 2000b)
and is usually not found in normals. By contrast, patients with Sjögren’s syn-
drome are characterized by a different peripheral B cell composition than
SLE patients. In SLE, a marked reduction of CD19+/CD27– naïve B cells, en-
hanced frequencies of CD19+/CD27+ memory B cells and increased numbers
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Fig. 1 Schematic development of B cells in the bone marrow as well as in the periphery
based on the expression of a number of activation/differentiation markers

of CD19dim/CD27high plasma cells were found, whereas a predominance of
naïve B cells and reduced memory B cells were identified in Sjögren’s patients
(Bohnhorst et al. 2001a, b; Hansen et al. 2002a, b, 2004). Molecular analysis of
IgV genes in one SLE patient showed that these B cell subpopulations differed
in their VH gene usage. With regard to individual genes, the VH3–23 gene was
found most often in CD27-/IgD+ naïve (6/14) and CD27+/IgD+ memory B cells
(4/15), whereas VH4–34 and VH4–59 were frequently found in CD27high/IgD–

plasma cells (Bohnhorst et al. 2001a, b; Jacobi et al. 1999; Odendahl et al.
2000b). Importantly, the VH4–34 and VH4–59 genes in SLE plasma cells were
heavily mutated. Preferential usage of VH4 genes by post-switch cells has been
reported in patients with RA (Bohnhorst et al. 2001a, b; Jacobi et al. 1999; Kim
et al. 1999; Voswinkel et al. 1996). By contrast, VH3 was most frequently found
in naïve B cells or unfractionated peripheral B cells of normals (Brezinschek
et al. 1995a, b; Huang et al. 1996; Jacobi et al. 1999; Kim et al. 1999; Kraj
et al. 1997). Moreover, the gene VH4–34 frequently used in clonally unrelated
CD27high plasma cells in SLE has been reported to be involved in the forma-
tion of anti-dsDNA antibodies (van Vollenhoven et al. 1999; Voswinkel et al.
1996) and to be expanded in patients with active disease (Isenberg et al. 1998;
Mockridge et al. 1998; Odendahl et al. 2000b; Rahman et al. 1998). In normals,
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this particular gene occurred at a frequency of 3.5% among peripheral CD5+

and 3.9% among CD5– B cells (Brezinschek et al. 1996). VH4–34 was found
to be negatively selected in an analysis of CD19+ peripheral cells in normals
(Brezinschek et al. 1995a) and was excluded from post-switch tonsil plasma
cells (Yavuz et al. 2002). In normals, B cells expressing VH4–34 are excluded
from germinal centres, whereas they enter germinal cells in patients with SLE
(Pugh-Bernard et al. 2001). These results are all consistent with the conclusion
that there is fundamental abnormality in SLE that results in the production of
plasma cells expressing heavily mutated VH4 family genes that may encode for
autoantibodies. The mechanisms underlying this abnormality is uncertain,
but suggests an abnormality in the regulation of B cell differentiation.

3
B Cellular Signal Transduction Pathways
and Their Implications for Autoimmunity

The immune system is maintained by a fine balance between activation and
inhibition (Fig. 2). On the one hand, it must possess adequate reactivity to
generate an effective immune response to target non-self molecules, while
avoiding the emergence of autoimmunity on the other hand. Essential to this
process is the ability to control the timing and site of B cell activation and
to limit the extent of activation precisely. All of this is sufficiently regulated
by a number of extrinsic and intrinsic mechanisms in a normal immune
system to avoid pathogenic autoimmunity. It is currently believed that failure
to maintain this balance of activating and inhibiting factors, receptors and
pathways could result in either immunodeficiency or autoimmunity.

Since B cells represent a unique crossroad between the innate and adaptive
immune systems, especially since they can be directly activated via toll-like
receptors (TLRs), it becomes important that simple structures, such as methy-
lated bacterial DNA, are able to activate B cells, resulting in the production of
autoantibodies, such as rheumatoid factor (Leadbetter et al. 2002).

3.1
Normal B Cell Function Results from Balanced Agonistic and Antagonistic Signals

B cells undergo a tightly regulated developmental pathway from early pro-
genitors to terminally differentiated plasma cells (Fig. 1). Many of these de-
velopmental steps are dependent on signals mediated through soluble factors
and receptor-ligand interactions. In addition, multiple checkpoints permit
both positive and negative selection of B cells, both centrally in the bone
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marrow and in the peripheral lymphoid tissues, such as the spleen and lymph
nodes. These checkpoints are necessary to produce a diverse population of
B cells capable of generating high-affinity effector antibodies in the absence
of pathologic autoreactivity. Transgenic mice with perturbations in selective
regulatory pathways that affect B cell development often develop autoimmune
disease. By genetic manipulation in murine models, it has become clear that
two general defects in B cell function can lead to humoral autoimmunity:

1. Alterations in B cell survival

2. Alterations in the threshold for B cellular activation

Both confirm that intrinsic B cell defects may account for the emergence
of autoimmunity, and apparently autoimmunity can develop without specific
immunization to autoantigens or without abnormalities in T cells.

3.1.1
Disturbances That Alter B Cell Survival and Lead to Autoimmunity

During B cell generation in the bone marrow, the process of negative selec-
tion eliminates the majority of immature B cells before entry into peripheral
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lymphoid tissues. Subsequently, resident peripheral B cells undergo a sec-
ond screening process for reactivity with peripheral self-antigens that results
in apoptosis, receptor editing or anergy depending on the strength of BCR
signalling (Fig. 3). Autoreactive B cells that have survived this screening pro-
cess have apparently received sufficient growth and anti-apoptotic signals in
order to progress through this rigorous process. Alterations in the expres-
sion of genes that regulate B cell survival can lead to the development of
autoimmunity.

A major process involved in B cell decisions in germinal centres (GCs) is
apoptosis, which is centrally involved in the selection of high-affinity variants.
High- and low-affinity centrocytes compete with each other for a limited set
of survival signals in the GC, likely by direct interaction with antigen localized
on the surface of follicular dendritic cells (FDCs) or perhaps enhanced antigen
capture, presentation and T cell help. Transgenic mice expressing the genes
bcl-2 and bcl-xL, the products of which inhibit certain forms of apoptosis,
provided evidence for the role of apoptosis in GC differentiation of B cells.
A classical example of a dysregulated apoptotic regulatory genes leading to
autoimmunity was identified in a bcl-2 transgenic mouse model. Enhanced
bcl-2 expression allows inappropriate survival of autoreactive B cell clones
(Strasser et al. 1991). Bcl-2 transgenic mice develop antinuclear antibodies
and glomerulonephritis caused by immune complex deposition. Primary im-

Fig. 3 Basic mechanisms known to be involved in the prevention of B cell autore-
activity and dependent on the BCR signal strength. A further mechanism known as
receptor revision/editing may also prevent autoimmunity but apparently is not strictly
dependent on the BCR signal
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munization of bcl-2-transgenic mice resulted in 20-fold more memory B cells
than controls. Furthermore, a high proportion of these bcl-2-transgenic mem-
ory B cells, despite having a typical memory phenotype, retained their VH

genes in a low-affinity configuration. Thus, these memory B cells showed no
evidence of having undergone affinity maturation, as the low-affinity B cells
would have been expected to lose the competition for antigen in the GC and
die by apoptosis. An additional bcl-xL transgenic mouse also preserved low-
affinity cells in the GC, although in this case the low-affinity cells were not
germline variants of the dominant clonotype, but rather were B cells using VH

genes that usually appear only during the early stages of the response (Taka-
hashi et al. 1999). In both cases, blocking apoptosis in the GC had the effect
of promoting the survival of low-affinity variants, which, in the case of the
bcl-2-transgenic mice, entered the memory compartment. This demonstrates
the role of apoptosis in selecting B cells that enter the memory compart-
ment, including a certain frequency of autoreactive cells. In contrast with
the alterations of the memory compartment, bcl-2-transgenic mice showed
no perturbation of selection of bone marrow antibody-secreting cells. This
compartment remained predominantly composed of high-affinity antibody
producers. These findings suggest that resistance to apoptosis in the GC is an
important prerequisite to allow differentiation of a GC cell into a memory cell,
whereas the differentiation to long-lived plasma cells requires a more strin-
gent affinity-based signal. How this translates into human autoimmunity is
still a matter of debate.

Another example of autoimmunity developing as a result of alterations in
lymphocyte apoptosis is provided by MRL mice homozygous for mutations
in the Fas gene, a death-inducing receptor required for normal regulation of
B cell and T cell survival. MRLlpr/lpr mice develop a spectrum of autoreactivity
resembling that found in human SLE and other autoimmune diseases. Thus,
inappropriate survival can be caused by inappropriate expression of apoptotic
and/or anti-apoptotic signals, allowing the emergence of autoimmunity.

In addition to intrinsic defects that can lead to increased B cell survival,
external signals permit autoreactive B cells to escape deletion. An important
signal that is particularly important in B cell growth, differentiation, and
survival is BAFF (also known as BlyS, TALL-1, THANK and zTNF4) (Dörner
and Putterman 2001). BAFF is a member of the TNF family of cytokines
that is produced by myeloid cells, such as dendritic cells, monocytes and
macrophages in inflamed tissue. It has remote effects and induces immature
B cell survival as well as growth of mature B cells within peripheral lymphoid
tissues. BAFF binds three receptors: BCMA (B cell maturation antigen), TACI
(transmembrane activator and calcium-modulator and cyclophilin ligand in-
teractor) and BAFF receptor. Through these receptors, BAFF acts as a potent
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co-stimulator for B cell survival when coupled with B cell antigen receptor
ligation. In this regard, it was reported that BAFF ligation increased bcl-2
expression and increased activation of NF-κb, both of which increase B cell
survival (Mackay and Browning 2002). BCMA or BAFF transgenic mice dis-
play mature B cell hyperplasia and develop an SLE-like disease, with anti-DNA
antibodies, elevated serum IgM, vasculitis and glomerulonephritis (Mackay
and Mackay 2002). Moreover, BAFF expression is elevated in MRLlpr/lpr mice
and lupus-prone (NZW×NZB)F1 hybrid mice and correlates with disease
progression (Mackay and Browning 2002; Mackay and Mackay 2002). In this
regard, elevated BAFF levels were found in the serum of some patients with
SLE, Sjögren’s and idiopathic thrombocytopenic purpura patients (Mackay
and Browning 2002; Mackay and Mackay 2002) as well as in the synovial
fluid of rheumatoid arthritis patients. Conversely, BAFF-deficient mice show
a complete loss of follicular and marginal-zone B lymphocytes (Gross et al.
2000).

Experiments aiming at determining the role of BAFF in autoimmune dis-
ease developed and applied BCMA-immunoglobulin (Ig) and TACI-Ig fusion
proteins as decoy BAFF receptors. It is noteworthy that administration of
BMCA-Ig or TACI-Ig to (NZW×NZB)F1 mice led to increased survival, de-
creased proteinuria and delayed disease progression (Mackay et al. 1999;
Mackay and Browning 2002; Mackay and Mackay 2002), suggesting that BAFF
plays a crucial role in longevity of autoimmune B cells and inhibiting this
molecule may be an important approach to limit humoral autoimmunity.

