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Preface

vii

“Research is to see what everybody else has seen, and to think what nobody else has
thought.” — Albert Szentgyörgyi

Autoimmunity: Methods and Protocols is intended to serve as a ready-to-use
guide to establish and interrogate human and animal models of autoimmune
diseases. The first chapter, “Pathogenesis and Spectrum of Autoimmunity,”
discusses major hypotheses driving this most tantalizing area of research since
Paul Ehrlich proposed the concept of autoimmunity in 1900. Considering the
great diversity and ever-changing spectrum of autoimmunity, it has not been
possible to include models and experimental protocols for each known
disorder. Rather, several chapters have been devoted to the most prevalent and
complex diseases, such as rheumatoid arthritis, systemic lupus erythematosus,
insulin-dependent diabetes mellitus, and multiple sclerosis. The chapters are
contributed by laboratories actively using the models presented. Each chapter
contains an introductory section that discusses the relevance of the model for a
particular disease and for autoimmunity in general.

Part I contains methods and protocols to assess immunological and
biochemical pathways relevant for disease pathogenesis. Chapters in this
section focus on methods to identify susceptibility genes, intercellular
signaling via cytokines, intracellular signaling through the T-cell receptor and
signal processing via protein kinases, identification and enumeration
of autoantigen-specific T cells and autoantibodies, and the dysregulation
of apoptosis and its role in modification of self-antigens. Part II contains
protocols to establish and assess inflammatory arthritis, systemic lupus
erythematosus, myocarditis, thyroiditis, experimental autoimmune encephalo-
myelitis, insulin-dependent diabetes mellitus, scleroderma, uveitis, and vitiligo.
The methods center on the assessment of genetic, immunological, and
biochemical parameters underlying spontaneous or exogenous antigen-induced
diseases. Although the individual protocols focus on a specific disease, they
can be adapted to investigate additional signaling pathways or pathogenic
autoantigens.

Autoimmunity: Methods and Protocols should supplement those laboratory
manuals that contain recipes for standard cell and molecular biology and
immunology techniques, such as cell culture, gene cloning, sequencing,
and amplification by polymerase chain reaction, vector design for the
generation of transgenic and knockout animals, flow cytometry, fluorescence
microscopy, electrophoresis, and gene and protein microarray methods.



viii          Preface

Although these general methods are not described in detail here, they are
appropriately referenced in each section.

I am grateful to Professor John Walker for his invitation and help
with organizing and formatting this book and to Dr. Paul Phillips for his
continued encouragement and support. With both my colleagues in the field
and newcomers in mind, step-by-step protocols and detailed troubleshooting
guides supplement all chapters. I am grateful to the distinguished authors for
the time, expertise, and devotion that made this book possible.

If the reader feels that a particularly relevant disease or model is missing,
I should be held responsible. Refining and extracting new meaning from old
models and developing new ones is a constantly ongoing process. Therefore,
our readers are invited to approach the authors with questions and comments or
offer new models and protocols for a future edition.

Andras Perl, MD, PhD
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Pathogenesis and Spectrum of Autoimmunity

Andras Perl

Summary
The immune system specifically recognizes and eliminates foreign antigens and thus pro-

tects the integrity of the host. During maturation of the immune system, tolerance mechanisms
develop that prevent or inhibit potentially harmful reactivities to self-antigens. Autoreactive B
and T cells that are generated during immune responses are eliminated by apoptosis in the
thymus, lymph nodes, or peripheral circulation or are actively suppressed by regulatory T cells.
However, autoreactive cells may survive because of failure of apoptosis or molecular mimicry,
that is, presentation and recognition of cryptic epitopes of self-antigens or aberrant lymphokine
production. Development of immune responses and tolerance is determined by an interplay of
genetic and environmental factors. Autoimmunity is a result of the breakdown of one or more
of the mechanisms of immune tolerance.

Key Words: Apoptosis; autoantibodies; autoimmunity; cytokines; molecular mimicry; T-
cell signaling.

One of the basic functions of the immune system is to recognize and elimi-
nate foreign antigens specifically and thus protect the integrity of the host.
Through rearrangements and somatic mutations of gene segments encoding T-
and B-cell receptors and antibody molecules, the immune system acquires tre-
mendous diversity. During maturation of the immune system, recognition of
self-antigens plays an important role in shaping the repertoires of immune
receptors. Tolerance mechanisms develop that prevent or inhibit potentially
harmful reactivities to self-antigens. These self-defense mechanisms are medi-
ated on the levels of central and peripheral tolerance; that is, autoreactive T cells
are either eliminated by apoptosis in the thymus, lymph nodes, or peripheral
circulation or actively suppressed by regulatory T cells. Likewise, autoreactive
B cells are eliminated in the bone marrow or peripheral lymphoid organs. How-
ever, immune responses triggered by foreign antigens may be sustained by
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Table 1
Exogenous and Endogenous Factors Involved in Autoimmunity

Example Disease Mechanism Reference

Exogenous agents

Virus Coxsackie Diabetes Mimicry 23
Bacterium Klebsiella Reactive Mimicry 24

arthritis
Drug, chemical, 5-Azacytidine Lupus Demethylation 25,26

ultraviolet light

Endogenous agents

Gene MHC locus Thyroiditis Antigen presentation 5,27
Complement Lupus Immune

complex formation 4
Hormone Estrogen Lupus Gene expression 28
Cytokine Interleukin 10 Lupus T-cell dysfunction 18,29
Transcription factor NF- B Lupus T-cell dysfunction 30
Dysregulated

apoptosis Fas mutation ALPS Defective apoptosis 13,14
Dysregulated Caspase 10 ALPS Defective apoptosis 15

apoptosis mutation

NF- B, nuclear facotr ; ALPS, autoimmune lymphoproliferative syndrome.

molecular mimicry (i.e., presentation and recognition of cryptic epitopes of
self-antigens). Further downstream, execution of immune responses depends
on cooperation of many cell types, cytokines, and intracellular signaling net-
works. Therefore, autoimmunity represents the end result of the breakdown of
one or more of the basic mechanisms of immune tolerance (Table 1).

Autoimmunity may occur in normal individuals, with a higher frequency in
older people. Infectious diseases often elicit autoreactivities based on similar-
ity between exogenous and self-antigens. Infection-induced autoimmunity
usually is self-limited by elimination of the antigen-producing cell or organ-
ism. However, self-reactivity may be sustained through molecular mimicry (1)
(i.e., homology between exogenous and endogenous epitopes) and the inabil-
ity of the immune system to destroy self-reactive B or T cells via apoptosis,
anergy, or other regulatory mechanisms. Nevertheless, autoimmunity does not
necessarily lead to tissue injury. Autoantibodies, such as rheumatoid factor or
antinuclear antibodies occur in more than 5% of normal subjects without ever
resulting in rheumatoid arthritis (RA) or systemic lupus erythematosus (SLE),
which are characterized by the very presence of such antibody reactivities.
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Table 2
Systemic Autoimmune Diseases

Disease Organ system involvement and immunopathology

SLE All, primarily joints, skin, blood vessels, serous
membranes, kidney, lung, heart; antinuclear antibodies

RA Joints, blood vessels, serous membranes, lung; anti-
immunoglobulin G immunoglobulin M rheumatoid
factor

Ankylosing spondylitis Axial > peripheral joints, uveitis, aortitis
Scleroderma Skin, blood vessels, gut, lung, heart, kidney
Psoriasis Skin, joints
Sjögren’s syndrome Salivary and lacrimal glands, pancreas, lung, kidney;

antibodies SSA and SSB, lymphocytic infiltration of
involved tissues

Dermatomyositis Skin, muscle, blood vessels
Inflammatory bowel disease Small and/or large intestine, joint, uvea; perinuclear

antineutrophil cytoplasmic antibodies directed to
myeloperoxidase

Wegener’s granulomatosis Blood vessel inflammation in kidney, lung, skin;
cytoplasmic antineutrophil cytoplasmic antibodies
directed to proteinase 3

Goodpasture syndrome Kidney, lung, antibody to basement membrane
Periarteritis nodosa Blood vessel inflammation in all tissues (typically

kidney, skin, intestines) except lung

SSA, Sjögren syndrome A; SSB, Sjörgen syndrome B.

Autoimmunity can damage nearly every tissue or cell type of the body. The
spectrum, severity, and duration of disease vary widely. Depending on the organ
systems involved, systemic and organ-specific autoimmune diseases have been
delineated. Systemic autoimmune diseases include SLE, RA, scleroderma,
Wegener’s granulomatosis, Goodpasture syndrome, Sjögren’s syndrome, der-
matomyositis, psoriasis, ankylosing spondylitis, and inflammatory bowel dis-
eases (Table 2).

Although SLE can involve almost any tissue of the body, inflammatory
bowel diseases extend to fewer tissues, the gut, the joints, and the eye. Organ-
specific diseases include insulin-dependent diabetes mellitus (IDDM), mul-
tiple sclerosis (MS), uveitis, thyroiditis, pernicious anemia, autoimmune
hemolytic anemia, thrombocytopenia, hepatitis, primary biliary cirrhosis, pem-
phigus, pemphigoid, and vitiligo (Table 3). Individual patients may have more
than one autoimmune disorder concurrently and subsequently.
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Table 3
Organ-Specific Autoimmune Diseases

Disease Typical involvement and immunopathology

Insulin-dependent Pancreas; antiinsulin and anti-glutamic acid decarboxylase
diabetes mellitus antibodies

Multiple sclerosis Central nervous system; antimyelin T-cell and antibody
reactivities

Myasthenia gravis Peripheral nervous system; antibody to acetylcholine
receptor

Thyroiditis Thyroid gland; antithyroid antibodies
Uveitis Uvea; antibody and T-cell mediated
Pernicious anemia Stomach; antibody to intrinsic factor required for

absorption of vitamin B12

Pemphigus Skin; antibody to intercellular adhesion molecule
desmoglein-3

Pemphigoid Skin
Vitiligo Skin
Myocarditis Heart
Autoimmune hemolytic Erythrocytes; antibody mediated

anemia
Autoimmune thrombo- Platelets; antibody mediated

cytopenia
Acquired thrombotic Antibody to von Willebrand factor-cleaving

thrombopenic purpura metalloprotease
Primary biliary cirrhosis Liver; antibody-mediated targeting pyruvate

dehydrogenase
Autoimmune hepatitis Liver; antibody-mediated targeting cytochrome P450

Although the causes of autoimmune diseases have not been defined, inde-
pendent lines of evidence have implicated environmental factors and genetic
determinants of the host (2). As shown in Table 1, polymorphisms of HLA
molecules that regulate antigen presentation (3) and complement deficiency
states (4) have been identified as inherited factors influencing disease suscep-
tibility. Concordance rates for autoimmune diseases such as SLE, IDDM, RA,
and MS are approx 25% in monozygotic twins. Alternatively, the discordance
rate may be as high as 70% among monozygotic twins (5), suggesting a signifi-
cant role for exogenous agents (6).

The concept of autoimmunity, designated as horror autotoxicus, was first
proposed by Ehrlich in 1900 (7). The clonal selection theory and specific elimi-
nation of self-reactive “forbidden” clones as a means of preventing autoimmu-
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nity was hypothesized by Burnet (7). The first organ-specific autoimmune
disease, experimental thyroiditis, was described by Rose and Witebsky in
1956 (8).

Rose and Vladutiu were the first to recognize the influence of the major
histocompatibility (MHC) gene locus on development of autoimmunity (27).
Similar to the consequences of microbial infections, autoimmune diseases are
characterized by polyclonal T-cell expansions and antibody production, sug-
gesting an antigen-driven process (1,2).

During the past century, tremendous efforts were made to identify self-anti-
gens and infectious agents capable of inducing autoimmunity in humans and
animal models. Such studies led to the discovery of disease-specific autoantigens
that have become instrumental in clinical diagnosis (9). As examples, antinuclear
antibodies, rheumatoid factor, proteinase 3-specific cytoplasmic antineutrophil
cytoplasmic antibodies, antiglomerular basement membrane antibodies, and
thyroglobulin antibodies are routinely used to establish a diagnosis of SLE,
RA, Wegener’s granulomatosis, Goodpasture syndrome, and Hashimoto’s thy-
roiditis, respectively.

Various antigens from tissues targeted by organ-specific autoreactivities
have been used to generate useful animal models. Joint cartilage-derived anti-
gens, such as collagen (see Chapter 16) and proteoglycan (see Chapter 17), can
induce inflammatory arthritis in mice. Myelin-derived antigens, myelin basic
protein, myelin oligodendrocyte glycoprotein, and proteolipid protein (see
Chapters 18 and 19), as well as mimicking viral antigens, can trigger encepha-
lomyelitis resembling MS (see Chapter 18). Certain animal strains spontane-
ously develop IDDM, characterized by autoreactivities to pancreas-derived
antigens such as insulin or glutamic acid decarboxylase (see Chapters 11 and
12). These animal models provide new information on the pathogenesis of
autoimmunity: They identify and confirm relevant autoantigens and delin-
eate critical checkpoints of signaling networks that can be targeted for thera-
peutic interventions.

As an example, tumor necrosis factor (TNF)-  antagonists reduced the
severity of collagen-induced arthritis in animal models and became a major
breakthrough in the treatment of RA and other types of inflammatory arthritis.
Interestingly, TNF-  antagonists enhanced production of antinuclear antibod-
ies and induced flare of lupus and demyelination in patients with MS. Along
the same line, TNF-  has been shown to protect against lupus (10) and experi-
mental allergic encephalomyelitis in animal models (11,12). Such clinical and
experimental observations indicate significant differences in pathogenesis
between autoimmune diseases. TNF-  triggers programmed cell death;
therefore, its blockade is thought to hinder elimination of autoreactive cells via
this mechanism.



6 Perl

Defects in apoptosis underlie the pathology of human autoimmune
lymphoproliferative syndromes (13–15) and animal models of SLE (16)
(Table 1). Methods to assess apoptosis are described in Chapters 6 and 7.
Development of autoimmunity is also influenced by the cytokine milieu (see
Chapter 8). Although patients with MS overproduce Th1-type cytokines (17),
lupus is characterized by predominance of Th2 cytokines, such as interleukin
10 (18). Signaling through the T-cell receptor, adaptor molecules, and kinases
is markedly altered in SLE (see Chapters 3–6 and 8).

The expression profiles of genes regulating T-cell activation show dramatic
changes with respect to healthy donors and other autoimmune patients (19).
Genomewide surveys with microsatellite markers confirmed the importance of
the MHC locus and identified additional genome segments that may influence
susceptibility to SLE (20), MS (21), and IDDM (22). Microarray analyses have
revealed an upregulation of interferon- -inducible genes, suggestive of infec-
tious etiology and cytokine imbalance in patients with SLE (see Chapter 8).
Coordinated efforts toward delineating the role of triggering antigens, alter-
ations in signaling networks, and underlying genetic mutations are required to
understand pathogenesis and thus design specific interventions to treat each
autoimmune disease.
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Mapping the Systemic Lupus Erythematosus
Susceptibility Genes

Swapan K. Nath, Jennifer A. Kelly, John B. Harley, and R. Hal Scofield

Summary
Systemic lupus erythematosus (SLE) is a prototype systemic, autoimmune inflammatory

disease that can involve virtually any organ or tissue type. The disease has a strong familial
tendency but, like most human illness, has a complex pattern of inheritance that is consistent
with multiple susceptibility genes as well as environmental risk factors. Association studies
have been performed, especially for the major histocompatibility complex on chromosome 6
and for various complement components. Several large familial studies have begun to report
results for genetic linkage. Linkage has been established for many genetic intervals. SLE is a
complex clinical illness, and investigation of the genetics of the illness based on clinical mani-
festations revealed linkages not found without consideration of the phenotype of the disease.

Key Words: Autoantibodies; autoantigens; complement; genetic association; genetic link-
age; HLA; systemic lupus erythematosus;

1. Introduction
Systemic lupus erythematosus (SLE) is a complex disease in which immune

responses are directed against a multitude of self-antigens. SLE in humans
manifests with a diverse array of clinical symptoms that potentially involve
multiple organ systems. At least a portion of the pathophysiology is attributed
to deposition of immune complexes, which are continuously formed by
autoantigens and autoantibodies, in various tissues. Thus, pathogenesis is related
to dysregulation of self-reactive B cells. In addition, immune dysfunction of the
T lymphocytes involved in the adaptive immune system and elements of the
innate immune system, such as complement protein deficiencies, are also
involved in disease expression.
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Although SLE is a clinically heterogeneous disease, current guidelines require a
set of 4 of 11 American College of Rheumatology criteria for classification of a
patient as having SLE (1); the hallmark feature is the production of autoanti-
bodies against nuclear components. As a result, antinuclear antibody (ANA)
testing is very sensitive for the disease, although not highly specific because
ANAs are sporadically detected in as much as 2% of the female population
over the age of 40 yr as well as in the sera of persons with other diseases.

On the other hand, antibodies to double-stranded DNA (dsDNA) and the Sm
protein are very specific for SLE. The overall estimated prevalence in the
United States is approx 12–64 cases per 100,000 individuals (2,3). Significant
gender differences are observed in prevalence (female:male = 9:1), age at
onset, premorbid conditions, clinical expression, course of illness, response
to treatment, and morbid risk. In addition, there are important racial differ-
ences in disease manifestations. For example, at least a two- to fourfold higher
incidence in non-Caucasian as compared with Caucasian population has been
observed (4).

The familial nature of SLE suggests an underlying genetic susceptibility,
but environmental, stochastic, or epigenetic factors must be important because
even monozygotic twins are not always concordant for disease. Substantial
evidence has shown that the disease clusters in families, with 7–12% increased
risk among the first- or second-degree relatives of a proband (5). An increased
concordance rate in identical twins (15–69%) as opposed to dizygotic twins
(2–5%) (6) shows support for genetic basis. The relative risk ratio for the sib-
lings of an affected proband s varies from 20 to 40 (7). Moreover, the com-
plex pattern of inheritance of SLE suggests multigenic inheritance, requiring
interaction of various combinations of contributing genes at multiple loci in
individual patients; these combinations are likely to contribute to clinically
diverse phenotypes. Finally, various environmental factors, perhaps interacting
with specific genes, also may play a significant role in development of SLE.

Often, lupus shows familial cosegregation with other autoimmune diseases,
like rheumatoid arthritis, Sjögren’s syndrome, or antiphospholipid antibody
syndrome. In fact, studies show that 10–20% of lupus probands have at least
one first or second-degree relative afflicted with other autoimmune diseases.
In a classic study, Bias et al. (8) defined an “autoimmune phenotype” in lupus
pedigrees based on the presence of an autoimmune disease or high titers of
autoantibodies (e.g., rheumatoid factors, anti-smooth muscle antibodies, anti-
acetylcholin-esterase antibodies, thyroid insufficiency). Bias and coworkers
found that the most parsimonious model for the mode of inheritance of this
new phenotype was autosomal dominant with variable penetrance (92 and 49%
for women and men, respectively). This led to the hypothesis that a single gene
confers susceptibility to autoimmunity, and other genes (such as HLA, T-cell
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receptors, immunoglobulin allotypes) bestow specificity to the autoimmune
phenotype developed.

Becker et al. (9) compared linkage results from 23 autoimmune or inflam-
matory disease studies and showed clustering of mapped candidate autoim-
mune loci to 18 genomic regions, supporting the hypothesis of a possible shared
genetic basis. Genes that predispose to SLE are undoubtedly related to key
events in pathogenesis and may be involved in the expression of various other
autoimmune diseases.

For disorders with a poorly known biochemical basis like SLE, identifica-
tion of the genes is a prerequisite or key to an increased understanding of the
biological basis. Therefore, identification of the genes contributing to suscep-
tibility for SLE will contribute to understanding of the development and patho-
genesis of the disease and may lead to novel therapeutic interventions. Such
information may be valuable in predicting the course of SLE in individual
patients, and this could prove to be an important guide to therapy and moni-
toring. In addition, genetic screening could be used to identify individuals who
are at risk so that they can take advantage of early diagnosis and treatment.

2. Methods for Identifying Genes
The situation of gene discovery in humans changed markedly two decades

ago when it was recognized that variations in human DNA could be assayed
directly and used as genetic markers in linkage studies (10). The identification
of restriction fragment length polymorphism (RFLP) markers and, subse-
quently, abundant highly polymorphic short tandem repeat (STR) microsatellite
markers (11,12) led to the mapping and identification of many single-gene,
Mendelian diseases.

Such mapping is based on the meiotic mapping process of recombination.
Naturally occurring mutations are identified on the basis of their chromosomal
location through meiotic events as manifested in families segregating for the
disease. Typically, the markers closer to the disease gene show the strongest
genotype–phenotype correlations. Markers showing the strongest correlation
with disease in families are assumed to be closest to the disease locus. Such a
strategy ultimately leads to positional cloning of the culprit gene.

The remarkable success of linkage analysis and positional cloning has gen-
erated a strong sense of optimism in identifying genes for a range of common,
familial, and non-Mendelian diseases such as SLE. Currently, for complex dis-
eases, two kinds of fundamentally different strategies have been used to iden-
tify genetic susceptibility factors: the whole genome search by linkage analysis
and the study of candidate genes. In principle, both approaches are very simple.

When screening the whole genome, the objective is to find a genome area
in which a disease risk factor is present. This is done by studying the entire
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genome with a dense collection of genetic markers, typically 300–400. Then,
linkage statistics are calculated either by parametric (penetrance-dependent) or
nonparametric allele-sharing (penetrance-independent) model-free methods at
each position of the genome. In this way, genomic intervals are identified in
which the statistics show a significant deviation from what would be expected
under independent assortment.

In contrast to relying on genomewide, evenly spaced linkage study, candi-
date gene studies focus on genes selected because of an a priori hypothesis
about the candidate gene’s etiological role in the pathogenesis. Although a
linkage study analyzes the cosegregation of two parameters (disease and
marker) in families, the association study investigates the coexistence
(nonindependence) of alleles in individuals. Thus, collection of families is not
necessarily needed in this last method.

Although these methods have been relatively successful in identifying some
suspected genomic regions, they have not yet been highly successful in identi-
fying genes involved in the pathogenesis of SLE. In the single instance in which
a specific disease-causing gene and allele have been identified, information
from a knockout mouse phenotype greatly aided the gene discovery process.
Lindqvist and colleagues (13) mapped, confirmed, and localized an SLE sus-
ceptibility gene on a chromosome. Genetic knockout of the programmed cell
death 1 gene, which lies within the mapped interval, results in an SLE pheno-
type. Thus, this gene became a high-priority candidate, and a regulatory poly-
morphism upstream of the coding region of this gene appears to be the sequence
predisposing to SLE (14).

The inability to identify susceptibility genes may be the result of a combina-
tion of the following causes. First, SLE varies in severity of symptoms, race,
gender, and age at onset, which results in difficulty selecting the best popula-
tions to study. Second, SLE can vary in its etiological mechanisms, which
might involve various biological pathways. Third, SLE, like other complex
diseases, is more likely caused by several genes with small overall contribu-
tions and relative risks. Because of these factors, researchers now apply another
approach, which is an association study based on a candidate gene approach.

2.1. Sources of Complexity and Clinical Heterogeneity in SLE

Clearly, SLE is a clinically complex disease such that two patients may share
no common feature and yet still be diagnosed as having the illness. This fact is
exemplified in the classification criteria, for which presence of any 4 of 11
criteria allows classification as SLE (1). SLE may involve almost any organ
system with the mucocutaneus, musculoskeletal, neurological, hematological,
immunological, cardiovascular, pulmonary, and renal systems all included in
the criteria. Thus, the pattern of manifestations varies greatly between indi-
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viduals, making the disease as clinically diverse as any single entity in modern
medicine. So, it can easily be imagined that the complex clinical picture will
have an impact on and produce an equally complex genetic etiology.

In general, SLE may range from not much more than a nuisance to an imme-
diately life-threatening illness. Mortality in SLE is associated with several dis-
ease features, including thrombocytopenia most prominently (15,16).
Nonetheless, prediction of severity of disease or mortality in an individual
remains virtually impossible. Thus, the disease has marked heterogeneity
regarding its severity as assessed by mortality.

Another area in which there is great heterogeneity in SLE is the immuno-
logical manifestations. Although almost every patient has ANAs, the specific-
ity of these autoantibodies varies widely. There are four prominent protein
autoantigen specificities. Anti-Ro (or SSA) is found in the sera of about 40%
of patients with SLE, some of whom also have anti-La (or SSB), which is
never found without the simultaneous presence of anti-Ro. An analogous situ-
ation exists for anti-RNP and anti-Sm. Anti-RNP is found in the sera of about
40–50% of patients with SLE, and anti-Sm is found in 5–20% of sera but is
always found in conjunction with anti-RNP. There are many clinical, immuno-
logical, and immunogenetic associations for each of these autoantibodies. For
example, anti-Ro is strongly associated with genetic deficiency of early
complement components, such as C2 and C4 (reviewed in ref. 17), and is asso-
ciated with neutropenia (18). Of course, the other prominent autoantibody sys-
tem in SLE is that binding native (double-stranded) DNA. The presence of
anti-dsDNA is associated with kidney disease.

Overall, the large variety of clinical/immunological changes noted and the
variability seen across subjects imply that SLE is an etiologically heteroge-
neous disease phenotype. In addition, the number of major anomalies observed
in different body organs or systems demonstrates a very likely complex etiol-
ogy for SLE. Because SLE is an extremely complex disease, genetic suscepti-
bility to SLE is likely to be polygenic, involving several genes of low
penetrance with allelic (different variants within the same gene) as well as
locus (genetic variants in separate genes) heterogeneity and complicated
epitasis, gene–environmental interactions.

2.2. Replication and Its Importance

A handful of susceptibility genes for common and complex diseases such as
BRCA1 and BRCA2 in breast cancer (19,20), Calpain10 in NIDDM (21), NOD2
in Crohn’s disease (22,23), Neuregulin 1 in schizophrenia (24), and ADAM33
in asthma (25) have been identified. Despite these successes, linkage studies of
complex diseases have been difficult to replicate. A review of the linkage find-
ings of 31 complex human diseases based on whole genome scan concluded
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that genetic localization of most susceptibility loci is still imprecise and diffi-
cult to replicate (26).

This difficulty is, in part, because of the inability to measure the precise
underlying phenotype, small sample sizes, genetic heterogeneity, inaccurate
genetic model, and statistical methods employed in analysis. In another similar
review, Hirschhorn et al. (27) reviewed genetic association studies and con-
cluded that only a few were reproducible. Success has been elusive because
almost all complex diseases are the combination of multiple genes and envi-
ronmental factors. Unlike the so-called monogenic diseases, there is no “smok-
ing gun,” that is, associated disease mutations obviously deleterious to protein
function. Instead, there are likely to be alleles with subtle functional changes
that are neither necessary nor sufficient to cause disease.

Replication of initial linkage signals from independent samples is consid-
ered an important and crucial step toward distinguishing between true posi-
tives and false positives (28). The basis of all scientific research is hypothesis
testing and validation of results by independent researchers or data. Indepen-
dent replication is typically viewed as the sine qua non for accepting a hypoth-
esis, but this is an extremely difficult issue in genetic studies for a complex
disease, especially when genetic effects are weak and possibly context depen-
dent (e.g., incidence may vary by sex, ethnicity, or precision of diagnosis),
even with a reasonably large sample (29,30).

2.3. Application of Association to SLE

Association studies are used to localize genetic effects and identify differ-
ences in the distribution of allele frequencies according to the phenotypic sta-
tus within a population. To date, there have been numerous candidate genes
studied with SLE. Efforts have focused on genes identified based on some
theoretical or actual knowledge of disease mechanisms associated with bio-
logic pathways implicated in SLE. Because the loss of immune tolerance to
self-components is the basis of disease etiology, many genes encoding proteins
with significant functions in the immune system have been considered as can-
didates. Several reviews (31–34) provide a comprehensive catalog of potential
candidate genes. An updated list of candidate genes showing significant asso-
ciation with SLE is given in Table 1.

Evidence supporting associations has been observed for numerous genes
and genomic regions, including within the major histocompatibility complex
in both class II and class III as well as for several cell surface immunoglobulin
receptors, among others. However, there has been no, or very few, consistent
replication of positive findings for any of these disease genes. There is a poten-
tially good explanation for this phenomenon. Inconsistencies in these genetic
association studies may stem from reliance on the population genetic property
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Table 1
Association Studies in SLE

Chromosome Gene Reference

1p36 C1q 44
1q22-23 FcGR2A 45
1q22-23 FcGR3A 46
1q22-23 TcR- 47–49
1q31-32 IL10 50–52
2q33 CTLA-4 53
6p21 HLA-DR3, HLA-DR2 54,55
6p21 TNF- 56–58
6p21, 19p13, 6p21 C2, C3, C4 59
10q11.2-q21 MBP 60–62
10q24, 1q23 FAS/FASL 63
18q21 Bcl-2 50

of linkage disequilibrium to detect an association between what is actually a
“marker” polymorphism in a candidate gene and the unobserved true SLE-
predisposing variant. Moreover, the complexity of SLE demands studies that
have very strong statistical power. The sample sizes of most of the candidate
gene studies to date have been inadequate to make conclusive statements about
the role of the specific alleles in a complex clinical phenotype.

Although population-based association methodology is statistically power-
ful, similar to other disease association studies, false-positive results may occur
if cases and controls are not drawn from the same population with a matched
genetic history. In addition, modest genetic effects and allelic heterogeneity
contribute to difficulty in replication and confirmation of the candidate genes
implicated in SLE in the last several years.

2.4. Application of Linkage to SLE

There are several different study designs with variable ascertainment approaches
that have been used for genomewide scan to identify novel susceptibility loci for
SLE. Some of the study designs involve (a) sibling pairs who may or may not
have parents available or (b) small and large pedigrees with several genera-
tions. Numerous genome scans have been made by the four major scientific
groups (located in California, Oklahoma, and Minnesota in the United States
and in Sweden), revealing many loci spread across the genome (reviewed in
refs. 33 and 34). There are seven major cytogenetic locations, which show
significant evidence of linkage to SLE based on the recommended criteria
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for genome scan. These key regions, along with several suggested regions
identified by at least two independent groups, are summarized in Table 2 and
Fig. 1.

However, for the reasons discussed, linkages to many loci have not been
replicated across different population groups and studies, although replication
in SLE may be better than that in many other genetically complex human
diseases (see ref. 34 for complete details of these data). Thus far, genomewide
scanning has led to the identification of only one susceptibility gene for SLE, the
programmed cell death 1 gene (PDCD1, also called PD-1) (14).

Table 2
Different Studies for Whole-Genome Scan for Finding SLE Susceptibility Loci

Study Study Number Major ethnicity Major linkage Reference
center design of families (%) findings

OMRF 1 Extended 94 Caucasian (58), 1q23, 1q25, 64
pedigrees African American (33) 13q32, 20q13

OMRF 2 Extended 126 Caucasian (63), 4p16-16, 65
pedigrees African American (27) 1q22-24

UMN 1 Sibpairs 105 Caucasian (80), 6p11-21, 66
Hispanic (8), 16q13, 14q21,
African American (5) 20p12

UMN 2 Sibpairs 82 Caucasian (78), 7p22, 7q21, 67
African American (15), 10p13, 7q36
Hispanic (6)

UMN 1 + 2 Sibpairs 187 Caucasian (79), 6p11-12, 67
African American (10), 16q13, 2p15
Hispanic (7)

USC Extended 80 Caucasian (46), 1q43 68
pedigrees Hispanic (54)

Uppsala Extended
pedigrees 17 Caucasian (100) 2q37, 13

4p15-13,
19p13,
19q13

OMRF, Oklahoma Medical Research Foundation; USC, University of Southern California; UMN,
University of Minnesota; Uppsaella, Uppsala University, Sweden.



Mapping SLE Susceptibility Genes 19

2.4.1. Pedigree Stratification Strategy
As discussed, SLE is a complex autoimmune disease with a definite genetic

predisposition. However, the exploration of SLE genetics is in its infancy. SLE
is an extremely complicated clinical illness with a wide range of manifestations.
Clinical manifestations of SLE can be very diverse, with glomerulonephritis,
dermatitis, thrombosis, vasculitis, seizures, arthritis, hemolytic anemia, and
thrombocytopenia counted among the disease’s manifestations. Consequently,
the variation between patients is incredible. Indeed, it is possible to have two
patients afflicted with SLE who satisfy the classification criteria three different
ways with no features in common. This degree of clinical heterogeneity may be
because of the involvement of multiple major and modifier genes. Thus far, the
genome scans have been performed using a general SLE phenotype.

As an alternative, a set of “etiologic classes” could be considered, reflecting
different genes or interactive combinations resulting in SLE for particular sub-
sets of individuals or families (the “pedigree stratification approach”). Detec-
tion of a main effect will depend on the relative proportion of individuals
carrying a particular genetic variant (or interactive combination that includes
that gene) among the individuals studied. As this proportion is likely to fluctu-
ate between data sets, it is unlikely that a particular linkage finding could be
replicated in many other data sets, even if the same underlying model were at
play. This is because the combination of families from different “classes” in
the same linkage or association study will reduce the ability to detect the effects
of any particular gene. The well-known example is the BCR1 gene, found only
when early-onset breast cancer was considered among families that also had
ovarian cancer.

The strategy of using pedigree stratification as a way to discover linkage
effects has only been pursued by our Oklahoma group. We have taken the advan-
tage of a pedigree stratification strategy from our huge collection of pedigrees
with relevant clinical and medical information available for each individual,
especially for the patients with SLE. Therefore, the extraordinary clinical het-
erogeneity in lupus is consistent with this phenotype as a treasure trove of
genetic linkages based on stratifying pedigrees by clinical or demographic fea-
tures. The rationale behind the subgrouping of the SLE families with a com-
mon clinical feature is to make the SLE families more genetically
homogeneous. It was anticipated that, regardless of the actual number of genes
involved in SLE, decreasing sample heterogeneity by subgrouping families
based on race and common associated traits would increase the likelihood of
identifying genes for SLE. Although this approach has many advantages, the
major disadvantage is the reduced sample size after phenotype stratification,
which urgently requires independent verification of the findings.
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Fig. 1. Several groups have performed independent genomewide linkage studies.
Results established and confirmed, or with suggestive conformation, are shown by chro-
mosomal location. Oklahoma, Oklahoma Medical Research Foundation; Uppsala, Uppsala
University, Sweden; California, University of Southern California; Minnesota, University
of Minnesota.
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2.4.2. Effect of Stratification
Because we are using a pedigree stratification strategy and dealing with a

very low number of families, there is always a chance for false-positive results.
Here, we have used an ad hoc criterion to adjust the critical value for declaring
the significance of a linkage. For example, we performed the linkage analyses
on a subset from our total pedigree collection, in which pedigrees were ascer-
tained by the presence or absence of a certain phenotype (e.g., rheumatoid arthri-
tis positive or negative, although study phenotype for linkage was maintained as
SLE), and six different parametric models (based on different penetrances be-
cause the true model is unknown) along with a nonparametric model were tested
in initial genome screen so that several genome scans were performed. This is a
case of a multiple testing problem in which 14 [2 × (6 + 1)] tests were performed.