Studies of knockout mice have shown that BCMA, TACI and BAFF-R are
not directly equivalent in function (Thompson et al. 2001; Xu and Lam 2001).
Mice lacking BCMA show normal B cell development and antibody responses
(von Bulow et al. 2001; Yan et al. 2001), whereas TACI-deficient mice were
shown to be deficient only in T cell-independent antibody responses (Carsetti
et al. 1995; O’Connor et al. 2004). Paradoxically, mice lacking TACI show
increased B cell proliferation and accumulation, suggesting an inhibitory role
for TACI in B cell homeostasis. Recently, BCMA has been identified as being
involved in the generation of long-lived plasma cells (Schiemann et al. 2001).
Thus far, gene-targeted mice lacking BAFF-R have not been reported, but the
natural mouse mutant, A/WySnJ, has a disruption of the intracellular domain
of BAFF-R. A/WySnJ mice display a phenotype that is similar to BAFF–/– mice,
although follicular and marginal-zone B cells are not completely abolished
(Benschop and Cambier 1999). A/WySnJ mice are impaired only in T cell-
dependent antibody responses, in contrast to the comprehensive defect of
BAFF-deficient mice. These results suggest that, while BAFF-R may be the
major receptor of BAFF-mediated signals for B cell survival, redundancy in
function may be provided by the other two receptors, especially by TACI.
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An interesting role for BAFF was recently shown when it was reported that
BAFF regulated the survival of both marginal zone and follicular B cells in
mice treated with anti-CD20 antibody (Gong et al. 2005). The increased levels
of BAFF found in some subjects with SLE or Sjögren’s syndrome may limit
the therapeutic potential of this B cell-depleting antibody.

3.1.2
Altered Thresholds for B Cellular Activation Can Lead to Autoimmunity

As noted above, signals generated through the B cell antigen receptor (BCR)
are critical for B cell development and survival (Maruyama et al. 2000) as
well as responses to antigen. The BCR is noncovalently associated with the
signal transduction elements, Igα (CD79a) and Igβ (CD79b) (Fig. 2). The
cytoplasmic domains of Igα and β contain highly conserved motifs that are the
sites of Src family kinase docking and tyrosine phosphorylation, termed the
immunoreceptor tyrosine-based activation motifs (ITAM). Phosphorylation
of tyrosines within these motifs is mediated by Src family kinases, including
Lyn, Fyn or Blk. This phosphorylation cascade promotes BCR recruitment
of another tyrosine kinase, Syk, which facilitates receptor phosphorylation
and initiates downstream signalling cascades that promote B cell activation
(Tedder et al. 1997).

The generation and maintenance of self-reactive B cells is regulated by
autoantigen signalling through the BCR complex. These responses are further
influenced by other cell surface signal transduction molecules, including
CD19, CD21 and CD22, which function as response regulators to amplify
or inhibit BCR signalling. CD19, CD21 and CD22 modulate BCR-mediated
signals by altering intrinsic intracellular signal transduction thresholds and
thereby adjusting the strength of signal needed to initiate BCR-mediated
activation (Cornall et al. 1998). Intracellular regulatory molecules that also
control theBCRsignalling intensity includeLyn,Btk,Vavand theSHP1protein
tyrosine phosphatase (Inaoki et al. 1997; Tedder 1998). Notably, CD19, CD21,
CD22, Lyn, Vav and SHP1 are functionally linked in a common signalling
pathway, as summarized in Fig. 2.

CD19 Recent evidence indicates that the expression of CD19 is involved in
regulating autoimmunity. Mice with altered CD19, CD21, CD22, Lyn or SHP1
expression produce autoantibodies and develop a spectrum of autoimmunity.
Peripheral tolerance was found to be disrupted in mice that overexpress CD19
with resultant B cell hyperactivity and the spontaneous production of IgG
subclass autoantibodies (Chan et al. 1999). Mice that have only a 15%–30%
increase in CD19 expression have a phenotype distinct from normal controls
and also develop SLE-like manifestations (Saito et al. 2002).
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Although multiple molecules involved in a common CD19 signal transduc-
tionpathway influenceautoimmunity inmice, similar examples inhumansare
very limited. In systemic sclerosis, autoantibodies are detected in more than
90% of patients and are considered to play a critical role in the pathogenesis of
the disease. Interestingly, CD19 and CD21 expression levels is 20% higher on B
cells from patients with systemic sclerosis compared with healthy individuals,
whereas the expression of other cell surface markers, such as CD20, CD22, and
CD40, is normal. Notably, CD19 overexpression by 20% induced autoantibody
production in a nonautoimmune strain of mice (Prodeus et al. 1998). Antin-
uclear antibodies and rheumatoid factor were induced in these mice, but not
wild type controls. Like mice that overexpress CD19, the tight-skin mouse,
a genetic model for human systemic sclerosis, also contains spontaneously
activated B cells and autoantibodies against systemic sclerosis-specific au-
toantigens. Tight-skin mice also develop cutaneous fibrosis. In contrast to
mice that overexpress CD19, mice that are CD19–/– have a markedly elevated
BCR signalling threshold as compared to wild type mice. CD19 deficiency
in tight-skin mice results in quiescent B cells, with significantly reduced au-
toantibody production and skin fibrosis. Overall, modest alterations in CD19
expression could contribute to the development of autoantibodies in humans,
as reported for systemic sclerosis (Doody et al. 1995). Distinct alterations in
expression or function in B cell response-regulators, such as CD19, may, there-
fore, play a role in autoimmune diseases. The explanation for the apparent
tendency of CD19 to predispose to the development of systemic sclerosis-
associated autoantibodies is not known.

A very recent analysis in CD19–/– mice (Diamant et al. 2005) demonstrated
that lack of this surface molecule resulted in enhanced tonic signalling, im-
paired B cell maturation and, importantly, intensive receptor editing, which
has been suggested to be impaired in autoimmunity (Dörner et al. 1998).

CD21 CD19 physically interacts with CD21, a complement receptor ex-
pressed on the surface of B cells. Thereby, CD19 transduces signals gener-
ated by the interaction of CD21 with complement fragment C3d. This may
amplify signals generated by simultaneous BCR ligation, as might occur with
a complement-containing immune complex. Multiple studies have suggested
that altered CD21 function associates with autoimmunity in animal models.
In addition, self-reactive B cells with 60% reduced CD21 expression are not
anergized by soluble self-antigen in mouse models of tolerance (Smith et al.
1998). Although these studies suggest a direct role for CD21 in regulating
B cell function and autoantibody production, this may actually reflect a role
for CD21 in regulating cell surface CD19 expression.
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3.1.3
Inhibitory Receptors of B Cells

Currently, two major classes of inhibitory receptors have been described that
share a number of structural and functional similarities. Each inhibitory
receptor contains one or more immunoreceptor tyrosine-based inhibitory
motifs (ITIMs) within its cytoplasmic domain essential for generation and
transduction of inhibitory signals. Ligation of the inhibitory receptor to an
immunoreceptor tyrosine-based activating motif (ITAM) -containing acti-
vating molecule results in tyrosine kinase phosphorylation of the tyrosine
residue within the ITIM (Tamir et al. 2000) by lyn (Daeron 1997), which
allows it to bind and activate phosphatases containing an src homology 2
(SH2) domain. Two classes of SH2-containing inhibitory phosphatases have
been identified: (a) the protein tyrosine phosphatases SHP-1 and SHP-2, and
(b) the phosphoinositol phosphatases SHIP and SHIP2. These classes have
separate downstream signalling pathways through which they modulate cel-
lular inhibition. In general, each class of phosphatase interacts with the ITIMs
of different inhibitory receptors, but each inhibitory receptor acts predomi-
nantly through only one class of phosphatase (Malbec et al. 1999).

The surface molecules FcγRII, CD22, and PDγ1 are inhibitory surface
receptors and experimental evidence suggests that defective regulation by
B cell inhibitory receptors may be of importance in autoimmunity.

Fc Receptors FcγRIIb Three classes of FcγR have been described in humans,
FcγRI, FcγRII and FcγRIII. FcγRII and III are further divided into an a and
b form. FcγRI, IIa and IIIa are activating receptors, whereas FcγRIIb is con-
sidered as an inhibitory receptor. The function of FcγRIIIb, which lacks an
intracellular domain, is still unknown. Coordinate expression of FcγR has
been implicated in various diseases involving immune complexes, such as
insulin-dependent diabetes mellitus, SLE, rheumatoid arthritis, multiple scle-
rosis and autoimmune anemia. FcγRIIb is a member of the Ig superfamily and
represents a single-chain, low-affinity receptor for the Fc portion of IgG. It is
a 40-kDa protein that consists of two extracellular Ig-like domains, a trans-
membrane domain and an intracytoplasmic domain that contains a single
ITIM. It binds IgG either complexed to multivalent soluble antigens as im-
mune complexes or bound to cell membranes (Latour et al. 1996). The isoform
on B cells is unique in containing an intracytoplasmic motif that prevents its
internalization (Pritchard and Smith 2003).

In B cells, which do not express any Fc receptors other than FcγRIIb,
it acts to inhibit signalling through the B cell receptor (BCR), whereas in
myeloid cells FcγRIIb inhibits activation through activating Fc receptors. Co-
ligation of FcγRIIb to the BCR leads to tyrosine phosphorylation of the ITIM
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by the tyrosine kinase lyn, recruitment of SHIP and inhibition of Ca2+ flux
and proliferation. The precise mechanism by which SHIP prevents B cell
proliferation is uncertain (Bolland and Ravetch 2000).

FcγRIIb also induces apoptosis upon aggregation of the receptor in the
absence of BCR signalling. In this circumstance, an apoptotic signal is gen-
erated through Btk and Jnk independent of the ITIM, which is abrogated
when FcγRIIb is cross-linked with the BCR. Co-ligation of FcγRIIb is thought
to provide feedback control of the B cell immune response, shutting off or
preventing a response if sufficient antigen-specific IgG is present.

Evidence of a role for defective FcγRIIb inhibition in the pathogenesis
of autoimmunity is provided by studies of FcγRII-deficient mice, murine
modelsof autoimmunediseaseandhumanSLEaswell as rheumatoidarthritis.
FcγRIIb deficiency renders normally resistant strains of mice susceptible to
collagen-induced arthritis and Goodpasture’s syndrome (Boackle et al. 2001).
FcγRIIb–/– mice derived on a C57BL/6 but not a Balb/c background produce
autoantibodies and develop immune complex-mediated autoimmune disease
resembling SLE, including immune complex-mediated glomerulonephritis
and renal failure.

Genetic studies of polygenic murine models of human autoimmune dis-
eases further implicate FcγRIIb in SLE pathogenesis. A number of indepen-
dent linkage studies in murine models of SLE and RA have identified disease
susceptibility loci that contain fcgr2. It should be emphasized that the region
on chromosome 1 containing fcgr2 also contains a number of other candidate
genes, for example complement receptor2andSLE-1 (Shai et al. 1999).Genetic
studies in human autoimmune diseases, such as SLE and insulin-dependent
diabetes mellitus (IDDM) have demonstrated significant linkage to the region
of chromosome 1 (1q23) containing the low-affinity Fc receptors (both acti-
vating and inhibitory) (Gaffney et al. 1998; Harley et al. 1998; Wakeland et al.
2001). A number of studies have also found a correlation between specific
polymorphisms in FcγRIIA, FcγRIIIA and FcγRIIIB and the development of
a number of different autoimmune diseases (Kyogoku et al. 2002), although
this has not been a consistent finding (Fujimoto et al. 1999). Further genetic
studies identifying a linkage of polymorphisms in FcγRIIB to disease patho-
genesis in humans found a single nucleotide polymorphism in the Fcgr2b
gene that results in an Ile232Thr substitution (Smith and Fearon 2000). In
that study, the 232T/T genotype was found at a significantly higher frequency
in Japanese SLE patients as compared to controls. Although the precise ef-
fect of this mutation is unknown, it encodes part of the trans-membrane
region of the molecule and it is known that an intact transmembrane re-
gion is required for induction of apoptotic signals through FcγRIIB in the
mouse. Thus, Fcgr2b and its polymorphisms represent a candidate gene of
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an inhibitory receptor that is likely to be involved in human autoimmune
disease.

CD22 CD22 is a B cell-specific glycoprotein that first appears intracellularly
during the late pro-B cell stage of ontogeny. Subsequently, CD22 shifts to the
plasma membrane with B cell maturation until plasma cell differentiation.
Plasma cells do not express the molecule. CD22 has seven extracytoplasmic
Ig-like domains and belongs to the Ig superfamily. It serves as a receptor
for carbohydrate determinants on a wide variety of cell surface and solu-
ble molecules in vivo. In contrast to CD19, CD22 can act as an antagonist
to B cell activation most likely by enhancing the threshold of BCR-induced
signals. Following BCR engagement, CD22 is predominantly phosphorylated
within ITIMs present in its cytoplasmic domain. Phosphorylation is predom-
inantly mediated by Lyn, downstream of the CD19-dependent Lyn kinase
amplification loop. If phosphorylated by Lyn, CD22 recruits the SHP-1 and
SHIP phosphatases, leading to activation of a CD22/SHP-1/SHIP regulatory
pathway that downregulates CD19 phosphorylation and BCR-mediated sig-
nal transduction. Thus, CD19 and CD22 together define signalling thresholds
critical for expansion of the peripheral B cell pool (Smith and Fearon 2000).
Ligation of CD22 to the BCR, and subsequent SHP-1 activation inhibits B cell
activation by inhibiting the MAP kinases ERK2, JNK and p38 and dephospho-
rylating molecules involved in the early events of BCR-mediated activation.
These include the BCR itself, tyrosine kinases activated by phosphorylation
of Igαβ (such as syk) and the targets of these kinases (including the adap-
tor protein BLNK and PLCγ). Since co-ligation of CD22 to the BCR reduces
B cell activation, the interaction of CD22 with its ligand may be involved in
downregulating B cell activation (O’Keefe et al. 1999).

CD22 has been linked genetically to autoimmune disease, indicating a pos-
sible role for defects in CD22 and subsequent signalling pathways in the de-
velopment of autoimmunity. It has been shown that CD22-deficient mice have
an expanded B1 cell population and develop increased serum IgM. The B cells
of these mice are hyper-responsive to stimulation through the BCR (Okazaki
et al. 2001), suggesting that CD22 is an important inhibitory receptor in BCR-
dependent B cell activation. Importantly, these mice develop high-affinity
autoantibodies to dsDNA, myeloperoxidase and cardiolipin, although they do
not develop autoimmune disease (Nishimura and Honjo 2001). Interestingly,
CD22 has been successfully used as target of biological therapies in patients
with non-Hodgkin lymphomas as well as in SLE (J. Kaufmann et al., personal
communication) by employing a humanized monoclonal antibody to CD22.
To which extent this monoclonal exerts its effects by depletion, inducing
apoptosis or by inhibition of B cell activation via CD22, remains to be shown.
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PD-1 PD-1 is a 55-kDa highly conserved inhibitory receptor of the Ig super-
family (Nishimura and Honjo 2001). It is expressed on resting B cells, T cells
and macrophages and is induced on activation of these cells (Nishimura and
Honjo 2001; Okazaki et al. 2001). PD-1 is composed of a single extracellular
Ig-like domain, a transmembrane region and has two tyrosine residues in
the cytoplasmic tail, one of which forms part of an ITIM. Two PD-1 ligands
(PD-Ls) have been identified and are constitutively expressed on dendritic
cells and on heart, lung, thymus and kidney and also on monocytes after IFN-
γstimulation. In vitro studies on a B cell lymphoma line using a chimaeric
molecule with the FcγRII extracellular domain and the PD-1 cytoplasmic do-
main have shown that ligation of the PD-1 cytoplasmic domain to the BCR
can inhibit BCR mediated signalling. This inhibition prevented BCR-mediated
proliferation, Ca2+ mobilization and tyrosine phosphorylation of molecules,
including CD79beta, syk, PLCγ2 and ERK1/2. The physiological role of PD-1
in B cells remains unclear, but it may play a role in maintaining peripheral
tolerance by limiting activation of autoreactive B cells by cross-linking PD-1
during interactions with PD-L-expressing cells.

From an epidemiologic perspective, linkage studies in human autoimmune
diseases have identified susceptibility loci for both SLE and insulin-dependent
diabetes mellitus that lie close to the gene encoding PD-1 (Pritchard and Smith
2003). However, no direct evidence for abnormal PD-1 function in human
disease has been identified so far. A role in the development of autoimmunity,
however, is suggested by the observation that PD-1 knockout mice develop
autoantibodies and autoimmune disease.

Collectively, preclinical studies inanimalmodels, genetic analysis aswell as
linkage studies indicate the three inhibitory receptorsPD-1,CD22andFcγRIIb
candidate as being involved in autoimmunity. Whether these potential defects
are involved in initiation or the maintenance of autoimmunity needs to be
addressed. If so, additional analyseswill beneeded toassesswhether thedefect
lies in the molecules or their ligand or intracellular signalling pathways.

4
Inhibitory Receptor Pathways and Autoimmunity

It must be emphasized that the large number of inhibitory receptors on the
surface of B cells are subserved by remarkably similar signalling pathways.
To date, Lyn is the only tyrosine kinase that has been identified as phospho-
rylating ITIMs on the B cell inhibitory receptors. Most of these ITIMs then
associate with SHP-1 or SHIP (Fig. 2).
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Inhibitory receptors control theactivation thresholdofmany immunecells,
including B cells. There are many similarities in the signalling pathways of
these inhibitory receptors. Inhibitory receptors also have specific effects, as
they bind different ligands, and signal through different phosphatases. Con-
sistent with a role of defects in inhibitory receptor function in autoimmunity
is the finding that B cells from inhibitory receptor-deficient mice have simi-
larities in phenotype and lowered thresholds for activation to those reported
for B cells from SLE patients.

SHP-1 SHP-1 is a protein tyrosine phosphatase and is similar in structure
to SHP-2. SHP-1 is the phosphatase that is utilized most widely in the in-
hibitory receptor signalling pathways. SHP-1 plays the predominant role in
regulating through ITIMs, whereas increasing evidence suggests that SHP-2
may well have an additional activating role. Obviously, these molecules have
an important role in regulation of a normal immune system.

Consistent with its role in mediating inhibitory receptor function, SHP-1
deficiency results in the development of spontaneous autoimmune disease.
SHP-1 also associates with BCR, Fc, growth factor, complement and cytokine
receptors (Shultz et al. 1984). SHP-1 knockout mice have a phenotype consis-
tent with a prominent role of this tyrosine phosphatase in inhibitory receptor
pathways (Sidman et al. 1986; Yu et al. 1996). These mice have B cells that are
hyper-responsive to BCR stimulation, raised levels of serum immunoglob-
ulin, develop autoantibodies and manifest severe autoimmune disease with
immune complex deposition in skin, lung and kidney (Lioubin et al. 1996; Sid-
man et al. 1986; Yu et al. 1996) and a number of other inflammatory changes.

So far, there are no clear data that show linkage between SHP-1 and the
development of autoimmune disease in human subjects. However, defects in
SHP-1 expression have been associated with SLE in humans; reduced levels
of SHP-1 and Lyn are found in the lymphocytes of patients with inactive SLE,
suggesting a potential role in pathogenesis.

SHIP SHIP is an highly conserved SH2-containing inositol phosphatase re-
lated to SHIP-2 (Helgason et al. 1998). Both share a conserved N-terminal SH2
catalytic domain. SHIP acts predominantly on the FcγRIIb signalling path-
way. The molecule is expressed in myeloid and lymphoid lineages, including
B cells.

The pattern of B cell abnormalities seen in the SHIP-deficient mouse indi-
cates its inhibitory role in B cell signalling. Splenic B cells have an activated
phenotype with lower surface levels of IgM and higher levels of IgD and are
hyper-responsive to BCR-mediated stimulation measured by expression of
the activation markers CD69 and CD86 (Helgason et al. 1998).
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Genetic studies in humans have identified susceptibility loci for both dia-
betes and SLE mapping to the region of the genome containing SHIP, although
direct evidence for abnormal SHIP function in human disease is lacking.

The phenotype of most murine models of SLE suggests impaired inhibitory
receptor function, with hyperactive B cells and a similar pattern of autoanti-
body production and glomerular disease to that seen in inhibitory receptor
knockout mice. Nonetheless, at almost every genetic susceptibility locus con-
taining an inhibitory receptor implicated in SLE, there are large numbers of
genes encoding other immunologically relevant molecules, which may also
play a role in disease pathogenesis. The role of inhibitory receptors in spon-
taneous disease has therefore yet to be established firmly, but nonetheless the
evidence favours contributions by defective inhibitory receptor function to
the pathogenesis of B cell-mediated autoimmune disease.

5
Activated B Cells May Bridge the Innate and Adaptive Immune System

The cross-talk between the innate and adaptive immune systems in general
as well as in rheumatoid arthritis has regained significant attention (Corr and
Firestein 2002) with the “one-way” concept of activation of the adaptive by
the innate path less likely. In this regard, there is a general perception of three
stages in the course of rheumatoid arthritis: disease initiation, perpetuation
and a terminal destructive process (Corr and Firestein 2002; Firestein and
Zvaifler 2002; Kouskoff et al. 1996; Mangialaio et al. 1999). However, the
distinct role of antigen-specific lymphocytes remains a matter of debate.
Recent concepts (Mangialaio et al. 1999) repostulated that the initiation of RA
may be antigen-independent by involving joint constituents. Secondly, the
inflammatory phase appears to be driven by specific antigens—either foreign
or native and either integral to the joint or presented in the periphery. In the
third stage, however, destruction of the synovium seems to be again antigen-
independent. Although it is not clear to which extent B cells are involved in
each stage of the disease, their role appears to be significant either as a link to
other immune cells, potentially bridging the innate and the adaptive immune
systems, or as directing cellular components in inflammation. Nevertheless,
B cells can be considered as an “enhancing element” of rheumatoid arthritis
severity by taking into account that patients producing autoantibodies usually
have a more severe disease course.