To assess the significance of any linkage findings, we may use two types of
experimental solutions. First, we took a simulation-based approach. We ran-
domly selected n (number of pedigrees used for subset analysis) pedigrees from
the total available pedigrees 10,000 times (sampling with replacement) and
calculated the logarithmic odds (LOD) score at the peak marker for each
resampled set of n to determine an empirical distribution of LOD scores. There-
fore, this gives an empirical p value for our original n selected pedigrees from
the observed LOD score distribution.

Second, we have used an ad hoc correction designed to maintain the overall
genomewide significance level (5% level) to detect the significant linkage by
raising the LOD score limit to 4.4. This is calculated as LOD(new) = LOD(conv) +
log10(#test) (35,36), where LOD(conv) is the conventional LOD score to be sig-
nificant at 3.3. To date, we have identified many genomic regions with high
statistical significance that may harbor genes predisposing to SLE. Some of
the most convincing linkage results (Table 3) have been found by subgrouping
the SLE families based on a specific autoimmune feature, for example, throm-
bocytopenia, hemolytic anemia, or diagnosis of rheumatoid arthritis.

3. Discussion and Future Directions
We anticipate that family-based classical linkage analysis followed by

the association-based positional cloning approach will continue to advance
the understanding of the biology of SLE disease phenotypes by identifying
the underlying susceptibility genes. The availability of the human genome
sequence, as well as that of model organisms, should expedite this effort.
The full-scale analysis of genetic variation of genes in regions linked to
disease will require the development of cost-effective, high-throughput single-
nucleotide polymorphism genotyping. Considering the present advancement
in the field, these advanced technologies and appropriate and powerful study
designs will bring success to SLE genetics.
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As discussed here, individuals affected with SLE are extraordinarily differ-
ent from one another by clinical and laboratory measures. This variation may
have a genetic basis; if so, it is advantageous to incorporate measures of
between-family clinical variability as covariates in a genetic linkage analy-
sis of affected relative pairs to allow for locus heterogeneity. This approach
was applied to genome scan marker data from the Oklahoma Medical Research
Foundation and identified some new genetic linkage for SLE (37). So, allow-
ing for locus heterogeneity through the incorporation of covariates in linkage
analysis is a useful way to dissect the genetic contributions to SLE and un-
cover new genetic effects. A few other variants of this method have been de-
veloped that take into account the locus heterogeneity measured by covariates,
thereby allowing the discovery of evidence for linkage that might otherwise be
obscured (38–40).

It is estimated that the human genome contains approx 30,000 genes. It
seems likely that one day there will be the capacity to assess each individual
gene and its significance to SLE in a very inexpensive way. Finding the predis-
posing genes may then be less difficult than it is today. But, the major chal-
lenge will be in understanding the biology and characterization of the genetic
mechanisms responsible for SLE susceptibility. Consequently, a significant
amount of time will be required to understand the biology of many of the real
genetic effects now being discovered. For example, HLA-B27 and its signifi-
cant association with ankylosing spondylitis have been known for 30 yr (41),
yet the biology, disease mechanism, and why the association exists are not
understood.

Table 3
Convincing Linkage Results Published (Exceeding Lander-Kruglyak Significance
and/or Our Ad Hoc Criteria) With Lupus From Oklahoma Pedigree Collection Based
on Pedigree Stratification Strategy

Region Marker Race No. of Phenotype LOD/ Reference
pedigrees p value

2q34-35 D2s1384-D2s434 AA 40 Renal 1 × 10–6 68
4p16-15 D4s3007 EA 23 Neuropsychiatric 5.19 69
5p15.3 D5s2505 EA 14 Rheumatoid arthritis 6.9 70
10q22.3 D10s2470 EA 31 Renal 8 × 10–7 68
11p13 D11s1392 AA 13 Thrombocytopenia 5.72 16
11q14 D11S2002 AA 16 Hemolytic anemia 4.70 71
11q14 D11S2002 AA 12 Nucleolar ANA 5.62 72
17p13 D17s974-D17s1298 EA 16 Vitiligo 3 × 10–5 73
19p13.3 D19s714 EA 37 dsDNA 4.93 74

AA, African-American; EA, European-American.
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The DNA-based approach is also not without its shortcomings. This is
particularly apparent when complex diseases like SLE are considered, for
which the disease phenotype is more likely influenced by many different
genes together with a modifying effect of the environment. These gene–gene
and gene–environment interactions that combine to cause the disease compli-
cate the interpretation of the data generated from family-based linkage and
association studies.

As an alternative to this, an RNA-based approach could also be used to iden-
tify the important genes that are responsible for the development of the com-
plex phenotype for SLE. By comparing gene expression in normal and disease
states, differentially expressed genes are identified and may represent candi-
date genes for further investigation. For example, this technology has identi-
fied the Nba2, a murine SLE susceptibility locus (42). The use of gene
expression arrays in human SLE has identified a pattern of interferon-induc-
ible gene expression signature (43). So, this new approach will likely comple-
ment the DNA-based approach and further advance the knowledge about SLE
biology.
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T-Cell Signaling Abnormalities
in Human Systemic Lupus Erythematosus

Madhusoodana P. Nambiar, Sandeep Krishnan, and George C. Tsokos

Summary
Abnormal expression of key signaling molecules and defective functions of T lymphocytes

play a significant role in the pathogenesis of systemic lupus erythematosus (SLE). T-cell recep-
tor (TCR)/CD3-mediated stimulation of SLE T cells shows increased protein tyrosine phos-
phorylation of cellular proteins, with faster kinetics, heightened calcium response, and
decreased interleukin (IL)-2 production. The molecular mechanism of T-cell signaling abnor-
malities in SLE T cells is complex and cannot be explained fully by the current theories of T-cell
signaling. Current research on lymphocyte signaling abnormalities in SLE has been directed
toward investigating various factors that contribute to abnormal tyrosine phosphorylation,
intracellular calcium response, and cytokine production. Latest developments suggest mul-
tiple components, including altered receptor structure, supramolecular assembly, modulation
of membrane clustering, aberrant cellular distribution, and precompartmentalization with lipid
rafts invariably contributing to abnormal T-cell signaling in SLE T cells. The methods and
protocols described here pertaining to T-cell signaling abnormalities in SLE T cells are very
much optimized in many ways, and they were derived by the combined tasks and continuous
efforts of many researchers in the laboratory over a long period. These simplified protocols can
be readily applied to study T-cell signaling abnormalities in SLE to identify the genetic, molecu-
lar, and biochemical factors contributing to aberrant immune cell function and unravel the patho-
physiology of SLE.

Key Words: Autoimmune disease; calcium response; cell proliferation; cell signaling;
cytokines; immunoblotting; T-cell isolation; tyrosine phosphorylation.

1. Introduction
1.1. T-Cell Receptor Signaling

One of the earliest steps in the signal transduction after T-cell receptor
(TCR)/CD3 engagement is the phosphorylation of the tyrosine residues within
the three immunoreceptor tyrosine-based activation motifs (ITAMs) of the -chain
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by Lck and Fyn leading to the association and activation of -chain-associated
protein-70 (ZAP-70) (1–4). Once activated, Fyn, Lck, Syk, and ZAP-70 coop-
erate in the tyrosine phosphorylation, activation, and juxtaposition of down-
stream signal transducers that contribute to the initiation of mitogen-activated
protein (MAP) kinase cascades, phosphatidyl inositol 3 (PI3)-kinase activa-
tion, and Ca2+ flux. Increase in the intracellular Ca2+ after T-cell activation
gives rise to sequential activation of sets of genes that in turn initiate prolifera-
tion, differentiation, and effector functions.

Basically, in addition to the complete investigation of the expression of vari-
ous signaling molecules, T-lymphocyte signaling is analyzed at four stages to
compare the signaling (1) early (1, 2, and 3 min) tyrosine phosphorylation of
the cellular proteins, (2) intracellular calcium response, (3) expression of
cytokines, and (4) cell proliferation. In normal T cells, the intensity of the T-cell
signaling directly correlates with the level of expression of the critical T-cell
signaling molecule, such as TCR -chain. TCR -chain is the limiting factor in
T-cell receptor assembly, transport, and surface expression and receptor func-
tion (5,6). However, in autoimmune disorders, the cell signaling remains abnor-
mal and appears to correlate inversely with the level of TCR -chain. The exact
nature of the mechanism that triggers the inverse correlation has become a
topic of intense interest to many researchers.

1.2. Applications

Signaling studies have several applications in SLE and other autoimmune
disorders. The precise pathological mechanisms behind abnormal T-cell
functions in SLE remain incompletely understood. Identification of underly-
ing genetic, molecular, and biochemical mechanisms responsible for aberrant
T-cell signaling will contribute to the understanding of the etiopathogenesis of
SLE as well as provide novel targets for future pharmacological intervention.

1.3. Study Design

Normal T cells or autoimmune disease controls such as rheumatoid arthritis,
Sjögren’s syndrome, Still’s disease, limited systemic sclerosis, mixed connec-
tive tissue disorder, antiphospholipid syndrome, and dermatositis can be used
as controls for SLE studies. Samples taken on different dates can be compared
by normalizing the data against a proper internal control. It is important to
distinguish between TCR/CD3-mediated signaling from nonreceptor-mediated
signaling abnormalities in SLE T cells by TCR/CD3 activation using antibodies
or by nonreceptor-mediated stimulation using phorbol-12-myristate 13-acetate/
ionomycin, respectively.

Studies of T-cell signaling abnormalities should be correlated with the SLE
disease activity index, current medication, demographics (race, gender, age) to
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distinguish abnormalities that are intrinsic to the disease from abnormalities
associated with disease activity. Medication should include both current medi-
cations and previous medications because the effects of some cytotoxic drugs
are presumed to last longer.

Studies can also be performed on primary SLE T cells, which can be cul-
tured and maintained up to 30–40 d. To confirm the results further, the study
should be designed to follow up the patients over a period of 3–4 yr, during
which the SLE disease activity will improve considerably. If possible, it is also
a good idea to request the patients not to take any medication at least 24 h
before drawing the blood sample to reduce the effects of medication.

2. Materials
2.1. General Materials and Supplies

1. RPMI-1640 (without L-glutamine) stored at 4°C (Quality Biological Inc.,
Gaithersburg, MD).

2. Fetal bovine serum (FBS), heat inactivated, endotoxin tested (Quality Biological Inc.).
3. Ficoll-Hypaque, Lymphoprep™ (Axis-Shield PoC AS, Oslo, Norway).
4. Phosphate-buffered saline (PBS) 10X, pH 7.4 (Quality Biological Inc.).
5. Bovine serum albumin (BSA), Fraction V (Sigma Aldrich, St. Louis, MO).
6. Trypan blue 0.4% (Sigma Aldrich).
7. 200 mM L-Glutamine (Quality Biological Inc.).
8. 0.5 M ethylenediaminetetraacetic acid (EDTA) (Biofluids Inc., Rockville, MD).
9. 1 M HEPES buffer (Sigma Aldrich).

10. 15- and 50-mL disposable polypropylene conical tubes (Fisher Scientific,
Suwanee, GA).

11. 6-Well flat bottom tissue culture polystyrene plates with lids (BD Pharmingen,
San Diego, CA).

12. 24- and 96-well flat-bottom tissue culture polystyrene plates with lids (Corning
Inc., Corning, NY).

13. Disposable syringe filter assembly, 0.45 or 0.22 µm (USA/Scientific Plastics,
Ocala, FL).

14. Polyallomer centrifuge tubes 14 × 89 mm (Beckman, Palo Alto, CA).
15. Antibiotics used were penicillin-streptomycin (10,000 U/mL penicillin and

10,000 U/mL streptomycin) (Quality Biological Inc.).

2.2. Antibodies and Kits

1. Anti-CD3  immunoglobulin G (IgG), clone-OKT3 (Orthobiotech, Raritan, NJ).
It is available as 5-mL ampules of 0.5 mg/mL. After opening the ampule, the
antibody should be aliquoted into 100 µL under a sterile hood and stored at 4°C.

2. Anti-CD3  IgG, clone-UCHT1 (BD Pharmingen).
3. Anti-CD3  IgM, clone-2Ad2a2, was a generous gift from Dr. Ellis Reinherz,

Dana Farber Cancer Institute, Boston, MA.
4. Anti-CD28 IgG (NA/LE™), clone-CD 28.2 (BD Pharmingen).
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5. The crosslinking antibody was goat antimouse IgG (Santa Cruz Biotechnology,
Santa Cruz, CA).

6. The isotype controls were mouse IgG (Santa Cruz Biotechnology).
7. Antiphosphotyrosine antibody horseradish peroxidase (Ab-HRP) conjugated or

unconjugated, clone 4G10 (Upstate Biotechnology, New York).
8. Phosphotyrosine antibody mouse monoclonal IgG2b, clone PY99 (Santa Cruz

Biotechnology).
9. Goat antimouse IgG-HRP (Santa Cruz Biotechnology).

10. Panhuman T-cell isolation kit (Miltenyi Biotech).
11. RosetteSep™ human T-cell enrichment cocktail (StemCell Technologies Inc.,

Vancouver, BC, Canada).
12. Quantikine human IL-2 immunoassay kit (R&D Systems Inc., Minneapolis, MN).
13. Protein assay kit (Bio-Rad, Hercules, CA).

2.3. Electrophoretic, Western Transfer, Immunoblotting,
and Immunoprecipitation Reagents

1. Novex precast gels 4–12% Bis-Tris NuPAGE™ gels (Invitrogen, Carlsbad, CA).
2. Whatman filter papers (Fisher Scientific).
3. Polyvinylidene fluoride (PVDF) membrane, Immobilon-P, pore size 0.45 µm

(Sigma Aldrich).
4. NuPAGE antioxidant (Invitrogen)
5. NuPAGE -20X morpholino ethane sulfonic acid (MES) running buffers.
6. NuPAGE 20X 3-(N-morpholino) propane sulfonic acid (MOPS) running buffer.
7. NuPAGE transfer buffer 20X.
8. NuPAGE LDS (laureal dodecyl sulfate) sample buffer (4X) (Invitrogen).
9. SeeBlue® Plus 2 protein ladder (Invitrogen).

10. Protein A/G plus-agarose, 2 mL 50% slurry (Santa Cruz Biotechnology).
11. Phenyl phosphate disodium salt (Sigma Aldrich).
12. Kodak X-ray film (Sigma Aldrich).
13. Tween-20 (Sigma Aldrich).
14. Triton X-100 (Fisher Scientific).

2.4. Flow Cytometry Reagents

Fluorescence-activated cell sorter (FACS) tubes, 12 × 75 mm polypropy-
lene test tubes without cap (Fisher Scientific) were used for the flow cytometry
reagents.

2.5. Instruments

1. Tabletop centrifuge, Sorvall-RT 6000D, rotor H-1000 B (Kendro Laboratory
Products, Newtown, CT).

2. Refrigerated tabletop microtube centrifuge, Biofuge-Fresco (Kendro Laboratory
Products).
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3. Nonrefrigerated Micromax centrifuge (International Equipment Co., Needham
Heights, MA).

4. Hemocytometer and coverslips (Fisher Scientific).
5. Water bath (Precision Scientific Group, Thomas Scientific, Swedesboro, NJ).
6. Flow cytometer, model FACSCalibur (Becton Dickinson, San Jose, CA).
7. Epics Altra flow cytometer (Coulter Beckmann, Hialeah, FL).
8. Spectrophotometer (UVSpec) and software (Amersham Pharmacia, Piscataway,

NJ).
9. Thermomax plate reader (Molecular Devices, Sunnyvale, CA; Software-

SoftPro10).
10. Gel docking station and software (Software, Quantity One, Bio-Rad).
11. NuPAGE gel casts and transfer casts (Invitrogen).
12. Power supplies, Bio-Rad Power Pac 300 (Bio-Rad).
13. Light microscope, Olympus (OPELCO, Dulles, VA).
14. CO2 incubator (Forma Scientific Inc., Marietta, OH).
15. Sterile hood (Nuaire, Biological Safety Cabinets, Plymouth, MN).

3. Methods
3.1. Isolation and Cell Culture of T Lymphocytes

3.1.1. Separation of Peripheral Blood Mononuclear Cells

The blood should be collected in heparin green-top blood collection tubes
and kept at room temperature. Peripheral blood mononuclear cells (PBMCs)
are isolated by density gradient centrifugation over Ficoll-Hypaque, and the
whole process is done at room temperature.

1. The blood is aliquoted into 10 mL in each 50-mL conical disposable centrifuge
tube.

2. Add 30 mL RPMI-1640 medium with Pen-Strep, cap it, and mix by inverting.
3. Carefully underlay the sample with 10 mL Lymphoprep.
4. Centrifuge in a Sorvall tabletop centrifuge at 800g for 45 min. Do not apply

brake during centrifugation to prevent mixing of the density gradient layers dur-
ing the deceleration process.

5. Remove the interface of the white ring or buffy coat containing PBMCs and trans-
fer to new 50-mL conical tubes.

6. Dilute the PBMCs with three volumes of RPMI-1640 with Pen-Strep, mix, and
centrifuge at 400g for 5 min.

7. Discard the supernatant and resuspend the cells in appropriate volume of RPMI-
1640.

8. Count the cells using a hemocytometer by diluting 10-mL samples with 200 mL
trypan blue. The cells should be counted from all four corner cubes, and the total
number obtained should be more than 200 for accurate results. Total number of
cells = cell count/4 × 20 × 104 cells/mL.
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Note that trypan blue exclusion will be used to determine the viability of
PBMCs. If the PBMCs are contaminated with red blood cells (RBCs) and the
sample appears red, it can be hemolyzed using ACK lysis buffer (0.15M NH4Cl,
1 mM KHCO3, and 0.1 mM EDTA). If used immediately, the isolated PBMCs
should be kept in RPMI-1640 containing Pen-Strep at 37°C in a CO2 incuba-
tor. If the cells need to be kept for a longer time, maintain in RPMI containing
Pen-Strep and 10% FBS at 37°C in a CO2 incubator.

3.1.2. Isolation of T Lymphocytes From PBMCs

Any of the following three different protocols can be used to isolate T lym-
phocytes from PBMCs. Magnetic separation and RosetteSep methods routinely
yield greater than 97% CD3-positive T lymphocytes and have distinct advan-
tages. Rosetting using sheep red blood cells (SRBCs) routinely yields around
93% CD3-positive cells; however, it is inexpensive.

3.1.2.1. MAGNETIC SEPARATION USING MICROBEADS

T cells can be isolated by negative depletion by magnetic separation using a
kit from Miltenyi Biotech. This procedure is simple and involves incubation of
the PBMCs with a cocktail of hapten-conjugated antibodies that bind to non-T
lymphocytes, followed by removal of the antibody-bound non-T lymphocyte
by a magnetic bead coated with secondary antihapten antibody. The non-T
lymphocytes bound to the magnetic beads are retained in a column under the
influence of a powerful magnet. The flowthrough containing purified T cells is
used for the studies.

Although the manufacturer’s protocol suggests that PBMCs may be stored
in the refrigerator overnight in PBS containing 2 mM EDTA supplemented
with 10% autologous serum after the last washing step before separation using
an magnetic cell sorting (MACS) column, we found that storing SLE PBMCs
under these conditions sometimes results in large clumps that fail to resuspend
and later clog the separation column and decrease the flow and yield. Over-
night incubation of SLE PBMCs also leads to decreased viability of the cells
and cell lysis. Occasionally, in some SLE patients, increased attachment of the
cells to the surface walls of the 50-mL conical tube was encountered.

1. Count the PBMCs and wash them in 10 mL MACS buffer (1X PBS, 1% FBS or
0.5% BSA, 2 mM EDTA).

2. Remove the supernatant very carefully and resuspend the cells in 80 µL (per
107 cells) ice-cold MACS buffer.

3. Add 20 µL hapten-antibody cocktail per 107 cells, mix well, and incubate at 6°C
for 10 min.

4. Wash two times with MACS buffer (20 times the labeling volume).
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5. Resuspend the cells in 80 µL MACS buffer and add 20 µL MACS antihapten
microbeads per 107 cells, mix well, and incubate at 6°C for 15 min.

6. Wash the cells one time as in step 4 and resuspend in 500 µL MACS buffer.
7. Set up the MACS column between the magnet and wash the column with 3 mL of

MACS buffer.
8. Load the cells to the column, collect the flowthrough, and wash with 10 mL of

MACS buffer.
9. Centrifuge the T lymphocytes at 300g for 5 min in the Sorvall tabletop centrifuge

and discard the supernatant.
10. Resuspend the cells in an appropriate volume of RPMI-1640 containing 10%

FBS and Pen-Strep.

3.1.2.2. ROSETTESEP

T lymphocytes can be directly isolated from the SLE blood samples using
this protocol. The method of T-cell isolation by RosetteSep is essentially based
on crosslinking the non-T lymphocytes with antibodies coated to latex beads
that separate with RBCs in Ficoll-Hypaque density gradient centrifugation.
This negative selection protocol takes less time than MACS separation. How-
ever, the yield of purified T lymphocytes is slightly lower than with MACS
isolation.

1. Take 10 mL of SLE blood in each 50-mL conical tube.
2. Add 250 µL of the StemCell T-cell isolation antibody. Mix well using a 25-mL

pipet and incubate at room temperature for 20 min.
3. Add 30 mL of prewarmed RPMI-1640 containing Pen-Strep and mix it.
4. Underlay the sample with 10 mL of Lymphoprep and centrifuge at 800g for 40 min

at room temperature.
5. Collect the interphase layer of cells in fresh tubes, dilute with RPMI-1640, and

spin at 500g for 10 min.
6. Resuspend the purified T cells in an appropriate volume of RPMI-1640 contain-

ing 10% FBS plus Pen-Strep.

3.1.2.3. ROSETTING WITH SRBCS

This old protocol of T-cell isolation is less expensive. It is based on rosetting
the T cells with SRBCs, followed by separation of the rosettes and hypotonic
lysis of the SRBCs (7).

3.1.2.3.1. Preparation of SRBCs

1. Transfer 7.5 mL SRBCs to a 50-mL conical tube.
2. Fill the tube with cold RPMI-1640 and centrifuge at 200g for 5 min at 4°C.
3. Repeat the washing two more times and restore the volume to 7.5 mL with RPMI-

1640.
4. Prepared SRBCs can be stored at 4°C for a few days.
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3.1.2.3.2. Rosetting With SRBCs

1. Adjust the cells to a final concentration of 10 × 106 cells/mL.
2. Add an equal volume of solution that contains 10% washed SRBCs, 20% FBS,

and 70% RPMI-1640.
3. Mix well using a pipet and incubate at room temperature for 20 min.
4. Centrifuge the suspension at 50g for 10 min at room temperature and incubate for

2 h or overnight at 4°C.
5. Gently resuspend the rosetted cells by laying the tube on the bench and rolling it

slowly around its long axis.
6. The suspension is underlayed with 10 mL ice-cold Ficoll-Hypaque and centri-

fuged at 800g for 35 min at 10°C.
7. Collect the interphase containing B lymphocytes and discard the supernatant

without disturbing the cell pellet at the bottom.
8. Wash the rosetted T-cell pellet with 20 mL RPMI-1640 twice by centrifuging at

300g for 10 min.
9. Subject the cell pellet to hypotonic lysis of SRBCs using 10 mL ACK lysis buffer

(0.15 M NH4Cl, 1 mM KHCO3, and 0.1 mM EDTA) for 3 min.
10. Fill the tube with RPMI-1640 and centrifuge at 300g for 10 min. Wash the T-cell

pellet two times with RPMI-1640, resuspend in 2 mL RPMI-1640, and count the
cells.

3.1.3. Cell Culture of T Lymphocytes

1. Prepare the culture medium by mixing 70% RPMI-1640, 5% FBS, and 20% HL1
medium.

2. Add 1 µg/mL phytohemagglutinin.
3. Resuspend the T cells at a concentration of 1 × 106 cells/mL in the above medium

and start cell culture.
4. After 2 d, centrifuge the cells at 300g for 5 min and resuspend in fresh culture

medium containing 1 µg/mL phytohemagglutinin and 25 U/mL IL-2.
5. Change the medium when the color becomes yellow (2 d at the beginning and

later 5 d). Always resuspend the cells at 1 × 106 cells/mL).

Note that SLE T cells grow under these conditions and can be maintained up
to 40 d. It should be always kept in mind that it is not clear how many of the
sick SLE T cells die under these conditions and how many unaffected cells
grow.

3.2. Analysis of TCR/CD3-Mediated Signaling in Lymphocytes

3.2.1. Measurement of TCR/CD3-Mediated Intracellular Calcium
Response in SLE T Cells

Intracellular calcium response is measured by flow cytometry after labeling
the cells with INDO-1 (Molecular Probes, Eugene, OR) (8). INDO-1-loaded
cells are analyzed using an Epics Altra (Coulter Beckmann) flow cytometer
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equipped with a high-power, dual-wavelength (365 nm and 488 nm) argon
laser and ultraviolet source. In each run, first the cells are run unstimulated to
record the baseline fluorescence ratio, which represents the resting [Ca2+]i lev-
els. After 40 s, antibody OKT3, other activating antibodies, or the isotype con-
trol mIgG2a is added to the tube, followed by crosslinking with the goat
antimouse IgG at 130 s; the calcium response is recorded for 10 min. The mean
fluorescence ratio calculated by the software MultiTime (version 3, Phoenix
Flow Systems, San Diego, CA) is directly proportional to the free cytosolic
Ca2+.

It is very important to perform the calcium analysis as soon as possible after
blood collection to be very close to the signaling in vivo. Isolated T lympho-
cytes (5 × 106/mL) should be recovered in RPMI-1640 containing 10% FBS
and Pen-Strep at 37°C in 5% CO2 for 4–6 h for an optimal response and should
not be maintained more than 16 h. Longer periods of incubation of the lympho-
cytes in culture medium may decrease the effective calcium response qualita-
tively and quantitatively. Also, longer periods of incubation could affect the
results of T-cell signaling abnormalities because gene expression can change
in cells incubated with the culture medium. When comparing the intracellular
calcium response of SLE T cells to that of normal T cells, the experiment should
be done simultaneously on the same day to avoid instrumental variations.

1. Prepare 100 mL of RPMI-1640 medium containing 1% FBS, 10 mM pH 7.4
HEPES, and Pen-Strep. Filter the medium through a 0.45-µM filter and prewarm
to 37°C.

2. Take 1 mL of SLE T cells maintained in RPMI-1640 (1 × 106 cells/mL) in a flow
cytometry tube. Add 1 µL INDO-1 (add 50 µL DMSO to 1 vial of 50 µg INDO-
1, keep it covered with aluminum foil) and incubate at 37°C for 1 h.

3. Dilute 200 µL INDO-1 loaded T lymphocytes to 2 mL in 37°C prewarmed cul-
ture medium and loaded to Epics Altra flow cytometer.

4. The sample should be run at a data rate of approx 150 to increase the efficiency.
Therefore, the flow rate has to be adjusted if there is variation in cell number
among samples. Too many cells in the sample may decrease the flow rate and
ultimately clog the tubes. If the data rate is decreased while running, increase the
flow rate to adjust the data rate.

5. After recording the baseline for 40 s, add 2.5 µg/mL OKT3, mix the samples, and
allow to run for another 50 s.

6. Add 20 µg/mL goat antimouse antibody, mix, and allow to run for 10 min with
intermittent shaking.

7. Data can be analyzed using MultiTime software and plotted as the mean ratio or
percentage responding cells.

Note that the mean fluorescence ratio calculated by the MultiTime software
is directly proportional to the free cytosolic Ca2+ (Fig. 1). The intracellular
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calcium response can also be represented as a percentage of responding cells.
A positive responding cell is one with [Ca2+]i that is increased by two standard
deviations above the mean background levels. Intracellular calcium response
data can be interpreted by calculating the total area under the response curve or
by taking the peak mean ratio at a selected time. After the peak response, lack
of a gradual decrease in the intracellular calcium response to the baseline sug-
gests a sustained response and is interpreted as abnormal termination of T-cell
signaling. More than 1 µL INDO-1 per 1 mL of cells should not be added
because the high DMSO may reduce the calcium response. When running at a
high flow rate, a 10-min recording may require more than 2 mL of cells.

As an alternative to OKT3, an anti-CD3 IgM antibody can be used. The
calcium response is much higher following activation with pentameric IgM
antibody because of better crosslinking. Addition of secondary crosslinking
antibody is not necessary when stimulating with IgM antibody. To study or
compare with non-TCR-mediated calcium response, the cells can be activated
by phorbol-12-myristate 13-acetate/ionomycin.

3.2.2. Tyrosine Phosphorylation of Cellular Protein Substrates

3.2.2.1. CELL ACTIVATION AND LYSIS

1. Transfer 5 million SLE T cells in 500 µL serum-free RPMI-1640 medium to a
1.5-mL microfuge tube.

2. Incubate the cells at 37°C for 10 min in a water bath.
3. Stimulate the cells with the addition of 1 µg/mL OKT3 for 0, 1, or 2 min at 37°C.

(Antibody 2Ad2a2:IgM 1:200 dilution or UCHT1 10 µg/mL antibody can be sub-
stituted for OKT3. When using OKT3 Ab, it can be crosslinked by adding 10 µg/
mL goat antimouse antibody immediately to increase the level of tyrosine phos-
phorylation.)

4. Stop the reaction by the addition of 0.5 mL ice-cold 2X stop buffer (50 mM Tris-
HCl, 100 mM NaCl, 100 mM NaF, 2 mM Na3VO4, 10 mM EDTA, 10 mM sodium
pyrophosphate, 2 mM phenylmethane sulfonyl fluoride (PMSF), 20 µg/mL
leupeptin, and 20 µg/mL aprotinin).

5. Cells were pelleted and lysed in lysis buffer (working solution for 1 mL, 500 µL
2X stop buffer , 483 µL water; 5 µL 0.5M EDTA, 1 µL aprotinin, 1 µL 5 mg/mL
leupeptin; 5 µL 0.2M PMSF; 5 µL 200 mM sodium vanadate) containing 1%
Nonidet P-40 (Sigma Aldrich).

6. Incubate the cells at 4°C for 1 h in a shaker in the cold room.
7. Centrifuge the cells at 18,000g for 10 min at 4°C and collect the supernatant. The

pellet, which can be used to evaluate tyrosine phosphorylation of proteins in de-
tergent-insoluble membrane fractions, should be washed twice with 100 µL lysis
buffer.

8. Freeze both the pellet and the cytoplasmic protein extract at –80°C.
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Fig. 1. TCR/CD3-induced intracellular calcium response in SLE T cells. For this,
1 × 106 SLE T cells were resuspended in 1 mL prewarmed culture medium and loaded
with 1 µL (1 µg/mL in DMSO) INDO-1 (Molecular Probes) for 60 min at 37°C. INDO-
1-loaded cells were diluted 10 times (0.2 –2 mL) with prewarmed, filtered RPMI-1640
containing 1% FBS. After establishing the baseline fluorescence ratio that represents
the resting [Ca2+]i levels for 40 s, the cells were stimulated with either OKT3 (2.5 µg/
mL) or the isotype control mIgG2a, followed by 10 µg/mL of goat antimouse antibody
at 130 s. The intracellular calcium response was continuously monitored for 10 min
with intermittent shaking.

3.2.2.2. BIO-RAD PROTEIN ASSAY

1. Take a flat-bottom, 96-well culture plate.
2. Pipet a row of 0, 2, 4, 6, 8, and 10 µL protein standard (1 mg/mL BSA in distilled

water) and add 10, 8, 6, 4, 2, and 0 µL, respectively, of distilled water to make up
the final volume to 10 µL.

3. For cell lysates, pipet 2 µL of the samples to the wells and add 8 µL of distilled
water.

4. Add 90 µL of the Bio-Rad protein assay reagent concentrate to each well (if the
concentration of the samples is very low, then increase the volume of the cell
lysate and adjust the volume to 10 µL with distilled water). The blue color reac-
tion is noted, and the plate is read at 595 nm in a microplate reader using
SOFTmaxPro software (Molecular Devices, Sunnyvale, CA) to obtain the con-
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centration of the protein in each sample. Each protein value is multiplied by 5
(dilution) to obtain the concentration of proteins in micrograms per microliter.
The Bio-Rad protein assay can also be done in 1-mL plastic disposable cuvets
using 200 µL Bio-Rad protein assay reagent and 800 µL protein solution plus
water.

Note that normal T lymphocytes yield approx 5 µg/µL protein if 5 million
cells are lysed in 100 µL lysis buffer. Jurkat T lymphoma cell lines yield approx
20 µg/µL protein if 5 million cells are lysed in 150 µL lysis buffer. Pipetting
errors can interfere with the result. Avoid any bubbles in the wells or results
may be affected. Generally, electrophoresis of 15–20 µg of the protein sample
is required for decent detection by immunoblotting.

3.2.2.3. PROTEIN SEPARATION BY POLYACRYLAMIDE GEL ELECTROPHORESIS

3.2.2.3.1. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
Using NuPAGE. Depending on the molecular weight of the protein under
investigation, different gel types can be used for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Higher molecular weights (above
100 kDa) can be better resolved with a 6% gel, molecular weights of 50–100
kDa can be better resolved with a 10% gel, and to visualize lower molecular
weight proteins, a 12% gel can be used. Sometimes, a gradient gel, such as a 4–
12% Bis-Tris gel may be necessary to see the whole spectrum of proteins. The
Invitrogen-Novex precast gel is set up after removing the stripe and comb in
the electrophoresis apparatus according to manufacturer’s instructions, and the
outer chamber is filled with running buffer (50 mL 20X MOPS or MES, depend-
ing on the resolution required, plus 950 mL distilled water). The inner chamber
is filled with 200 mL of running buffer containing 0.5 mL of antioxidant (sup-
plied by the manufacturer) to cover the loading wells. The samples are dena-
tured in SDS and reduced using dithiothreitol or 2-mercaptoethanol (9). Protein
sample preparation for loading is as follows:

1. Pipet 10–15 µg protein lysate from different samples in a 1.5-mL microfuge tube.
2. Add an equal volume of 4X loading buffer (Invitrogen-Novex, Carlsbad, CA)

containing bromophenol blue, SDS, and 2 mercaptoethanol. The total volume of
the sample should not exceed 32 µL. Therefore, it is necessary to use 5X loading
buffer for dilute samples.

3. Boil for 5 min in a water bath and cool at room temperature.

The following is the procedure for loading samples to gels:

1. Clean the wells by flushing with the running buffer using a pipet.
2. Gels are carefully loaded with samples using thin pipet tips.
3. On one end of the well, the SeeBlue-2 or rainbow protein ladder is added.
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4. The gel is run for 1 h at a constant 150–170 V until the bromophenol blue reaches
the bottom of the gel. Remove the running buffer, take the gel out, and continue
with staining or Western blotting.

Note that care should be taken to avoid spillage of samples into adjacent
wells. The voltage should be reduced if “smiling” of the gel occurs or if the
proteins run weirdly. If gels heat up during the run, it should be run at 4°C in
the cold room. Optionally, to make sure loading is equal, the gels can be stained
with Coomassie brilliant blue to visualize the proteins.