Recently, the K/BxN mouse has generated particular interest. In this model,
spontaneous arthritis occurs in mice that express both the transgene encoded
KRN T cell receptor and the IAg7 MHC class II allele (Kouskoff et al. 1996;
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Maccioni et al. 1999; Matsumoto et al. 1999). The transgenic T cells have
a specificity for glucose-6-phosphate isomerase (G6PI) and are able to break
tolerance in the B cell compartment, resulting in the production of autoan-
tibodies to G6PI. Affinity-purified anti-G6PI Ig from these mice can trans-
fer joint-specific inflammation to healthy recipients (Korganow et al. 1999).
A mechanism for joint-specific disease arising from autoimmunity to G6PI
has been suggested recently. G6PI bound to the surface of cartilage serves
as the target for anti-G6PI binding and subsequent complement-mediated
damage. In this model, the inciting event is the expression of an autoreactive
T cell receptor in the periphery. However, joint destruction is delegated by the
adaptive response to innate immune mechanisms and can be transferred to
animals that lack B and T cells (Korganow et al. 1999; Kouskoff et al. 1996).
Whereas these animal studies are very compelling, anti-G6PI antibodies do
not frequently occur in the serum of RA patients (Kassahn et al. 2002; Schubert
et al. 2002).

6
Rationales of B Cell-Targeted Therapy in Autoimmune Diseases

Although identification of the central antigens in a number of rheumatic
diseases is still lacking, formation of T cell/B cell aggregates and the formation
of germinal centre-like structures can be correlated with increasing disease
activity, including the production of autoantibodies (Leadbetter et al. 2002;
Shlomchik et al. 2001). It needs to be shown whether apparent differences in
the underlying pathologic process, with the disease activity likely escalating
from 1) non-organized infiltrate to 2) T/B aggregates through 3) ectopic
germinal centre formation. Such distinctions might indicate differences in
the course of the disease correlating with the degree of B cell activity and may
provide the benefit of tuning therapeutic strategies.

Despite the role of T cell help in the differentiation of B cells, recent stud-
ies suggest that B cells not only play an interactive role between the innate
and adaptive immune system, but can also be activated without additional
T cell help using either TLR- or BAFF-dependent activation pathways. This
emphasizes the central role of B cells in immune responses and the need for
B cell-directed therapies. A recent study (Leadbetter et al. 2002) showed that
effective activation of rheumatoid factor-positive B cells can be mediated by
IgG2a-chromatin immune complexes via engagement of the B cell receptor
and TLR9, a member of the MyD88-dependent toll-like receptor (TLR) family.
Bacterial and vertebrate DNAs differ by the absence of CpG methylation in
bacteria and therefore TLR9 can detect unmethylated CpG dinucleotides as
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a signal of infection initiating B cell activation. In humans, the expression
of TLR9 appears to be relatively restricted to B cells and CD123+ dendritic
cells. After ligation of CpG motifs to TLR9, B cells are induced to prolifer-
ate and secrete Ig, and DCs secrete a wide array of cytokines, interferons
and chemokines that activate TH1 cells. Bacterial DNA or CpG motifs co-
stimulate B cell activation through cell membrane Ig and thereby promote an
early antigen-specific response. This study (Leadbetter et al. 2002) found that
immune complexes containing self-DNA activate rheumatoid factor-specific
B cells as a result of two distinct signals: (a) engagement of the B cell antigen
receptor (BCR) and (b) activation of TLR9 through the histone/DNA por-
tion of the immune complex. Although the implications of these findings for
certain autoimmune diseases need further studies, the evidence that TLR9
activation co-stimulates autoreactive B cells provides a mechanism of action
for an established therapy for systemic autoimmune diseases. Decades ago,
it was found that chloroquine is an effective therapy for systemic autoimmu-
nity, but the mechanism of its activity was not identified. Chloroquine and
other compounds that interfere with endosomal acidification and maturation
specifically block all the CpG-mediated signals (Yin et al. 1998). The estab-
lished efficacy of chloroquine and related compounds in treating autoimmune
diseases could be related to a requirement for continuous co-stimulation
of the BCR and TLR9 pathways in sustaining disease activity. Chloroquine
also blocks antigen presentation, interleukin-6 production and directly binds
DNA, which could contribute to its effectiveness. Moreover, it has been shown
that sulfasalazine also has effects on reducing B cell activity, which further
indicates that known disease-modifying antirheumatic drugs may have the
capacity to influence the biologic activity of these cells (Cambridge et al.
2003). Moreover, other TLRs can also be considered as candidates in rheuma-
toid arthritis pathogenesis, i.e. TLR4 recognizing LPS, but this needs further
investigation.

Therapy for severe autoimmune disease has primarily relied on broadly
immunosuppressive agents such as cyclophosphamide, methotrexate, cy-
closporine, leflunomide, mycophenolate mofetil and corticosteroids (Hiro-
hata et al. 2002). Although survival rates have improved dramatically, none
of these therapies offers a cure and most have significant toxicity. With the
advent of monoclonal antibody and specific small-molecule-based therapies,
more specific and effective therapies are possible. Therapy directed at specif-
ically reducing B cell numbers has recently gained attention and enthusiasm
(Cambridge et al. 2002; Dörner and Burmester 2003). Based on the ability of
the chimerized anti-CD20 monoclonal antibody (rituximab) to reduce B cell
numbers without significant toxicity, it is also being evaluated in human clin-
ical trials for patients with a number of autoimmune diseases (Cambridge
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et al. 2002; De Vita et al. 2002; Edwards et al. 2000, 2004; Leandro et al. 2001,
2002a, b; Leandro, 2003). Rituximab functions by binding the membrane-
embedded CD20 surface molecule on B cells, leading to B cell elimination by
host immune effector mechanisms such as ADCC, inducing apoptosis and
cell-mediated cytotoxicity.

A further humanized antibody directed to CD22 previously applied in non-
Hodgkin’s patients is also under evaluation in early clinical studies of patients
with autoimmune disease (J. Kaufmann et al., personal communication).

Considering our current understanding of the role of B cells in the patho-
genesis of autoimmune disease, the potential specificity of monoclonal an-
tibodies with minimal toxicity, and the encouraging preliminary results in
human clinical trials, one can expect to see a significant expansion in the use
of B cell-directed therapy. Notably, however, most autoimmune patients that
have benefited from rituximab therapy have not manifested remarkable de-
creases in measurable Ig levels, but have been associated with some—but not
uniform—decreases in autoantibody titres, such as rheumatoid factor, an-
tineutrophil cytoplasmic antigen, cryoglobulins. These data suggest that the
therapeutic effect may not simply rely on deleting precursors of autoantibody-
producing cells, but possibly also by interfering with the life-cycle of specific
antigen-presenting B cells.

Beyond overall B cell depletion allowing common targeting of T cell-
dependent and -independent B cell activation, future therapies need to iden-
tify the most important common pathways of B cell activation that provide
similar efficiency but avoid complete loss of B cells. Other potential targets
for treating B cell-mediated human autoimmune diseases include BAFF an-
tagonists and decoy receptors utilizing BMCA-Ig or TACI-Ig. Recent trials of
CTLA-4-lg fusion proteins that disrupt T–B cell interactions (Kremer et al.
2003) and T cell activation have been promising in the treatment of rheuma-
toid arthritis, showing moderate efficacy with no evidence of significant toxic-
ity. The development of therapeutic monoclonal antibodies that block certain
ligand engagement or intracellular pathways may have considerable benefit
for the treatment of autoimmunity, without the risk of eliminating bulk B cell
populations, as with anti-CD20-directed therapies. Since CD19 deficiency
ameliorates autoimmunity in mice, a further understanding of the molecular
aspects of CD19–Src-family kinase interactions may lead to the identification
of target molecules for therapeutic intervention during human autoimmunity.

Rapidly advancing molecular understanding of regular and disturbed im-
mune responses will provide abundant targets appropriate for drug devel-
opment. It is expected and likely that many of these drugs will target B cell
function directly since it is becoming more obvious that abnormally activated
B cells contribute substantially to many human autoimmune diseases.
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Abstract The etiopathologies of autoimmune diseases are complex. A broad variety
of cell types and gene products are involved. However, clinical and experimental
evidence suggests that the importance of an individual factor changes during the
course of the disease. Factors and cell types that induce acute autoreactivity and
initiate an autoimmune disease could be distinct from those that drive a chronic
course of that disease. Autoreactive immunological memory, in particular B cell
and plasma cell memory, contributes to chronicity through several mechanisms.
Formation of autoreactive memory B cells leads to an increase in the numbers of
autoreactive cells. In comparison to naïve B cells, these memory B cells show a de-
creased threshold for activation. Additionally, a fraction of memory B cells express
the chemokine receptor CXCR3, which supports their accumulation within chron-
ically inflamed tissues. This may allow their escape from mechanisms for induc-
tion of peripheral tolerance. Within the inflamed tissue, inflammatory cytokines
and autoantigens provide activation signals that promote plasma cell differentiation
and survival. The autoantibodies produced locally by these plasma cells contribute
to the severity of inflammation. Together, an autoreactive loop of autoantibody-
induced inflammation is formed. Another integral part of immunological memory
are long-lived plasma cells. These cells provide persistent humoral antibody mem-
ory. Though not all autoantibodies are produced by long-lived plasma cells, these
cells have a special impact on immune pathology. Long-lived plasma cells are rel-
atively resistant to existing therapies of immunosuppression and continuously se-
crete antibodies, without need for restimulation. Long-lived plasma cells provide
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titers of autoantibodies even during clinically quiescent phases and after immuno-
suppression. These persisting autoantibody titers, though often low and not causing
acute clinical symptoms, are likely to maintain a low level of chronic inflammation
and progressive tissue destruction, which reduces the threshold for another break of
immunological tolerance.

Abbreviations
CXCL C-X-C motif chemokine ligand
CXCR C-X-C motif chemokine receptor
EAE Experimental autoimmune encephalomyelitis
IFN Interferon
MS Multiple sclerosis
RA Rheumatoid arthritis
SLE Systemic lupus erythematosus
SS Sjögren’s syndrome

1
Mechanisms Contributing to Autoimmune Diseases

In the course of autoimmune diseases, the immune system, upon reacting to
bacteria, viruses, andotherexogenouspathogens, alsocanattackself-antigens
and tissues. Numerous autoimmune diseases are known, each of them exhibit-
ing a distinct general etiopathology and affecting a limited number of defined
self-antigens and tissues. Some autoimmune diseases are clinically heteroge-
neous and merely defined by common clinical criteria. These diseases may
resemble a collection of genuinely distinct autoimmune disorders that share
only distinct features. Examples include such widespread autoimmune disor-
ders as rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE).
Frequently, these diseases initially present with mild symptoms but then be-
come chronic and progressive, eventually resulting in severe and irreversible
obstructions.

Autoimmune diseases affecting humans and animals are genetically com-
plex [1, 2]. Multiple gene defects contributing to the development of lupus in
the NZB/W mouse model and the development of pristane-induced arthritis
in particular rat strains have been identified [3–5]. Due to the complexity
of factors influencing autoimmunity, the pathomechanisms of autoimmune
diseases are diverse. Often, effector mechanisms of the innate immune system
as well as of the adapted immune system are involved [6–10]. Autoreactive
B cells, autoantibodies, and autoreactive effector T cells targeting specific self-
antigens mediate the tissue specificity observed for particular autoimmune
diseases. Complement, macrophages, and a self-sustaining chronic inflamma-
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tory environment substantially contribute to the local pathogenesis [11–13].
Though in some animal models either autoreactive B cells or autoreactive
T cells alone can be sufficient to induce an autoimmune disease, usually sev-
eral mechanisms and cell types contribute to the development and/or main-
tenance of immunopathology in a cooperative manner [5, 14–16]. However,
the factors initiating an autoimmune disease or promoting acute autoreac-
tivity could be different from those driving the chronic course of that very
same disease [17]. Here, we will discuss pathological mechanisms involved in
autoimmune diseases and their contribution to maintaining a chronic course
of disease, with a special focus on the role of the immunological memory in
that process.

2
Immunological Memory and Chronic Autoimmune Diseases

2.1
Chronicity

Though most autoimmune diseases become chronic, spontaneous remission
occurs in a small, but considerable proportion of patients suffering from var-
ious autoimmune diseases [18, 19]. Complete remission is common among
autoimmune diseases that had been induced by an exogenous stimulus in
individuals bearing an otherwise intact immune system. This applies for
most animal models, where autoreactivity is induced in animals that oth-
erwise would not develop that autoimmune disorder such as experimental
autoimmune encephalomyelitis (EAE) [20]. Similarly, drug-induced human
SLEusuallyundergoes remission inpatientsno longer receiving thisdrug [21].
These observations suggest that the factors that induce acute autoreactivity
and autoimmune tissue destruction are not necessarily sufficient to make
immunopathology and inflammation chronic.

Clear evidence that induction and chronicity of an autoimmune disease
could be driven by distinct mechanisms is provided by genetic approaches
in animal models [5]. Genetic dissection shows that the gene loci involved in
the onset of pristane-induced arthritis are different from those involved in
the chronic phase of that disease [17, 22]. It seems likely that following the
initial loss of immunological self-tolerance, additional factors are required
to maintain inflammation. Such considerations are well in accordance with
clinical observations and experimental results obtained in animal models.
Some of these observations even suggest that those factors that had induced
the disease initially are of minor importance at later stages of the disease. For
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example, in the K/BxN mouse model, the presence of both T cells and B cells
is required to induce pathogenic autoantibody production and induction of
arthritis [14, 23]. Accordingly, depletion of T cells in vivo by therapeutic anti-
bodies efficiently prevents the production of autoantibodies and the onset of
inflammation, when applied early. However, when T cells are depleted once
the disease has started, it inhibits neither the production of autoantibodies
nor the progression of arthritis. When transferred into immunodeficient re-
cipients, antibodies from arthritic K/BxN mice are sufficient to induce and
maintain inflammation, in the complete absence of T cells [14]. Thus, in
this model, T cells are of prime importance for the initial generation of au-
toreactive antibodies, but they are of minor importance for the maintenance
of inflammation. Despite their potential to induce autoreactivity, therapeu-
tic targeting of T cells does not suffice to cure the established disease. For
several human autoimmune diseases, similar principles are likely to apply.
There is good evidence for a critical participation of T cells in the pathogen-
esis of RA, SLE, and many other autoimmune diseases [24–26]. Nevertheless,
disease activity in RA patients usually remains unaltered upon T cell deple-
tion [27]. Instead, recent clinical trials show that the therapeutic depletion
of B cells expressing CD20 with rituximab results in remarkable clinical im-
provement in many patients with RA [28, 29] or SLE [30]. This is in agreement
with the speculation that T cells are involved in the initiation of rheumatic
inflammation, but B cells are more relevant for maintenance of inflamma-
tion.

In understanding autoimmune inflammation, most attention so far has
been directed to the mechanisms of breaking tolerance and developing tissue-
specific autoreactivity, i.e., the initiation of inflammation. Predominantly, it
is anticipated that inflammation is maintained by chronic autoimmune re-
actions. This view, already challenged by the apparent lack of efficacy of
immunosuppressive therapies in many chronic inflammatory situations, has
been challenged further by the recent development of new concepts of im-
munological memory. These concepts introduce the “memory plasma cell”
as a new cellular entity [31, 32] and reveal a considerable epigenetic and
transcriptional imprinting of distinct pro- and anti-inflammatory effector
functions of memory T lymphocytes, including cytokine expression and ex-
pression of particular receptors for chemokines and adhesion molecules [33–
35]. In addition, it becomes clear that memory T and B lymphocytes, unlike
their naïve precursors, can be reactivated independent of antigen, by pro-
inflammatory cytokines and pathogen-associated molecular patterns [36, 37].
In addition to these qualitative differences, quantitative differences between
naïve and memory lymphocytes may contribute to the chronic course of most
autoimmune diseases. These include the presence of increased numbers of
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B and T lymphocytes specific for the recall antigen, higher affinities of the
antibodies produced, a reduced threshold for activation of responding mem-
ory cells compared to naïve cells and an accelerated production of effector
cytokines.

2.2
B Cell Memory

B cells that express autoantibodies with hypermutated antigen-binding sites
are frequently found in patients suffering from RA, SLE, and other autoim-
mune diseases in which B cells or autoantibodies are likely to play key roles
in the pathogenesis [38–40]. Memory B cells accumulate within inflamed
salivary glands and within joints of patients suffering from Sjögren’s syn-
drome (SS) or RA, respectively. This is due to immigration of memory B cells
into inflamed tissues and their local clonal expansion there [41–43]. It had
been assumed that this expansion might be autoantigen-driven and that the
responding autoreactive cells might be directly involved in local pathogen-
esis [43]. Interestingly enough, in individuals suffering from autoimmune
diseases, somatic mutation of the genes coding for the antibody binding sites
can takeplace in lymphoid tissuesoutsideof classical germinal centers [44–46]
(Table 1). Such mutations also can occur in germinal center-like structures of
inflamed synovial tissue of RA patients, and in B cells of the marginal sinus-
bridging channels of MRL/lpr mice [47]. In MRL/lpr mice, the mutation rates
of autoreactive B cells found in extrafollicular sites are similar to those of
B cells of germinal centers, activated by an alloantigen [48].

The generation of an autoreactive B cell memory could contribute in sev-
eral ways to autoimmune inflammation. Memory B cells are increased in
numbers and show a reduced threshold for reactivation. Plasma cells derived
from memory B cells will secrete autoantibodies of increased affinities and
switched isotypes, which may switch them from harmless to pathogenic.
Probably most importantly, memory B cells can be reactivated indepen-
dent of antigen-receptor signaling, by pathogen-associated molecular pat-
terns and cytokines. Such signals will drive memory B cells into differ-
entiation to antibody-secreting cells [36]. Reactivation of memory B cells
can occur also independent of T cell help [49]. Thus even in a situation
when T cell tolerance is (re-)established, autoreactive memory B cells, when
reactivated by pathogenic insult, may start an inflammatory autoreactive
flare, or entertain chronic autoimmune inflammation, by differentiating into
potent autoantigen-presenting cells [50] and into cells secreting potentially
pathogenic autoantibodies.
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Table 1 B cell and humoral memory origin and persistence

Protective immunity Autoimmune diseases

Formation of memory B cells in
germinal centers within secondary
lymphoid tissues [44, 45]

Spontaneous formation of splenic
germinal centers in murine models
[66, 94]

Persistence of long-lived plasma cells
providing humoral antibody-memory
mainly in the bone marrow [61, 62],
and to a lower extent in spleen [64]

Persistence of long-lived plasma cells
providing humoral autoreactive antibody
memory in the spleen [65] and most likely
the inflamed kidneys of NZB/W mice [66]

Somatic hypermutation of autoreactive
B cells (indicating memory B cell
formation) in extrafollicular areas
within secondary lymphoid tissues
demonstrated
in Fas-deficient MRL/lpr mice [47]

Ectopic germinal center-like structures
(indicating memory B cell formation)
within chronically inflamed joints
of RA patients [95–97]

2.3
T Cell Memory

LikememoryBcells,memoryTcells, compared tonaïveTcells, have a reduced
threshold for reactivation by antigen and can also be reactivated independent
of antigen, e.g., by ligands for TLR2 [37] and cytokines, such as type I inter-
ferons [51]. Autoreactive T cells have been found in patients suffering from
various autoimmune diseases. Upon restimulation in vitro, many of these cells
express effector cytokines and show the phenotype of memory cells [52, 53].
It is controversial whether the frequencies of autoreactive T cells are higher
in autoimmune patients than in normal controls, with some reports finding
no differences [54, 55], while others do [56]. In an attempt to determine the
frequencies of autoreactive T cells with high functional avidity to myelin in
patients and controls, Bilekova and colleagues have used low amounts of the
autoantigen myelin for the ex vivo restimulation of T cells from patients with
multiple sclerosis (MS) and found the frequencies of autoreactive T cells about
four times as high in patients compared to controls [57]. This increase, though
small, is in accordance with the idea that an autoreactive T cell memory is
formed in MS patients. Many autoreactive T cells isolated from patients also
show a cytokine memory [33], e.g., for IFN-γ [58].
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The contribution of autoreactive T cell memory to the pathology of murine
models for autoimmune diseases is poorly understood. T cells are considered
to be of prime relevance for the development of MS and its murine model EAE.
However, the presence of autoreactive memory T cells might not be required
for the chronic phase of the disease [59], but rather for the development
of chronicity [60]. A single immunization with self-antigen leads to acute
EAE inflammation, followed by stable remission. Induction of autoreactive
immunological memory to neuronal antigens leads to a chronic relapsing-
remitting form of EAE, more closely resembling MS [60]. While the detailed
mechanisms behind these observations are not completely understood, they
suggest that the formation of autoreactive immunological memory might be
a prerequisite for chronicity in EAE. Whether or not T cell memory is crucial
in this process remains speculative. Autoreactive T cells have a great poten-
tial to contribute to autoreactive pathogenicity and definitively can induce
autoimmune diseases in animal models, but experiments and clinical obser-
vations demonstrating a crucial role for T cell memory in causing chronicity
of autoimmune diseases are still lacking.

2.4
Humoral Memory

Immunological memory is characterized by increased numbers of clonally
expanded B and T cells specific for an antigen previously encountered, along
with an increase in the affinity of the antibody response. Long-lived plasma
cells provide humoral memory in terms of specific antibodies [61–64]. These
plasmacells havea lifespancomparable to that ofmemoryBcells andmaintain
antibody secretion formonths andyears,withoutneed for restimulation.They
are a major source of long-term persisting serum antibody titers in protective
immunity. Recently, it has been demonstrated that long-lived plasma cells
also contribute to the production of autoantibodies in lupus-prone NZB/W
mice [65]. In these mice, total plasma cell numbers are significantly increased
in the spleen, as compared to healthy mice [66]. The splenic plasma cell
population of NZB/W mice consists of about 60% short-lived cells, and about
40% nondividing, long-lived plasma cells with half-lives of several months, at
least. Cells secreting autoantibodies binding to DNA are present in the short-
lived and in the long-lived plasma cell population [65]. Treatment with the
immunosuppressive drug cyclophosphamide readily depletes the short-lived,
but not the long-lived plasma cells in NZB/W mice. Whether autoreactive
long-lived plasma cells are also found in other tissues of NZB/W mice remains
to be established. Chronically inflamed tissues are potential candidates to
harbor long-lived plasma cells. Plasma cells accumulate at these sites in large
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numbers, and many factors supporting plasma cell survival belong to the
family of inflammatory cytokines [67]. Interestingly, the bone marrow plasma
cell compartment that contains the largest numbers of long-lived plasma cells
in nonautoimmune individuals is not increased in NZB/W mice.