3.2.2.3.2. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

1. Remove the stripe from precast 10% SDS-PAGE gels and fit into the chamber.
2. Remove the comb, fasten the device, and fill running buffer (dilute 10X Tris-

glycine/SDS buffer; Invitrogen).
3. Add an equal volume of 2X SDS-PAGE loading buffer containing 2-mer-

captoethanol to 10–15 µg protein samples, boil for 5 min, and load to the gel
along with prestained SeeBlue protein marker.

4. Run the gel at 125 V for 2 h until bromophenol blue reaches the bottom of the gel.
Remove the running buffer, take the gel out, and proceed with Western blotting.

3.2.2.3.3. Coomassie Blue Staining

1. Incubate the gel for 2 h in fixing solution (50% methanol, 10% acetic acid, 40%
water).

2. Wash the gel with water and stain for 4 h in Coomassie brilliant blue staining
solution (50% methanol, 0.05% Coomassie brilliant blue R-250, 10% acetic acid,
40% water).

3. Destain the gel with 50 mL destaining solution (5% methanol, 7% acetic acid,
88% water).

4. Change the destaining solution a few times until blue bands and clear back-
grounds are obtained. Store the gel in 7% acetic acid or water.

3.2.2.4. WESTERN BLOTTING

1. Wear gloves and cut the PVDF membrane 1–2 mm larger than the gel.
2. Soak pads, filters, and membranes for 15 min in transfer buffer (for 1 L, use

50 mL 20X transfer buffer available, 849 mL distilled water, 1 mL antioxidant,
and 100 mL methanol; if methanol is not available, the same volume of 200 proof
ethanol can be substituted).

3. Disassemble gel sandwich and equilibrate gel for 5 min in transfer buffer at room
temperature.

4. For one membrane, assemble transfer sandwich in the following order: negative
electrode, pad, pad, filter, gel, membrane, filter, pad, pad, positive electrode. For
two membranes, assemble transfer sandwich in the following order: negative
electrode, pad, pad, filter, gel, membrane, filter, pad, filter, gel, membrane, filter,
pad, pad, positive electrode.
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5. Remove any bubbles between the filter paper, gel, and PVDF membrane by roll-
ing a pipet from one side to the other. This is important to avoid improper trans-
fer of the proteins.

6. Fill the chamber with transfer buffer until the pads are just covered.
7. Run at a constant 30 V for 1 h (at 4°C)
8. Disassemble the sandwich and mark the front side of the membrane with a pen.

Note that the membrane can be stained with Ponceau S (0.3% Ponceau S in
5% trichloroacetic acid) to confirm the transfer. Place the membrane in
Ponceau S solution for 5 min at room temperature, destain with water, photo-
graph it, and completely destain with water by soaking for 10 min. Alterna-
tively, the unusable transferred gel can be stained with Coomassie brilliant
blue to evaluate the amount transferred. Overtransfer and loss of proteins may
occur if transfer is prolonged beyond 1 h. For overnight transfers, a constant 14 V
is applied.

3.2.2.5. IMMUNOBLOTTING

1. Rinse the membrane in 1X PBS or 1X Tris-buffered saline (TBS) and transfer it
to a plastic box.

2. Block the membrane with 3–5% BSA for 1 h in PBS or TBS.
3. Transfer the membrane to a plastic bag with 7 mL of blocking solution, add

antiphosphotyrosine-HRP antibody (1:1500 dilution), remove the bubbles, and
seal the bag. The membrane is incubated for 2–3 h or overnight at 4°C with agi-
tation using a nutator.

4. Remove the membrane and wash three times for 10 min each in 15 mL of PBST
(1X PBS, 0.1% Tween-20) or TBST (1X TBS, 0.1% Tween-20).

5. Wash the membrane in PBS or TBS once.

3.2.2.6. DETECTION

1. Warm and mix enhanced chemiluminescent (ECL) reagents 1 and 2 (Amersham
Pharmacia) and mix mL of each to make 8 mL reagent per blot.

2. Incubate the membrane in the ECL reagent for 1 min. Make sure that the reagent
spreads over the entire membrane.

3. Drain the ECL reagent from the membrane, dry the membrane gently, and then
put it between a plastic envelope or saran wrap and place it on a detection cas-
sette.

4. Cut Kodak X-ray film (Sigma Aldrich) to the appropriate size, bend the upper
right-hand corner to identify the position, put the film on the membrane, expose
for 10 s, and expose a second film for 1 min.

5. Develop the film in a Kodak automatic processor. If necessary, increase or
decrease the exposure time to obtain a good autoradiogram.

Note that if the antibody used is not conjugated with HRP, then a second
step of incubation for 1 h with antimouse HRP is required after the primary anti-
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body, followed by three washes of PBST and one wash with PBS as described in
Subheading 3.2.2.5., step 4 before development. The antiphosphotyrosine
antibody (clone 4G10) from Upstate Biotechnology can be frozen and reused
at least three times. Immunoblotting for phosphotyrosine should be done at
first if the blot is going to be probed for other molecules of interest (Fig. 2).
HRP-conjugated antiphosphotyrosine antibody 4G10 works better and saves
time compared to non-HRP-conjugated antiphosphotyrosine primary antibody
and an antimouse goat IgG coupled to HRP. Do not let the blot dry out during
any step of immunoblotting as this will increase background staining.

3.2.3. Kinetics of Tyrosine Phosphorylation of Cellular Proteins

The kinetics of early tyrosine phosphorylation of cellular proteins can be
studied by activation of SLE T cells for 0, 1, 2, and 3 min and analysis of tyrosine-
phosphorylated proteins as mentioned in Subheading 3.2.2. The kinetics of phos-
phorylation of cellular protein substrates is faster in SLE T cells compared
with normal T cells (Fig. 2).

3.2.4. Cell Proliferation Assay

1. Antigen proliferation assays are set up in 96-well culture plates containing 1 ×
105 SLE T cells/well (triplicates) in RPMI-1640 containing 10% FBS.

2. The cells are treated with immobilized OKT3 (10 µg/mL) and immobilized anti-
CD28 antibody (2.5 µg/mL).

3. Cells are incubated at 37°C for 3 d.
4. Add 1 µCi of [3H] thymidine/well (6.7 Ci/mmol) and incubate for 18 h.
5. Harvest the cells using a Tomtec 96-well plate harvester (Wallac, Gaithersburg, MD).
6. Incorporated radioactivity is quantitated using a Microbeta Tri-luxe plate scintil-

lation counter (Wallac).

3.2.5. Cytokine Expression

1. 5 million T cells are plated in 1 mL medium in a 24-well culture plate.
2. Cells are activated via TCR/CD3 complex with 10 µg/mL anti-CD3 monoclonal

antibody plus 2.5 µg/mL anti-CD28 monoclonal antibody for 24 or 48 h.
3. The samples are transferred to a microfuge tube and centrifuged at 18,000g for

2 min at 4°C.
4. The supernatants are collected, and IL-2 is measured using 100 µL of the culture

supernatant in triplicates by Quantikine enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems, Minneapolis, MN).

5. The levels of interferon-  and IL-4 or other cytokines in culture supernatants are
measured by ELISA using minikits (Endogen, Cambridge, MA).

6. The absorbance of the color reactions is read at 450 nm in an ELISA microplate
reader (Bio-Rad).
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Fig. 2. Increased phosphorylation of TCR/CD3-mediated phosphorylation of TCR
-chain with faster kinetics in SLE T cells. Magnetically purified SLE T cells were

stimulated through TCR/CD3 with 10 µg/mL of OKT3 and 20 µg/mL goat antimouse
antibody for 0, 1, and 2 min and lysed. Proteins (15 µg) were analyzed on NuPAGE
under reducing conditions and immunoblotted with horseradish peroxidase-conjugated
antiphosphotyrosine antibody 4G10. SLE T cells showed supranormal phosphoryla-
tion of cellular protein substrates with faster kinetics compared with normal T cells.

4. Notes
1. Keeping the SLE blood at 4°C is not advisable because of the cryoglobulins

present in SLE. Storing the blood for a longer duration reduces the yield of
PBMCs because of the possible aggregation between lymphocytes or with other
blood cells, forming clumps as well as lysis. Also, long-time incubation of blood
results in increased adhesion of RBCs to PBMCs, making it slightly reddish. If
this happens, RBCs need to be lysed before proceeding; otherwise, the protein
and the proteolytic activity from RBCs may bias the results.
The same-day use of the SLE blood sample is advised for maximum yield of
viable PBMCs and best reproducible results. If the cells are used for transfection
or nucleoporation procedures as described in Chapter 4, purification of lympho-
cytes on the same day significantly improves the transfection efficiency. Do not
incubate the cells more than 1 min with ACK lysis buffer because it may damage
the lymphocytes.

2. The negatively selected lymphocytes obtained by MACS separation are “untouched”;
thus, this technique is superior to positive selection methods. To improve the yield
of lymphocytes by MACS separation, elute the column with three times the col-
umn volume of buffer. Also, failure to degas the buffer each time impedes the
speed of elution and decreases the yield of elution. The purity of the isolated
T lymphocytes can be determined by CD3e staining and flow cytometry.
Although rosetting with SRBCs is an inexpensive method to isolate T cells from
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blood, it takes longer compared to the MACS separation or RosetteSep. Rosetted
cells need to be rested 4–6 h before the signaling experiments. If hypotonic lysis
of SRBCs is prolonged, it can affect the functions of T cells.

3. Because SLE T cells produce low amounts of IL-2, it is good to increase the cell
number if possible. The cell pellet obtained after separation of the culture super-
natant can be lysed in RLT cell lysis buffer supplied with RNeasy mini kit
(Qiagen Inc., Valencia, CA) to determine the level of IL-2 messenger RNA ex-
pression.
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Summary
A growing number of studies have revealed that the expression of many genes is abnormal

in T lymphocytes of patients with systemic lupus erythematosus (SLE). Although aberrant
expression of signaling molecules may arise intrinsically or in response to the environment,
these abnormalities play a significant role in the pathogenesis of this autoimmune disease.
Modern research on lymphocyte signaling abnormalities in SLE has been directed toward iden-
tifying defective expression of various signaling molecules, understanding the molecular basis
of the deficiency, and dissecting the T-cell signaling abnormalities that result from abnormal
gene expression. The developments suggest that interplay of abnormal transcriptional factor,
aberrant messenger RNA processing/editing, ubiquitination, proteolysis, oxidative stress, and
changes in chromatin structure invariably contribute to the abnormal expression of numerous
signaling molecules in SLE T cells. The contribution of each of these mechanisms in the abnor-
mal expression of signaling molecules in SLE T cells is not known. In addition to abnormalities
in gene expression, multiple factors, including altered cellular distribution of the protein, rewir-
ing of the receptor, modulation of membrane clustering, and lipid raft distribution of signaling
molecules and defective signal-silencing mechanisms play a key role in delivering the anoma-
lous T-cell receptor/CD3-mediated intracellular calcium response in SLE T cells. The opti-
mized methods and protocols described here pertaining to TCR -chain expression and related
T-cell signaling abnormalities can be very well applied to other molecules aberrantly expressed
in SLE T cells.

Key Words: Chromatin immunoprecipitation; cloning and sequencing; electroporation;
flow cytometry; gene expression; immunoprecipitation; lipid rafts; nuclear extract; RT-PCR;
signaling molecules; T-cell signaling.
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1. Introduction
1.1. TCR -Chain

The T-cell receptor (TCR) -chain is a vital T-cell signaling molecule that is
considered the limiting factor among the eight subunits of the TCR in receptor
assembly, transport, and surface expression and is crucial to receptor signaling
function (1,2). The -chain transcript is generated as the spliced product of
eight exons separated by distances of 0.7 to more than 8 kb (3).

The -chain exists in multiple forms and membrane fractions with distinct
functions in antigen (Ag)-mediated signaling process. In addition to the soluble
16-kDa unphosphorylated form, the detergent-soluble fraction of TCR -chain
includes the phosphorylated p21- and p23-kDa forms and mono- and
polyubiquitinated forms. The detergent-insoluble membrane fraction includes
the actin cytoskeleton-bound form and lipid raft-associated forms of the TCR

-chain. Systemic lupus erythematosus (SLE) T cells display low levels of p16,
p21, and 23-kDa and detergent-insoluble membrane-bound forms of the TCR

-chain. In contrast, ubiquitinated forms of the -chain are high in SLE T cells.
We reported that the levels of residual TCR -chain associated with lipid

rafts and the membrane clustering of the TCR -chain are significantly increased
in SLE T cells. A majority of patients with SLE also display decreased expres-
sion of TCR -chain messenger RNA (mRNA) (4,5).

1.2. Applications

Discovery of abnormal expression of genes in SLE is important for identifi-
cation of the molecules that may predispose to aberrant immune responses to
autoantigens and cause pathologic autoantibody production. Studies of abnor-
mal gene expression will unfold the pathologic mechanisms behind abnormal
T-cell functions in SLE. Identification of underlying genetic, molecular, and
biochemical mechanisms will provide novel targets for future pharmacologi-
cal intervention and complement existing therapeutic modalities. In the com-
ing years, gene expression studies are expected to define a molecular signature
with respect to genes and signaling for immune cells in patients with SLE,
which may dictate treatment.

1.3. Study Design

When applying these methods to study other signaling molecules, it is impor-
tant to design the study to analyze various forms and fractions of the molecules
by using antibodies that can bind to multiple forms rather than one structural
epitope. Normal T cells or autoimmune disease controls such as rheumatoid
arthritis, Sjögren’s syndrome, Still’s disease, limited systemic sclerosis, mixed
connective tissue disorder, antiphospholipid syndrome, and dermatositis can
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be used as controls for SLE. Similarly, when the size of the molecule of inter-
est and endogenous controls are significantly different, it is reasonable to com-
bine the antibodies when probing the immunoblots to reduce experimental time
and too much stripping of blots. Samples taken on different dates can be com-
pared by normalizing the data against a proper internal control.

Studies showed that, in addition to abnormal expression of key signaling
molecules, the downstream signaling molecules that associate and participate
in signaling function are altered in SLE T cells. Accordingly, it is important to
include studies of downstream signaling molecules and their function in SLE T
cells by TCR activation using antibodies or by non-receptor-mediated stimula-
tion using phorbol-12-myristate 13-acetate/ionomycin. Abnormalities in sig-
naling molecules should be correlated with the SLE disease activity index,
current medication, and demographics (race, gender, age) to distinguish abnor-
malities intrinsic to the disease from those associated with disease activity. If
possible, it is also a good idea to request that patients not take any medication
at least 24 h before drawing the blood sample to reduce the effects of medica-
tion. To confirm the results further, the study should be designed to follow up
the patients over a period of 3–4 yr, during which the SLE disease activity will
improve considerably.

2. Materials
In addition to the materials described in Chapter 3, the materials described

here are required.

2.1. Electrophoretic, Western Transfer, Immunoblotting,
and Immunoprecipitation Reagent

Blotto nonfat dry milk (Santa Cruz Biotechnology, Santa Cruz, CA) is used
as a reagent.

2.2. Antibodies

2.2.1. Staining Antibodies
1. Anti-CD3 , clone M-20 (Santa Cruz Biotechnology).
2. Anti-CD3 , carboxy terminal binding antibody, clone C-20 (Santa Cruz Biotech-

nology).
3. Anti-FcR  (Upstate Biotechnology, Waltham, MA).
4. Anti-linker for activated T cells (LAT), clone-FL-233 (Santa Cruz Biotechnology).
5. Antiactin, clone-I-19 (Santa Cruz Biotechnology).

2.2.2. Isotype Controls
1. Goat immunoglobulin G (IgG) (Santa Cruz Biotechnology).
2. Rabbit IgG (Santa Cruz Biotechnology).
3. Mouse IgG (Santa Cruz Biotechnology).
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2.2.3. Blocking Antibodies

Human IgG (Sigma Aldrich, St Louis, MO) was used for blocking antibodies.

2.2.4. Secondary Fluorescent-Labeled Antibodies

All the immunoglobulins have minimum crossreactivity with bovine,
chicken, goat, guinea pig, Syrian hamster, horse, human, mouse (except three),
rat, and sheep IgG.

1. Tetramethylrhodamine isothiocyanate (TRITC)-labeled donkey antirabbit
IgG (H + L) (Jackson ImmunoResearch Lab, West Grove, PA).

2. TRITC-labeled donkey antigoat IgG (H + L) (Jackson ImmunoResearch Lab).
3. Fluorescein isothiocyanate (FITC)-labeled antimouse IgG (H + L) (Jackson

ImmunoResearch Lab).
4. FITC-labeled donkey antirabbit IgG (H + L) (Jackson ImmunoResearch Lab).

2.2.5. Secondary HRP-Labeled Antibodies

1. Goat antirabbit IgG-HRP (Santa Cruz Biotechnology).
2. Antigoat IgG-HRP (Santa Cruz Biotechnology).
3. Antimouse IgG-HRP (Santa Cruz Biotechnology).

2.3. Kits

1. RNeasy mRNA isolation kit (Qiagen Inc., Valencia, CA).
2. Reverse transcriptase polymerase chain reaction (RT-PCR) kit (Promega Corp.,

Madison, WI).
3. Plasmid miniprep isolation kit (Qiagen Inc.).
4. Nucleoporation kit (Amaxa Corp., Köln, Germany).

2.4. RT-PCR, Gene Expression Analysis

1. Ethidium bromide (Sigma Aldrich).
2. Seakem gametic technology grade (GTG) agarose (FMC BioProducts, Rockland, ME).
3. Taq polymerase (Promega Corp.).
4. PCR beads (Amersham Pharmacia, Piscataway, NJ).
5. X-gal (Sigma-Aldrich).

2.5. Density Gradient Centrifugation and Protein Concentration

1. Sucrose (Bio-Rad, Hercules, CA).
2. Trichloroacetic acid (TCA) (Sigma Aldrich).
3. Sodium chloride (Sigma Aldrich).
4. Morpholino ethane sulfonic acid (MES) (Sigma Aldrich).
5. Brij58 (Sigma Aldrich).
6. Triton X-100 (Fisher Scientific, Suwanee, GA).
7. Acetone (Fisher Scientific).
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2.6. Flow Cytometry and Fluorescence Microscopy Reagents

1. FACS tubes, 12 × 75 mm polypropylene test tubes without cap (Fisher Scientific).
2. Polylysine-coated Poly Prep slides (Sigma Aldrich).
3. Pap pen with normal large tip (Electron Microscopy Sciences, Washington, PA).
4. Cover glasses that are 22 × 22 mm by 0.13–0.17 mm thick (VWR Scientific,

Buffalo Grove, IL).
5. Gel/Mount™ (Biomedia Corp., Hayward, CA).
6. Colorless nail polish from any local store.
7. Saponin (Sigma Aldrich).
8. Digitonin (Sigma Aldrich).
9. Glycine (Bio-Rad).

2.7. Instruments

1. Dounce homogenizer (Fisher Scientific).
2. Beckman ultracentrifuge and SW41 rotor (Palo Alto, CA).
3. Flow cytometer, model FACSCalibur (Becton Dickinson, San Jose, CA).
4. PCR machine, T3 thermocycler (Biometra, Heidelberg, Germany).
5. Confocal microscope, Bio-Rad Radiance 2100, ×10–×100 (Bio-Rad; Laser Sharp

2000 software)
6. Olympus model IX70 fluorescence microscope (OPELCO, Dulles, VA).
7. Nucleoporator (Amaxa Corp.).
8. Sonicator (Fisher Scientific).

3. Methods

3.1. Biochemical Analysis of Abnormalities
in T-Cell Signaling Molecules

3.1.1. Preparation of Cytoplasmic Extract and Detergent-Insoluble Cell
Membrane Extract of SLE T Cells

1. Take 5 million cells in a 1.5-mL microfuge tube and add 100 µL of freshly pre-
pared NP-40 cell lysis buffer (working solution for 1 mL, 500 µL stop buffer 2X,
483 µL water, 5 µL 0.5 M ethylenediaminetetraacetic acid [EDTA], 1 µL aprotinin,
1 µL 5 mg/mL leupeptin; 5 µL 0.2 M PMSF; 5 µL 200 mM sodium vanadate con-
taining 1% Nonidet P-40 (Sigma Aldrich).

2. Vortex the cell lysate in the cold room for 1 h.
3. Centrifuge the sample at 18,000g for 10 min at 4°C in a microfuge.
4. Separate the cytoplasmic extract from the detergent-insoluble membrane pellet

and store it at –80°C.
5. Wash the detergent-insoluble membrane pellet two times with 100 µL lysis buffer

and freeze at –80°C until use.
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3.1.2. Preparation of Nuclear Extracts
1. Take 5 million T cells in a 15-mL conical tube and centrifuge at 400g for 5 min.
2. Wash cells with 10 mL phosphate-buffered saline (PBS) or TBS and transfer it

into a microfuge tube; centrifuge at 18,000g for 15 s.
3. Remove the TBS and resuspend the cell pellet in 400 mL cold buffer A (10 mM

HEPES at pH 7.9, 10 mM KCl, 0.1 mM EDTA, and 0.1 mM EGTA) by gentle
pipetting using microtips. Freshly add 1 µL 1 M dithiothreitol [DTT], 10 µL
50 mM PMSF, and 0.5 µL aprotinin for 1 mL of buffer A. Prepare 1 M stock
solution of DTT by adding 1.09 g DTT in 20 mL of 0.01 M sodium acetate at
pH 5.2, filter, and store as 1-mL aliquots at –20°C.

4. Allow the cells to swell on ice for 15 min.
5. Add 25 mL of 10% Nonidet-P40 and vigorously vortex the tube for 10 s.
6. Centrifuge the homogenate for 30 s at 18,000g in a microfuge tube at 4°C.
7. Resuspend the nuclear pellet in 40 µL of ice-cold buffer C (20 mM HEPES at pH

7.9, 0.4 mM NaCl, 1 mM EDTA, and 1 mM EGTA). Freshly add 1 µL 1 M DTT,
20 µL 50 mM PMSF, and 0.5 µL aprotinin for 1 mL of buffer C.

8. Vigorously rock the tube at 4°C for 45 min on a shaking platform.
9. Centrifuge the nuclear extract for 5 min in a microfuge tube at 4°C.

10. Freeze the supernatants in aliquots at –80°C.
11. Estimate the protein using Bio-Rad protein assay reagent as described in Chapter 3,

Subheading 3.2.2.2.

3.1.3. Separation of Proteins by Polyacrylamide Gel Electrophoresis
and Western Blotting

Proteins (10–15 µg) were separated by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) or NuPAGE (Invitrogen, Carlsbad, CA)
gel electrophoresis under reducing conditions and Western blotted to PVDF
membranes as described in Chapter 3, Subheading 3.2.2.3.

3.1.3.1. GEL ELECTROPHORESIS OF DETERGENT-INSOLUBLE MEMBRANE FRACTION

The detergent-insoluble membrane pellet from 5 million cells was solubi-
lized by mechanical agitation and sonication in the presence of 4% SDS in the
loading buffer. The mixture was boiled for 20 min in sample buffer containing
4% SDS and centrifuged; the supernatant was loaded to gels (6,7).

3.1.3.2. IMMUNOBLOTTING

1. Unlike phosphotyrosine blotting, the blocking solution for immunoblotting with
signaling proteins is 5% milk in PBS or TBS.

2. After 1 h blocking, discard the blocking solution, transfer the membrane to a
plastic bag, and seal the four sides.

3. Cut a corner of the plastic bag and add N-terminal or C-terminal TCR -chain
antibody (1:1000) diluted in 5 mL fresh blocking solution, reseal, and incubate at
room temperature for 2–3 h in a nutator.
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4. Remove the membrane from the plastic bag and wash as described earlier.
5. Incubate the membrane in a plastic bag with 5 mL blocking solution for 1 h with

antimouse HRP secondary antibody followed by three washes of PBST and one
wash with PBS as described in Chapter 3, Subheading 3.2.2.6. before develop-
ment. The blots were developed using ECL reagents as described above.

3.1.4. Western Blot Stripping and Reprobing
1. Membranes were stripped with immunopure stripping buffer (Pierce Chemical

Co., Rockford, IL) for 90 min at room temperature.
2. The membranes were washed with PBS or TBS, blocked, and immunoblotted with

control antibody or other antibodies of interest as described in Subheading 3.1.3.2.

3.1.5. Immunoprecipitation
1. Lyse 20 million cells in 250 µL lysis buffer and prepare the cytoplasmic extract

as described in Subheading 3.1.2.
2. Preclear the cell lysate by adding protein A/G agarose/Sepharose by adding 25 µL

of 50% slurry and incubate at 4°C for 10 min on a rocker or orbital shaker.
3. Remove the protein A/G agarose beads by centrifugation at 14,000g at 4°C for

10 min and transfer the supernatant to a fresh tube.
4. Add 10 µg of CD3  antibody and mix for 2 h or possibly overnight at 4°C on a

rocker or orbital shaker.
5. Capture the immunocomplex by adding 25 µL protein A or protein G agarose/

Sepharose bead slurry (50% slurry) by gently rocking in a rocker or orbital shaker
for 2 h or overnight at 4°C.

6. Collect the agarose/Sepharose beads by centrifugation for 15 s at 18,000g.
7. Discard the supernatant and wash the beads three times with 25 µL lysis buffer.
8. Resuspend the agarose in 2X sample buffer, mix, and boil for 5 min before load-

ing to SDS-PAGE or NuPAGE.
9. Western blot the samples to PVDF membranes and immunoblot with TCR -chain

antibody or antibodies to downstream signaling molecule as described in Subhead-
ing 3.1.3.2.

3.1.6. Estimation of Lipid Raft-Associated TCR -Chain

The functionally important lipid raft-associated form of the TCR -chain is
quantitated by treating the SLE T cells with cholesterol-solubilizing agent
methyl- -cyclodextrin, which disrupts lipid rafts. The increase in the amount
of TCR -chain in the detergent-soluble fraction after treatment corresponds to
the lipid raft-associated form of TCR -chain. We have successfully applied
this method to SLE T cells and discovered that the residual TCR -chain is more
associated with the lipid rafts in T cells of patients with SLE (4,8) (Fig. 1A).

1. Pipet 5 million cells into two microfuge tubes and resuspend in 1 mL of culture
medium without serum.

2. T cells are treated with or without 30 mM methyl- -cyclodextrin (Sigma Aldrich)
for 30 min at 25°C.
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Fig. 1. (A) Analysis of the membrane lipid raft-associated and actin cytoskeleton-
associated forms of the TCR -chain in SLE T cells. (A) SLE T cells were treated with
the lipid raft-disrupting agent methyl- -cyclodextrin for 30 min. The cells were lysed,
and the detergent-soluble and detergent-insoluble fractions were collected by cen-
trifugation, separated by SDS-PAGE, transferred, and blotted with the TCR -chain
C-terminal monoclonal antibody (MAb). On treatment with methyl- -cyclodextrin,
the increased level of the p16 and p21 23-kDa forms of the TCR -chain in the deter-
gent-soluble fraction represent lipid raft-associated TCR -chain. Densitometric analy-
sis showed that, in SLE T cells, the lipid raft-associated TCR -chain is increased
compared to normal donors. (B) Sucrose density gradient analysis showing distribu-
tion of LAT in raft and nonraft fractions; 100 × 106 cells were lysed with a lysis buffer
containing 1% Brij58 and fractionated by discontinuous sucrose gradient. Immunoblot
analysis of LAT was performed with an equal volume of cell lysate from each frac-
tion. Raft and nonraft fractions were as indicated.

3. Lyse cells in 1% NP-40 lysis buffer as described above and centrifuge at
18,000g for 10 min at 4°C.

4. The detergent-soluble and insoluble fractions were electrophoretically separated
in a 12% gel and transferred to PVDF membranes (Millipore, Bedford, MA). The
membranes were immunoblotted with TCR -chain C-terminal antibody and
other relevant antibodies and developed as described in Subheading 3.1.3.2.
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3.1.7. Lipid Raft Isolation

Lipid raft and associated proteins can be isolated from T cells using density
gradient centrifugation in an ultracentrifuge (9,10).

1. T cells (25 million) are pelleted and lysed in 1 mL of 1% Brij58 or 0.2% Triton
X-100 lysis buffer (0.2% Triton X-100 or 1% Brij58 in MES-buffered saline
[MBS] buffer [25 mM MES, 150 mM NaCl, pH 6.5], supplemented with 1 mM
sodium orthovanadate, 2 mM EDTA, 1 mM PMSF, and 1 µg/mL aprotinin).
The lysis buffer is prepared as follows for 200 mL stock solution: 2 g 1% Brij58
or 400 µL 0.2% Triton X-100 400, 1.0665 g 25 mM MES, 1.743 g 150 mM
NaCl. Freshly add 800 µL 2 mM EDTA of 0.5 M, 1 mM Na3VO4, 1 mM PMSF,
and 1 µg/mL aprotinin.

2. Homogenize the cell lysate with 15 strokes of loose-fitting Dounce homogenizer
and incubate on ice for 30 min.

3. Mix the lysate with an equal volume of 85% sucrose and placed at the bottom of
a 12-mL ultracentrifuge tube. Sucrose gradient solutions are 85% w/v sucrose in
MBS (42.5 g in 50 mL MBS), 35% w/v sucrose in MBS (17.5 g in 50 mL MBS),
and 5% w/v sucrose in MBS (2.5 g in 50 mL MBS).

4. Place a step gradient of 6 mL of 35% sucrose and 4 mL of 5% sucrose solution
containing 1 mM Na3VO4 and 2 mM EDTA on top of the lysate.

5. Centrifuge samples for 18–22 h at 200,000g (39,000 rpm) at 4°C using a SW-41
rotor in a Beckmann ultracentrifuge.

6. Collect 1-mL fractions starting from the top with a 1-mL pipet (12 fractions).
The 1-mL samples can also be collected from the bottom by carefully piercing
the bottom of tube using a syringe needle.

7. When 1-mL samples are collected from the top, fractions 4 and 5 contain the
cloudy band and are indicative of rafts, and fractions 11 and 12 are soluble frac-
tions (Fig. 1B).

3.1.8. Concentration of Proteins in Lipid Raft Fractions
by TCA Precipitation

This step is optional and may be required to concentrate proteins from the
fractions, especially if using fewer cells.

1. Add 250 µL of 100% TCA (add 350 mL water to 500 g TCA; store at room
temperature).

2. Mix and incubate on ice for 10 min.
3. Centrifuge in a microfuge at 18,000g for 5 min.
4. Remove the supernatant carefully, leaving behind the white pellet.
5. Wash the pellet twice with 200 µL cold acetone by resuspending and spinning in

the microfuge at 18,000g for 5 min.
6. Air-dry the pellet for 5–10 min to dry residual acetone.
7. Add 2X SDS-PAGE sample buffer with reducing agent (5% 2-mercaptoethanol

or 0.1 M DTT), boil for 10 min, and load on SDS-PAGE.
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3.2. Molecular Biology Studies of Signaling Molecule in SLE T Cells

3.2.1. Reverse Transcriptase Polymerase Chain Reaction

3.2.1.1. ISOLATION OF MRNA

1. Lyse 5 × 106 cells in 600 µL RLT buffer supplied with Qiagen RNeasy minikit
(Qiagen Inc.). If not used immediately, the sample can be frozen at –80°C for
several months.

2. Homogenize the samples by centrifugation at 18,000g for 2 min in a Qiashredder.
3. Add 600 µL of 70% ethanol to the homogenized lysate and mix well by pipetting.
4. Apply 700 µL of the sample to RNeasy minicolumn placed in a 2-mL collection

tube and spin at 8000g for 15 s. Discard the filtrate, reload the remaining sample,
and spin again.

5. Add 700 µL of buffer RW1 to the RNeasy column and spin at 8000g for 15 s.
Discard the flowthrough and collection tube.

6. Transfer RNeasy column to a new 2-mL collection tube and pipet 500 µL buffer
RPE; centrifuge the tube at 18,000g for 15 s. Discard the flowthrough.

7. Add 500 µL RPE buffer to the RNeasy column and centrifuge at 18,000g for
1 min.

8. Transfer the RNeasy column to a new 1.5-mL collection tube. Pipet 50 µL RNase-
free water directly onto the RNeasy silica gel membrane. Centrifuge at 8000g for
1 min. Keep the 30–40 µL RNA recovered from the column and immediately
place on ice.

3.2.1.2. ESTIMATION OF THE AMOUNT OF TOTAL RNA

1. Dilute 2 µL RNA into 100 µL of RNase-free water.
2. Transfer 100 µL of the diluted RNA to a quartz cuvet and read the absorbance

ratio at 260–280 nm in a Amersham Pharmacia UVSpec spectrophotometer.
3. Optical density (OD) value × 40 (factor for RNA) × 50 (dilution) = µg/mL of

RNA.

3.2.1.3. REVERSE TRANSCRIPTION

1. Take 500 ng total RNA in 10 µL water and add 1 µL of oligo(dT)15 primer. Heat
the sample for 5 min at 65°C and cool at room temperature.

2. Prepare 9.1 µL reactions by adding 4 µL of 25 mM MgCl2, 2 µL of 10X reverse
transcription buffer, 2 µL 10 mM deoxyribonucleotide triphosphates, 0.5 µL
recombinant RNasin ribonuclease inhibitor, and 0.6 µL AMV reverse tran-
scriptase (15 units). Add the mix to the RNA samples. For multiple samples, a
master mix should be prepared excluding the RNA, which has to be added at
the end.

3. Incubate the samples at 45°C for 15–60 min.
4. Heat the samples at 95°C for 5 min and immediately cool on ice. The single-

stranded cyclic DNA can be stored at –80°C if necessary.
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3.2.1.4. POLYMERASE CHAIN REACTION

1. On ice, prepare 47-µL reaction in a thin-wall, 0.5-mL PCR tube by adding 5 µL
10X PCR buffer, 3 µL 25 mM MgCl2 (final concentration 1.5 mM), 2 µL 10X
dNTPs, 1 µL 10 pmol TCR -chain forward primer and 1 µL 10 pmol TCR -chain
reverse primer 34 µL water, and 1 µL Taq DNA polymerase (2.5 units); add 2 µL
of the reverse transcription product.

2. Place a drop of paraffin oil on the top.
3. Set up PCR conditions in a Biometra thermocycler as follows: 94°C denaturation

for 5 min, followed by 36 cycles at 94°C for 1 min, 67°C annealing for 1 min,
72°C extension for 2 min, and a final extension at 72°C for 7 min.

3.2.1.5. AGAROSE GEL ELECTROPHORESIS

1. Run 12 µL of samples mixed with 3 µL of 5X loading buffer in 1.2% Seakem
agarose gel using 1X Tris-borate-EDTA buffer.

2. Stain the sample with 5 µL of ethidium bromide (10 mg/mL) and visualize under
ultraviolet illuminator or Bio-Rad gel imaging station. Ethidium bromide can
also be included in the gel just before casting. Alternatively, the gels can be
stained with 5 µL SYBRGreen in 50 mL TE buffer (Molecular Probes, Eugene,
OR), which is 100-fold more sensitive and less mutagenic than ethidium bromide.

3.2.1.6. TA CLONING

To identify mutations on the TCR -chain gene, the PCR products can be
cloned in a TOPO TA cloning vector (Invitrogen). Recombinant clones (5–10)
should be sequenced to identify mutations.

1. Take 1 µL PCR product and clone to TOPO TA cloning kit (Invitrogen) accord-
ing to manufacturer’s instructions.

2. Transform 2 µL of the PCR product to competent cell supplied in the kit as
suggested and plate 50- and 100-µL samples in two LB agar plates containing
100 µg/mL ampicillin and X-gal.

3. Grow 12 white recombinant colonies in 5 mL LB medium containing 100 µg/mL
ampicillin.

4. Prepare miniprep plasmids from 12 white recombinant colonies using Qiagen
plasmid miniprep kit.

5. Digest 1 µg of the purified plasmid with EcoRI and analyze by agarose gel elec-
trophoresis and ethidium bromide staining to verify the presence of inserts.

3.2.1.7. DNA SEQUENCING

1. Take 5 µL (500 ng) of the plasmid in a thin-wall PCR tube.
2. Mix with 1.6 pmol M13 reverse or T7 primer.
3. Cycle sequence on an ABI 377 sequencer using an ABI dye terminator cycle

sequencing kit (ABI PRISM, Applied Biosystems Inc., Foster City, CA) system
as described by the manufacturer.

4. Analyze sequences using the Lasergene (DNASTAR, Madison, WI) software
program.
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3.2.2. Real-Time PCR

1. The reaction is set up in 25 µL volume using PCR beads from Amersham
Pharmacia.

2. Add 0.2 µL of 2X diluted single-stranded cyclic DNA obtained by reverse tran-
scription to the PCR beads.

3. Add 1 µL of 100X diluted SYBRGreen and adjust the volume to 25 µL using
nuclease-free water.

4. Transfer the sample to 25-µL real-time PCR cuvets (VWR Scientific) and briefly
spin in a microfuge to remove any air bubbles.

5. Tightly cap the tube and place it on a SmartCycler (SmartCycler™, Cepheid,
Sunnyvale, CA).

6. Run the PCR under the following conditions: 94°C denaturation for 1 min, followed
by 45 cycles of 94°C for 15 s, 67°C annealing for 15 s, 72°C extension for 30 s.

7. Analyze samples based on the fluorescence cycle threshold (Ct) differences
between various times compared to their controls. Also analyze samples based
on the difference between the numbers of cycles at 50% fluorescence. A tem-
perature denaturation curve should be simultaneously analyzed to verify for spe-
cific products.

8. The sample can also be run on agarose gel electrophoresis to verify for specific
products.

3.2.3. mRNA Stability Assay

SLE T cells can be treated with 10 µg/mL actinomycin D to arrest RNA
synthesis and can be incubated for different times. At the end of each period,
the total RNA is isolated, and RT-PCR or real-time PCR is carried out as
described above. The decrease in the level of TCR -chain mRNA at differ-
ent times compared to 0 time gives an indication of mRNA stability.

3.2.4. Electroporation

After several modifications of the electroporation method, we established
this method to transfect primary T cells routinely with 25–30% efficiency
(11,12). The technique is mainly based on making the T cells more
electrocompetent by incubating the peripheral blood mononuclear cells
(PBMCs) overnight at 37°C in culture medium in the presence of 1 µg/mL
phytohemagglutinin. T cells are isolated from the PBMCs on the next day as
described in Subheading 2. and transfected.

1. Incubate the PBMCs overnight at a density of 3 × 106/mL in RPMI-1640 con-
taining penicillin/streptomycin and 10% fetal bovine serum (FBS) or autolo-
gous serum and 1 µg/mL phytohemagglutinin for 18–20 h.

2. Isolate T cells by negative selection of non-T cells using MACS separation as
described in Chapter 3, Subheading 3.1.2.
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3. Resuspend 5 × 106 to 20 × 106 of the purified T cells in 500 µL Opti-MEM
medium and transfer to a Gene Pulser cuvet (Bio-Rad).

4. Add plasmid DNA (10–15 µg) and mix gently.
5. Electroporate the cells at 300 V/1000 µF in a Bio-Rad electroporator at room

temperature.
6. Transfer the cells to a 15-mL conical tube; wash with prewarmed culture medium

and resuspend in AIM-V (Invitrogen, Carlsbad, CA) medium. Electroporated
cells are incubated in the presence of 10 U interleukin 2/mL at 37°C for 48–72 h
for optimum gene expression.

3.2.5. Nucleofection

Nucleofection is a technique that introduces the DNA directly to the nucleus.
It has a great advantage in that it is not necessary to activate or manipulate the
cells before nucleofection. Nucleofection works well with 1–5 µg DNA.

1. Add 0.5 mL supplement to 2.25 mL Nucleofector solution and mix gently (stable
for 3 mo at 4°C). Prewarm the nucleofector solution to room temperature.

2. Prepare 6-well plates by pipetting 3.5 mL of culture medium and preincubate the
plates at 37°C.

3. Transfer 5 × 106 cells to an Eppendorf tube, centrifuge, and discard the superna-
tant so that no residual medium covers the cell pellet.

4. Resuspend the pellet in 100 µL Nucleofector solution at room temperature.
5. Immediately add 5 µg DNA. The cell number can be increased up to 20 × 106

cells, but the DNA should be kept at 5 µg. An increased concentration of DNA
can lead to decreased transfection efficiency

6. Transfer the sample into an Amaxa certified cuvet, avoid air bubbles, and close
the cuvet with a blue cap.

7. Insert the cuvet into the cuvet holder and rotate the turning wheel clockwise to
the final position.

8. Select program U-14 and press the X key to start the program; the display should
show OK.

9. Remove the samples from the cuvet immediately after the program has finished
using the plastic pipets provided. To transfer the cells, add 0.5 mL prewarmed
culture medium to the cuvet and then pipet the cells to the prepared 6-well plate.

10. Incubate the cells in a humidified 37°C/5% CO2 incubator.

3.2.6. Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation assay (ChIP) is a powerful technique to
analyze the amount of TCR -chain transcription factor, Elf-1, or acetylated
histones bound to the promoter DNA in live SLE T cells.

3.2.6.1. PREPARATION OF SALMON SPERM DNA-BLOCKED SEPHAROSE PROTEIN A/G

1. Incubate 10 µg/µL sonicated salmon sperm DNA at 45°C for 10 min.
2. Wash 50 µL (50% slurry) of Sepharose protein A/G two times with blocking

buffer (10 mM Tris-HCl, 150 mM NaCl, 1mM EDTA, 0.05% NaN3 at pH 7.5).
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3. Resuspend the beads in 100 µL blocking buffer and add 1.2 µL of 10 µg/µL
salmon sperm DNA and 3 µL of 10 mg/mL bovine serum albumin.

4. Incubate in the cold room overnight in an orbital or rotating shaker.

3.2.6.2. CROSSLINKING OF THE CELLS AND PREPARATION OF CELL EXTRACT

1. Take 1 × 106 T cells. Activate the cells as you wish.
2. Add 1/37 volume of 37% formaldehyde to the cells and mix immediately. Close

the cap and incubate the cells 20 min at 37°C.
3. Add 1–2 vol of ice-cold PBS to cells to stop the reaction. Spin down the cells at

2000 rpm for 5 min.
4. Wash cells twice with ice-cold PBS.
5. Lyse the cells in an Eppendorf tube at room temperature in lysis buffer (50 mM

Tris-HCl, 10 mM EDTA, 1% SDS at pH 8.1; just before use, add 1 mM PMSF,
1 µg/mL aprotinin, and 1 µg/mL leupeptin) at 1 × 106 cells/200 µL. Incubate on
ice for 10 min.

6. Sonicate samples on ice five times, with the duration of each burst 10 s at con-
tinuous output and with a 30-s pause between each burst.

7. Spin cells at 1500 rpm for 15 min at 4°C. Transfer the supernatant to another tube
and discard the pellet.

8. Freeze the sample at –70°C or proceed with immunoprecipitation.

3.2.6.3. CHROMATIN IMMUNOPRECIPITATION

1. Thaw the frozen sample and add 1.8 mL of ChIP dilution buffer (0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl at pH 8.1, 167 mM NaCl;
just before use, add the protease inhibitors).

2. To reduce nonspecific background, preclear the 2 mL diluted sample with 80 µL
of salmon sperm DNA-blocked protein A/G Sepharose bead (50% slurry). Incu-
bate the samples 1 h at 4°C, shaking in a nutator.

3. Pellet the protein A/G agarose by centrifugation at 18,000g for 30 s and transfer
the supernatant to a new tube.

4. Add TCR -chain transcription factor, Elf-1 antibody (6–12 µg/2 mL) and incu-
bate overnight with shaking at 4°C. For a negative control, use a no antibody or
isotype control antibody immunoprecipitation by incubating the supernatant frac-
tion with 60 µL PBS or with isotype control antibody.

5. Add 60 µL of salmon sperm-blocked protein A/G Sepharose bead (50% slurry)
to each sample and incubate at 4°C for 2 h or overnight.

6. Centrifuge the samples at 18,000g for 30 s and discard the supernatant.
7. Wash the protein A/G Sepharose/antibody/Elf-1 complex for 5 min on a rotat-

ing platform twice with 1 mL of low-salt immune complex wash buffer.
8. Wash the protein A/G Sepharose/antibody/Elf-1 complex for 5 min on a rotating

platform once with 1 mL of lithium chloride wash buffer.
9. Wash the protein A/G Sepharose/antibody/Elf-1 complex for 5 min on a rotat-

ing platform twice with 1 mL of 1X Tris-EDTA buffer.
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10. Resuspend in 100 µL Tris-EDTA buffer containing 0.5% SDS.
11. Digest the sample with 0.5 µL of proteinase K (20 mg/mL) for 2 h at 45°C.
12. Reverse crosslink the protein from DNA by incubating at 65°C for 4–6 h.
13. Extract the DNA using a Qiagen DNA purification kit.
14. Amplify the DNA by PCR using the TCR -chain promoter forward primer 5' CCA

TCG AGA ACT TGT ATT TG 3', –307 to –288 sense bps, and reverse primer
5' GCC CTA CCT GTA ATC GG 3', +129 to +113 antisense bps, according to
the numbering of Rellahan et al. (13), or using two primers located approx 300 bp
apart.

3.2.7. ChIP to Detect the Binding of Phosphorylated
Transcription Factors

The ChIP protocol can also be exploited to analyze the level of phosphory-
lated transcription factor bound to promoter DNA by first immunoprecipita-
tion with antiphosphotyrosine antibody and then with the antibody of interest.

1. Immunoprecipitate the cell lysates with antiphophotyrosine antibody 4G10 (12 µL
per 2 mL) or antiphosphoserine and antiphosphothreonine for 1 h and capture with
80 µL (50% slurry) of protein A/G Sepharose.

2. Elute the antiphosphotyrosine immunoprecipitates from the protein A/G
Sepharose beads by incubating with 10 mM phenyl phosphate in lysis buffer con-
taining 1% NP-40 at 4°C for 15 min.

3. Reprecipitate phosphotyrosine-immunoprecipitated samples with the antibody of
interest, and the ChIP assay is continued as described above.

3.3. Cell Biology Studies of Signaling Molecules in SLE T Cells

Expression of signaling molecules can be determined using fluorescence
labeling and flow cytometry technologies. Similarly, distribution of a particu-
lar signaling molecule in the cell can be analyzed by direct or indirect fluores-
cence microscopy. These techniques can be applied to nonpermeable and
permeabilized cells to distinguish surface expression and intracellular expres-
sion, respectively.

3.3.1. Flow Cytometry

3.3.1.1. FLOW CYTOMETRY USING NONPERMEABILIZED CELLS

The technique can be applied to molecules that have extracellular domains,
and antibodies directed to the extracellular domain are readily available. For
each assay, a sample with an isotype control of the primary antibody is required
to determine the background binding. Before adding the antibodies, the non-
specific Fc receptor binding should be blocked using excess human IgG. It is
important to precool the centrifuge and to perform the experiment at 4°C. When
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discarding the solution after centrifugation, be careful not to disturb the small
pellet, which may not be seen very clearly.

1. Transfer 1–2 million cells to flow cytometry tubes.
2. Centrifuge the cells at 400g at 4°C in a Sorvall tabletop centrifuge for 5 min.
3. Discard the media, resuspend the cells in 200 µL PBS, and centrifuge as in step

2. If any activation is required, it has to be done before adding paraformaldehyde
using 10 µg/mL of OKT3 (Orthobiotech, Raritan, NJ) plus goat antimouse IgG
(Santa Cruz Biotechnology).

4. Mildly fix the cell by adding 200 µL 0.1% paraformaldehyde in PBS and incu-
bate in ice for 10 min.

5. Centrifuge the sample again as in step 2 and discard the supernatant.
6. Resuspend the cells in 200 µL staining buffer, add 50-fold excess human IgG,

and incubate on ice for 30 min.
7. Incubate the sample with 2 µg of the murine antihuman CD3  or isotype control

antibody for 30 min on ice.
8. Wash twice with 2 mL ice-cold staining buffer as in step 2.
9. Resuspend the sample in 200 µL staining buffer, add 50-fold excess human IgG

to block the Fc receptor binding, and incubate with 2 µL of goat antimouse FITC-
conjugated antibodies for 30 min on ice in the dark.

10. Wash three times with 2 mL staining buffer and resuspend in 200 µL PBS con-
taining 1% paraformaldehyde and loaded onto the flow cytometer.

Levels of expression can be quantitated by either percentage of cells express-
ing the signaling molecule or by mean fluorescence intensity. If the cells are
analyzed by flow cytometry using the same settings, the level of expression on
different samples on different days can be normalized by adjusting against the
readings of an untreated control (14).

3.3.1.2. FLOW CYTOMETRY USING PERMEABILIZED CELLS

Flow cytometry using permeabilized cells can be applied to the TCR -chain
or other signaling molecules that do not have substantial extracellular domains
or antibodies directed to the extracellular domain. Flow cytometry using
permeabilized cells will provide an estimate of the total level of expression of
the TCR -chain. For each assay, a sample with an isotype control of the pri-
mary antibody is required to determine the background binding. Before adding
the antibodies, the nonspecific Fc receptor binding should be blocked using
excess human IgG. It is important to precool the centrifuge and to perform the
experiment at 4°C, except for permeabilization with detergents, which is done at
room temperature. When discarding the solution after centrifugation, be careful
not to disturb the pellet, which is tiny and may not be seen very clearly.

1. Transfer 1–2 million cells to flow cytometry tubes.
2. Centrifuge the cells at 400g at 4°C in a Sorvall tabletop centrifuge for 5 min.
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3. Discard the media, resuspend the cells in 200 µL PBS, centrifuge as in step 2.
Activate the cells if necessary at this stage using 10 µg/mL of OKT3
(Orthobiotech) plus goat antimouse IgG (Santa Cruz Biotechnology).

4. Mildly fix the cell by adding 200 µL 0.1% paraformaldehyde in PBS and incu-
bate in ice for 10 min.

5. Centrifuge the sample again as in step 2 and discard the supernatant.
6. Resuspend the cells in 200 µL digitonin or saponin permeabilization buffer and

incubate at room temperature for 10 min.
7. Centrifuge as in step 2.
8. Suck off the supernatant, resuspend the cells in permeabilization buffer, and add

50-fold excess human IgG and incubate for 30 min on ice.
9. Incubate the sample with 2 µg of the murine antihuman TCR - (6B1.02) or

isotype control antibody for 30 min on ice.
10. Wash twice with 2 mL ice-cold staining buffer as in step 2.
11. Resuspend the sample in 200 µL permeabilization buffer, add 50-fold excess

human IgG to block the Fc receptor binding, and incubate with 2 µL of goat
antimouse FITC-conjugated antibodies for 30 min on ice in the dark.

12. Wash three times with 2 mL staining buffer and resuspend in 200 µL PBS con-
taining 1% paraformaldehyde and loaded onto the flow cytometer.

Levels of expression can be quantitated by either percentage of cells express-
ing the signaling molecule or by mean fluorescence intensity. If the cells are
analyzed by flow cytometry using the same settings, the level of expression on
different samples on different days can be normalized by adjusting against the
readings of an untreated control (14).

3.3.2. Fluorescence Microscopy

The distribution of the TCR -chain in lymphocytes is visualized by fluores-
cence microscopy. Although not very quantitative, fluorescence microscopic
images will also give a broad idea of the gross level of expression of the TCR

-chain (Fig. 2A). The cells can be permeabilized and stained in the tube or can
be adhered to slides and stained. The staining procedure in the tubes results in
increased recovery of the cells because T cells of patients with SLE do not
attach well to the polylysine-coated slides. Appropriate markers like LAT or
Cholera toxin B subunit can be used for localizing the TCR -chain to lipid
rafts. When double labeling, the TCR -chain can be stained with PE-labeled
secondary antibody, and markers can be labeled with FITC-labeled antibody.
Isotype control is necessary to ensure specific staining.

1. Transfer 1–2 million cells to flow cytometry tubes.
2. Centrifuge the cells at 400g at 4°C in a Sorvall tabletop centrifuge for 5 min.
3. Discard the media, resuspend the cells in 100 µL PBS, and centrifuge as in step 2.
4. Mildly fix the cell by adding 100 µL 0.25% paraformaldehyde in PBS and incu-

bate on ice for 10 min.
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5. Centrifuge the sample again as in step 2 and discard the supernatant.
6. Resuspend the cells in 100 µL digitonin or saponin permeabilization buffer and

incubate at room temperature for 10 min; centrifuge as in step 2.
7. Resuspend the cells in permeabilization buffer, add 50-fold excess human IgG,

and incubate for 30 min.

Fig. 2. Fluorescence microscopy of the TCR -chain in SLE T cells showed increased
clustering. (A) Two million T cells of patients with SLE or normal donors were fixed
with 0.25% paraformaldehyde and permeabilized with digitonin. Cells were incu-
bated with antimouse TCR -chain C-terminal monoclonal antibody for 1 h and then
washed in staining buffer. Rhodamine-labeled antimouse goat IgG secondary anti-
body was added, and the sample was incubated for 1 h. The cells were washed and
mounted on slides, and the samples were visualized in an Olympus fluorescence micro-
scope at ×100. Staining of the TCR -chain was enhanced in SLE T cells to reveal the
distribution. (B) Confocal microscopy of the TCR -chain in SLE T cells. SLE T cells
adhered on polylysine-coated slides by incubating for 1 h at room temperature. The
cells were activated with anti-CD3-IgM (clone 2Ad2A2) at 37°C for 2 min. The reac-
tion was stopped with 3% paraformaldehyde for 15 min, and cells were permeabilized
with a buffer containing 0.05% saponin and the blocking antibody human IgG 1 µg.
Cells were stained with anti-CD3  (clone C-20) and anti-LAT (clone FL-233) for 1 h
at room temperature and counterstained with antigoat TRITC and antirabbit FITC,
respectively for 30 min. Cells were washed; air-dried, and mounted using Gel/Mount.
Coverslips were applied, and the edges were sealed with clear nail polish. Samples
were analyzed with a laser scanning confocal fluorescence microscope with a 1 × 70
scope, Bio-Rad Lasersharp 2000 software. Unlike the normal T cells, preformed mem-
brane clustering of the TCR -chain in SLE T cells led to TCR capping within 2 min of
activation.
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8. Incubate the sample with 2 µg of the murine antihuman TCR - (6B1.02) or
isotype control antibody for 30 min on ice.

9. Wash twice with 2 mL ice-cold staining buffer as in step 2.
10. Resuspend the sample in 100 µL permeabilization buffer, add 50-fold excess

human IgG to block the Fc receptor binding, and incubate with 2 µL of goat
antimouse FITC-conjugated antibodies for 30 min on ice in the dark.

11. Wash three times with 2 mL staining buffer, resuspend in 20 µL Gel/Mount, and
apply a drop on a glass slide; carefully place the coverslip, avoiding air bubbles,
and seal the sides with nail polish. The slide is ready to view under a fluorescence
microscope. Keeping the stained cells for a long time may lead to leakage of the
stain.

3.3.3. Confocal Microscopy

Confocal microscopy can be used to determine the distribution of the
expressed TCR -chain at three dimensions in SLE T cells before and after
activation (Fig. 2B). The microscope will take sectioned images of the stained
cells, and the overall distribution of the TCR -chain can be analyzed. Also,
there is better resolution of the specimen by confocal microscopy because the
laser is focused on a single plane, as opposed to the diffuse direction of the
laser beam in fluorescence microscopy. An isotype control is required for both
nonactivated and activated samples.

1. Make two circles on a polylysine-coated slide using the pap pen and add 1 mil-
lion cells in 100 µL RPMI-1640 containing 1% FBS.

2. Place the slides in a box and keep the box at room temperature for 1 h to adhere
the cells.

3. Activate the cells by OKT3 or anti-CD3 IgM antibody at 37°C for the time
required. Clustering requires a short time activation of 2–3 min, whereas cap-
ping requires activation for 10 min.

4. Remove the medium by suction and fix the cells in 3.7% paraformaldehyde (dis-
solve 3.7% paraformaldehyde in approx 50 mL PBS, increase the pH using NaOH
to dissolve, and readjust the final pH to 7.0 using 6N HCl and make up the vol-
ume to 100 mL) for 30 min. Alternatively, the cells can also be activated in a
microfuge tube and then adhered to the polylysine-coated glass slides.

5. Wash with 200 µL PBS.
6. Permeabilize using 100 µL permeabilization buffer, add 50 µg of human IgG to

block Fc receptor binding, and incubate at room temperature for 15 min.
7. Remove the permeabilization buffer and stain with anti-TCR -chain antibody in

100 µL permeabilization buffer for 1 h along with excess human IgG at room
temperature.

8. Wash three times, 5 min each, with 200 µL permeabilization buffer.
9. Stain with secondary FITC- or PE-labeled goat antimouse IgG in 100 µL

permeabilization buffer containing excess human IgG for 30 min at room tem-
perature.
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10. Wash four times, 5 min each, with PBS at room temperature. This step is critical
to remove any residual FBS, which can otherwise give high background. Dry the
samples for 15 s.

11. Add a drop of Gel/Mount and place the coverslips carefully to avoid air bubble
trapping. Seal the sides of the coverslips with nail polish and view the slide with
an Olympus confocal microscope (1 × 70 scope, software, Bio-Rad LaserSharp
2000). Slides may be stored at 2–8°C for up to 5 d if necessary, and initial signals
will be strong enough.

4. Notes
1. The N-terminal TCR -chain antibody recognizes 16-kDa and ubiquitinated

forms of the TCR -chain. We demonstrated that the C-terminal antibody rec-
ognizes the phosphorylated p21- and p23-kDa form of the -chain in addition
to 16-kDa and ubiquitinated forms. Both the antibodies were able to detect a
novel 14-kDa form of the TCR -chain (4). It is important to run the detergent-
soluble cytosolic fraction along with the detergent-insoluble membrane fraction
to confirm -chain deficiency rather than a translocation between compartments.
Membrane translocation is one of the causes for decreased expression of the TCR
-chain in heat-shocked T cells (15). The membranes should be stripped and

reprobed with control actin antibody to confirm equal loading and the integrity of
the samples. If there is a variation of actin between samples, the expression of the
TCR -chain can be quantitated by densitometry and taking the ratio against the
level of actin between samples.
After a few experiments, immunoblotting can be done with two antibodies to-
gether if the molecular weight of the proteins is significantly different. Combin-
ing multiple antibodies will reduce the time of the experiment and the life of the
membrane. The membranes can be stripped and reprobed approx 5–6 times with
very highly reproducible results. Careful consideration should be given to some
antibodies that do not strip well and may give background bands when probing
with new antibodies. Stripping and reprobing the blot is also important to con-
firm ubiquitination, phosphorylation, or other modification of the molecule of
interest. If the membranes are going to be reprobed for phosphotyrosine, this
should be done last.

2. The increase in the amount of TCR -chain in the detergent-soluble fraction after
incubating with methyl- -cyclodextrin was considered a lipid raft-associated
fraction (Fig. 1). CD3  or actin can be used as a control in this experiment. Simi-
lar to lipid raft-bound TCR -chain, the actin-bound TCR -chain can be esti-
mated by treating the cells with or without 10 µM cytochalasin D, which disrupts
actin polymerization, leading to accumulation of the TCR -chain in the deter-
gent-soluble cytoplasmic fraction. An increase in the level of the TCR -chain in
the detergent-soluble fraction after 3 h treatment with cytochalasin D will pro-
vide an estimate of the actin-bound form of the TCR -chain (6,16,17).
If activation of cells is necessary for the experiments, it should be done before
lysis of cells. A minimum of 25 × 106 cells is required for proper isolation of lipid
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rafts. Very fine balancing of the tubes before centrifugation is required for good
results. The buckets of rotors should be properly tightened; otherwise, the tube
will flatten, and the vacuum will suck off the samples during centrifugation, re-
sulting in loss of sample. Collection of the 1-mL fraction should be accurate;
otherwise, it may lead to crosscontamination.

3. Five million SLE T cells yield approx 3 µg total RNA. If the OD 260 is very low,
then decrease the dilution of the total RNA. A 260/280 OD ratio of 1.8 to 2.0
represents pure RNA.
A control PCR using -actin is necessary to evaluate the integrity and equal load-
ing of the RNA (Fig. 3). If there is any variation of control -actin, the level of

Fig. 3. RT-PCR analysis of the expression of TCR -chain mRNA in normal donor
and SLE T lymphocytes. (A) Total RNA was isolated from 5 × 106 T lymphocytes and
reverse transcribed; the TCR -chain was amplified by specific primers. The PCR
products (15 µL) were electrophoresed in 1.2% agarose gel and visualized by ethidium
bromide staining. M is the 100-bp DNA ladder molecular weight marker; N is the
normal donor. (B) PCR amplification of TCR -chain promoter from T cells of SLE
and normal healthy control subjects. Genomic DNA was isolated from T lymphocytes
or granulocytes, and the promoter region was PCR amplified using specific primers.
The PCR products (10 µL) were electrophoresed in 1.2% agarose gel and visualized
by ethidium bromide staining. (C) RT-PCR analysis of the expression of TCR -chain
mRNA 3( untranslated region SLE T lymphocytes. Total RNA was reverse transcribed,
and the normal or alternatively spliced TCR -chain mRNA 3( untranslated region or

-actin was amplified by specific primers. The PCR products (15 µL) were electro-
phoresed in 1.2% agarose gel and visualized by ethidium bromide staining. M is the
100-bp DNA ladder molecular weight marker; N indicates normal donor.
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TCR -chain mRNA should be normalized against the level of actin for compari-
son between samples. The primers (Genosys, The Woodlands, TX) for PCR ampli-
fication of TCR -chain coding region are forward 5'AGC CTC TGC CTC CCA
GCC TCT TTC TGA G 3' (35–62 sense bps) and reverse 5' TCA GTG GCT
GAG AAG AGT GAA CCG GGT TG 3' (669–641 antisense bps according to
numbering of 18) (Fig. 3A). Primers for amplifying the TCR z-chain promoter
are as follows: forward primer, 5'CCA TCG AGA ACT TGT ATT TG 3',–307 to
–288 sense basepairs; and reverse primer, 5'GCC CTA CCT GTA ATC GG 3',
+129 to +113 antisense bps according to the numbering of Rellahan et al. (13)
specific for TCR -chain promoter (Fig. 3B). The primers for amplifying the
TCR -chain 3' untranslated region are as follows: forward primer, 5'CAG CCA

Fig. 4. Transfection and expression of TCR -chain by nucleoporation in SLE T
cells. (A) Analysis of transfection efficiency by nuceloporation in SLE T cells. SLE
T cells were transfected by nucleoporation with a GFP expression plasmid or con-
trol -galactosidase plasmid. After 18 h, the cells were directly analyzed for GFP
expression by flow cytometry. A representative of five experiments using cells from
different patients is shown. The transfection efficiency was 70–75%. (B) Analysis of
TCR -chain expression by Western blotting in nucleoporated SLE T cells. After 18 h,
transfected cells (5 × 106) were lysed, and the detergent-soluble and detergent-insoluble
fractions were collected. Protein from the detergent-soluble fraction (10 µg) was ana-
lyzed on 4–12% NuPAGE gel under reducing conditions, transferred to PVDF mem-
brane, and immunoblotted with TCR -chain C-terminal MAb. The membrane was
stripped and reprobed with CD3  MAb and -actin antibody. The membrane was
stripped and reprobed with -actin antibody.
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GGG GAT TTC CAC CAC TCA AAG 3' (567–592 sense basepairs); and reverse
primer, 5'CCC TAG TAC ATT GAC GGG TTT TTC CTG 3' (1472–1443
antisense bps) (Fig. 3C). b-Actin is used as a control, and the primers are as
follows: forward primer, 5'CAT GGG TCA GAA GGA TTC CT 3'; and reverse
primer, 5'AGC TGG TAG CTC TTC TCC A 3'. Addition of excess SYBRGreen
gives false-positive results in real-time RT-PCR.
Each clone should be sequenced from both the orientations to verify mutations.
The presence of the same mutations in more than one clone distinguishes arti-
facts from mutations. A patient sample obtained a second time in a follow-up
study can also be used to confirm mutations.

4. Enhanced green florescence protein cloned in pIRES2 vector (pIRES2-EGFP,
Clontech, Palo Alto, CA) can be used as controls to determine the transfection
efficiency (Fig. 4A). The nucleofection protocol routinely gives 70–75% trans-
fection efficiency with enhanced green fluorescent protein. Following
nucleofection, the TCR z-chain is expressed after 3 h, and an approx 10-fold
increase in expression was observed after 12 h (Fig. 4B). More than 8 h incuba-
tion of purified T cells before transfection reduces the efficiency of transfection.
If the cell number is decreased, then the culture volume can be reduced accord-
ingly. Reduction in the volume of Nucleofector solution significantly reduces the
transfection efficiency. To reuse the electroporation cuvettes, wash with bleach
and rinse six times with water. Rinse with 95% ethanol twice, replace the cap,
and dry upside down in the hood.
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Protein Kinase A and Signal Transduction
in T Lymphocytes

Biochemical and Molecular Methods

Islam U. Khan and Gary M. Kammer

Summary
Abnormal T-cell effector functions in systemic lupus erythematosus (SLE) are present and

may be associated with disease immunopathogenesis. Our work has led to the characterization
of a signaling defect, involving protein kinase A (PKA), leading to abnormal T-cell effector
functions in SLE. PKA is a component of the adenylyl cyclase/cyclic adenosine monophos-
phate/PKA (AC/cAMP/PKA) pathway, a principal signal transduction system in T cells. The
aim of this chapter is to provide a comprehensive, technical, step-by-step approach to studying
PKA function in T cells. The methods detailed here are (a) chromatographic fractionation of
PKA-I and PKA-II isozymes and PKA phosphotransferase activity in purified T cell popula-
tions, (b) Western immunoblotting to identify the presence of regulatory (R)-subunit proteins
of PKA, and (c) isolation of RNA, and quantification of PKA R subunit-specific transcripts by
competitive polymerase chain reaction. Although our emphasis in the chapter is T cells, these
methods may be useful for investigation of signaling via PKA in other cell types as well.

Key Words: Cloning; competitive PCR; FPLC; protein kinase A; sequencing; signal trans-
duction; SLE; T cells; Western blotting.

1. Introduction
Current evidence supports the concept that altered signal transduction in T

lymphocytes of subjects with the autoimmune disease systemic lupus erythe-
matosus (SLE) is present and may be associated with disease immunopatho-
genesis (1). Rather than a single signaling defect, however, SLE T cells appear
to express multiple abnormalities that span the proximal, middle, and distal
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segments of the signaling pathway. Because signaling research in SLE is still
in early development, insufficient information is currently available to deter-
mine whether certain signaling defects will be identified in subpopulations of
lupus subjects and whether particular defects might be associated with specific
clinical manifestations of the disease or organ involvement. However, in the
near term, it seems likely that future research will focus on the identification of
new signaling defects and further characterization of current signaling defects
with relation to gene expression and, ultimately, abnormal T-cell effector
functions in SLE.

The initial signaling abnormality in SLE T cells was identified in the cyclic
adenosine monophosphate (cAMP)/protein kinase A (PKA) pathway (2). This
report led to the identification of impaired cAMP-dependent protein phospho-
rylation (3) because of deficient PKA isozyme activities (4,5).

The aim of this chapter is to provide a comprehensive, technical, step-by-
step approach to studying PKA function in T lymphocytes. Although our empha-
sis is the T lymphocyte, these methods may be useful for investigation of
signaling via PKA in other cell types as well.

2. Materials
2.1. Fractionation of PKA Into PKA Isozymes and PKA
Phosphotransferase Assay

1. Buffer A: 10 mM K2HPO4 and 1 mM ethylenediaminetetraacetic acid (EDTA).
Bring pH to 7.2 with H3PO4, filter through 500-mL vacuum filter, and degas for
20 min with stir bar, tapping container to release bubbles.

2. Buffer B: Buffer A + 1 M NaCl. Bring pH to 7.2 with H3PO4, filter through 500-mL
vacuum filter, and degas for 20 min with stir bar, tapping container to release
bubbles.

3. HiTrap Q columns, 1 mL (Amersham Pharmacia, Piscataway, NJ).
4. cAMP stock (10–2 M ) (Sigma, St. Louis, MO) is diluted to a final concentration

of 10–4 M, which is the working solution of cAMP.
5. Reaction mix (5 mL total): 0.5 mL of 400 mM Tris-HCl + 10 mM ethyleneglycol-

tetraacetic acid (EGTA) at pH 7.2.; 0.5 mL 200 mM MgCl2; 1.0 mL 1 mM
Kemptide (Sigma); 1.0 mL 2.5 mg/mL bovine serum albumin (BSA; Sigma); 2.0
mL dH2O.

6. [32P] adenosine triphosphate (ATP) mix: 44 µL 10% 2 mM ATP (Sigma); 6.6 µL
1.5% [32P]ATP; bring to 440 µL with distilled (d)H2O.

7. PKA type I isoenzyme (PKA-I) standard (Sigma).

2.2. Western Immunoblotting

1. Tris-HCl-buffered saline-Tween (TBS-T): 100 mM Tris-HCl at pH 7.6, 500 mM
NaCl, 0.1% Tween-20.

2. Blocking buffer: TBS-T + 1% BSA.
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Primary antibodies: anti-PKA-RI, -RII  and -RII  monoclonal antibodies
(MAbs) (Transduction Laboratories, Lexington, KY).
Secondary antibody: horseradish peroxidase (HRP)-labeled antimouse antibody
(Amersham Life Science, Piscataway, NJ).