In humans, the lifetime of individual plasma cells cannot be measured
directly, for ethical reasons. Indirect evidence suggests, however, that also in
humans long-lived plasma cells contribute to the pathogenesis of autoimmune
diseases. Long-lived plasma cells will produce antibodies in the absence of an
acute reactive immune flare, i.e., during disease remission, and will survive
conventional immunosuppressive therapy [32]. This is exactly the observation
for many patients with autoimmune diseases, which maintain expression
of autoantibodies during clinical quiescent phases [32, 68–70] and despite
immunosuppressive or B cell- or T cell-depleting therapy [28, 71–73]. The
autoantibodies produced in the remitting phases, although obviously not
leading to acute clinical symptoms, may well contribute essentially to the
maintenance of chronic inflammation and set the stage for the next relapse.

2.4.1
Autoantibody-Mediated Pathological Mechanisms

In mice, and probably also in humans, long-lived plasma cells can maintain
a relevant level of autoantibody titers during clinically quiescent states, even in
face of immunosuppressive therapy. Though some autoantibodies may have
no pathogenetic potential, others fuel chronic inflammation and accelerate
relapses of acute pathology by a variety of mechanisms (Table 2). Autoan-
tibodies directed to targets on cell surfaces can damage or destroy these
cells by classical immune effector mechanisms, such as complement lysis or
antibody-dependent cell-mediated immunity (ADCC), e.g., autoantibodies
binding to erythrocytes and thrombocytes can cause autoimmune hemolytic
anemia and thrombocytopenia, respectively. Autoantibodies reacting with
cell surface receptors can modify cell activity by modulation, blockage, or
stimulation [74]. Autoantibody-induced cross-linking of cell surface recep-
tors may result in aggregation and redistribution of the receptors and their
internalization, mimicking the respective signals or making the cell refractory
to them. By this mechanism, anti-acetylcholine receptor antibodies impair
neuromuscular function in myasthenia gravis [75]. Type 1 anti-intrinsic fac-
tor antibodies block the cobalamin binding site of the gastric protein intrinsic
factor, required for the uptake of cobalamin, causing pernicious anemia [76].
In Graves’ disease, thyroid-stimulating autoantibodies mimic the action of
the thyroid-stimulating hormone. The resulting stimulation of thyroid cells
leads to hyperthyroidism and overproduction of thyroid hormone [77].
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Table 2 Antibody mediated pathological mechanisms

Mechanism Syndrome References

Autoantibodies
to cell surface
and matrix antigens

Autoimmune anemia,
thrombocytopenia

[74]

Blockade or stimulation
of proteins/receptors

Myasthenia gravis,
pernicious anemia;
Graves’ disease

[74, 76, 77]

Immune complex-mediated Nephritis, vasculitis, etc. [84–87]

Antibodies to intracellular autoantigens can also be pathogenetic. Several
studies have demonstrated binding of such autoantibodies to the outside
of the cell membrane. The reason for this extracellular binding is less clear.
Membraneproteinsmayshowcross-reactiveepitopes to intracellularproteins,
and/or under certain conditions intracellular antigens may be exposed at the
cell surface, e.g., in cells undergoing apoptosis [78]. It has also been reported
that autoantibodies specific for intracellular antigens penetrate into living
cells [79–81], although this idea is controversially discussed [81].

DNA–anti-DNA antibody complexes directly induce production of type I
interferon by plasmacytoid dendritic cells [82, 83]. Deposits of immune
complexes can mediate vasculitis, cryoglobulinemia, nephritis, and other
syndromes [84–87]. The significant contribution of secreted autoantibodies
to pathogenesis of autoimmune diseases and the resistance of long-lived
plasma cells to conventional immunosuppression underlines the necessity
of developing novel therapeutic approaches for the elimination of long-lived
plasma cells.

3
Autoreactive Memory and Chronic Inflammation

In addition to autoreactive immunological memory, other factors may
contribute to or stabilize chronic autoreactive inflammation, either on
their own or in concert with autoreactive cellular and/or humoral memory.
Inflammation as such may cause a break in immunological tolerance,
particularly if present in an individual bearing autoreactive memory cells
or persistent autoantibody titers. It has been shown that fibroblastoid cells
isolated from chronically inflamed tissue are able to sustain the production of
pro-inflammatory cytokines in the absence of lymphocytes for several weeks
or longer in vitro [13]. In RA synovial tissue, fibroblastoid cells are a major
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source of inflammatory cytokines [88, 89]. In any case, antigen-presenting
cells (APCs) emigrating from the site of ongoing inflammation are likely to
stimulate the production of pro-inflammatory cytokines such as interferon
(IFN) -γ in the adjacent lymph nodes and modulate the immune reactions go-
ing on there accordingly. It has been demonstrated that this cytokine induces
the expression of the C-X-C motif chemokine receptor (CXCR) 3 on activated
B cells [90]. CXCR3 is absent from naïve B cells. Once its expression is induced
in memory B cells, these cells remain CXCR3-positive. On T cells, CXCR3 is

Fig. 1 A possible mechanism of how CXCR3-mediated recruitment of autoreactive
lymphocytes into inflamed tissues contributes to a break in self-tolerance. Inflam-
matory cytokines induce the production of CXCR3 ligands within inflamed tissues.
APCs leaving the site of inflammation are likely to induce Th1 responses within drain-
ing lymph nodes. Local production of Th1 cytokines, particularly IFN-γ , induces
the expression of CXCR3 on activated B cells, plasma cell precursors, and likely also
on T cells. CXCR3 expression is stable on memory B cells and allows accumulation
within the inflamed tissue where they may escape effective mechanisms controlling
self-tolerance
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expressed preferentially on Th1 cells [91]. The corresponding chemokines
CXC ligand (CXCL) 9, CXCL10, and CXCL11 are induced by IFN-γ at the site
of inflammation and attract CXCR3-expressing lymphocytes [92]. Activated
B cells and migratory plasmablasts accumulate within chronically inflamed
tissues independent of their antigenic specificity [66, 93]; for example in
patients with established autoimmune memory, autoreactive memory cells
with decreased activation thresholds are found in relatively large numbers
(Fig. 1) [90]. At these sites, inflammatory cytokines, bacterial products, and
autoantigen may stimulate these cells to become plasma cells or form ectopic
germinal centers to increase the numbers of autoreactive memory cells.
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Abstract It has so far been difficult to identify genes behind polygenic autoimmune
diseases such as rheumatoid arthritis (RA), multiple sclerosis (MS), and type I diabetes
(T1D). With proper animal models, some of the complexity behind these diseases can
be reduced. The use of linkage analysis and positional cloning of genes in animal
models for RA resulted in the identification of one of the genes regulating sever-
ity of arthritis in rats and mice, the Ncf1 gene. The Ncf1 gene encodes for the Ncf1
protein that is involved in production of free oxygen radicals through the NADPH
oxidase complex, which opens up a new pathway for therapeutic treatment of inflam-
matory diseases. In most cases, however, a quantitative trait locus (QTL) is the sum
effect of several genes within and outside the QTL, which make positional cloning



260 M. Johannesson et al.

difficult. Here we will discuss the possibilities and difficulties of gene identification in
animal models of autoimmune disorders.

1
Introduction

The major autoimmune diseases such as rheumatoid arthritis (RA), multiple
sclerosis, (MS) and type I diabetes (T1D) as well as related inflammatory
disorders such as asthma, psoriasis, and atherosclerosis are complex, and it
has been difficult to understand their fundamental genetic and environmental
causes. With proper animal models genetic and environmental factors can be
better controlled and also manipulated. This enables genetic approaches that
lead to an insight not possible to achieve with direct human studies only. The
possibility of combining the genetic knowledge with direct animal studies will
enhance the understanding of these diseases and shorten the time needed to
develop new therapies with higher efficiency and limited side-effects. We
will discuss these possibilities, mainly using examples from recent studies of
models for RA.

2
Definition of Autoimmune Disease: Physiology Versus Pathology

Identification of genes controlling autoimmune diseases requires that we have
a clear definition of what an autoimmune disease is. Over the years, this
definition has been shifting and also varies depending on whether it is seen
from a clinical point of view or from a basic science point of view.

From a clinical point of view, these diseases are inflammatory diseases of
unknown origin, which cannot be explained by any obvious cause such as
infection or allergen exposure. To strengthen the classification they should
be chronic, i.e. they should last for a period that exceeds a normal acute
inflammatory phase of usually 3–4 weeks. The occurrence of autoantibodies
targeting some relevant tissue antigen is often, but not always, included as an
additional criteria . However, the pathogenic relevance of such antibodies is
not always clear. These definitions have led us to classify a number of com-
monly occurring chronic diseases as classical autoimmune, for example MS,
RA,T1D,andsystemic lupuserythematosus (SLE).Aborderlinegroup ismade
up of inflammatory diseases with a possible but not proven infectious cause
such as spondyloarthropathies and inflammatory bowel diseases. Another
borderline group comprises diseases in which an inflammatory component
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has emerged as one of the major driving factors, for example, psoriasis and
atherosclerosis. It is obvious that from this perspective autoimmune diseases
compose a highly heterogeneous group, even within each disease classifica-
tion, as there are not yet means to link diagnosis with disease mechanisms.
Rather we are bound to description of the more obvious pathologic end-result,
such as the lack of insulin in T1D or the neurological deficit in MS.

From the basic science standpoint, autoimmune recognition is often the
phenomenon of interest for definition of autoimmune diseases. It stems from
a tradition of viewing autoimmunity as forbidden self or “horror autotoxi-
cus,” as Burnett described it. The view has been broadened over the years
with inclusion of innate immune recognition, more colorfully expressed
as “danger,” as a factor not only in combat of infections but also in play-
ing a role in the development of autoimmunity. The immune recognition
is seen as the essential key for understanding both regulatory/suppressor
and helper/effector mechanisms. Autoimmunity is defined through autoim-
mune recognition by lymphocytes, an event that is physiologic but results
in an autoimmune disease when such lymphocytes are pathogenic. Proof
for autoimmunity can be tested in animal models but not in humans, which
has led to the development of animal models for autoimmune diseases. The
models are mainly of two types: one that is induced and one where the
disease develops spontaneously. Of the induced models, many are induced
through immunization with an autoantigen, and the pathogenicity of autore-
active lymphocytes can be clearly shown. In general, only the acute phase of
the first inflammatory response is studied. Examples of induced models are
collagen-induced arthritis (CIA) as a model for RA [1, 2] and experimental
autoimmune encephalomyelitis (EAE) as a model for MS [3]. Other mod-
els develop “spontaneously” due to genetic aberrations. In the spontaneous
models, as in humans, the pathogenicity of specific autoimmune recogni-
tion is often difficult to document and the disease course is often chronic.
But in contrast to human disease, these models are often monogenic, highly
penetrant and less influenced by environmental factors. Examples of spon-
taneous models are the transgenic models for arthritis (TNFα [4], IL1Rα
deficiency [5], anti-glucose-6-phosphoisomeras T cell receptor [6]), various
spontaneous lupus models (NZB xNZW, MRL/lpr, BXSB) [7] and diabetes in
the NOD mouse [8].