2.3. Genetic

1. Random primer (Amersham Pharmacia).
2. M-MLV H– reverse transcriptase (Gibco BRL, Gaithersburg, MD).
3. Neutral DNA fragments (BamHI/EcoRI fragment of V-erb B; Clone Tech, Palo

Alto, CA).
4. PKA RI  and RI  subunit-specific MIMICs (synthesized as described in Sub-

heading 3.4.1.).
5. Taq polymerase and other PCR reagents (PerkinElmer-Cetus, Emeryville, CA).
6. DNA thermal cycler (PerkinElmer-Cetus).
7. HAEIII-digested øx174 DNA (Gibco BRL).
8. DNA sequencer (ABI Prism 377; Applied Biosystems; Foster City, CA).
9. pCR2.1-TOPO vectors and TOP10 chemically competent cells (Invitrogen,

Carlsbad, CA).
10. Wizard Plus DNA purification system (Promega, Madison, WI).

3. Methods
The following methods describe (a) fast protein liquid chromatography

(FPLC) by the GradiFrac method to separate the type I and type II PKA
isozymes (PKA-I and PKA-II); (b) the PKA phosphotransferase assay for quan-
tification of PKA-I and PKA-II isozyme activities; (c) Western immunoblotting
to quantify the regulatory (R)-subunit (i.e., RI , RI , RII , and RII ) protein
content of PKA-I and PKA-II isozymes; (d) construction of PKA RI - and
RI -subunit MIMICs for competitive polymerase chain reaction (C-PCR);
(e) quantification of RI  and RI  transcripts; and (f) cloning and sequencing
of PKA RI  complementary DNA (cDNA) and genomic DNA from human
T lymphocytes.

The PKA isozymes are partially purified by FPLC (GradiFrac; Amersham
Pharmacia Biotech, Piscataway, NJ) using HiTrap Q columns, anion monobead
exchange columns.

3.1. GradiFrac Control Settings

1. Control unit UV-1: Knob set to 0.5, switch set to “range AU.”
2. Pump P-50: Flow rate adjustments will be made using the control panel on the

fraction collector.
3. Chart recorder: Chart speed set to 5 mm/min, blue pen range set to 10 mV, and

red pen range set to 1 V.

For operation, the valve settings of the GradiFrac are shown in Fig. 1.
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Fig. 1. Valve settings of the GradiFrac.

The wash valve setting is used during washing of the tubing and column.
The flow is from the pump directly to waste (Fig. 2). It is useful for flushing
the tubing prior to use of the column. The flow rate can be set to high for fast
flushing because the flow is not going through the column.

The load is the setting for normal operation (Fig. 1). The flow is from the
pump to the column, bypassing the sample loop (Fig. 2). This is also the posi-
tion used when loading the sample from the syringe into the sample loop
(“LOAD” means to load the sample into the loop).

The injection (INJ) is the setting that moves the sample out of the sample loop
and onto the column (Fig. 1). The flow is from the pump, through the sample
loop, and to the column (Fig. 2). Although it seems counterintuitive, INJ is not
the setting that the sample is injected from the syringe into the sample loop.
LOAD is used to load the sample into the sample loop, and INJ is used for the
pump to inject the sample onto the column.

Fig. 2. Schematic representation of the tubing connection on the main port of the
GradiFrac.
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Starting the system and cleaning and equilibrating the column are performed
as follows:

1. Turn on the power to the pump. The RUN light should come on. On the control
panel at the front of the fraction collector, press the down arrow until it reads
MANUAL RUN. Press ENTER. The display should now read CONC %B. Leave
it at 0 and press ENTER. The display should now read FLOW in milliliters/
minute. Enter 0.5 and press ENTER. The pump will now start. The display should
now read FRACTN ml (FRACTN = fraction). After 10–20 min, press the up
arrow until the display reads CONC %B. Enter 1 and press ENTER; 1% B means
10 mM NaCl. Move the valve to INJ (injection) to allow the buffer flow to flush
the sample loop.

2. Insert the blue and red pens into their respective holders on the chart recorder and
press the buttons to move the pens to the down position. Turn on the power to the
recorder.

3. After 10–20 min or when the blue pen is steady, first move the valve back to
LOAD to close the sample loop. Then, press the up arrow until the display reads
CONC %B. Enter 100 and press ENTER; 100% B means 1 M NaCl. Let it run at
1 M NaCl to clean any previous sample that is still retained in the column. Al-
though HiTrap Q columns can be reused, we recommend that these disposable
columns be changed after each usage.

4. When the blue pen has returned to baseline, press the up arrow until the display
reads CONC %B. Enter 1 and press ENTER. Let it flow through the column until
several column volumes have passed through and the blue pen has settled to
baseline. The column should now be equilibrated at 10 mM NaCl. Adjust the
chart recorder pens so that the red pen is at the 1% line and the blue pen is at the
10% line.

5. Add six or seven small glass tubes to the collection rack. Rotate the tray, and
position the arm on the fraction collector over the first tube. Press the down ar-
row until the display reads FRACTN ml. Enter 5 and press ENTER. Allow a few
milliliters (it does not need to be the full 5 mL) to flow into the collection tube.
This is to flush the tubing leading from the fraction control switch to the tubes.
Press the up arrow until the display reads FRACTN ml. Enter 0 and press EN-
TER. Rotate the tray until the arm is over a clean tube. Discard the first tube.

6. To load the sample, press PAUSE. Move the valve to INJ and remove the sy-
ringe. Fill the syringe with buffer A (from a separate container), then eject it into
waste to flush the syringe. Add the blunt-end needle to the syringe. Draw the
sample into the syringe. Optimally, 1 mg of T-cell lysate is used for the chro-
matographic separation. If the sample volume is small, more buffer may be drawn
into the syringe. Do not exceed 2 mL volume in the syringe as the sample loop
capacity is 2 mL. Remove the needle and then flick out any air bubbles from the
syringe. Screw the syringe back onto the valve. Move the valve back to LOAD.
Push the plunger in to load the sample into the sample loop. Press CONTINUE to
start the buffer flow again. Move the valve to INJ to begin the flow through the
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sample loop. After 10–15 min, when the entire sample has moved onto the col-
umn, move the valve back to LOAD for normal operation. Label six 2.0-mL
tubes for aliquots (three for each fraction). Keep the tubes on ice.

7. To elute fractions, wait until the blue pen has settled to baseline. Fraction I, which
contains the PKA-I holoenzyme, can then be eluted. Press the up arrow until the
display reads CONC %B. Enter 20 and press ENTER; 20% B means 200 mM
NaCl. The red pen should move up to the 20% line. Press the down arrow until
the display reads FRACTN ml. Enter 5, but do not press ENTER yet. Fraction
collection will not begin until the ENTER button is pressed. At a rate of 0.5 mL/
min, the first fraction will elute in around 8–9 min.

8. Typically, right before the first peak begins to come off, the blue pen will dip
slightly below the baseline. When the blue pen begins to move up, press ENTER
to begin collecting the fraction. The blue pen will make a tick mark at the begin-
ning of the fraction. While it is collecting, you may press the up arrow to return to
the FRACTN ml display and enter 0. The fraction will continue collecting until
ENTER is pressed. Typically, fraction 1 will require more than 5 mL to collect
the entire peak. The blue pen will make a tick mark at the 5-mL point but will
continue collecting until 0 mL is entered. If more than 5 mL is required and the
collection tube is full, simply rotate the tray to the next tube and continue collect-
ing the fraction.

9. To stop collecting the first fraction, press ENTER to enter 0 mL. Rotate the tray
to the next tube. Remove the tube(s) containing fraction 1 and put on ice. If it is in
more than one tube, then pool them together into a 15-mL tube on ice. Pipet the
fraction up and down several times to ensure that it is thoroughly mixed. Aliquot
the fraction into the labeled tubes and immediately store at –70°C. When the blue
pen has returned to baseline, press the up arrow to return to FRACTN ml. Enter 5
and press ENTER. Allow a few milliliters to flush the tubing leading to the frac-
tion collector. Press the up arrow and enter 0 mL to stop the collection. Rotate the
tray to the next tube and discard the first one.

10. When the second fraction (fraction 2, predominantly PKA-II holoenzyme) is
ready for collection, press the up arrow until the display reads CONC %B. Enter
40 and press ENTER; 40% B means 400 mM NaCl. The red pen should move up
to the 40% line. Press the down arrow until the display reads FRACTN ml and
enter 5, but do not press ENTER until ready to begin collecting the second frac-
tion. Typically, the blue pen will also dip slightly right before the second peak
begins to come off. When the blue pen begins to move up, press ENTER to start
collecting the fraction. The blue pen will make a tick mark. Press the up arrow
and enter 0, but do not press ENTER until ready to stop collecting the fraction.

11. Usually, 5 mL is sufficient to collect all of fraction 2. The blue pen will make a
tick mark after 5 mL have been collected. Press ENTER to stop the collection.
Rotate the tray and remove the tube containing fraction 2. Place the tube on ice.
Pipet the fraction up and down several times to ensure that it is thoroughly mixed.
Aliquot the fraction into the labeled tubes and immediately store at –70°C.
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12. Press the up arrow and enter 100% B. Let it flow at 1 M NaCl to clean any
remaining protein on the column. When the blue pen has come back down, enter
0% B. Let it flow at 0% NaCl so that no salt will remain in the pump (buffers
containing salt may damage the pump after long periods of time). At the end of
fractionation, press the red END button to stop the pump. Turn off the power
button on the pump. Move the pens to the up position and remove them. Replace
the pen caps so they will not dry out. Press the recorder ON/OFF button to stop
the recorder. Press the down arrow button on the chart recorder to feed the paper
quickly.

A typical chromatogram of PKA-I and PKA-II separation from T-cell lysate
by FPLC using an anion exchange column is shown in Fig. 3.

3.2. PKA Assay

PKA phosphotransferase activity is quantified by measuring the transfer of
phosphate-32 from [ -32P]ATP to the synthetic heptapeptide (Kemptide), leu-
arg-arg-ala-ser-leu-gly (Table 1).

In a separate tube, add 20 µL “hot” [32P]ATP mix to 180 µL dH2O. Add 20 µL
of this to two scintillation vials (for duplicates) to count the isotopic standard.
Keep the tubes in a rack on ice while mixing. Add the components to the tubes,
saving [32P]ATP mix for last. Vortex to mix. Then, incubate in a 30°C oscillat-
ing water bath for 5 min.

Return the tubes to the ice. Add 100 µL stop solution (2.5% BSA + 0.02%
sodium deoxycholate) to each tube. Vortex to mix. Add 3 mL wash solution
(0.86% H3PO4) to each tube. Vortex to mix. Set up the vacuum apparatus with
presoaked Whatman P81 filter paper circles (Fisher, Pittsburgh, PA). Add the
tube contents to the filters and be careful to disperse the contents over the
entire filter. Incubate on filters for 5 min. Add 5 mL wash solution to the empty
tubes. After the 5-min incubation, open the valves to drain for 1 min. Close the
valves, then add the wash solution from the tubes. Incubate for 5 min to wash
the filters. Again, drain for 1 min. Repeat this wash three more times, then
drain and allow the filters to dry under the vacuum flow for 15 min. Transfer
the filter papers to scintillation vials. Add 5 mL EcoLite scintillation fluid (ICN,
Irvine, CA). Measure in a scintillation counter.

3.3. Western Immunoblotting of PKA R-Subunit Proteins

The purity of PKA holoenzyme after FPLC is regularly monitored by West-
ern immunoblotting. The presence of RI and RII subunits of PKA in the chro-
matographic eluate is determined by a method detailed in ref. 7. Briefly, the
fraction 1 (eluate from 200 mM extraction, predominantly PKA-I holoenzyme)
and fraction 2 (eluate from 400 mM extraction, predominantly PKA-II holoen-
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Fig. 3. FPLC elution profile of PKA isozymes at 280 nm; 1 mg of T-cell lysate is
loaded onto a Mono Q column and eluted with a discontinuous NaCl gradient. The
dotted line represents the molarity of NaCl at the peaks representing fraction 1 and
fraction 2.

zyme) are desalted and concentrated through a Centricon-30 filter (Amicon,
Beverly, MA), lyophilized, and reconstituted in water to a concentration of 1 µg/µL.
Twenty µg of protein is used for sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis for the presence of PKA R-subunit proteins. The
samples are boiled in Laemmli’s sample buffer, followed by loading onto a 10%
one-dimensional SDS-PAGE gel.

To determine the molecular weight of R-subunit proteins, molecular weight
standards (Amersham) are also loaded on the gel. The gel is run for approx 5 h at
a constant current of 35 mA. The proteins are transferred to the polyvinylidene
fluoride (PVDF) membrane (Millipore, Bedford, MA) for 1 h at 1 A using a Bio-
Rad transblot apparatus (Hercules, CA).

The whole procedure of immunoblotting is performed in an Autoblot
microhybridization oven (Bellco Glass Inc., Vineland, NJ) at room tempera-
ture. After protein transfer, the membrane is incubated with rotation for 1 h in
blocking buffer and then followed by two washings with TBS-T for 15 min
each and by one 5-min washing with TBS-T. The membrane is incubated with
any of the primary antibody (1:1000 dilution in blocking buffer) for 1 h, fol-
lowed by three washings as before. After washing, the membrane is incubated
with secondary antibody (1:3000 dilution in blocking buffer) for 1 h. Thereaf-
ter, the membrane is washed three times with TBS-T as before.
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Table 1
Quantification of PKA Phosphotransferase Activity

PKA Distilled H2O Sample Reaction mix cAMP [32P] ATP mix
isozyme cAMP Tube no. (µL)  (µL) (µL) (µL) (µL)

Type I – 1 20 60 100 — 20
– 2 20 60 100 — 20
– 3 20 60 100 — 20
+ 4 — 60 100 20 20
+ 5 — 60 100 20 20
+ 6 — 60 100 20 20

Type II – 7 20 60 100 — 20
– 8 20 60 100 — 20
– 9 20 60 100 — 20
+ 10 — 60 100 20 20
+ 11 — 60 100 20 20
+ 12 — 60 100 20 20
– 13 60 20 100 — 20

PKA-I – 14 60 20 100 — 20
standard – 15 60 20 100 — 20
(Sigma) + 16 40 20 100 20 20
(1 µg/µL) + 17 40 20 100 20 20

+ 18 40 20 100 20 20

Immunoblots are developed using Western Lightning enhanced chemilumi-
nescence (ECL) reagents (PerkinElmer Life Sciences, Boston, MA). The blot
is usually probed by PKA-RI MAb first; this MAb detects both RI  and RI
subunits. To detect the presence of RII  and RII , the blot is first stripped
with 20 mM glycine (pH 2.0) solution at 50°C in a microhybridization oven
for 30 min, followed by three washings with TBS-T. The remainder of the
procedure is as described in Subheading 3.3. A representative blot is shown in
Fig. 4, demonstrating the presence of RI - and RI -subunit proteins in frac-
tion 1 and RII - and RII -subunit proteins in fraction 2.

3.4. Isolation of Genomic DNA, RNA, and cDNA Synthesis

Genomic DNA and total cellular RNA are extracted from 10 × 106 T lympho-
cytes using standard protocols (7). Single-stranded cDNA (sscDNA) is synthe-
sized from 1–2 µg of total RNA using random primers (Amersham Pharmacia)
and Maloney-Murine leukemia virus ribonuclease (M-MLV) H– reverse tran-
scriptase, according to the manufacturer’s instructions (Gibco BRL).
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Fig. 4. Immunoblot of T-lymphocyte PKA R-subunit proteins. Nuclei-free T-cell
lysate is partially purified by FPLC. Fractions 1 and 2 (each 20 µg), along with the
T-cell lysate (150 µg), are loaded on the same gel. RI-subunit proteins are identified
by anti-RI MAb. The same blot is stripped, and RII-subunit proteins are identified
by anti-RII  and anti-RII  MAbs. The blot confirms that there is almost no con-
tamination of RII-subunit proteins in fraction 1 and no contamination of RI-subunit
proteins in fraction 2.

3.4.1. Construction of PKA RI - and RI -Subunit MIMICs for C-PCR

Neutral 580-bp DNA fragments (BamHI/EcoRI fragment of V-erb B; Clone
Tech) are used to construct RI - and RI -subunit MIMICS. Composite prim-
ers containing RI - and RI -subunit gene-specific primer sequences and 20
nucleotides that hybridize to the neutral DNA fragments are designed using the
Oligomer version 5.0 program (Molecular Biology Insights, Cascade, CO) (7).
RI  and RI  subunit-specific MIMICs are generated by selecting neutral DNA
fragment regions containing an identical GC content of the amplified RI - or
RI -subunit segments and by using RI  and RI  subunit-specific composite
and gene-specific primers in PCR amplification of neutral DNA fragments.

The size of RI  and RI  MIMICs is adjusted to 353 and 535 bp long,
respectively, by choosing appropriate sequences along the neutral DNA frag-
ment as the primer template to distinguish RI  and RI  PCR products of 227
and 342 bp long, respectively. This yields neutral DNA fragments with RI  or
RI  gene-specific sequences incorporated at the ends and designated as RI
and RI  MIMICs. Molar quantities of these MIMICs are calculated, diluted
with MIMIC dilution solution (50 µg/mL of ultrapure glycogen) to a concen-
tration of 100 attomol/µL, and used as stock solution for internal standards
(MIMICs) to quantify RI  and RI  transcripts using C-PCR.

The use of MIMICs containing the same primer sequences and identical
proportions of GC content in the amplified RI - or RI -subunit segments make
it possible to quantify transcripts of each subunit in cDNA samples more accu-
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rately because MIMICs and RI  or RI  are amplified with equal efficiencies.
In a series of experiments, we used the following concentrations of RI - and
RI -subunit MIMICs as internal standards along with equal quantities of cDNA
samples because the RI - and RI -subunit transcripts were within this range.

3.4.2. Quantification of RI  and RI  Transcripts

The twofold dilutions of MIMICS mentioned in Subheading 3.4.1. are
spiked into PCR reaction tubes containing equal amounts of cDNA samples
(10% of sscDNA synthesized from 1 µg of total cellular RNA) and 25 pmol of
each primer, 1X PCR buffer (10 mM Tris-HCl at pH 8.3, 50 mM KCl), 200 mM
of each deoxynucleotide 5'-triphosphate, 25 mM MgCl2, 1.25 U of Taq poly-
merase, and double-distilled water to a final volume of 50 µL. The reaction
mixtures are overlaid with mineral oil (Sigma) or PCR gems (PerkinElmer-
Cetus) and subjected to 30 cycles of denaturation at 94°C for 1 min, primer
annealing (temperature dependent on primer pair) for 2 min, and extension at
72°C for 3 min plus 2 s added for each cycle utilizing a DNA thermal cycler
(PerkinElmer-Cetus).

Amplified RI  and its MIMIC and RI  and its MIMIC are distinguished
by electrophoresing in a 2% agarose gel and staining with ethidium bromide
because the MIMICs and the RI - and RI -specific PCR products have dif-
ferent basepair lengths. Gels are photographed using an ultraviolet transillumi-
nator and 667 Polaroid film. The amount of RI  and/or RI  is estimated by
comparing with different concentrations of known standard (MIMIC) and iden-
tifying which concentration of standard matches that of the gene product (7).

3.5. Oligonucleotide Primers for PCR Amplification

Oligonucleotide primers for the PKA RI  coding region corresponding to
nucleotides 285–679 have been designed based on published sequences (8)
using the Oligomer version 5.0 program and synthesized by Sigma Genosys
(Woodlands, TX).

3.5.1. Amplification of PKA RI  cDNA

cDNAs are amplified as follows: Each reaction mixture consists of 10% of a
single sscDNA reaction, 25 pmol of each primer, 1X PCR buffer (10 mM Tris-
HCl at pH 8.3, 50 mM KCl), 2.5 mM MgCl2, 200 µM of each deoxynucleotide
5'-triphosphate, 1.25 U of Taq polymerase (PerkinElmer-Cetus), and double-
distilled water to a final volume of 50 µL. The reaction mixture is subjected
to 30 cycles of denaturation (94°C, 1 min), primer annealing (51°C, 1 min)
for 2 min, and extension for 3 min at 72°C plus 2 s added for each cycle utiliz-
ing a DNA thermal cycler. Then, 5 µL of reaction mixture is analyzed on a 2%
agarose gel in Tris-HCl/acetate/EDTA buffer. One µg of HAEIII-digested
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øx174 DNA (Gibco BRL) is used as molecular weight markers: 1353, 1078,
872, 603, 310, and 234 bps. PCR products are purified using the Wizard Plus
purification system (Promega, Madison, WI). Specific gene amplification is
confirmed by sequencing of PCR products by an automatic DNA sequencer
(ABI Prism 377).

3.5.2. Cloning and Sequencing of PKA RI  cDNA and Genomic DNA

The amplified products of the PKA RI  coding region corresponding to posi-
tions 285–679 are cloned and sequenced as follows: PCR products are t-tailed
with Taq polymerase, cloned into the pCR2.1-TOPO vector according to the
manufacturer’s instructions (Invitrogen), and sequenced using T7, M13 prim-
ers and an ABI-377 sequencer. Genomic DNA samples are amplified using
exon-specific primer sets as described in ref. 6. Amplified products of exons 3, 4,
and 6 are sequenced directly from purified PCR products. Because exon 5 is only
58 bp long, we have subcloned the PCR products of this exon into pCR2.1-TOPO
cloning vectors and sequenced using an automated DNA sequencer.

4. Notes
1. We always use a fresh HiTrap column for each separation. During the chromato-

graphic separation of type I and type II PKA isozymes, we always wash the
HiTrap column after the elution of fraction 1 with a gradual increase of NaCl
(from 250 to 300 mM) before eluting fraction 2. This additional washing avoids
any contamination of type I isozyme in the fraction collected for type II isozyme.

2. We have used neutral DNA fragments (BamHI/EcoRI fragment of V-erb B)
580 bp long to construct RI - and RI -subunit MIMICS. Other neutral DNA
fragments, such as of Lambda ZAP II Vector (Stratagene, La Jolla, CA), can be
used to construct gene-specific MIMICs, depending on GC content of the target
gene. Selecting a neutral DNA fragment region containing an identical GC con-
tent amount of the amplified gene segment for MIMIC construction is important
in quantifying transcripts in cDNA samples more accurately because MIMICs
containing an identical GC content of the amplified segment will amplify with
equal efficiencies.

3. In our experiments, transcripts of PKA RI  were cloned into the pCR2.1-TOPO
vectors and TOP10 chemically competent cells. Because of the rapid advance-
ment of molecular biology techniques, several vectors and competent cells were
developed. Using these improved reagents and techniques, the efficiency of clon-
ing and sequencing of genes of interest can be enhanced considerably.
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Summary
Systemic lupus erythematosus (SLE) is characterized by abnormal activation and cell death

signaling within the immune system. Activation, proliferation, or death of cells of the immune
system are dependent on controlled reactive oxygen intermediate (ROI) production and ATP
synthesis in mitochondria. The mitochondrial transmembrane potential ( m) reflects the energy
stored in the electrochemical gradient across the inner mitochondrial membrane, which in turn is
used by F0F1-ATPase to convert adenosine 5'-diphosphate to ATP during oxidative phosphoryla-
tion. Mitochondrial hyperpolarization and transient ATP depletion represent early and revers-
ible steps in T-cell activation and apoptosis. By contrast, T lymphocytes of patients with SLE
exhibit elevated m, that is, persistent mitochondrial hyperpolarization, cytoplasmic alkalin-
ization, increased ROI production, as well as diminished levels of intracellular glutathione and
ATP. Oxidative stress affects signaling through the T-cell receptor as well as the activity of
redox-sensitive caspases. ATP depletion may be responsible for diminished activation-induced
apoptosis and sensitize lupus T cells to necrosis. Mitochondrial dysfunction is identified as a
key mechanism in the pathogenesis of SLE.

Key Words: Apoptosis; ATP depletion; caspases; cytoplasmic alkalinization; glutathione
depletion; mitochondrial hyperpolarization; necrosis; reactive oxygen intermediates; systemic
lupus erythematosus.

1. Introduction
Systemic lupus erythematosus (SLE) is a chronic inflammatory disease char-

acterized by T- and B-cell dysfunction and production of antinuclear antibod-
ies. Abnormal T-cell activation and cell death underlie the pathology of SLE
(1,2). Potentially autoreactive T and B lymphocytes during development (3)
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and after completion of an immune response are removed by apoptosis (4).
Paradoxically, lupus T cells exhibit both enhanced spontaneous apoptosis and
defective activation-induced cell death (AICD). Increased spontaneous
apoptosis of peripheral blood lymphocytes (PBLs) has been linked to chronic
lymphopenia (5) and compartmentalized release of nuclear autoantigens in
patients with SLE (6). By contrast, defective CD3-mediated cell death may be
responsible for persistence of autoreactive cells (7).

1.1. Mitochondrial Checkpoints of T-Cell Activation and Apoptosis

Both cell proliferation and apoptosis are energy-dependent processes. Energy
in the form of adenosine triphosphate (ATP) is provided through glycolysis and
oxidative phosphorylation. The mitochondrion (Fig. 1), the site of oxidative
phosphorylation, has long been identified as a source of energy and cell sur-
vival (8). The synthesis of ATP is driven by an electrochemical gradient across
the inner mitochondrial membrane maintained by an electron transport chain
and the membrane potential (negative inside and positive outside). A small

Fig. 1. Overview of mitochondrial redox and metabolic checkpoints of T-cell acti-
vation and apoptosis signals. Antigen binding-initiated signaling through the T-cell
receptor complex/CD3 and the CD28 costimulatory molecule activate
phosphatidylinositol 3-kinase (PI3K) and protein tyrosine kinases (PTK). Increased
cytosolic Ca2+ concentration activates the serine/threonine phosphatase calcineurin,
which dephosphorylates the nuclear factor for activated T cells (NFAT). Dephospho-
rylated NFAT can translocate to the nucleus, where it promotes transcription of IL-2
in concert with AP-1, NF- B, and Oct-1. Ca2+ flux into mitochondria increases pro-
duction of ROS and NF- B activation (88–90). Mitochondrial membrane integrity is
maintained by a balance of membrane-stabilizing bcl-2 and bcl-XL and pore-inducing
bax and bad (34) as well as the metabolic capacity to synthesize reducing equivalents,
NADPH, GSH, and TRX. Controlled increase of ROS levels activates NF- B and
promotes cell growth. Excess ROS production and disruption of m lead to AICD
executed by caspase-3 (digesting vitally important proteins PARP, 70K U1RNP,
lamin, and actin) and caspase-3-dependent DNase (CAD; causing nuclear DNA frag-
mentation). Cleavage by caspase-3 is thought to expose cryptic epitomes and cause
autoantigenicity of self-antigens (91). Activity of redox-sensitive transcription factors
NF- B, p53, AP-1, and Sp1 is regulated through release from inhibitor complexes and
conformational changes in their active sites. Intracellular antioxidants reduced glu-
tathione (GSH) and thioredoxin (TRX) are regenerated at the expense of NADPH
supplied primarily through metabolism of glucose via the PPP (92). Among PPP prod-
ucts, ribose 5-phosphate is required for nucleotide and DNA synthesis and supports cell
growth, C3–C7 sugars  influence mitochondrial function and reactive oxygen species
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Fig. 1. (continued) (ROS) production,  inositol and ADP-ribose serve as precursors for
second messengers inositol phosphates and cADP-ribose, respectively.
Dehydroascorbate (DHA) is imported through glucose transporter 1 (GLUT1). DHA
is metabolized through the PPP, thereby enhancing GSH levels. DHA also increases
surface expression of Fas-R (93). Glutathione reductase and TRX reductase synthe-
size GSH and reduced TRX (TRX-DT) at the expense of NADPH. Formulation of the
PPP and its efficiency to provide NADPH is dependent on the expression of G6PD
and TAL (14,15). m is controlled by intracellular GSH/NADH/NADPH levels; in-
tegrity of the permeability transition pore complex (PTPC), largely comprised of ad-
enine nucleotide translocator (ANT; inner membrane); voltage-dependent anion
channel (VDAC; outer membrane); and translocation and dimerization of pro- and
antiapoptotic bcl-2 family members in the intermembrane space (34). Phosphoryla-
tion of BAD by mitochondria-anchored PKA results in antiapoptotic sequestration of
BAD into the cytosol (94). Signaling through cell death receptors, such as Fas(15),
CD3/CD28 costimulation (36, 7), ROS (24), NO (29), as well as lymphokines, IL-3,
IL-10, IFN- , and TGF- 1 influence m, ATP synthesis, and susceptibility to
apoptosis (37).
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fraction of electrons react directly with oxygen and form reactive oxygen inter-
mediates (ROIs).

Disruption of the mitochondrial membrane potential has been proposed as
the point of no return in apoptotic signaling (9–11). Mitochondrial membrane
permeability is subject to regulation by an oxidation–reduction equilibrium of
ROIs, pyridine nucleotides (NADH/NAD + nicotinamide adenine dinucleotide
phosphate [NADPH]/NADP), and glutathione (GSH) levels (12). Regenera-
tion of GSH by glutathione reductase from its oxidized form, GSSG, depends
on NADPH produced by the pentose phosphate pathway (PPP) (13). ROI lev-
els and m are regulated by the supply of reducing equivalents from PPP
(14,15). Although ROIs have been considered toxic byproducts of aerobic exist-
ence, evidence is now accumulating that controlled levels of ROIs modulate vari-
ous aspects of cellular function and are necessary for signal transduction
pathways, including those mediating T-cell activation and apoptosis (16).

Increased production of ROIs was demonstrated in cell death mediated by
tumor necrosis factor (TNF) (17–19) and Fas (9,14,20–23). Disruption of the
mitochondrial membrane potential m has been proposed as the point of no
return in apoptotic signaling (9–11). Interestingly, elevation of m, mitochon-
drial hyperpolarization, and ROI production precede phosphatidylserine (PS)
externalization and a disruption of m in Fas- (15) and H2O2-induced
apoptosis of Jurkat human leukemia T cells and normal human PBLs (24).
These observations were extended to apoptosis induced by p53 (25), TNF-
(26), staurosporin (27), camptothecin (28), and nitric oxide (29).

Elevation of m is independent from activation of caspases and represents
an early event in apoptosis (15,25). Pretreatment with caspase inhibitor pep-
tides, DEVD, Z-VAD, and Boc-Asp, completely abrogated Fas-induced PS
externalization, indicating that activation of caspase-3, caspase-8, and related
cysteine proteases was absolutely required for cell death (30–33). ROI levels
were partially inhibited in DEVD-treated Jurkat cells, suggesting that caspase-
3 activation, perhaps through damage of mitochondrial membrane integrity,
contributes to ROI production and serves as a positive-feedback loop at later
stages of the apoptotic process. Nevertheless, ROI levels remained significantly
elevated after pretreatment with caspase inhibitors. This suggested that activa-
tion of caspase-3 or -8 was not required for increased ROI production and
( m) ( m) hyperpolarization.

By contrast, DEVD, Z-VAD, and Boc-Asp blocked PS externalization and
decline of m in annexin V-positive Jurkat cells, suggesting that disruption
of m (a) was a relatively late event with respect to ROI production and

m hyperpolarization, and (b) depended on activation of caspase-3 and
related proteases. The precise mechanism by which Fas and TNF signaling
leads to changes in m and ROI levels remains to be defined. Cleavage of
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cytosolic bid by caspase-8 generates a p15 carboxyterminal fragment that trans-
locates to mitochondria. This may represent the initial insult to mitochondria
in the Fas/TNF pathway (34).

Mitochondrial hyperpolarization appears to be the earliest change associ-
ated with Fas (15), H2O2 (24), human immunodeficiency virus 1 (35), p53 (25),
TNF- (26), staurosporin (27), camptothecin (28), and nitric oxide (NO)-in-
duced apoptosis (29). Elevation of m is also triggered by activation of the
CD3/CD28 complex (36) or stimulation with concanavalin A (Con A) (15),
interleukin (IL)-10, IL-3, interferon (IFN)- , or transforming growth factor
(TGF)- (37). Therefore, elevation of m or mitochondrial hyperpolarization
represents an early, but reversible, switch not exclusively associated with
apoptosis. With m hyperpolarization and extrusion of H+ ions from the mi-
tochondrial matrix, the cytochromes within the electron transport chain be-
come further reduced, which favors generation of ROIs (38). Thus,
mitochondrial hyperpolarization is a likely cause of increased ROI production
and may be ultimately responsible for increased susceptibility to apoptosis fol-
lowing T-cell activation.

1.2. Death Pathway Selection in Mitochondria

The mitochondrion is the site of ATP synthesis via oxidative phosphoryla-
tion. The synthesis of ATP is driven by an electrochemical gradient across the
inner mitochondrial membrane maintained by an electron transport chain and
the membrane potential. Activity of caspases require ATP to the extent that
depletion of ATP by inhibition of F0F1-ATPase with oligomycin (39) or exhaus-
tion of intracellular ATP stores by prior apoptosis signals, Fas stimulation (39),
or H2O2 pretreatment leads to necrosis (40). Thus, intracellular ATP concentra-
tion is a key switch in the cell’s decision to die via apoptosis or necrosis (39).

Extracellular ATP and adenosine have long been known to be cytotoxic.
Adenosine may act through P1 purinoreceptors, raising intracellular Ca2+ and
causing oxidative stress. ATP could also activate ectoenzymes as a phosphate
donor or, through stimulation of P2X7 purinoreceptors, deplete intracellular
K+, resulting in activation of caspases (41). Sustained increase of intracellular
Ca2+ concentration mediates coupling of ATP production to metabolic need
during T-cell activation (42). In fact, increased cytosolic Ca2+ concentration
could be responsible for elevation of m, which is a primary driving force of
ATP synthesis (43). As noted, further reduction of the cytochromes within the
electron transport chain by m hyperpolarization favors increased ROI gen-
eration (38). Subsequent damage to mitochondrial membranes leads to release
of mitochondrial Ca2+ stores and a secondary increase of cytosolic Ca2+ con-
centration (8). Ca2+ serves as a cofactor for activation of caspases and endonu-
cleases during the execution phase of apoptosis (44).
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Table 1
Signaling Abnormalities of T-Cell Death in Patients With SLE

Signal Effect Reference

( m) � ROI �, ATP � 36
ROI � Spontaneous apoptosis �, IL-10 production� 36,37
GSH � ROI �, spontaneous apoptosis � 14,36
Spontaneous Compartmentalized autoantigen release, 5,6,36,60

apoptosis � disease activity �
H2O2 Apoptosis �, necrosis � 36
CD3/CD2� AICD �, necrosis � 37
ATP � Predisposes for necrosis 36,39
Necrosis � Inflammation � 36,86
AICD � Persistence of autoreactive cells 7,37
FasR � Spontaneous apoptosis � 60
FasL � Spontaneous apoptosis � 61
IL-10� Selective induction of apoptosis in SLE 37,61,87
NO � Disease activity� 62
IL-10 blockade Spontaneous apoptosis �, ROI � 37,61
IL-12 Spontaneous apoptosis �, ROI � 37

�, increase; �, decrease.

1.3. Mitochondrial Dysfunction in Lupus T Cells

SLE T cells exhibit both defective AICD and enhanced spontaneous
apoptosis (Table 1). Coordinate mitochondrial hyperpolarization and ATP
depletion play key roles in abnormal T-cell death of patients with SLE (36),

m and ROI levels as well as cytoplasmic pH are elevated in patients with
SLE in comparison to healthy or controls with rheumatoid arthritis (36,37).
Baseline mitochondrial hyperpolarization and ROI levels correlated with di-
minished GSH levels, suggesting increased utilization of reducing equivalents
in patients with SLE.

It is presently unclear whether synthesis of GSH or its regeneration from its
oxidized form is deficient in lupus patients. GSH is also required for
interleukin-2-dependent T-cell proliferation (45) as well as CD2- and CD3-
mediated T-cell activation (46). Thus, a low GSH content may also inhibit
CD3-induced H2O2 production. Nevertheless, GSH deficiency predisposes
cells for ROI-induced cell death (14,24,47). Diminished H2O2-induced
apoptosis of cells with low baseline GSH levels indicates a severe dysfunction
of redox signaling in patients with SLE.
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Increased ROI production may lead to skewed expression of redox-sensitive
surface receptors and lymphokines. As examples, ROIs regulate gene transcrip-
tion and release of TNF-  and IL-10 (48), both of which are elevated in sera
(49,50) and freshly isolated PBLs of patients with SLE (51,52). Expression of
TCR -chain is sensitive to oxidative stress (53), and thus increased ROI levels
may explain, at least in part, low TCR -chain expression in lupus T cells (54).
Cell surface expression of the Fas receptor (55–57) and Fas ligand is also
redox sensitive (58). Increased ROI levels may be related to increased IL-10
production, release of FasL, and overexpression of the FasR in SLE (59–61).
Elevated NO production may also contribute to increased spontaneous
apoptosis (62,63). Mitochondrial ROI production and m are early check-
points in Fas- (15) and H2O2-induced apoptosis (24). Increased ROI levels con-
fer sensitivity to H2O2-, NO-, TNF- -, or Fas-induced cell death (14).
Therefore, elevated baseline ROI and m levels may have key roles in en-
hanced spontaneous death of PBLs in patients with SLE.

1.4. Mitochondrial Hyperpolarization and ATP Depletion Predispose
Lupus T Cells to Necrosis

In response to treatment with exogenous H2O2, a precursor, or ROI, lupus T
cells failed to undergo apoptosis, and cell death preferentially occurred via
necrosis. As noted in ref. 24, H2O2 triggered a rapid increase of m and ROI
production, which was followed by apoptosis of PBLs in healthy subjects. By
contrast, H2O2 failed to elevate m, ROI production, and apoptosis, but
rather elicited necrosis in patients with lupus. Both CD3/CD28-induced H2O2
production and H2O2-induced apoptosis require mitochondrial ROI produc-
tion. Therefore, diminished CD3/CD28-induced H2O2 production and H2O2-
induced apoptosis together with deficient elevation of m and ROI levels
reveal deviations of key biochemical checkpoints in mitochondria of patients
with SLE.

1.5. Pharmacological Targeting of Mitochondrial Dysfunction in SLE

Mitochondrial hyperpolarization predisposes for increased ROI produc-
tion (38). Oxidative stress affects the activity of transcription factors activa-
tion protein (AP-1) and NF- B (64,65) and, further downstream, may lead to
the skewed expression of IL-2, TNF, and IL-10 (48). Increased spontaneous
apoptosis of lymphocytes has been linked to increased IL-10 production, release
of Fas ligand, and overexpression of Fas receptor in SLE (61). Because increased
ROI levels confer sensitivity to H2O2-, NO-, TNF-, and Fas-induced cell death
(14,15), elevated baseline m, ROI production, and intracellular pH may have
key roles in altered activation and death of lupus T cells. Although mitochondrial
hyperpolarization was not affected, IL-10 antibody or IL-12 normalized ROI
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production and intracellular alkalinization in lupus PBLs (37). Therefore, IL-10
antagonists may partially correct signaling dysfunction in lupus. A proapoptotic
1,4-benzodiazepine (Bz-423) has been found to promote ROI-mediated
apoptosis of germinal center B cells and ameliorate glomerulonephritis in
lupus-prone NZB/W mice (66). The mechanism of mitochondrial hyperpo-
larization and ATP depletion require further studies, which in turn could iden-
tify novel targets for pharmacological intervention in patients with SLE.

2. Materials
1. Ficoll-Paque Plus (Amersham Pharmacia, Uppsala, Sweden).
2. RPMI-1640 medium, fetal calf serum (FCS), penicillin, streptomycin, amphot-

ericin B (Life Technologies, Grand Island, NY).
3. OKT3 monoclonal antibody (MAb; CRL 8001, ATCC, Rockville, MD).
4. CD28.2 MAb (Pharmingen, San Diego, CA).
5. Cytokines IL-2, IL-3, IL-4, IL-6, IL-7, IL-10, IL-12, IL-15, TNF- , TGF- 1, and

IFN-  (PeproTech, Rocky Hill, NJ).
6. Polyclonal goat antihuman IL-10 neutralizing antibody (R&D Systems, Minne-

apolis, MN).
7. Annexin binding buffer: 10 mM HEPES at pH 7.4, 140 mM NaCl, and 2.5 mM

CaCl2.
8. Phosphate-buffered saline (PBS): 8 g NaCl, 0.2 g of KCl, 1.44 g Na2HPO4, 0.24 g

KH2PO4 dissolved in 1 L of H2O with pH adjusted to 7.4.
9. Fluorescein isothiocyanate-conjugated annexin V (annexin V-FITC) and phyco-

erythrin-conjugated annexin V (annexin V-PE; R&D Systems).
10. Propidium iodide (PI; R&D Systems).
11. Triton X-100 (Sigma, St. Louis, MO).
12. Hydroethidine (HE; Molecular Probes, Eugene, OR).
13. Quantum Red/Cy5-conjugated MAbs directed to CD3, CD4, CD8, CD14 (Sigma)

and CD45RA and CD45RO (Pharmingen).
14. Fluorescence microscope: Nikon Eclipse E800 camera (Nikon Corp., Tokyo,

Japan) equipped with SPOT digital camera (Diagnostic Instruments, Sterling
Heights, MI).

15. Becton Dickinson (Franklin Lake, NJ) FACStar Plus flow cytometer equipped
with an argon ion laser delivering 200 mW power at 488 nm.

16. Oxidation-sensitive fluorescent probes 5,6-carboxy-2',7'-dichlorofluorescein-
diacetate (DCFH-DA), dihydrorhodamine 123 (DHR), and HE (Molecular
Probes).

17. Cationic lipophilic dyes with high binding affinity to mitochondria: 3,3'-
dihexyloxacarbocyanine iodide (DiOC6); 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethylbenzimidazolocarbocyanine iodide (JC-1); tetramethylrhodamine,
methyl ester, perchlorate (TMRM) (all from Molecular Probes).

18. Carbonyl cyanide m-chlorophenylhydrazone (mClCCP; Sigma).
19. Luminometer: AutoLumat LB953 (Berthold GmbH, Wildbad, Germany).
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20. ATP determination kit (Molecular Probes).
21. ApoGlow kit (Lumitech, Nottingham, UK).
22. Carboxy SNARF-1-acetoxymethyl ester acetate (SNARF-1; Molecular Probes).
23. Dimethyl sulfoxide (DMSO; Sigma).
24. High K+ buffers of varying pH values (120 mM KCl, 30 mM NaCl, 0.5 mM

MgSO4, 1 mM CaCl2, 1 mM NaHPO4, 5 mM glucose, and 10 mM HEPES).
25. Nigericin (Sigma; diluted from a stock solution of 500 µg/mL in ethanol).
26. Deproteinizing buffer for GSH assay: 70% perchloric acid and 15 mM

bathophenanthrolinedisulfonic acid (BPDS; Sigma).
27. -Glutamyl glutamate ( -Glu-Glu; Sigma) as internal standard for GSH assay.
28. After repeated freezing and thawing, samples were centrifuged at 15,000g for 3 min

and 50 mL of 100 mM mono-iodo-acetic acid in 0.2 mM m-cresol purple was added
to 500 mL supernatant. Samples were neutralized by addition of 480 mL of 2 M
KOH and 2.4 M KHCO3 and incubated in the dark at room temperature for 10 min.
Then, 1 mL of 1% fluoro-dinitro-benzene was added, and the samples were incu-
bated in the dark at 4°C overnight. After centrifugation and filtering, 100 mL of
supernatant were injected into the high-performance liquid chromatography
(HPLC) model 2690 (Waters Alliance System, Milford, MA) equipped with a
model 996 photodiode array detector and Spherisorb NH2 column (4.6 × 250 mm;
10 mm; Waters).

29. 7-Amino-4-trifluoromethyl-coumarin (AFC; Sigma).
30. Caspase substrate peptides: DEVD-AFC, Z-IETD-AFC, where Z represents a

benzyloxycarbonyl group; caspase inhibitor peptides Z-Val-Ala-Asp(Ome).fmk
(Z-VAD), Boc-Asp.fmk (Boc-Asp), as well as noncaspase cysteine protease
inhibitor Z-Phe-Ala.fmk (Z-FA) (Enzyme Systems Products, Livermore, CA).

31. Caspase assay buffer: 250 mM sucrose, 20 mM HEPES-KOH at pH 7.5, 50 mM
KCl, 2.5 mM MgCl2, 1 mM dithiothreitol (DTT).

32. Versene (Life Technologies).
33. Con A (Sigma).
34. Goat antimouse immunoglobulin G (IgG; ICN, Aurora, OH).
35. Tritiated thymidine (3HTdR; ICN).
36. CH-11 IgM MAb to Fas/Apo-1/CD95 (Upstate Biotechnology, Saranac Lake,

NY).
37. Complete RPMI medium: RPMI-1640 supplemented with 10% FCS, 2 mM

L-glutamine, 100 IU/mL penicillin, 100 µg/mL gentamicin, and 10 µg/mL
amphotericin B.

38. Plastic tissue culture dishes (Becton Dickinson).
39. Phenol, chloroform, isoamyl alcohol, proteinase K, agarose (all RNase and DNase

free, molecular biology grade; Sigma).
40. Spectrophotometer.
41. Luminometer.
42. Carbonyl cyanide m-chlorophenylhydrazone (mClCCP, Sigma).
43. Folin and Ciocalteu’s Phenol Reagent Solution (Sigma).
44. A 4-mm diameter, 0.45-µm polypropylene filter (Whatman, Mainstead, UK).
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45. MAb to poly(ADP-ribose) polymerase (PARP) C-2-10 (67).
46. MAb 5F7 directed to C-terminal amino acids 176–460 of human FLICE/Mch5/

caspase-8 (Panvera, Madison, WI).
47. MAb 31A1067 directed to caspase-3 (Gene Therapy Systems, San Diego, CA).
48. MAb C4 directed to human -actin (Boehringer, Indianapolis, IN).
49. Biotinylated secondary antibodies and horseradish peroxidase-conjugated avidin

(Jackson Laboratories, West Grove, PA).
50. 4-Chloronaphthol (Sigma).
51. Enhanced chemiluminescence detection kit (Western Lightning Chemilumines-

cence Reagent Plus, PerkinElmer Life Sciences, Boston, MA).
52. Kodak Image Station 440CF equipped with Kodak 1D Image Analysis Software

(Eastman Kodak Company, Rochester, NY).

3. Methods
The methods described here outline (a) in vitro lymphocyte culture, activa-

tion, and apoptosis assays; (b) flow cytometric analysis of ( m); (c) ROI pro-
duction; (d) intracellular pH; (e) measurement of intracellular ATP and ADP;
(f) HPLC analysis of reduced (GSH) and oxidized (GSSG) forms of glu-
tathione; and (g) caspase enzyme assays.

3.1. Lymphocyte Culture, Activation, and Viability Assays

3.1.1. Separation of Peripheral Blood Mononuclear Cells

1. Collect peripheral blood in sterile tubes containing 50 U heparin (Sigma) per
milliliter of blood.

2. Layer blood diluted 1:1 with PBS on Ficoll-Paque. Typically, layer 10 mL diluted
blood over 5 mL of Ficoll-Paque.

3. Centrifuge cells at 500g for 30 min with centrifuge brake off.
4. Remove peripheral blood mononuclear cells (PBMCs) from interface between

Ficoll-Paque and plasma with pipettor.
5. Wash PBMCs three times in PBS by centrifugation at 300g for 10 min.
6. PBMCs are resuspended at 106 cells/mL in complete RPMI medium, and incu-

bated for experiments at 37°C in a humidified atmosphere with 5% CO2.

3.1.2. Separation of Monocytes and PBLs

1. Precoat Petri dishes with autologous serum for 30 min at 37°C.
2. Add 5 mL of PBMCs (maximum 5 × 106/mL) to serum-pretreated dishes and

incubate for 1 h at 37°C.
3. Remove nonadherent cells by washing three times with 5 mL of warm (37°C)

complete RPMI medium.
4. To obtain a monocyte-enriched cell fraction, wash dishes vigorously with warm

medium.
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5. Add 4 mL of ice-cold 0.05% Versene and 1 mL autologous serum to each dish
for 15 min at room temperature.

6. Scrape off loosely adherent monocytes with a rubber policeman under inverse
microscopic control.

7. The monocyte-depleted fraction of PBLs should contain less than 2% monocytes,
and the monocyte-enriched fraction should contain 90 to 95% monocytes by
staining with CD14 MAb.

3.1.3. Cell Culture, Activation, and Viability Assays

Human PBLs undergo apoptosis in response to repetitive activation through
the T-cell receptor (i.e., CD3/CD28 costimulation), resulting in AICD (36,37),
crosslinking of cell surface death receptors such as Fas/Apo-1/CD95 (15), or
elevation of intracellular ROI levels after treatment with H2O2 (24,36). Mono-
cytes/macrophages remove apoptotic bodies via phagocytosis; therefore, pro-
cessing of cell death signals by lymphocytes is best evaluated using PBLs.

3.1.3.1. CD3/CD28 COSTIMULATION OF PBLS

1. Precoat 10-cm diameter plastic Petri dishes with 100 µg/mL goat antimouse IgG
(diluted in PBS) for 2 h at 37°C.

2. Wash plates with PBS, add OKT3 MAb (1 µg/mL), and incubate for 1 h at 37°C.
3. Add PBLs (106 cells/mL in complete RPMI medium).
4. For CD28 costimulation, add 500 ng/mL MAb CD28.2 and incubate cells at 37°C

for the desired period of time.

3.1.3.2. TRIGGERING FAS-MEDIATED CELL DEATH OF PBLS

1. Sensitize peripheral blood T cells for Fas-mediated apoptosis by CD3/CD28
costimulation or treatment with 5 µg/mL Con A for 5–7 d.

2. Monitor blast transformation by measurement of increased side scatter (SSC)
using flow cytometry (16) or 3HTdR incorporation via pulse labeling with 0.4 µCi
of 3HTdR of 105 cells in 100 µL per well of a 96-well plate (68).

3. Determine cell viability by staining with 0.25% trypan blue in 0.9% NaCl. Viable
cells should not stain with trypan blue.

4. Pellet and resuspend cells at 2 × 106 cells/mL in complete RPMI medium.
5. Add an equal volume of complete RPMI medium without (control) or with 2 µg/mL

of CH11 IgM MAb.
6. Incubate cells at 37°C for the desired period of time.

3.1.3.3. TREATMENT WITH H2O2

1. Prepare fresh 10 mM H2O2 in PBS from 30% stock solution.
2. Seed PBLs at 2 × 106 cells/mL in complete RPMI medium.
3. Add an equal volume of complete RPMI medium without (control) or with 100 µM

H2O2.
4. Incubate cells at 37°C for the desired period of time.
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3.1.3.4. MONITORING OF CELL DEATH

Apoptosis is monitored by observing cell shrinkage while counting trypan
blue-stained cells and DNA fragmentation using agarose gel electrophoresis and
quantified by flow cytometry after concurrent staining with annexin V-FITC
(fluoresence channel [FL-1]) and PI (FL-2) as described elsewhere (14,15,69,70).
Staining with annexin V-PE was used to monitor PS externalization (FL-2) in
parallel with measurement of ROI levels and m (see below). Apoptosis rates
are expressed as percentage of annexin V-positive/PI-negative cells. Necrosis is
assessed by observing cellular and nuclear swelling. Swollen nuclei of necrotic
cells can be observed by staining with PI (50 µg/mL). Necrotic cells are enu-
merated by direct PI staining using flow cytometry and fluorescence micros-
copy. Necrosis rates are expressed as percentage of PI-positive population
within annexin-positive cells (36).

3.1.3.4.1. DNA Fragmentation Assay

1. Wash cells three times in PBS using screw-capped 15-mL polypropylene tubes.
2. Resuspend up to 5 × 107 cells in 100 mM NaCl, 10 mM Tris-HCl at pH 8.0, and

1 mM ethylenediaminetetraacetic acid (EDTA).
3. Add 250 µL of 10% sodium dodecyl sulfate (SDS).
4. Add 200 µg/mL proteinase K (keep 5-mg/mL aliquots at –20°C).
5. Incubate overnight at 37°C.
6. Extract twice with an equal volume of phenol. Remove aqueous phase only. Do

not remove interface.
7. Extract twice with equal volume of chloroform:isoamylalcohol (24:1).
8. Precipitate DNA from aqueous phase with two volumes of absolute ethanol for

10 min at room temperature.
9. Transfer DNA with Pasteur pipet to 500 µL of TE (10 mM Tris, 1 mM EDTA) in

Eppendorf tube and let it dissolve for 30 min.
10. Add 1/10 volume of 3 M sodium acetate.
11. Add two volumes of absolute ethanol.
12. Precipitate DNA for 10 min at room temperature.
13. Repeat steps 9–12.
14. Dissolve DNA in 500 µL of 10 mM Tris-HCl at pH 8.0 and 1 mM EDTA.
15. Quantify DNA by reading optical density (OD) at 260 nm (OD260). Read OD at

280 nm as well. OD260/280 should be 1.8–2.0. An OD of 1 corresponds to a
DNA concentration of 50 µg/mL.

16. Store DNA at 4°C until analysis in a 2% agarose gel (14).

3.1.3.4.2. Assessment of Apoptosis and Necrosis by Flow Cytometry

1. Resuspend 2 × 105 cells to be analyzed in 200 µL of annexin binding buffer.
2. Add 5 µL of annexin V-FITC (10 µg/mL) and 5 µL of PI (50 µg/mL).
3. Incubate cells at room temperature in the dark.
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4. Analyze by flow cytometry by electronic gating on live cells based on forward
scatter (FSC) and SSC and measuring annexin-FITC binding on the FL-1 channel
(emission at 530 nm) and PI staining on the FL-2 channel (emission at 625 nm).

3.2. Flow Cytometric Analysis of the Mitochondrial Transmembrane
Potential m

Mitochondrial transmembrane potential m can be estimated by cationic
lipophilic dyes with high binding affinity to the negatively charged inner mito-
chondrial membrane (9,71,72). Because binding characteristics do not com-
pletely overlap, parallel staining with several dyes is recommended.

1. Resuspend 2 × 105 cells in 200 µL of annexin binding buffer if concurrently
stained with annexin V-FITC or annexin V-PE matching a potentiometric dye
emitting FL-2 or FL-1 fluorescence, respectively. Alternatively, 2 × 105 cells can
be resuspended in 200 µL 5 mM HEPES-buffered saline (HBS; containing 0.9%
NaCl at pH 7.4). This buffer, lacking Ca2+, does not allow concurrent staining
with annexin V.

2. Aliquots of cell suspensions are stained with several potentiometric dyes in
parallel.

a. Add 200 µL of dye solution containing 20 nM DiOC6 (excitation 488 nm,
emission 525 nm recorded in FL-1). This dye can be added in combination
with annexin V-PE emitting FL-2 fluorescence.

b. Add 200 µL of dye solution containing 1 µM TMRM (excitation 549 nm,
emission 573 nm recorded in FL-2). This dye can be added in combination
with annexin V-FITC emitting FL-1 fluorescence.

c. Add 200 µL of dye solution containing 0.5 µM JC-1. JC-1 selectively incor-
porates into mitochondria, where it forms monomers (fluorescence in green,
527 nm) or aggregates at high transmembrane potentials (fluorescence in red,
590 nm) (73,74).

3. Parallel cell suspensions should be treated with 5 µM mClCCP. Cotreatment with
this protonophore for 15 min at 37°C results in decreased DiOC6, TMRM, and
JC-1 fluorescence and serves as a positive control for disruption of mitochondrial
transmembrane potential (15).

4. Incubate cells in the dark for 15 min at 37°C before flow cytometry.
5. For each sample, measurements are carried out on 10,000 cells.

3.3. Measurement of ROI Production

Production of ROI can be assessed fluorometrically using oxidation-sen-
sitive fluorescent probes DCFH-DA, DHR, and HE as described elsewhere
(14). Cells are stained in annexin-binding buffer or HBS with 0.1 µM DHR
for 2 min, 1 µM DCFH-DA for 15 min, or 1 µM HE for 15 min, and samples
are analyzed using a Becton Dickinson FACStar Plus flow cytometer
equipped with an argon ion laser delivering 200 mW of power at 488 nm.
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Fluorescence emission from 5,6-carboxy-2',7'-dichlorofluorescein (DCF;
green) or DHR (green) is detected at a wavelength of 530 ± 30 nm. Fluores-
cence emission from oxidized HE, ethidium (red), was detected at a wave-
length of 605 nm. Dead cells and debris are excluded from the analysis by
electronic gating on FSC and SSC measurements. Although R123, the fluores-
cent product of DHR oxidation, binds selectively to the inner mitochondrial
membrane, ethidium and DCF remain in the cytosol of living cells (75), thus
allowing measurement of ROI levels in different subcellular compartments.

1. Following apoptosis assay, wash cells two times in 5 mM HBS (containing 0.9%
NaCl) at pH 7.4.

2. Resuspend 2 × 105 cells in 200 µL of annexin-binding buffer if concurrently
stained with annexin V-FITC or annexin V-PE matching oxidation-sensitive dyes
emitting FL-2 (HE) or FL-1 (DCF, R123) fluorescence, respectively. Alterna-
tively, 2 × 105 cells can be resuspended in 200 µL of 5 mM HBS. This buffer,
lacking Ca2+, does not allow concurrent staining with annexin V.

3. Subsequently, aliquots of cell suspensions are stained with several potentiomet-
ric dyes in parallel.

a. Add 200 µL of dye solution containing 0.1 µM DHR (excitation 488 nm,
emission 530 nm recorded in FL-1). This dye can be added in combination
with annexin V-PE emitting FL-2 fluorescence. Staining is done in the dark at
room temperature for 2 min, timed with a stopwatch, followed by running on
the flow cytometer.

b.  Add 200 µL of dye solution containing 1 µM DCFH-DA (excitation 488 nm,
emission 525 nm recorded in FL-1). This dye can be added in combination
with annexin V-PE emitting FL-2 fluorescence. Staining is done in the dark at
room temperature for 15 min, timed with a stopwatch, followed by running
on the flow cytometer.

c. Add 200 µL of dye solution containing 1 µM HE (excitation 488 nm, emis-
sion 605 nm recorded in FL-2). This dye can be added in combination with
annexin V-FITC emitting FL-1 fluorescence. Staining is done in the dark at
room temperature for 15 min, timed with a stopwatch, followed by running
on the flow cytometer.

4. For each sample, measurements are carried out on 10,000 cells.

3.4. Intracellular pH Measurement

Intracellular pH measurements are carried out with flow cytometry using
the pH-sensitive dye SNARF-1 as described by Wieder et al. (76). SNARF-1
enters cells passively as a nonpolar ester. It is then hydrolyzed by intracellular
esterases into a polar compound unable to leave membrane-intact cells. The
emission spectrum of SNARF-1 undergoes a pH-dependent wavelength shift.



Mitochondrial Dysfunction in SLE 101

The ratio of fluorescence intensities emitted at two different wavelengths (FL-
2 at 580 nm and FL-3 at 650 nm) is used for determination of pH.

1. Make fresh 0.5 mg/mL stock solutions of SNARF-1 daily in DMSO.
2. Resuspend 5 × 105 cells in 500 µL of PBS.
3. Add 5 µg/mL SNARF-1 to the cells and incubate samples 30 min at 37°C.
4. Wash cells once in 1 mL of PBS and resuspend in 500 µL of PBS.
5. Analyze on a Becton Dickinson FACStar Plus flow cytometer. The SNARF-1

dye is excited with 200 mW of the 488-nm argon laser, and fluorescence is col-
lected in two wavelengths (FL-2 at 580 nm and FL-3 at 650 nm) in the pulse
processing mode.

6. Generate a standard calibration curve for each experiment by staining the cells in
high K+ buffers of varying pH values (120 mM KCl, 30 mM NaCl, 0.5 mM
MgSO4, 1 mM CaCl2, 1 mM Na2HPO4, 5 mM glucose, and 10 mM HEPES) in the
presence of 5 µg/mL nigericin to equilibrate the intracellular/extracellular pH.

7. Calculate intracellular pH based on the FL-3/FL-2 ratio.

3.5. Measurement of Intracellular ATP and ADP Levels

T-cell activation and apoptosis require the energy provided by ATP (77).
Intracellular ATP concentration is a key switch in the cell’s decision to die via
apoptosis or necrosis (39); therefore, depletion of ATP may be responsible for
defective apoptosis and a predisposition to necrosis in patients with SLE (36).
Intracellular ATP levels can be determined with great sensitivity and specific-
ity using the luciferin–luciferase method (78). Addition of luciferin and firefly
luciferase to an ATP-containing biological sample results in light emission.
The luminometric ATP assay is based on the firefly luciferase reaction:

ATP + D-Luciferin + O2� AMP + Pyrophosphate + Oxyluciferin + CO2 + Light

The quantum efficiency is very high, resulting in almost 1 photon per ATP
molecule consumed in the reaction. The light is measured in luminometer.
Under assay conditions of constant luciferase activity, the intensity of the emit-
ted light is proportional to the ATP concentration. The assay is calibrated by
the addition of a known amount of ATP.

3.5.1. Collection of Cells for ATP Assay

1. Collect 5 × 106 PBLs by centrifugation at 300g for 10 min and wash once in PBS.
2. Resuspend the cell pellet in 50 µL of PBS and mix with equal volumes of 2.5%

trichloroacetic acid. Such extracts can be stored at –20°C.
3. Measure the total protein content of each sample using the Lowry assay (79).
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3.5.2. Lowry Assay

The stock solutions for the Lowry assay are

Lowry A: 2% Na2CO3 in 0.1 M NaOH.
Lowry B: 1% CuSO4 in diH2O.
Lowry C: 2% Sodium potassium tartrate (NaKC4H4O6 · 4H2O).

The reagents are
Lowry stock reagent: 49 mL Lowry A, 0.5 mL Lowry B, 0.5 mL Lowry C.
Folin’s reagent: 2N Phenol reagent (Folin-Ciocalteau reagent). Dilute 1:1 in
diH2O before use.

Bovine serum albumin standard solution is prepared as described in Table 2.
The standard calibration solution is dissolved at a concentration of 1 mg/mL in a
buffer similar to the biological sample of unknown protein content, such as PBS.
For the assay procedure:

1. Add 100 µL of sample (sample + buffer = 100 µL) per tube.
2. Add 1.0 mL of Lowry stock reagent to each tube.
3. Incubate 30 min at room temperature.
4. Add 100 mL of Folin’s reagent to each tube.
5. Incubate 30 min at room temperature.
6. Read in a spectrophotometer at 595 nm.

3.5.3. ATP Assay

The ATP contents of PBLs from patients with SLE and control donors were
assayed in parallel. The bioluminescence assay was performed in an
AutoLumat LB953 automated luminometer using an ATP determination kit
according to the manufacturer’s instructions. ATP standard curves are estab-
lished in each experiment and should be linear in the 5- to 5000-nM range. To
eliminate the impact of nonspecific inhibitors in the cellular extracts, standard
amounts of ATP were added to the reaction mixtures as controls, and ATP
levels were remeasured (80). In our laboratory, the sample volume added to the
reaction mixtures was less than 2% of the total assay volume.

3.5.3.1. PRECAUTIONS

• Because of the high sensitivity of the luciferin–luciferase reaction, avoid con-
tamination with ATP from exogenous biological sources, such as bacteria or fin-
gerprints. Therefore, latex or vinyl gloves are to be worn at all times.

• Protect the D-luciferin and firefly luciferase reagents from light.
• Mix solutions containing firefly luciferase gently, for example, by inversion;

vortex mixing may denature the enzyme.
• Arsenate compounds may inhibit the reaction.
• The temperature optimum for the reaction is 28°C. At higher temperatures, the

reaction is slower.



Mitochondrial Dysfunction in SLE 103

Table 2
Preparation of Protein Standard Solution for Lowry Assay

Standard solution Standard solution Buffer volume
protein amount (µg) volume (µL) (µL)

0 0 100
10 10 90
20 20 80
30 30 70
50 50 50
75 75 25
100 100 0

The standard calibration solution is dissolved at a concentration of 1
mg/mL in a buffer similar to the biological sample of unknown protein
content, such as PBS.

3.5.3.2. REAGENTS

1. D-Luciferin (MW 302): 3 mg of lyophilized powder per vial.
2. Firefly recombinant luciferase: 40 µL of a 5-mg/mL solution in 25 mM Tris-

acetate at pH 7.8, 0.2 M ammonium sulfate, 15% (v/v) glycerol, and 30% (v/v)
ethylene glycol.

3. 25 mg DTT (MW 154).
4. ATP: 400 µL of a 5 mM solution in TE buffer.
5. 20X reaction buffer: 10 mL of 500 mM Tricine buffer at pH 7.8, 100 mM MgSO4,

2 mM EDTA, and 2 mM sodium azide.
6. Standard reaction solution containing 0.5 mM D-luciferin, 1.25 µg/mL firefly

luciferase, 25 mM Tricine buffer at pH 7.8, 5 mM MgSO4, 100 µM EDTA, and
1 mM DTT.

Store reagent frozen at –80°C. Avoid repeated freezing and thawing.

3.5.3.3. ATP ASSAY PROTOCOL

1 Make 1.0 mL of 1X reaction buffer by adding 50 µL of 20X. reaction buffer to
950 µL of deionized autoclaved H2O. This volume will be sufficient to make 1 mL
of 10 mM D-luciferin stock solution.

2. Make 1 mL of a 10 mM D-luciferin stock solution by adding 1 mL of 1X reaction
buffer (prepared in step 1) to one vial of D-luciferin (3 mg of lyophilized pow-
der). Protect from light until use. The D-luciferin stock solution is reasonably
stable for several weeks if stored at –20°C and protected from light.

3. Prepare a 100 mM DTT stock solution by adding 1.62 mL of H2O to 25 mg of
DTT. Aliquot into ten 160-µL volumes and store frozen at –20°C. Stock solu-
tions of DTT stored properly are stable for 6 mo to 1 yr. Thawed aliquots should
be kept on ice until ready for use.
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4. Prepare low-concentration ATP standard solutions from 5 nM to 5 µM by dilut-
ing the 5 mM ATP stock solution in H2O. These dilute solutions are stable for
several weeks when stored at –20°C.

5. Make 10 mL of a standard reaction solution by combining the following:

8.9 mL distilled H2O.
0.5 mL 20X reaction buffer.
0.1 mL 0.1 M DTT.
0.5 mL 10 mM D-luciferin.
2.5 µL of firefly luciferase 5 mg/mL stock solution.

6. Gently mix the tube by inverting three times. The firefly luciferase enzyme is
easily denatured by vortexing. Keep the reaction solution protected from light
until use.

7. Create standard curve:

a. Measure luminescence of standard reaction solution (prepared in step 5),
which is considered as background.

b. Start the reaction by adding the desired amount of dilute ATP standard solu-
tion (prepared in step 4) and read the luminescence. The volume of the dilute
ATP standard solution added to the standard assay solution should be no more
than 10%, preferably less than 2%, of the total assay volume.

c. Subtract the background luminescence.
d. Generate a standard curve for a series of ATP concentrations. Be sure always

to add a constant sample volume of the ATP-containing solution as an inter-
nal standard.

8. For sample analysis, add an experimental sample to the standard reaction solu-
tion. The total volume of the experimental sample assays should be equal to that
of the ATP standard assays, with the amount of experimental sample added no
more than 10% of the total assay volume.

9. Calculate the amount of ATP in the experimental samples from the standard
curve.

3.5.3.4. ASSESSMENT OF ATP/ADP RATIO AND ADP LEVELS

ADP can be measured by its conversion to ATP using the ApoGlow kit. The
ATP produced is then detected by the luciferin–luciferase method.

1. Dispense 100 µL of standard reaction solution with the experimental sample as
described in Subheading 3.5.3.3., step 8 into 96-well plates.

2. Load plate into 96-well plate reader and record luminescence (reading A).
3. After 10-min lag period, add 20 µL of ADP-converting reagent to each well using

multichannel pipettor or autodispenser built into luminometer if available.
4. Take a 1-s integrated reading (reading B). If autoinjector is unavailable, reading

B should be taken before addition of ADP-converting reagent.
5. After 5-min incubation allowing conversion of ADP to ATP, take a final 1-s

integrated reading (reading C).
6. The ADP:ATP ratio is calculated as follows: (C – B)/A.
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3.6. HPLC Assay of Glutathione Levels

Reduced (GSH) and oxidized (GSSG) glutathione as well as other interme-
diates of GSH metabolism can be concurrently measured by reverse-phase ion-
exchange HPLC using ultraviolet detection at 365 nm (81).

1. Wash 2 × 107 PBLs once in 5 mL of PBS and store cell pellet at –80°C until
assay.

2. Resuspend cell pellet in 250 µL of H2O. Use 10 µL of cell suspension to measure
protein content as described in Subheading 3.5.2.

3. Add 50 µL of 70% perchloric acid and 25 µL of 15 mM BPDS to deproteinize
sample as well as 25 µL of -Glu-Glu as internal standard.

4. Vortex, freeze, and thaw the sample in two cycles.
5. Pellet sample in microcentrifuge at 15,000g for 5 min and save supernatant.
6. Add 25 µL of 100 mM mono-iodo-acetic acid in 0.2 mM m-cresol purple to 250 µL

of supernatant.
7. Adjust pH of acidic solution (pink in color) to pH 8.0–9.0 (purple in color) by

addition of 240 µL of 2 M KOH and 2.4 M KHCO3.
8. Incubate sample in the dark at room temperature for 10 min.
9. Add 1 mL of 1% fluoro-dinitro-benzene, vortex, and incubate the samples in the

dark at 4°C overnight.
10. Centrifuge sample at 15,000g for 10 min at 4°C.
11. Filter supernatant through 4-mm diameter 0.45-µm polypropylene filter.
12. Inject 50 µL of each sample into HPLC equipped with a model 996 photodiode

array detector and a Waters Spherisorb 3-NH2-propyl column (4.6 × 250 mm;
10 µm). An ultraviolet detector set to a wavelength of 365 nm can also be used.

13. After sample injection, a mobile phase of HPLC comprised of 80% mobile phase
solution A (80% methanol) and 20% mobile phase solution B (0.5 M sodium
acetate dissolved in 64% methanol) is maintained for 5 min, followed by a 10-min
linear gradient to 1% mobile phase solution A/99% mobile phase solution B at a
flow rate of 1.5 mL/min. Then, the mobile phase is held at 99% mobile phase
solution B until the final compound, usually GSSG, has eluted (5–10 min).