Clearly, discrepancies between results from studies of autoimmune dis-
eases between human and mouse are not only influenced by the species
differences but are in most cases due to different disease definitions and
methods. A better definition of the human diseases and also more appropri-
ate, well-characterized animal models are therefore needed.
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3
From Genes to Disease: The Basic Science Approach

The weakness of the basic science approach is the difficulties to clearly define
the pathology of the phenomenon. In search of the pathologic effect of the
mechanisms, numerous experiments has been carried out in animal models
for human diseases where basically any disturbance of the physiology after
knocking out a hypothesized gene is described as pathological. Clearly, in
a complex system such as the immune system, the result will be pathologic in
most cases, but the question remains, what is relevant for a naturally selected
disease as occurring in humans? And how do we know that the postulated
genes, proteins, mechanisms, or pathways are indeed relevant and essential
for an autoimmune disease in humans? One way to find out is to first identify
the genes involved in the disease development. Then, when we have defined
the most critical genes and thereby the most critical pathways, the basic
approaches to studying the molecular interacting pathways will be crucial for
understanding the disease.

4
From Disease to Genes: The Monogenic Success and the Polygenic Failure

The cause of autoimmune diseases seems to be easily delivered by genetics.
Why not just define the genes carried by diseased individuals and then deter-
mine their functional genetics? Is this not just a question of adding resources
into the human genetic project and its prolongations in the form of various
strategic research platforms? The human genome project has indeed been
fruitful and we have had enormous success with hundreds of monogenic dis-
eases. One example in the autoimmune field is the identification of the AIRE
(autoimmune regulator) gene causing the APECED syndrome [9, 10]. The
APECED syndrome is a familiar disease characterized by a combination of
fungal infections andautoimmune inflammationof various endocrineorgans.
It is a monogenic disease with high penetrance and caused by mutations in
the AIRE gene. This discovery did not only identify the gene behind APECED
but also led to a renewed understanding of autoimmunity as the AIRE gene
plays an important role in the induction of central tolerance through its ex-
pression in the thymic epithelial cells [11]. However, polymorphism in AIRE
could not explain the major autoimmune diseases that are more complex and
polygenic in nature. Genetic linkage analysis of large familiar cohorts has
been relatively unsuccessful. A few, relatively highly penetrant genes, such
as NOD2 [12] and PTPN22 [13], have been replicated in several association
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studies, but these are likely to represent only the tip of the iceberg. What we
need is a more complete picture of the genetic architecture, with all the genes
involved, high- as well as low-penetrant, and to know how they interact with
each other and with the environment. However, even when the association
with a gene or haplotype is known, it can still be difficult to find the actual
function. One example of the difficulties is the MHC complex. Most autoim-
mune diseases have been known for decades to be associated with various
strongly conserved MHC haplotypes. However, it has not been possible in
any disease to clearly identify the gene(s) within the haplotypes, although
there is circumstantial evidence for the importance of certain class II genes
(DR4/DR1 with the shared epitope) in RA [14] and class I genes (B27) in
spondyloarthropathies [15].

It is likely that more of the genetic secrets in humans will be revealed by
adding resources, as done through the HapMap project and other efforts.
However, the approach requires substantial resources and the question is
whether we can make shortcuts and what complementary approaches we can
use. The use of improved animal models for human diseases would be a major
advantage in several aspects. The environmental factors could be controlled
and we have inbred strains simplifying the genetics and the linkage analysis,
strains that can be genetically manipulated and thereby allow us to test our
hypotheses (Fig. 1).

Fig. 1 The advantages of using animal models for genetic studies
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5
The Use of Animal Models in a Disease-to-Gene Approach

Experience from studies on animal models of autoimmune diseases show
that they are much more efficient and appropriate for linkage analysis than
human cohorts. The process of positional cloning involves five generic steps
that intend to lead from phenotype to gene discovery (described in Fig. 2). In
general, an F2 intercross of 100–400 animals will reveal loci explaining 10%–
50% of a given disease trait and also allows for studying some of the genetic
interactions involved. Thus, the power is much higher compared to human

Fig. 2 The five generic steps in positional cloning of quantitative trait genes. The
first step is to map QTLs to chromosomal segments, usually in an F2 intercross or N2
backcross. This also involves the selection of inbred strains different for the phenotype
studied. The number of F2 or N2 progeny genotyped and phenotyped determines the
size of the linked regions and also sets the detection limits for how weak QTLs that
can be found. The second step is to genetically isolate single QTLs and to measure
the phenotypic effect of each. This is usually done in a congenic strain. If the effect
is reproduced in the congenic strain, then the third step is to reduce the size of the
critical region as much as possible. Before molecular studies can be undertaken for
gene identification, the linked region must be reduced to a few Mb, preferably less. The
fourth step is then to identify and evaluate candidate genes with different methods, all
dependent on the identity of the genes. The fifth and final step is to establish proof of
identity of the candidate genes with, for example, gene targeting, transgenic mice, or
other functional tests
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studies. What we have learned from animal models for autoimmune diseases
so far is that there are a multitude of genes of variable penetrance controlling
a disease, and in addition, there are complex genetic interactions and also
interactions with the environment. It is important to remember that, depend-
ing on the phenotype, the number of loci, their relative effects, and how they
interact with each other and the environment varies considerably. Most likely,
the complexity revealed in the genetic studies of animal models will also ap-
ply for humans. Therefore, the definition of both genetic and environmental
interactions are critical for finding the underlying genes causing and control-
ling autoimmune diseases, a task that is also difficult in animal models, here
illustrated by two examples: the positional cloning of the Pia4 gene Ncf1 and
the complex structure and interactions of the Eae3 and Eae2 loci.

6
Positional Cloning of Ncf1, a Genetic Polymorphism Explaining
a Major Quantitative Trait Locus Controlling Chronic Inflammation

Pristane-induced arthritis (PIA) in rats is a model mimicking RA. Arthritis
is induced by a subcutaneous injection of the adjuvant oil pristane at the base
of the tail and signs of arthritis appear after about 14 days. The subsequent
development of arthritis is chronic and relapsing in the susceptible DA strain,
with anerosive and symmetric destructionofperipheral joints and thedisease
fulfils the classical RA criteria [16, 17]. PIA is T cell-dependent and there is
no evidence for an influence of B cells or arthritogenic antibodies in contrast
to CIA, the primarily used arthritis model in mice, in which arthritogenic
antibodies to CII play a significant role [18].

To identify the genes contributing to the disease, the arthritis-susceptible
DA strain was crossed with the arthritis-resistant E3 strain [19, 20]. In a num-
ber of both intercrosses and backcrosses involving more than 1,000 rats, the
major quantitative trait loci (QTLs) could be identified (Fig. 3). These loci
could clearly be separated to control specific phases of the disease course,
i.e. onset, severity, and chronicity (Fig. 4). One of the QTLs, Pia4 located on
chromosome 12, was found to be associated with severity of PIA. By insertion
of the genetic fragment of interest from the resistant strain (in this case E3)
into the genome of the susceptible DA strain through conventional backcross
breeding (more than ten generations), we created a congenic strain. At this
stage, the congenic fragment was 20 cM and we found that the congenic rat
developed a milder arthritis than the parental DA strain. In fact, the difference
was significant using fewer than ten rats in each group, which is a criterion for
going further to clone the underlying gene/s. In other words, the prerequisite
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Fig. 3 Known regions in the rat genome linked to PIA

was that we had transformed the trait to be more Mendelian. On this basis,
we started a process of collecting and testing small cohorts of animals hav-
ing recombinations within this fragment in order to establish subcongenic
strains [21]. Each new subcongenic strain was screened for the presence of
the disease-associated genes by testing them for PIA susceptibility. With this
method, the fragment could be reduced to contain only two genes, Ncf1 and
Gtf2i. No differential expression of either Ncf1 or Gtf2i could be detected
and only Ncf1 (alias p47phox) had polymorphism alterations in the coding
sequence leading to changes in amino acid sequence in the translated protein,
suggesting that Ncf1 was essential for arthritis susceptibility. One of the alter-
ations was at position 106 ATG/GTG and resulted in a Met/Val alteration, the
other one was at position 153 ATG/ACG and resulted in a Met/Thr alteration.
Brown Norway (BN) rats, which are resistant to arthritis, share all genotypes
but one with DA, the alteration in position 153, suggesting that this alteration
is important for the Ncf1 function. Consequently, this approach allowed us to
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Fig. 4 Different loci control separate phases of PIA

identify a causative gene, which could now be subjected for further functional
analysis and studies of this new pathogenic pathway associated with arthritis
severity.

7
The Ncf1 Protein and the NADPH Complex

How could the Ncf1 gene be involved in the development of arthritis? To
our advantage, a huge effort in investigation and characterization had al-
ready been made regarding the Ncf1 gene and the encoded Ncf1 protein.
The fact that a lot of information was already available simplified the pro-
cess of finding phenotypes associated with the genotype. The Ncf1 protein
is part of the NADPH oxidase complex expressed in phagocytic cells. The
complex is composed of five subunits, of which two, Cyba (gp91phox) and
Cybb (p22 phox), resides in the membrane where they form a heterodimeric
flavohemoprotein—cytochrome b558. The other three subunits—Ncf1, Ncf2
(p67phox) and Ncf4 (p40phox)—are in the resting state forming a complex
in the cytosol, but when activated by any of a wide variety of stimuli, the
Ncf1 protein gets heavily phosphorylated and the complex migrates to the
membrane to form the activated complex [22]. The Ncf1 protein is the sub-
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unit responsible for transporting the cytosolic complex to the endosomal
membrane or the cell membrane during activation [23]. The NADPH oxi-
dase complex functions as an electron donor in the oxidative burst process
activated in response to pathogenic invaders, ultimately generating reactive
oxygen species (ROS) [24]. To investigate the functional consequences of the
identified Ncf1 polymorphism, we tested the ability of rat peritoneal cells to
produce ROS. The surprising results showed that the arthritis-susceptible DA
rat had a lower burst than the resistant DA. Ncf1E3 congenic rat [21]. One allele
containing the functional Ncf1 was enough to correct for the deficiency in ox-
idative burst and protect from disease since the congenic heterozygous for the
Ncf1E3 allele had a milder disease than the homozygous DA rat. These results
contradict the general belief that oxidative burst promotes inflammation and
suggest that the oxidative burst is involved in a previously unknown pathway
controlling inflammation. In fact, transfer of spleen-derived T cells from the
congenic DA. Ncf1E3 rat to the parental DA and vice versa showed that the
Ncf1 polymorphism operated before activation of the T cells, indicating that
it plays a role in the control of autoimmune activation.