3.7. Caspase Enzyme Assays

Activation of the caspase enzyme cascade is a hallmark of apoptosis.
Caspase-3 is a key effector of all apoptosis pathways, amplifying the signal
from initiator caspases (such as caspase-8) and indicating a final commitment
to cellular disassembly. In addition to cleaving other caspases in the enzyme
cascade, caspase-3 has been shown to cleave PARP, DNA-dependent protein
kinase, protein kinase C , the 70-kD component of U1 small nuclear ribonucle-
oprotein (snRNP), and actin.

1. Induce apoptosis in cells by the desired method. Remember to incubate a concur-
rent control culture without induction. Include cells treated with caspase inhibi-
tor DEVD-CHO as a negative control (15).
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2. After washing cells once in PBS, pellet 106 cells per experimental sample at 400g
for 5 min. The cell pellet can be stored at –80°C until measurement.

3. Resuspend the cell pellet in 25 µL of chilled cell lysis buffer comprised of 10 mM
HEPES/KOH (pH 7.4), 2 mM EDTA, 0.1% CHAPS, 5 mM DTT, 1 mM
phenylmethylsulphonylfluoride, 10 µg/mL pepstatin A, 20 µg/mL leupeptin, 10 µg/
mL aprotinin. Alternatively, cell lysis buffer from Clontech can be used.

4. Incubate cell lysate on ice for 15 min.
5. Pellet cell lysates in a microcentrifuge at 15,000g for 10 at 4°C.

Transfer the supernatants to new microcentrifuge tubes. Samples may be
assayed immediately or frozen at –80°C until measurement.

6. Add 25 µL of 2X reaction buffer containing 80 µM zDEVD-AFC substrate
(derived from 1 mM stock in DMSO), 250 mM sucrose, 20 mM HEPES-KOH
(pH 7.5), 50 mM KCl, 2.5 mM MgCl, 1 mM freshly added DTT. Set up parallel
samples lacking zDEVD-AFC substrate and containing caspase-3 inhibitor pep-
tide zDEVD-AFC.

7. Incubate at 37°C for 15–60 min (depending on caspase activity) and add ice-cold
H2O to 1 mL. Reaction can be stored frozen at –80°C for later measurement.

8. Prepare 12-point calibration curve with 0.002–4 µM AFC.
9. Read fluorescence of experimental samples with 400-nm excitation filter and

505-nm emission filter.
10. After reading the fluorescence, take 0.4-mL aliquot from experimental samples

and add 0.4 mL Lowry reagent and 0.2 mL Folin reagent (according to Lowry
protocol described in Subheading 3.5.2.) to measure protein content. Add lysis
and reaction buffers to set up standard blank tubes.

11. Express caspase activity as picomoles AFC per minute per milligram protein.
Activities vary between 1000 and 5000 U/mg protein.

3.8. Western Blot Analysis of Caspase Activity

Caspases are activated through proteolysis that can be monitored by West-
ern blot analysis.

1. For visualization of PARP caspase-3 and caspase-8, lyse 2 × 106 cells in 100 µL
of 62.5 mM Tris-HCl at pH 6.8, 6 M urea, 10% glycerol, 2% SDS, 0.00125%
bromophenol blue, and 5% -mercaptoethanol.

2. Sonicate lysate for 15 s, boil for 5 min, and store at –80°C. (67).
3. Assess protein concentration by Lowry method (see Subheading 3.5.2.).
4. Separate 40 µg of total cell lysate in 10 µL per well by SDS polyacrylamide gel

electrophoresis and electroblot to nitrocellulose (82).
5. Incubate nitrocellulose strips in 100 mM Tris-HCl at pH 7.5, 0.9% NaCl, 0.1%

Tween-20, and 5% skim milk with the primary antibodies anti-PARP MAb C-2-
10 (67), anti-caspase-3 (GTS), anti-caspase-8 (Panvera), or actin MAb C4 at a
1000-fold dilution at room temperature overnight.
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6. After washing, incubate blots with biotinylated secondary antibodies and subse-
quently with horseradish peroxidase-conjugated avidin. Between incubations, the
strips are vigorously washed in 0.1% Tween-20, 100 mM Tris-HCl at pH 7.5, and
0.9% NaCl.

7. The blots can be developed with a substrate comprised of 1 mg/mL 4-chlor-
onaphthol and 0.003% hydrogen peroxide or using enhanced chemiluminescence
detection.

8. Activation of the caspase cascade is monitored by cleavage of caspase-3 (32-kD
precursor into 17-kD active form), caspase-8 (55-kD precursor into 42-kD active
doublet), and PARP (116-kD precursor into 85-kD fragment).

4. Notes
1. When assessing T-cell activation and apoptosis in PBLs of patients with SLE,

parallel processing of PBLs from control donors who are healthy and who have
inflammatory disease, such as rheumatoid arthritis, is essential. We typically
establish values for normal donors and process cells from two controls in paral-
lel with cells from two patients. Whenever possible, we use freshly isolated cells.
Alternatively, PBLs frozen in complete RMPI-1640 medium with 7.5% DMSO/
30% FCS can be used when viability of defrosted cells exceeds 98% by trypan
blue staining.

2. Testing of apoptosis by PBMCs vs PBLs may reflect influence of phagocytic
activity by monocytes/macrophages. Such comparative analysis should be
supplemented by direct analysis of macrophage phagocytosis. However, phago-
cytosis depends on many factors, such as Fc receptor polymorphisms or release
of macrophage-activating factors by T and B cells. Therefore, we routinely ana-
lyze PBLs as effectors.

3. Fluorochromes are kept as highly concentrated (>10 mM) stock solutions in
DMSO at –80°C, unless indicated otherwise. SNARF-1 is kept aliquoted in pow-
der form and reconstituted in DMSO on the day of assay.

4. PI directly stains necrotic cells. As described elsewhere (14,83), live or apoptotic
cells do not stain with PI and require permeabilization with 0.1% Triton X-100.
When using HE (FL-2) for ROI measurement, cells are costained with annexin
V-FITC (FL-1). Thus, annexin V-PE or annexin V-FITC are matched with emis-
sion spectra of potentiometric and oxidation-sensitive fluorescent probes. Stain-
ing with annexin V alone or in combination with DHR or DiOC6 was carried out
in 10 mM HEPES at pH 7.4, 140 mM NaCl, and 2.5 mM CaCl2. Using three-color
fluorescence, mitochondrial ROI levels, m, and PS externalization within T-
cell subsets can be concurrently analyzed by parallel staining with DHR or DiOC6

(FL1), annexin V-PE (FL2), and Quantum Red/Cy5-conjugated MAbs directed
to CD3, CD4, CD8 (Sigma; FL-3), CD45RA and CD45RO (Pharmingen). Quan-
tum Red contains two covalently linked fluorochromes, PE and Cy5. PE absorbs
light energy at 488 nm and emits at 670 nm, in the excitation range of Cy5, which
acts as an acceptor dye. For fluoresence microscopy, cells were photographed
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using a Nikon Eclipse E800 camera. Green and red fluorescent images were digi-
tally superimposed using SPOT software (Diagnostic Instruments).

5. Mitochondrial transmembrane potential ( m) can be estimated by cationic lipo-
philic dyes with high binding affinity to the negatively charged inner mitochon-
drial membrane (9,71,72). Because binding characteristics do not completely
overlap, parallel staining with several dyes is recommended.

6. The AFC calibration curve is very stable when measured on the same instrument
and setting. The caspase assay is time and protein dependent when done with the
suggested cell number and substrate concentration. Specificity of the enzymatic
reaction was tested by using caspase-3 inhibitor DEVD-CHO and caspase-1/
interleukin-converting enzyme (ICE) inhibitor tyrosinyl-valyl-alanyl-aspartate-
chloromethyl-ketone (YVAD)-CMK at a concentration range of 50–300 µM (84).
Caspase-8 activity can be tested using Z-IETD-AFC as a substrate. Caspase in-
hibitors Z-VAD and Boc-Asp as well as noncaspase cysteine protease inhibitor
Z-FA were tested at concentrations of 20 µM, 50 µM, and 300 µM (85).
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Methods for Inducing Apoptosis

Kathryn M. Roberts, Antony Rosen, and Livia A. Casciola-Rosen

Summary
Apoptotic cells are sources of tolerogenic material during tissue homeostasis; abnormalities

in apoptosis or in the clearance of apoptotic material generate a novel source of antigens against
which an autoimmune response may be initiated. In our laboratory, we study the biochemistry
and cell biology of systemic autoimmune disease autoantigens during different forms of cell
death. Several different methods for inducing apoptosis, and for assaying the induction of this
cellular process, are routinely performed. This chapter describes methods for inducing apoptosis
via ultraviolet B irradiation, small molecule drug treatments, death receptor ligation, and expo-
sure to granule components of cytotoxic lymphocytes. Assays to confirm the induction of
apoptosis by quantifying changes in mitochondrial membrane potential, phosphatidylserine
membrane localization, DNA content, and autoantigen cleavage are also detailed.

Key Words: Apoptosis; autoantigens; autoimmunity; caspase; cytotoxic lymphocytes; Fas
ligation; granzyme B; UVB irradiation.

1. Introduction
Systemic autoimmune diseases encompass a broad spectrum of multisystem

illnesses characterized by immune-mediated tissue damage and the presence
of high-titer autoantibodies to a diverse array of autoantigens. There is an
emerging consensus that the apoptotic cell is a potent source of tolerogenic
material during homeostatic tissue turnover, and that abnormalities in the sig-
naling, execution, and clearance of apoptotic material may be an important
source of antigens in systemic autoimmune diseases.

Studies performed in our laboratory addressed the cell biologic and bio-
chemical fate of systemic disease autoantigens during different forms of cell
death. We have shown that (a) autoantigens are clustered and concentrated in
the surface blebs of apoptotic cells (1,2), and (b) many of these proteins are
cleaved during cell death by several families of apoptotic proteases, including
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caspases and granzyme B (GrB, a protease released from cytotoxic lympho-
cyte granules during target cell killing) (3–7). These studies require the quanti-
tative analysis of cell death pathways and their biochemical signatures, the
methods for which are reviewed in detail in this chapter.

Apoptosis is a highly conserved cell death process mediated in part by a
family of cysteine proteases (caspases) that achieve the final apoptotic pheno-
type through cleavage of a specific group of downstream substrates. Although
numerous upstream mediators engage a restricted group of upstream molecu-
lar pathways to initiate apoptosis, they mostly converge on a common set of
downstream pathways through activation of effector caspases. Initiating sig-
nals can be delivered and transduced at several different subcellular sites, includ-
ing plasma membrane, mitochondria, endoplasmic reticulum, and the Golgi
apparatus (8). In each case, initiation rests on the assembly of a multimolecular
complex, which functions to activate effector caspases that cleave downstream
substrates.

All the assays described in this chapter focus on the downstream biochemi-
cal features of apoptosis, which include evidence of cleavage of signature
caspase substrates (9,10), exposure of phosphatidylserine (PS) at the outer sur-
face of the plasma membrane bilayer (11), alterations of mitochondrial mem-
brane potential (12), or internucleosomal DNA fragmentation (13,14). Many
apoptosis initiators involve incubating cells with small molecules that engage
relevant proapoptotic signaling pathways (e.g., staurosporine, brefeldin A), and
these are dealt with in Subheading 3.2.. Other pathways of apoptosis induc-
tion involve the ligation of a cell surface receptor (e.g., FasR) by a proapoptotic
ligand (Subheading 3.3.), exposure to ultraviolet irradiation (Subheading 3.1.),
and exposure to cytotoxic lymphocyte granule components (Subheadings 3.4.
and 3.5.).

2. Materials
2.1. Ultraviolet B Irradiation of Cultured Cells

1. Cultured cells.
2. Dulbecco’s phosphate-buffered saline (PBS).
3. Ultraviolet B (UVB) source (Spectra Mini II, DaarLin Company, Bryan, OH).

The UVB output must be measured; this can be done using a UVX digital radi-
ometer with a UVX-31 sensor (calibration wavelength 310 nm).

2.2. Drug Treatment of Cultured Cells

1. Staurosporine. Make a 1 mM stock solution in dimethyl sulfoxide (DMSO) and
store at –20°C protected from light.

2. C2-Ceramide (N-acetyl-D-sphingosine) or C6-ceramide (N-hexanoyl-D-sphin-
gosine). Make 10 mM stock solutions in DMSO and store at –20°C.

3. 2-Deoxyglucose. Make a 1 M stock solution in H2O and store at –20°C.
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4. DMEM (Dulbecco’s modified Eagle’s medium) without glucose and without
sodium pyruvate (Gibco 11966-025, Gibco/Invitrogen, Carlsbad, CA).

5. Brefeldin A. Make a 10 mg/mL stock in DMSO and store at –20°C.
6. Thapsigargin. Make a 1 mM stock in DMSO and store at –20°C protected from light.

2.3. Fas Ligation of Cultured Cells

1. Anti-Fas monoclonal antibody (clone CH-11).
2. Fas-positive target cells (e.g., Jurkat cells).

2.4. Incubation of Cultured Cells With Cytotoxic Lymphocyte
Granule Contents

1. Granule contents purified from YT cells (see Subheading 3.4.); store at –80°C.
2. Relaxation buffer (10 mM Pipes at pH 6.8, 100 mM KCl, 3.5 mM MgCl2, 1.25 mM

ethyleneglycol-bis (2-aminoethyelether) N,N,N',N'-tetraacetic acid (EGTA), 1 mM
adenosine triphosphate [ATP]).

3. Cultured cells (may be adherent or suspension cultures).
4. Cell lifters for lifting adherent cells off culture dishes (cat. no. 3008, Corning Costar,

Corning, NY).
5. Hanks balanced salt solution (HBSS) without calcium and magnesium, stored at 4°C.
6. HBSS without calcium and magnesium supplemented with 10 mM HEPES at pH

7.4 and 10 mM MgSO4 (HBSS/HEPES/Mg), stored at 4°C.
7. 150 mM CaCl2 stock solution (0.22-µm filtered).

2.5. Lymphokine-Activated Killer Cell Assay

1. Sterile PBS.
2. Blood collection equipment, including collection tubes with heparin or citrate

anticoagulant.
3. Ficoll-Paque™ Plus (Amersham Biosciences, Piscataway, NJ, cat. no. 17-1440-02).
4. Sterile HBSS at room temperature.
5. Lymphokine-activated killer (LAK) medium (RPMI, 2% autologous human

plasma, L-glutamine, penicillin, streptomycin, 10 mM HEPES at pH 7.4, sterile
filtered through 0.22-µm filter).

6. Recombinant human interleukin 2 (cat. no. 356043, BD Biosciences, San Diego,
CA; to minimize loss of activity, aliquot into small volumes, store at –80°C, and
avoid multiple freezing and thawing).

7. K562 target cells (CCL-243, ATCC, Manassas, VA) cultured in RPMI-1640, 10%
fetal calf serum (not heat inactivated), L-glutamine.

8. Round-bottom, 96-well plates and centrifuge with a 96-well plate holder.

2.6. Assays to Confirm Induction of Apoptosis

The necessary reagents vary widely, depending on which assay for apoptosis
is used. Because detailing all assays is beyond the scope of this chapter, we
describe four commonly used methods to confirm apoptosis. See Subhead-
ing 4.6. for references to other assays.
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2.6.1. Cleavage of Autoantigens by Apoptotic Proteases
as Assayed by Immunoblotting

1. Lysis buffer: 1% Nonidet P-40, 20 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA). Store at 4°C. Add protease inhibitors
(antipain, [1 µg/mL], leupeptin [1 µg/mL], chymostatin [1 µg/mL], pepstatin
[1 µg/mL], phenylmethyl sulfonyl fluoride [1 mM]) immediately before use.

2. 5X gel application buffer: 10% sodium dodecyl sulfate (SDS), 20% glycerol,
200 mM Tris-HCl, pH 6.8, 3 mg bromophenol blue. Store at room temperature.
Add 5% 2-mercaptoethanol to this buffer immediately before use on lysates.

3. Apparatus and reagents to run SDS-polyacrylamide gels and transfer proteins to
membranes (e.g., nitrocellulose or immobilon). All are detailed in ref. 15. Reagents,
buffers, and antibodies to perform Western blots are as described in ref. 15.

2.6.2. Assay of Mitochondrial Membrane Potential ( m)

1. JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl carbocyanine iodide)
can be purchased from several vendors. Make a 1- to 5-mg/mL stock solution in
DMSO and store protected from light at –20°C in single-use aliquots.

2. PBS.

2.6.3. Annexin V Staining

1. Fluorescently conjugated annexin V (also available as an annexin V staining kit).
2. 10X binding buffer: 0.1 M HEPES at pH 7.4, 1.4 M NaCl, 25 mM CaCl2, diluted to

1X before use (or use the binding buffer recommended by the annexin V supplier).
3. PBS.

2.6.4. Propidium Iodide Staining

1. PBS.
2. Propidium iodide (PI) staining solution: 10 µg/mL PI, 50 µg/mL ribonuclease A,

in PBS. Make this solution fresh before use and protect from light. PI is commer-
cially available as a solution or solid. If using the solid, make a 1-mg/mL stock
solution in water and store at 4°C, protected from light.

3. 75% ethanol at 4°C.

3. Methods

Five different methods frequently used to induce apoptosis in intact cells are
described in this section. They range from treatment of cultured cells with
chemical reagents (see Subheading 3.2.) to the physiological cytotoxic lym-
phocyte-induced cytotoxicity of intact target cells (LAK cell assay; see Sub-
heading 3.5.). In addition, methods to verify and quantitate the induction of
apoptosis are detailed or referenced (see Subheading 3.6.).
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3.1. UVB Irradiation of Cultured Cells

1. Both adherent and nonadherent cell types can be used. Wash cells twice with
PBS and leave cells in PBS for UVB irradiation. Resuspend nonadherent cells at
1 × 105 to 1 × 106 cells/mL for irradiation. Irradiate adherent cell cultures in
tissue culture dishes (use 10 mL PBS for a 10-cm culture dish).

2. Irradiate cells for the required amount of time to deliver the desired dose of UVB
(see Note 1).

3. Remove PBS and replace with the appropriate culture medium. Place cells in a
37°C humidified incubator (see Note 2).

4. Harvest the cells after they have been incubated for the optimal amount of time to
induce apoptosis (see Note 3).

3.2. Drug Treatment of Cultured Cells

1. Plate cells (suspension or adherent cultures) at a moderate density in dishes;
include additional dishes for untreated and vehicle-treated controls.

2. Dilute drug to be used in normal growth medium, unless otherwise specified, at
the following final concentrations (these are given as general guidelines, but
should be optimized by performing a dose–response assessment): 1 µM stauro-
sporine, 20 µM ceramide, 1 µg/mL brefeldin A, 0.2 µM thapsigargin, and 10 mM
2-deoxyglucose. For 2-deoxyglucose treatment, wash the cells several times in
medium without glucose and pyruvate before incubating with glucose- and pyru-
vate-free medium to which 10 mM 2-deoxyglucose has been added.

3. Add drugs to cells and incubate in a humidified atmosphere at 37°C. During the
incubation, cultures can be visually inspected with phase contrast microscopy to
monitor morphological drug-induced changes (see Note 4). Perform a time course
to optimize the length of the incubation as this will vary depending on cell type
and drug dose used. The following times are given as general guidelines for dif-
ferent treatments: staurosporine, 4–6 h; ceramide, brefeldin A, and 2-deoxy-
glucose, 16–24 h; thapsigargin, 24 h.

4. Harvest cells for study and/or assay for induction of apoptosis after incubation
for the optimal time (see Subheading 3.6.).

3.3. Fas Ligation

1. This procedure can only be used on Fas-positive target cells. The method described
here has been optimized for Jurkat cells. Of note, cycloheximide frequently is added
to other cell types in combination with anti-Fas antibody to augment induction of
apoptosis (16–18) (see Note 5). Similar principles apply to other receptor-induced
death pathways (e.g., that induced by tumor necrosis factor).

2. Plate Jurkat cells, suspended 0.5–1 × 106 cells/mL in culture medium, in a six-
well dish.

3. Add anti-Fas monoclonal antibody CH-11 at a final concentration of 1 µg/mL.
4. Incubate cells in a 37°C, 5% CO2 humidified incubator and harvest cells at

appropriate times. Using cleavage of the autoantigen poly(ADP-ribose) poly-
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merase (PARP) as a readout of apoptosis (see Subheading 3.6.), we found that
approx 50% of PARP is cleaved after 90 min, and PARP cleavage is more than
95% complete at 3 h, confirming that Jurkat cells are rapidly induced to become
apoptotic (19). Weis et al. (20) used various other assays to confirm apoptosis
induced by anti-Fas antibody incubation with Jurkat cells.

3.4. Incubation of Cultured Cells With Cytotoxic Lymphocyte Granule
Contents

1. Prepare granule contents from cultured YT cells (a human natural killer leukemia
cell line) using a method based on that described by Peitsch and Tschopp (21).
Briefly, culture the cells in medium consisting of RPMI-1640, 10% heat-inacti-
vated fetal bovine serum (HIFBS). Wash 108–109 cells in relaxation buffer and
resuspend them at 5 × 107 cells/mL in ice-cold relaxation buffer. Break the cells
open by nitrogen cavitation (30 bar pressure on ice for 20 min) and centrifuge the
resulting homogenate (300g, 5 min, 4°C). Load the supernatant onto linear 0–90%
Percoll gradients (dilute with relaxation buffer to make the gradients) and centri-
fuge in a swinging bucket rotor (30,000g, 4°C, 45 min). Collect 0.8-mL fractions
and assay these for the presence of GrB, which is used as a readout for the pres-
ence of granules (see Note 6). Pool the granule-containing fractions, centrifuge
them (100,000g, 4°C) and discard most of the clear supernatant. Use the residual
volume (approx 1 mL) to aspirate the pelleted granules from the centrifuge tube.
To break open the intact granules, add 1.5 volumes of 3 M NaCl and keep the
solution on ice for 30 min before centrifuging (100,000g, 4°C). Dialyze the re-
sulting supernatant (containing GC) against PBS at 4°C. Aliquot the preparation
into small volumes and store at –80°C.

2. Wash cultured cells twice in HBSS. If using suspension cultures, resuspend these
after washing, at 8 × 106 cells/mL, in HBSS/HEPES/Mg buffer. Adherent cul-
tures may be removed from the culture dishes by gently scraping the cells off in
sheets with a cell scraper (see Note 7), aspirating a few times to dissociate the
cells, centrifuging, and resuspending the cells at 8 × 106 cells/mL in HBSS/
HEPES/Mg buffer. These cells can be incubated approx 10 min in a humidified
incubator to allow cell membranes to reseal.

3. Set up cell-killing reactions on ice. Use 25 µL of suspended cells (aliquoted into
a 1.5-mL microfuge tube) for a single reaction as this represents an amount of
protein that can readily be immunoblotted in a single SDS PAGE gel lane (see
Subheading 3.6.); if larger reactions are needed, scale up all the individual com-
ponents proportionally. Add GC (see Notes 8 and 9), gently mix cells by manual
pipetting a few times, and incubate on ice for 5 min. Control reactions are set up
by adding an equivalent volume of PBS instead of GC.

4. Add CaCl2 to a final concentration of 1.5 mM and incubate reactions at 37°C for
the optimal time to induce apoptosis (see Note 8). Mix the reaction tubes gently
every 15 min to prevent the cells from settling in the bottom of the tubes.

5. Terminate reactions at the appropriate time and assay as described to confirm
apoptosis (see Subheading 3.6.). Note that reactions may be microfuged before
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terminating so that intact apoptotic and normal cells (pellet) and the apoptotic
material that has leaked out of the cells (supernatant) can be analyzed separately.

3.5. LAK Cell Assay

The following procedure is based on methods described by Topalian et al.
(22) and Andrade et al. (23).

1. Collect 40 mL of blood with heparin or citrate anticoagulant. Dilute 1:1 (v/v)
with sterile, room temperature PBS.

2. Add 12 mL Ficoll-PaquePlus into each of two 50-mL tubes. Carefully layer 35–
40 mL of blood/PBS on top.

3. Centrifuge at 900g for 30 min at 20°C, with no brake.
4. Remove the supernatants and save them (the supernatants are the autologous

serum needed to make up LAK medium).
5. Carefully transfer the whitish interface layers containing the peripheral blood

mononuclear cells to a new tube. Wash three times with at least three volumes of
room temperature HBSS. Pellet the cells by centrifuging (10 min, 400g, 20°C).
Resuspend cells in LAK medium at 1 × 106 cells/ml.

6. Add 1000 Cetus U/mL recombinant interleukin (IL)-2 and culture cells for 6–7 d.
7. Wash cultured K562 cells twice with LAK medium, count, and resuspend at 1 ×

106 cells/mL.
8. Resuspend LAK cells in fresh LAK medium at 3 × 106 cells/mL for a 3:1

effector:target ratio (see Note 10).
9. Pipet 100 µL each of K562 cells and LAK cells into a round-bottom, 96-well

plate. Reactions should include LAK cells alone, K562 cells alone, and LAK
cells plus K562 cells.

10. Briefly centrifuge the cells together in a centrifuge with a 96-well plateholder
(3 min, 200g, room temperature), then incubate in a 37°C incubator for the
desired time (see Note 10).

11. At completion of the incubation, assay as described in Subheading 3.6.. For bio-
chemical analysis, 5X gel application buffer should be added directly to the incu-
bation mixture, and washing should be avoided.

3.6. Assays to Confirm the Induction of Apoptosis

3.6.1. Immunoblotting to Assess Autoantigen Cleavage

1. Lyse cells in lysis buffer and generate samples for electrophoresis by adding the
appropriate volume of 5X gel application buffer. Gels lanes can be loaded either
based on equal cell numbers (when dealing with suspension cultures or the meth-
ods described in Subheadings 3.4. and 3.5.) or based on equal protein loads. For
the latter, a protein assay must be performed on an aliquot of lysate.

2. Run the gel samples on SDS polyacrylamide gels and subsequently transfer the
proteins to nitrocellulose (15). Immunoblot as described (15) using a protein
known to be cleaved during apoptosis (see Note 12). Apoptosis is quantified by
measuring the amount of protein cleaved (see Fig. 1).
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Fig. 1. Dose–response of UVB irradiation to determine optimal amount to induce
apoptosis in cultured human keratinocytes. Cultured human keratinocytes (third pas-
sage) were irradiated with the indicated doses of UVB (lanes 2–5) or were not irradi-
ated (lane 1). After irradiation, the cells either were harvested immediately (lane 2) or
were incubated in fresh growth medium at 37°C for 16 h before harvesting. Cell ly-
sates (50 µg/lane) were electrophoresed on 10% SDS polyacrylamide gels and
immunoblotted with a patient serum monospecific for U1-70 kDa as described in Sub-
heading 3.6. Intact U1-70 kDa and the 40-kDa fragment generated by caspase-3 cleav-
age during apoptosis are marked on the figure.

3.6.2. Assay of Mitochondrial Membrane Potential (∆Ψm)

Mitochondrial membrane potential changes can be detected using JC-1 (see
Note 13) and analyzed by fluorescence-activated cell sorting (FACS)
(12,24,25).

1. Dissociate cells with trypsin/EDTA if necessary and wash with serum-contain-
ing medium.

2. Resuspend cells at 1 × 106 cells/mL in medium.
3. Add JC-1 to a final concentration of 10 µg/mL. Incubate at 37°C, protected from

light, for 10 min.
4. Wash cells twice with PBS and assay by FACS using a 488-nm argon-ion laser

source. Collect emissions simultaneously on FL-1 and FL-2 channels.

3.6.3. Annexin V Staining

Annexin V staining specifically detects PS in the outer leaflet of the plasma
membrane, an early feature of apoptotic cells (26) (see Note 14).

1. Collect cells. For adherent cells, trypsinize and wash in serum-containing medium,
followed by PBS washes.

2. Rinse 1 × 105 to 1 × 106 cells in binding buffer and resuspend cells in binding
buffer as indicated by annexin V supplier.

3. Add annexin V as indicated by supplier and incubate 10 min in the dark (from
this point on and for any other manipulations, samples must be protected from
light).
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4. Analyze by FACS immediately or continue with PI staining before FACS analysis.

3.6.4. PI Staining to Determine Sub-G0/G1 Cell Population

The procedure described next is based on the method described by Telford
et al. (27).

1. Collect cells and wash in PBS. For adherent cells, collect floaters and dissociate
cells as described in Subheading 3.6.3.

2. Pellet cells by centrifugation.
3. Add 500 µL of cold 75% ethanol per 1 × 106 cells. Flick tube to resuspend the

cells.
4. Leave at 4°C (30 min to overnight).
5. Wash in PBS.
6. Add 500 µL of PI solution (made fresh and protected from light). Incubate 10 min

at room temperature before analyzing by FACS.

4. Notes
1. Of note, different cell types vary in their susceptibility to UVB irradiation. For

example, approx 35% of a HeLa cell culture irradiated with 1650 J/m2 UVB
become apoptotic 7–8 h after irradiation. In contrast, cultured human muscle
cells are unresponsive to this dose of UVB, and 293T cells are also fairly resis-
tant to UVB irradiation. Jurkat cells, however, are more sensitive than HeLa cells
to induction of apoptosis by UVB irradiation. The amount of UVB used must be
optimized for each cell type by doing a dose–response analysis. The data pre-
sented in Fig. 1 show that, with increasing doses of UVB irradiation, increased
amounts of apoptosis are generated. Immunoblotting of the 40-kDa fragment,
generated during apoptosis by caspase-3 cleavage of the U1-70-kDa protein, is
used as a readout of apoptosis in this assay (see Subheading 3.6.).

2. The length of time taken to induce apoptosis after exposure to UVB differs for
various cell types and should be optimized for each cell type by performing a
time course of 37°C incubation after UVB irradiation (a 0- to 24-h range should
be tested).

3. In the case of adherent cell cultures irradiated with UVB, the appearance of
apoptotic cells can be readily observed using a standard tissue culture micro-
scope. As the cells become apoptotic, they round up and become “blebbed.” This
can be used as an easy and helpful readout of how the cells are responding to
UVB irradiation prior to harvesting them. In the earlier stages of apoptosis, the
cells remain adherent, but will finally float into the medium. If the cells are har-
vested when many have detached, care should be taken to analyze both the
remaining adherent cells as well as the floaters.

4. Treatment of adherent cell lines with the drugs described in Subheading 3.2.
alters cell morphology as visualized by light microscopy; such changes are fre-
quently not indicative of cell death. For example, staurosporine-treated HeLa
cells begin to look flattened rapidly after treatment (within 1.5 h), although this
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precedes detection of apoptosis by several hours. Ceramide treatment causes
HeLa cells to become rounded and to detach, with little evidence of blebbing.
HeLa cells treated with the other drugs described in Subheading 3.2. also be-
come rounded, with the extent of blebbing varying and often seen only in the
detached population of cells.

5. Although lymphocyte-derived cell lines (e.g., Jurkat cells) often are used in ex-
periments involving induction of apoptosis via Fas ligation, the use of many other
cell types has been reported in the literature. As the scope of this chapter pre-
cludes a full discussion, we include only a brief discussion of the issues here.
There are many reports that pretreatment of cells with interferon-  before Fas
ligation can enhance susceptibility to Fas ligation (28–30). The commonly used
HeLa cell line can be made susceptible to apoptosis induced by fas ligation when
treated with PD98059 (a mitogen-activated protein kinase inhibitor), the protein
synthesis inhibitor cycloheximide, or under serum starvation conditions (31).
When using cell lines other than Jurkat cells, we suggest that the literature first
be consulted to see if that cell type has been used previously. If not, we recom-
mend starting with Fas ligation alone and in combination with other treatments,
such as with preincubation with interferon-  or cycloheximide.

6. To confirm which fractions contain granules, immunoblot a small amount (approx
1–2 µL) of each fraction with an antibody to GrB (an abundant protease in gran-
ules). Antibodies against GrB are commercially available from several different
sources (e.g., cat no. 804-121-C100 Alexis Corp., San Diego, CA). Alternately,
in vitro assays measuring cleavage of immunoblotted antigens to assess which
fractions have GrB protease activity can be performed (5,23).

7. Methods other than mechanical lifting, which may cause some damage to cell
membranes if performed too vigorously, may be used to remove adherent cells
from culture dishes. EDTA (0.5–1 mM) can be used for this purpose, but it should
be noted that not all cell types detach using this reagent. Alternately, treatment
with trypsin/EDTA can be used, but caution should be exercised as trypsin can
cleave cell surface proteins and decrease cell viability. After treatment with
trypsin and/or EDTA, the cells must be thoroughly washed to remove these re-
agents before adding the GC.

8. The amount of GC to be added to each cytotoxicity assay and the length of incuba-
tion at 37°C must be optimized for each batch of GC and for each cell type used.
Using cleavage of autoantigens as a readout of apoptosis (see Subheading 3.6.), we
typically find that the first cleaved fragments appear within 15–30 min, with incu-
bations generally carried out for 60–120 min. The amount of GC to be used in a 25
mL reaction depends on the concentration of the preparation and the activity of the
GrB; in our experience, 2–2.5 µL of GC induce apoptosis effectively.

9. The specificity of GrB varies depending on the species (L. A. Casciola-Rosen,
M. Garcia-Calvo, N. Thornberry, and A. Rosen, unpublished observations, 2004).
Therefore, it is important, for example, to use GC prepared from human YT cells
on cultured human cells. It is also important to define which granzymes are
present because some cells (e.g., YT cells) express GrB, but lack granzyme A.
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10. For each LAK preparation, it is important to optimize the ratio of effector cells to
target cells (E:T), as well as the length of incubation for this assay, because the
activity of different preparations varies. We recommend that the E:T ratios be
titrated over a range of 1:1 to 10:1. We frequently find that the optimal ratio (for
K562 targets) is 3:1 or 5:1 when the incubations are performed for 3–4 h.

11. Many methods can be used to detect apoptosis. The Wiley Current Protocols
volumes have well-detailed methods as well as background information and com-
mentary on most of the methods listed here, as well as for additional assays of
apoptosis. The Wiley Current Protocols series is available on-line at http://
www.mrw2.interscience.wiley.com/cponline/.

12. PARP cleavage during apoptosis, from the 116-kDa intact protein to an 89-kDa
fragment generated by caspase-3, has been well characterized (32–34). For this
reason, and because antibodies that immunoblot robustly are commercially avail-
able (e.g., cat. no. 9542 Cell Signalling Technology, Beverly, MA;  cat. no. 06-
557, Upstate Char-lottesville, VA), this is a protein of choice for immunoblotting
in this assay.

13. JC-1 is a fluorescent dye that exists as a monomer at low membrane potential and as
an aggregate at higher membrane potential. The monomeric form of JC-1 exhibits
green fluorescence, whereas the aggregate exhibits red fluorescence. This dye is
useful for detecting changes in membrane potential because healthy cells have
red mitochondrial staining (indicating normal high mitochondrial membrane
potential), whereas apoptotic cells fluoresce green (reflecting the decreased
apoptotic mitochondrial membrane potential) (12,24,25).