8
Pathway Analysis

Natural selection does not operate on single genes but rather on molecular
pathways. Thus, the discovery of a genetic polymorphism, like in Ncf1, regu-
lating a disease trait, opens up the possibility for the identification of a new
pathway leading to arthritis. The pathways are likely to be shared between
different species; however, the exact nucleotide variant in the rat Ncf1 gene is
probably specific. Thus, for further studies it can be assumed that the pathway
will operate similarly in rats, mice, and humans.

To investigate this possibility we looked to the mouse. In the mouse there
is an arthritis QTL identified that contains the Ncf1 gene. However, we found
that Ncf1 was not polymorphic and we did not find an effect on the oxidative
burst using a congenic strain with a fragment derived from C3H on a B10.Q
background (P. Olofsson et al., unpublished data). Another mouse that was
madedeficient forNcf1wasnotpossible touse forourpurpose, as themutation
results in a complete destruction of the gene. Moreover, the Ncf1-targeted
mutation also contains a genetically linked 129-derived fragment [25], known
to contain other polymorphic genes of importance for arthritis [26]. However,
a worldwide search through available mouse strains identified a variant of
a C57B1/6 strain with mutations in both the leptin receptor and the Ncf1
gene [27]. The point mutation in the Ncf1 gene is located at position –2 in
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exon 8 and results in an aberrant splicing of the Ncf1 mRNA transcripts. One of
the transcripts resulting from this mutation gives rise to low levels of a protein
that is truncated, lacking eight amino acids in the second SH3 domain that
are important for interaction with the Ncf2 protein, thus resulting in absence
of detectable NADPH oxidase activity. Consequently, we now had another
mutation that presumably should affect the same pathway as was discovered
in the rat. The C57Bl/6 mouse with the mutation in the Ncf1 gene was therefore
backcrossed to the arthritis-susceptible B10.Q strain. The mice were tested for
susceptibility to CIA, where arthritis is induced by an intradermal injection
of rat collagen type II (CII) emulsified in complete Freund’s adjuvant. The
B10.Q mice homozygous for the mutation in Ncf1 developed severe arthritis
with chronic development, i.e., similar to the low oxidative burst responder
DA rat strain [28]. Mice heterozygous for the mutation were found to develop
a less severe arthritis than Ncf1-mutated mice resembling the situation in rats
where one functional Ncf1 allele is enough to correct both oxidative burst
and disease severity. Interestingly, both the delayed type hypersensitivity and
antibody response to CII were higher in the Ncf1 mutated mice, indicating an
increased activity of CII reactive T cells. We also found that some female Ncf1
mutated mice in the breeding colony spontaneously developed arthritis. In
an experiment, 3 out of 12 female mice developed severe arthritis a few days
after partus, confirming earlier findings that there is a high risk for arthritis
susceptibility during the postpartum period [29]. The arthritis was severe and
chronic, as in CIA, and the mice with spontaneous arthritis also had a higher
level of antibodies against CII with the same fine-specificity as in CIA [28].

The overall data clearly suggest another role of NADPH oxidase-derived
ROS than just elimination of pathogens, adding a complexity to the redox
status of the cell. ROS response has been reported not only in phagocytes but
also in antigen-presenting cells (APCs), such as dendritic cells (DCs) [30].
Also, T cells have been reported to express Ncf1 during antigen presentation
and activation [31], adding further complexity to the process of finding the
mechanisms behind the phenotype.

The immune regulatory effect of ROS could be involved in one or more
of the different stages of the interactions of the immune system. There are
a number of pathways that are proposed to be affected by free radicals and
state of oxidation. On the antigen-presenting level, it has been shown that by
inhibiting ROS production, the proliferation of T cells in response to antigen
presentation of DCs is prevented [30], suggesting that the burst response in an
APC could modulate the antigen presentation capacity of that cell. The level
of radicals could also directly act on T cells. ROS could possibly be transferred
over the synapse from APC to T cell and thereby alter the oxidation state of the
recipient cell. It has been suggested that the level of oxidation on membranes
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of cells, influenced by interacting cells, are important for function [32]. Ex-
tracellular ROS has also been shown to act as an immune regulator through
its interaction with the T cell proliferation regulator NO [33]. The oxidation
could also possibly act by affecting other important structures on the cell
surface and thereby alter their status. It has been shown that oxidation on
T cell receptor signaling pathways, such as the linker for activation of T cells
(LAT) molecule, modulates the function of T cells [34]. It is also possible that
ROS by itself acts as a modulator of the system. It is known that ROS in low
concentrations serves as a second messenger in the initiation and amplifica-
tion of signaling at the antigen receptor in lymphocyte activation (reviewed
in [32]). Another possibility is that ROS is involved in feedback mechanisms.
Direct cell–cell contact between an activated T cell and human PMN has been
shown to induce intracellular ROS production in the PMN, which then could
act as an intracellular messenger [35]. Further studies are needed in order to
clarify which effect is of importance for the development of arthritis.

9
Therapeutic Possibilities Can Be Immediately Explored

Taken together these data show that it is possible to identify the underlying
genes of a QTL. It also shows that the importance of this finding is the iden-
tification of new pathogenic pathways and that these pathways are conserved
between species. The NADPH oxidase complex proved to be an important reg-
ulator of the immune system and the pathway appears to involve autoreactive
T cells, but it is not yet fully understood. This new pathway for modulating
inflammatory diseases is, however, expected to open up new possibilities for
generating drugs to target chronic inflammatory autoimmune diseases such
as arthritis. Most importantly, using the animal model platform including the
congenic strains, methods are then already prepared for testing proof of con-
cepts of the different therapeutic possibilities. This will contribute to shorten
the time from the target identification to validation.

10
Analyses of a QTL Containing Interacting Genes

Several factors affected the successes of the positional cloning of Ncf1. First
of all, it is a gene with a large effect size, accounting for about 20% of the total
phenotypic variation [19]. Moreover, the mutation has a dominant effect on
a well-characterized phenotype and also, the rest of the genome in the DA
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background allows the functional expression of the allele. However, in many
cases a QTL effect is the sum effect of several positionally linked genes and
their interactions with other genes both within and outside the QTL. This
certainly makes positional cloning more difficult.

One such example is two of the first QTLs reported to control an animal
model of an autoimmune disease: the Eae2 and Eae3 loci associated with
experimental autoimmune encephalomyelitis [36]. Eae2 and Eae3 are located
on chromosomes 3 and 15, respectively, and these loci have an interacting
effect on the disease [36]. We made congenic strains with these fragments
from the resistant RIIIS/J strain on the susceptible B10.RIII background.
The effect on disease in these mice was mild, far from being Mendelian
and therefore not suitable for positional cloning of the underlying genes.
Clearly both the environmental and genetic conditions needed to be better
defined in order to increase the effect of the RIIIS/J alleles [37, 38]. Firstly we
found that both loci also controlled CIA. Moreover, studying environmental
factors affecting the arthritis phenotype we found that inducing the disease
without tubercle antigens in the adjuvant increased the penetrance of the
congenic effect in both chromosome 15 and chromosome 3 congenics. We also
utilized the observation that these loci interacted and developed a strategy to
define the genetic interactions. The congenics were intercrossed for more than
eight generations, resulting in a partial advanced intercross cohort of roughly
1,000 mice. This accumulated both the recombination density and statistical
power to dissect the loci into several subloci and to identify the interactions
between them. Within the previous QTL on chromosome 3 (Eae3), we were
able to identify three separate loci (Cia5, Cia21, and Cia22) and within the
previous QTL on chromosome 15 (Eae2) we found four loci (Cia26, Cia30,
Cia31, and Cia32). Most of these loci interacted with each other (Fig. 5)
and RIIIS/J alleles at the different loci could be either disease-promoting or
disease-decreasing. For example; Cia5 affected the onset and early severity
of arthritis in additive interaction with Cia30 on chromosome 15, whereas
the Cia21 and Cia22 affected severity during the chronic phase of the disease
in epistatic interaction with Cia31 on chromosome 15. The definition of the
environmental conditions and the genetic interactions was a prerequisite to
dissect the Eae2 and Eae3 QTLs. Human studies will have the same problem,
but they are more readily seen and analyzed in animal model studies. In the
case of the Eae2/Eae3 project, the interactions between the QTLs could be
detected in the F2 intercross with no more than approximately 100 animals.
However, the breakdown of the two QTLs into seven and detecting the specific
interactions among them was only possible by collecting a larger number of
recombinations in approximately 1,000 mice. What we learned was that by
analyzing thegenetic interactions in theF2 intercrosswecouldget information
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Fig. 5A,B A A schematic view of the genetic interactions between the Eae2 and Eae3
loci affecting arthritis. B The sum of arthritis score in female mice depending on their
genotypes at Cia21 and Cia32

on how to design congenic strains with the optimal effect on the phenotype.
The knowledge of the genetic interactions is then not only useful in the
positional cloning process but also once the gene is identified and studied in
humans.

The interactions within a QTL are another situation and they pose both
new problems and possibilities. The problems are the difficulties in splitting
up a tightly linked haplotype. This is an apparent problem in human studies,
for example in addressing conserved haplotypes within the MHC region.
In animal models, haplotypes can be intentionally broken up through the
search of recombinations. Such recombinations will often lead to new and
changed effects on the phenotype, possibly caused by a balancing interaction
between closely positioned genes. It will be a challenging task to investigate
in detail such clusters but it is also important to remember that the minimal
congenic fragment, containing such conserved haplotypes, are likely to have
been selected for a balanced control of a specific pathway. Such congenic
strains will therefore be of value for studies of pathophysiologic pathways and
thereby for understanding the fundamental laws determining the possibility
of developing drugs with efficiency and with limited side-effects.
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The possibility of genetically modifying mouse strains through transgene
and embryonic stem cell-based technologies is a major advantage in the
further dissection of the critical genes and haplotypes. Studies on the role of
MHC genes are an excellent example of this. The establishment of H-2 (i.e.,
mouse MHC) congenic strains was the basis for the identification of the MHC
regions and such strains are still useful for studies of the role of MHC. It
has, however, been difficult to split this region in order to isolate each gene
and thereby understand its function. Instead, transgenic experiments have
been conducted with which it has been possible to insert both specific murine
class II genes [39, 40] and their human counterparts [41–44], and thereby
prove the role of these genes for the development of autoimmune disease such
as RA and MS. These studies also show the risk in transgenic technology as
overexpression of class II genes may also lead to an artifactual toxicity in
B cells [45, 46], which is the most likely explanation for a suppressive effect by
transgenic class II genes, as has been reported in diabetes in the NOD mouse.

11
Conclusions

It is essential tobacktrack thework ofnature, anddisease-causing factorsneed
to be searched for in the balance between a naturally but historically selected
genome and newly introduced environmental factors. Due to the complexity
of the major diseases, it has been difficult to follow an approach to make
a direct search for the genetic and environmental factors causing autoimmune
diseases. We have been arguing for the usefulness of proper animal models,
with which it is possible to make a shortcut for the identifications of the major
genetically selected pathways leading to autoimmune disease. Once identified
the strength of the well-developed tools for experimental studies can be used.
In combination this will shorten the time and efforts to develop new types of
treatment addressing the disease-causing mechanisms.
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