14. PS is normally localized to the inner leaflet of the plasma membrane. Early in
apoptosis, PS flips from the inner leaflet to the outer leaflet (11). Annexin V
displays specific and high-affinity binding to PS, and its binding can be used as a
marker for apoptosis (11,26). For annexin V to specifically stain extracellular
PS, it must be used on unfixed cells because membrane damage that occurs dur-
ing fixation can allow annexin V to enter the cell and also bind PS in the inner
leaflet of the plasma membrane. When additional staining procedures are being
performed on the same cell sample, annexin V staining must be done first. The
cells can then be washed to remove unbound annexin V prior to fixation and
other staining procedures.
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Measurement of Cytokines in Autoimmune Disease

Kyriakos A. Kirou, Christina Lee, and Mary K. Crow

Summary
Systemic autoimmune diseases are characterized by extensive alterations in immune system

function, with cytokines and autoantibodies contributing to impaired immunoregulation and
tissue damage. Characterization of the expression and function of cytokines is important for
elucidation of pathogenic mechanisms and for identification of therapeutic targets and strategies.
We reviewed the utility of assays that reflect individual variability in cytokine gene sequence,
expression of messenger ribonucleic acid (mRNA) or protein, as well as measurement of expres-
sion of target genes regulated by cytokines. Real-time reverse transcriptase polymerase chain
reaction and intracellular staining for cytokine expression are two sensitive and quantitative
approaches for analysis of cytokine mRNA and protein, respectively. Detailed methods are
provided for these assays.

Key Words: Assay; autoimmunity; cytokine; interferon; interleukin.

1. Introduction
The immune system alterations that characterize systemic autoimmune dis-

eases, with systemic lupus erythematosus (SLE) the prototype, extend to virtu-
ally all components of the innate and adaptive immune responses. A current
paradigm suggests that a host microenvironment that favors maturation of anti-
gen-presenting cells can promote activation of autoantigen-specific lymphocytes
and result in chronic immune system activation and tissue damage (1–3). This
scenario involves dendritic cells, T cells, and B cells, as well as the products of
inflammatory cells of the innate immune system, including monocytes and
neutrophils. The effector functions implemented by these immune system cells
are induced and mediated by cytokines, along with autoantibodies and prod-
ucts of the complement system.
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1.1. Cytokines in SLE

The cytokines produced by antigen-presenting cells and lymphocytes, includ-
ing the interferons (IFNs) and interleukins (ILs), work together to control the
form of the normal and pathological immune response. The global cytokine
profile of a disease such as SLE is highly complex (4). The complement of
cytokines observed is likely a product of whatever endogenous and exogenous
triggers are inducing autoimmunity as well as the efforts of the immune system
to gain control over the activated immune system. Elucidation of the balance
of cytokines produced and the response of cells to those cytokines should per-
mit new insight into the pathogenic mechanisms that drive autoimmunity as
well as identification of potential therapeutic targets.

Several patterns of cytokine expression have been clearly documented in
SLE. IL-10 and IL-6 levels in peripheral blood, as measured by enzyme-linked
immunosorbent assay (ELISA), are high in patients with active SLE (5–13).
The source of these cytokines likely includes monocytes as well as T lympho-
cytes (14). Although IL-10 is considered an immunosuppressive cytokine,
when it binds to activated monocytes, as may occur in autoimmune disease, the
IL-10 may not effectively generate intracellular signals (14). The predicted
functional effects of IL-10 in SLE are also complex because of its positive
actions on B cells. IL-10 augments B-cell proliferation as well as immunoglo-
bulin (IG) class switching (15). So, although IL-10 might be considered a
cytokine that could potentially dampen immune system activation, its overall
effects may be mixed in view of its less-efficacious inhibition of activated,
compared with unstimulated, monocytes and its positive actions on B cells
(15,16). Similarly, IL-6 has positive effects on B cells, promoting terminal
B-cell differentiation, and may support production of autoantibodies (17).

Of great interest are compelling data indicating overexpression of type I
IFN, as well as IFN target genes, in SLE. The type I IFNs include the products
of 13 IFN-  genes, as well as IFN- , IFN- , IFN- , and IFN- (18). IFN-  is
elevated in serum of patients with active SLE, as measured many years ago
based on its capacity to inhibit viral infection of cells and more recently based
on ELISA and polymerase chain reaction (PCR) analysis (19–22).

The presence of active IFN in many patients with SLE has been detected
based on microarray studies of peripheral blood mononuclear cells (PBMCs)
(23–26). In those studies, genes regulated by IFN were overexpressed in SLE
blood compared to blood cells of disease control subjects, and we have con-
firmed the IFN-induced gene expression with real-time PCR analysis (K. A.
Kirou, C. Lee, and M. K. Crow, unpublished observations, 2003). The major
cellular source of IFN-  is the plasmacytoid dendritic cell, which can be in-
duced by virus, unmethylated cytosine phosphate guanosine (CpG DNA), or
lipopolysaccharide (27–31).
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The pathogenic role of type I IFN in SLE, and possibly other autoimmune
diseases, is supported by numerous reports of induction of disease after
therapeutic administration of type I IFN in cases of hepatitis virus infection or
malignancy (32). The number of cases of autoimmune disease triggered by type
I IFN is a small proportion of those patients receiving this therapy, but these
cases strongly indicate that, in the setting of genetic factors that predispose to
SLE, type I IFN can allow disease expression.

SLE is characterized by production of autoantibodies, and abundant data
indicate that those autoantibodies are both antigen driven and depend on T-cell
help. The T-cell-derived signals that drive B-cell expansion and IG class
switching to produce the potentially pathogenic isotypes IgG and IgA com-
prise those delivered by cell contact, such as those mediated by the CD154
(CD40 ligand)/CD40 pathway, as well as signals delivered by T-cell-derived
cytokines (33). Although the classical Th1/Th2 paradigm might suggest that
Th2 cytokines would predominate in SLE because Th2 cytokines are thought
to drive B-cell differentiation, in fact the cytokine picture in SLE is complex
(4). In murine lupus models, the IgG subclass that makes up a substantial pro-
portion of the autoantibodies found in serum is IgG2a, a subclass supported by
the Th1 cytokine IFN- (34). Moreover, lupus mice deficient in IFN-  are pro-
tected from nephritis, suggesting an important role for that cytokine in lupus
disease (35–37). On the other hand, IL-10, a product of Th2 cells, is elevated in
SLE as discussed. Careful measurement of cytokines derived from T cells, mono-
cytes, and dendritic cells, as well as definition of the cells that produce those
cytokines, will be important for more complete characterization of the patho-
genic mechanisms that contribute to disease in SLE and other autoimmune
syndromes.

1.2. Genetic Polymorphisms That Contribute to Altered Cytokine
Production

The production of cytokines is a function of the activating and inhibiting
signals delivered to the cell surface of immune and inflammatory cells by their
ligands. However, the degree of expression of individual cytokines is also regu-
lated based on individual genetic differences that translate into variable effi-
ciency in cytokine production. The extent of genetic polymorphisms that
contribute to SLE has not been fully characterized. However, variable sequences
in the promoter region of tumor necrosis factor (TNF) may contribute to other
autoimmune diseases, including juvenile dermatomyositis, and IL-6 polymor-
phisms have been associated with SLE (38–40). Genetic variability can be lo-
calized to regulatory regions of genes, potentially modifying the level of
expression, or can be in coding sequences, sometimes resulting in an altered
amino acid sequence and modified conformational structure. More complete
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study of the genetic variants associated with disease activity and clinical dis-
ease subsets is likely to provide new understanding of the basis of the immune
system alterations that contribute to autoimmune disease and inflammation.

1.3. Approaches to Analysis of Cytokines in Autoimmune Disease
The expression of cytokines and the capacity to produce cytokines in an

individual can be assessed using numerous distinct and complementary approaches
(see Subheading 4.1.). The identification of genetic polymorphisms that modify
expression or function of cytokine gene products, along with understanding
the role of those cytokines in immunopathogenesis, may permit assignment of
disease susceptibility to an individual. Measurement of messenger RNA
(mRNA) encoding a cytokine can be used to provide a reasonable indication of
the amount of cytokine protein produced. However, the variable stability of
one or another mRNA must be considered, and the presence of mRNA may not
necessarily indicate that the mRNA is translated and the corresponding protein
generated.

Direct measurement of protein, as by ELISA, is a fairly reliable indicator of
the presence of that protein, but issues of protein degradation and variable detec-
tion, based on the antibodies used and the availability of their corresponding
epitopes, suggest that confirmation of protein concentration using alternative
approaches can be valuable (4). Although ELISA determines quantity of pro-
tein per volume of fluid, usually serum or plasma, intracellular staining for
cytokine protein and the enzyme-linked immunospot (ELISPOT) assay deter-
mine the percentage of cytokine-producing cells in a cell preparation and per-
mit identification of those cells (41–45). The latter approach provides important
information because some of the pathogenic cytokines are products of multiple
cell types. Knowing the major cell source can assist in development of thera-
peutic strategies to inhibit (or augment) production of the cytokine.

Because some cytokines may be short-lived, in some cases measurement of the
activation of signaling molecules induced by a cytokine or expression of the target
genes regulated by a cytokine may be a more sensitive measure than assay of the
cytokine itself. For example, phosphorylation of components of the Janus kinase
signal transducer and activator of transcription (Jak-STAT) pathway of signaling
molecules can indicate recent binding of the relevant cytokine to its receptor (16).
A more “downstream” target, gene transcription, can also be measured as a readout
of recent cytokine activity. For example, use of microarray technology has indi-
cated that a set of genes regulated by IFN is activated in patients with SLE; this is
based on increased relative expression of mRNA corresponding to those target
genes (23–26). As any given gene target can usually be induced by multiple trig-
gers, inhibition of gene expression with an antibody (Ab) that neutralizes activ-
ity of a specific cytokine can be used to demonstrate the relevance of that
cytokine to the induction of the target mRNA (or protein) measured.
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1.4. Assays of Cytokine Expression
In our experience, real-time PCR of cells assayed both immediately ex vivo

and after in vitro culture with activating stimuli has proved useful for deter-
mining relative quantity of cytokine mRNA in cells from patients with SLE
and control subjects (see Subheadings 4.2. and 4.3.). Parallel studies of intra-
cellular cytokine expression confirm the PCR data and provide an indication of
the cellular source of the cytokine. We are also measuring mRNA specific for
cytokine target genes in peripheral blood cells studied immediately ex vivo to
support an important functional role for the cytokine in immune system func-
tion. It is this redundant approach using complementary assays that is most
likely to generate accurate and interpretable data leading to new understanding
and treatments of the altered immune function of patients with autoimmune
disease.

This review provides detailed methodology for two currently used approaches
for measurement of cytokine mRNA and protein: real-time PCR and intracellu-
lar staining using flow cytometry. A more comprehensive list of methods of
analysis of cytokine expression is provided, with selected references.

1.5. List of Cytokine Assays

1.5.1. Genomic Variability

1. Single-nucleotide polymorphisms (SNPs).
2. Haplotype clusters.

Individual variability in genome sequence, whether in regulatory regions,
introns, or coding sequences, may confer variable expression or function of
gene products. Determination of SNPs by allele-specific PCR often is used to
assign a polymorphism to an individual (46). Statistical approaches can be used
to relate the allele to cytokine expression or functional properties. Current
multicenter efforts are defining large stretches of genome sequence that are
inherited as blocks (47). Future studies will be able to relate inheritance of
haplotype blocks to cytokine expression or clinical phenotype.

1.5.2. Messenger RNA

1. Northern blot.
2. RNase protection.
3. Reverse transcriptase PCR (RT-PCR).
4. Competitive PCR.
5. Real-time RT-PCR.

The presence of mRNA specific for a cytokine provides a reasonable mea-
sure of the presence of the corresponding protein. Measurement of mRNA is
an appropriate strategy when reagents are not available for determination of
protein expression or as a complementary approach to protein determination. It
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should be recognized that the presence of mRNA does not ensure translation
into protein or that any protein that might be generated from the message is
functional. Nevertheless, measurement of cytokine mRNA provides an excel-
lent measure of recent specific gene transcription. Northern blot and RNase
protection assays use an mRNA-specific probe, usually radioactively labeled,
that directly binds to the message and is visualized after electrophoresis through
a gel (48).

Northern blot determination of a specific mRNA is usually compared to the
presence of a stable mRNA detected with a distinct labeled probe. Commonly
used control mRNAs include glyceraldehyde-3-phosphate dehydrogenase,
hypoxanthine phosphoribosyltransferase 1 (HPRT1), and -glucuronidase.
Advantages of these techniques include the specificity of the data and the abil-
ity to detect transcripts of variable size in the case of Northern blot, sometimes
reflecting splice variants. Disadvantages of the techniques are the requirement
for relatively high cell numbers and the use of radioactive reagents.

RT-PCR uses reverse transcriptase to convert cellular mRNA to complemen-
tary DNA (cDNA) and then uses specific oligonucleotide primers to amplify
cDNA that corresponds to the gene product, cytokine, of interest (49). This
approach is routinely performed in many laboratories and has the advantage
that primers specific for virtually any mRNA can be made as long as its sequence
is known. A disadvantage is that RT-PCR is only relatively quantitative. Com-
petitive RT-PCR is more quantitative than RT-PCR but requires the produc-
tion of a construct that includes a DNA sequence corresponding to the gene
product of interest (50). When amplified with specific primers, this competing
construct shows a distinct size compared to the target amplicon and is included
in the PCR reaction in a range of concentrations. The concentration at which
the target cDNA outcompetes the artificial construct is recorded, allowing com-
parison of mRNA quantity among various cell samples.

This approach provides an accurate relative comparison of mRNA among
samples, but is labor intensive, sometimes requiring multiple assays of a given
sample to fine-tune the range of concentrations of competitor that allows the
target cDNA to compete effectively with the added construct. Real-time PCR
(see Subheading 3.1.) described in detail below, has the advantages of requir-
ing only small numbers of cells to generate sufficient cDNA for analysis, the
assay is simple to perform once the conditions for detecting a specific tran-
script are established, and the assay is quantitative (51,52).

1.5.3. Protein
1. ELISA.
2. Western blot.
3. ELISPOT.
4. Intracellular immunofluorescence staining.
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Measurement of cytokine protein is obviously the most definitive approach
to determining the availability of that cytokine in functional form and is desired
when the appropriate detecting reagents (usually specific antibodies) are avail-
able. However, it must be considered that protein can be degraded, whether in
cells or after secretion into the extracellular compartment, so protein concen-
tration at a point in time does not necessarily reflect the amount of that protein
recently produced.

When determination of total cytokine protein is desired, ELISA is a com-
monly used and easily performed assay. In addition to protein concentration,
usually measured in a body fluid (serum or plasma) or in cell culture superna-
tants, it is often valuable to determine the cellular source of the protein and, in
some cases, the frequency of cells that are producing the protein.

Western blot is another valuable approach to demonstrate the presence of
cytokine protein in a cell population or in serum or culture supernatants.
Polyclonal antibodies are usually used to identify protein bands resolved on a
polyacrylamide gel and then transferred to a nitrocellulose membrane. West-
ern blot is only relatively quantitative, and the amount of total cell protein
loaded for resolution by electrophoresis must be carefully determined and com-
parable among samples.

ELISPOT assay, a method that identifies cells producing cytokine based on
Ab recognition of the specific cytokine, followed by detection of deposited
enzyme-linked anticytokine Ab with an enzyme substrate, is a valuable mea-
sure of the number of cells in a preparation that make that specific cytokine
product (43–45). ELISPOT has high sensitivity and can be combined with
selection of cells bearing a particular phenotypic marker to determine the
number of cytokine-producing cells in a particular cell subset.

Intracellular staining is a versatile technique that is readily performed for
most cytokines, with data derived from cytofluorograph analysis. The percent-
age of cytokine-producing cells in a population can be determined, as well as
the phenotype of those cells, by combining intracellular staining for the
cytokine with cell surface analysis of lineage-specific or activation markers.
In addition, a relative quantification of cytokine protein can be assessed based
on fluorescence intensity. Our protocol for intracellular staining is presented
in detail.

1.5.4. Cytokine Target Activation

1. Phosphorylation of intracellular signaling molecules.
2. Target gene mRNA or protein expression.

In some cases, cytokine mRNA and protein are only briefly expressed, and
the consequences of cytokine receptor ligation and expression of gene prod-
ucts induced by those cytokines are more readily detected. For example, our
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data and data from other laboratories have detected increased expression of
mRNA specific for genes induced by type I and type II IFN (23–26). In the
setting of this striking IFN-induced gene expression signature, expression of
IFN protein has been difficult to detect using ELISA. Real-time RT-PCR can
be used to detect the targets of a cytokine’s activity. Inhibition of the activity
of that cytokine with a neutralizing Ab can be used to support a specific role
for the cytokine in the gene expression observed.

2. Materials
2.1. Real-Time PCR

2.1.1. PBMC Isolation
1. Green-top tubes (BD Vacutainer™ sodium heparin, Becton Dickinson and Com-

pany, Franklin Lakes, NJ).
2. Ficoll-Paque™ Plus (Amersham Biosciences, Piscataway, NJ).
3. Hanks balanced salt solution (HBSS; Mediatech Inc., Holly Hill, FL).
4. Red blood cell lysis buffer (Roche Diagnostics, Indianapolis, IN).
5. Complete medium: 10% fetal calf serum in RPMI-1640 solution (Mediatech Inc.)

supplemented with 2 mM of L-glutamine, 100 U/mL penicillin, and 100 µg/mL
streptomycin.

6. Trypan blue solution (Mediatech Inc.).
7. Hemocytometer.

2.1.2. Cell Lysis

1. Phosphate-buffered saline (PBS) tablets (Sigma Aldrich, St. Louis, MO).
2. RLT buffer (Qiagen RNeasy® minikit) (Qiagen, Valencia, CA).
3. 2-Mercaptoethanol or -mercaptoethanol ( -ME; Sigma).
4. 3-mL syringes.
5. 20-ga needles.

2.1.3. RNA Isolation and Measurement
1. 70% ethanol (ETOH) (Sigma).
2. Qiagen RNeasy minikit. In addition to RLT buffer, this also contains buffers

RW1 and RPE, RNeasy minispin columns, collection tubes, and RNase-free water.
3. Diethylpyrocarbonate (DEPC)-treated water (Ambion®,Ambion, Inc., Austin, TX).

2.1.4. Primer Design and Preparation
1. Beacon Designer 2.06 (Premier Biosoft International, Palo Alto, CA).
2. DNA mfold (version 3.1) Web server (by Zucker and Turner); available free at

www.bioinfo.rpi.edu/applications/mfold/old/dna.

2.1.5. Reverse Transcription
1. SuperScript™ III RNase H– reverse transcriptase (Invitrogen Corp., San Diego,

CA). This contains SuperScript III RT (200 U/mL), 0.1 M dithiotreitol, and 5X
first-strand buffer.
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2. 10 mM deoxynucleotide triphosphate (dNTP) Mix, PCR grade (Invitrogen). This
contains 10 mM each of deoxyadenine triphosphate (dATP), deoxycytosine triph-
osphate (dCTP), deoxyguanine triphosphate (dGTP), and deoxythymine triphos-
phate (dTTP).

3. Oligo(dT)12–18 Primer (Invitrogen).
4. Ribonuclease H (Invitrogen).
5. RNaseOUT™ recombinant RNase inhibitor (Invitrogen).

2.1.6. Real-Time Quantitative Amplification of Gene Expression
and Analysis

1. 2X iQ™ SYBR  Green Supermix (Bio-Rad Laboratories, Hercules, CA). This
contains stabilizers, salts, 0.4 mM each of dNTP, 50 µ/mL iTac DNA polymerase,
SYBR Green I, and 20 nM fluorescein (for well factor correction).

2. 96-well PCR plates (DNase and Rnase free) (Bio-Rad Laboratories).
3. Optical tape (Bio-Rad Laboratories).
4. DEPC-treated water (Ambion).
5. Ethidium bromide.
6. NuSieve® 3:1 agarose (BioWhittaker Molecular Applications, Rockland, ME).

2.2. Intracellular Staining

2.2.1. PBMC Isolation

The PBMC materials are the same as in Subheading 2.1.1.

2.2.2. Inhibition of Golgi Function
1. Brefeldin A (Sigma).
2. Dimethyl sulfoxide.
3. 5-mL (15 × 75 mm) polystyrene round-bottom tubes (Falcon brand, Becton

Dickinson). These are called flow tubes hereafter.

2.2.3. Cell Surface Staining
1. PBS tablets (Sigma).
2. Bovine serum albumin (BSA).
3. Sodium azide.
4. Normal human serum (to block Fc receptors on cells).
5. Cell surface antibodies. Usually fluorescein isothiocyanate (FITC) labeled (i.e.,

anti-CD4-FITC) (BD Pharmingen, San Diego, CA).

2.2.4. Intracellular Staining and Flow Cytometry Analysis
1. Saponin (Sigma).
2. Sodium azide (Fisher, Pittsburgh, PA).
3. PBS tablets (Sigma).
4. Formalin (methanol free, 10% ultrapure, EM grade, in water; Polysciences Inter-

national).
5. Antibodies for intracellular cytokines, usually labeled with R-phycoerythrin (R-PE).
6. FACScan or FACScalibur (BD Biosciences)
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3. Methods
3.1. Real-Time PCR

3.1.1. PBMC Isolation

After informed consent, heparinized blood (in 10-mL green-top tubes) is
obtained by venipuncture from each individual.

1. Blood is mixed with an equal amount of HBSS and layered carefully over 12 mL
of Ficoll-Paque Plus in a 50-mL Falcon tube. Spin at 700g for 20 min with brakes
off (gradient centrifugation).

2. With a Pasteur pipet, remove carefully the PBMC cell layer from the interface
between Ficoll and diluted plasma. Try to avoid obtaining too much Ficoll. Spin
at 300g for 10 min.

3. Wash cells by resuspending the cell pellet in 30 mL HBSS. Spin at 300g and
repeat. Because many of our disease samples (from SLE or rheumatoid arthritis)
contain a substantial amount of red blood cells (RBCs), we always lyse the RBCs
in the pellets by resuspending in 2 mL of RBC lysis buffer for 3–5 min before
washing for the second time. This step allows more accurate counting of our
PBMCs, which is performed by diluting an aliquot of the cell suspension (usually
1:3) in trypan blue and using a hemocytometer. Although cell viability (assessed
by the trypan blue staining) is not an issue in freshly obtained cells, it will be
compromised when dealing with cells cultured or stimulated in vitro for more
than 1 d.

4. Finally, cells are resuspended in fresh medium at a concentration of 4 million/
mL; and 0.5 mL (2 million cells) is aliquoted in each of four 1.5-mL Eppendorf
tubes (for lysis and RNA isolation as detailed below) or in flow tubes; these are
placed in the incubator until ready to use for flow cytometric analysis.

Each 10-mL tube yields between 10 and 20 million PBMCs, but some
lymphopenic SLE patients may have as few as 5 million cells. We always try
to isolate the PBMCs as quickly as possible so that the specimen is representa-
tive of the in vivo situation. For the same reason, we try to keep the cells on ice
for as long as possible during the isolation procedure.

Flow cytometric analysis is done not only for measuring intracellular
cytokine levels, but also to determine the cell constitution of PBMCs that will
be lysed and used for mRNA quantitation. The major components of these
samples (lymphocytes, monocytes, or sometimes even neutrophils) can be dif-
ferentiated by their forward and side scatter characteristics. When only certain
cells are desired to be studied, flow cytometry and staining for cell surface
markers will help verify the efficiency of the cell isolation techniques (usually
magnetic beads or fluorescence activated cell sorter [FACS]). Although frac-
tionation of PBMCs will allow more specific measurement of mRNA, the longer
manipulation process might alter the ex vivo gene expression and compromise
the validity of the data.
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3.1.2. Cell Lysis

Before cells are lysed, they are washed with sterile PBS, and then the Qiagen
RNeasy minikit protocol is followed.

1. Briefly, a fresh lysis buffer is prepared by mixing RLT buffer with -ME (10 µL/
mL RLT). This procedure is performed in the fume hood because -ME fumes
are toxic and foul smelling.

2. Cell pellets are broken by rubbing the tubes on a rough surface; then, the cell
pellets are lysed by adding 350 µL RLT (for up to 5 million pelleted cells; 600 µL
for 5–10 million cells) solution to the cell pellet.

3. To homogenize the samples, we first vortex vigorously for 10–20 s, and then we
pass the samples through a 20-ga needle in a 3-mL syringe 10–20 times. The
samples can then be stored at –70°C for more than 6 mo.

3.1.3. RNA Isolation and Measurement

Again, the Qiagen RNeasy minikit protocol is followed. Be sure to perform
RNA isolation in a well-ventilated area because fumes from reagents are unpleas-
ant. The protocol is performed at room temperature, so it must be done as quickly
as possible.

1. Briefly, RNA is thawed in a 37°C water bath for 2 min to ensure that all salt is
dissolved. An equal volume of 70% ETOH (350 µL for 2–5 million cells) is
added to each tube, and samples are mixed by pipetting. A precipitate may form,
which is normal.

2. Place 700 µL of sample (including precipitate) onto an RNeasy minispin column
(in a 2-mL collection tube). Centrifuge for 15 s at maximum speed. If volume is
more than 700 µL, do this step in successive aliquots. Discard flowthrough (con-
tains RLT or RW1, not compatible with bleach), but reuse collection tube.

3. Pipet 700 µL buffer RW1 onto column and spin for 15 s at maximum speed to
wash. Discard flowthrough and collection tube.

4. Transfer column into a new 2-mL collection tube. Pipet 500 µL buffer RPE (with
ETOH) onto column and spin for 15 s at maximum speed to wash. Discard
flowthrough and reuse collection tube.

5. Pipet 500 µL RPE onto column. Spin 2 min at maximum to dry the RNeasy mem-
brane. Remove column carefully so that it does not contact the flowthrough. Dis-
card collection tube with filtrate.

6. Transfer column into a new 1.5-mL collection tube and pipet 30–50 µL of RNase-
free water directly onto the RNeasy membrane. Spin for 1 min at maximum
speed to elute. Repeat (using the same tube) if the expected RNA yield is more
than 30 µg.

7. To measure RNA, we usually place 8 µL into 72 µL of DEPC-treated water (dilu-
tion factor [DF] = 10) on ice. After washing the RNA/DNA cuvette and selecting
the nucleotide mode, we sequentially read the measurements for the blanks (80 µL
of DEPC-treated water) and the samples. Calculation of the RNA content is per-
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formed by using the formula A260 (sample absorbance at 260 nm) × DF × 40.
Results are expressed in micrograms per milliliter (or nanograms per microliter),
and values above 0.15 are needed to ensure significance. The ratio of the sample
absorbances at 260 and 280 nm (A260/A280) estimates its RNA purity and should
be greater than 1.5. Our typical yield is 3–8 µg of RNA per 2 million PBMCs.

8. RNA can be used immediately or stored at –20°C to –70°C for months. Exces-
sive freeze–thaw cycles should be avoided.

3.1.4. Primer Design and Preparation
We use the Beacon Designer 2.06 software to design our primers. This pro-

gram can also be used to design TaqMan® probes and molecular beacons.

1. After program initiation, create a new folder and choose the Open Sequence From
Entrez icon. Type in the accession number for the gene(s) of interest so that the
program can import the mRNA sequence(s). There are two modes of primer
search. We use the Beacon Design option because the TaqMan Design chooses
both a primer set and a TaqMan probe at the same time.

2. We then choose Analyze and Primer Search. In the Primer Parameter window,
we set the Target TaOpt at 50 ± 2°C and Length Range at 19–23 bp. In the Specify
Amplicon Length option, we select 75–200 bp because larger amplicons will not
perform well in the real-time PCR reaction.

3. Each selected primer pair is shown with all associated parameters (rating, sequences,
position, length, Tm, guanine cytosine (GC)%, hairpin G, self-dimer G, run length,
GC clamp, cross dimer G, and the corresponding amplicon’s length, Tm, and
optimal annealing temperature [TaOpt]).

4. To ensure that no significant secondary structure exists within the amplicon, we
cut the corresponding mRNA sequence from the Entrez Browser Nucleotide
Search option and insert it into the special box in the DNA mfold (version 3.1)
Web server (53). We specify the folding temperature empirically at 52°C and
then set the ionic conditions at 50 mM for Na+ and 3 mM for Mg++. An e-mail
address must be provided before the program returns the results. All sequences
with any secondary structure with G less than (2.0 kcal/mol are rejected, and a
new amplicon (for another primer set) is tested until these requirements are met.

5. Finally, BLAST searches are performed on Beacon Designer, and the specificity
of the primer set is defined.

6. Primers are ordered salt free at the 10- to 50-nM scale; on arrival, they are recon-
stituted with 100 µL of DEPC-treated water.

7. The concentration of each primer solution is determined spectrophotometrically
after a 1-µL aliquot is diluted in 299 µL of water (DF = 1:300).

8. The formula A260 × 50 × DF × 1000 calculates the concentration of the primer in
picograms per microliter, and the result is divided by the molecular weight (MW)
of each primer (provided by the manufacturing company) to convert to pico-
moles per microliter.

9. Finally, 10,000 pmol of the sense (S) and antisense (AS) primers of a given gene
are mixed in a total volume of 1 mL DEPC-treated water to obtain final concen-
trations of 10 mM each.
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10. Many aliquots (50 µL per 0.5-mL Eppendorf tube) are made to ensure minimal
freeze–thaw cycles, which could degrade the primers.

3.1.5. Reverse Transcription
For reverse transcription into cDNA, many systems are available. Because

we have primarily used the Superscript III reverse transcriptase system, we
describe that procedure below. The total reaction volume is 20 µL, and the full
procedure lasts approx 80 min.

1. We thaw on ice and prepare all required reagents.
2. Prepare two master mixes of the reagents (avoid pipetting errors). We always

make more of the mix than needed to avoid not having enough: For N samples,
we use N + 2 (or more for more than 10 samples).

a. Mix 1: In a 0.5-mL Eppendorf tube, add (N + 2) µL of Oligo(dT) and (N + 2)
µL of 10 mM dNTP.

b. Mix 2: In a 0.5-mL Eppendorf tube, add (N + 2) × 4 µL of 5X first-strand
buffer, (N + 2) µL of 0.1 M dithiothreitol, (N + 2) µL of RNAseOUT (40 U/
µL), and (N + 2) µL of Superscript III.

3. In each of N 0.2-mL PCR tubes, add 2 µL of mix 1 and variable volumes of total
RNA, depending on the concentration of the RNA in each sample (not to exceed
11 µL). Add RNAse-free water, if needed, to make the total reaction volume 13 µL.
We typically use 1 µg of RNA.

4. Place PCR tubes in a thermal cycler (PerkinElmer) preset to the following program:

a. START program at 65°C for 5 min, then 4°C for 1 min.
b. PAUSE program to add 7 µL of mix 2 to each sample. Mix by pipetting and

spin down if necessary.
c. RESUME the program at 25°C for 5 min, then at 50°C for 50 min. This can

also be run at 55°C for 30–60 min if using gene-specific primers with tem-
plates that have high secondary structure. The program continues at 70°C for
15 min and finishes at 4°C, at which time samples are ready to be removed
from the machine.

5. Make a 1:10 dilution of cDNA (18 µL in 162 µL DEPC-treated water) and freeze
at –20°C after previously aliquoting into many tubes for one-time use only. This
ensures minimum freeze–thaw cycles of samples and minimal degradation of
cDNA.

3.1.6. Real-Time Quantitative Amplification of Gene Expression
and Analysis

There are several competing thermal cyclers on the market for quantitative
PCR analysis on the market. We describe here our experience with the Bio-
Rad iCycler IQ Real-Time Detection System. Quantitation is achieved by mea-
suring the increase in fluorescence during the exponential phase of the
amplification, which is in real time. An excitation system via an excitation
filter wheel directs the light onto all the wells of a 96-well plate. Then, fluores-
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cent molecules from each well emit fluorescent light through an emission filter
wheel and an image intensifier; this light is eventually detected by the CCD
detector. The data are transferred to a computer and analyzed with the Bio-Rad
software.

There are currently four techniques used in real-time PCR applications:
molecular beacons, hydrolysis probes (TaqMan), hybridization probes, and
DNA-binding dyes (SYBR Green I). A detailed review of those, which is
beyond the scope of this article, was made by Bustin (51). Although the
method described here cannot be used for multiplexing (multiple gene amplifi-
cation in the same tube) and lacks specificity with regard to amplicon mea-
sured, it is nevertheless reliable, and the specificity problem is corrected by
running a melt curve analysis of the PCR products at the end of the reaction
(54). The target and housekeeping genes are amplified in separate wells from
the same template. The technique is also cheaper. Because we have used pri-
marily the SYBR Green I method, a brief description of the procedure is given
next.

1. Prepare cDNA standards for each gene to be amplified. We used plasmids for
this, but most often we just use a known sample with high expression for the
tested gene. For example, for IFN-induced protein with tetratricopeptide repeats
1 (IFIT1), an IFN- -inducible protein, we use a sample obtained from 2 million
PBMCs stimulated with 1000 U/mL of IFN-  for 24 h. Again, we prepare many
aliquots of these to minimize the need for repeated use, which is complicated by
degradation. Prior to PCR, we make all cDNA dilutions for our standard curves:
Initially, three 10-fold dilutions in duplicate per plate are used; later, when per-
formance of the reaction is established, only two dilutions are made (see Sub-
heading 4.3.).

2. Make 1:10 dilutions of all unknown cDNA samples and add 10 µL (for more
accurate pipetting) of each in duplicate wells in the 96-well PCR plate.

3. Prepare Supermix for each primer set used: (N + 2) × 12.5 µL of Bio-Rad
SybrGreen Mix; (N + 2) µL of the S and AS primer solution; and (N + 2) × 1.5 µL
of DEPC-treated water. Add 15 µL of the Supermix to each well. The final vol-
ume per reaction is 25 µL, with concentrations of 0.4 µM for each primer, of 25 U/
mL of iTac DNA polymerase, of 0.2 mM each of dNTPs , and of 3 mM of Mg++.
The supermix also contains SybrGreen I, a DNA-intercalating dye responsible
for the fluorescence emission during the reaction and used to determine the start-
ing quantity of the gene in question. As the cDNA is amplified during the succes-
sive reaction cycles, more and more dye binds to DNA, and more fluorescence is
emitted.

4. Place sealing optical tape on plate.
5. Spin the contents of the plate in the centrifuge at 300g (at 4°C) for 3–5 min.
6. Make sure to cover plate with foil and keep refrigerated (4°C) until placed into

machine. Minimize time between preparation and run.
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7. Run the PCR reaction by placing the 96-well plate in the PCR machine and open-
ing the iCycler software. Select the Library window and the View Protocol tab
and select the most suitable protocol for your reaction. This will most likely be
the 2StepAmp+Melt.tmo, which includes five cycles. Cycle 1 consist of 1 repeat
and 1 step with dwell time of 3 min at 95°C. Cycle 2 consists of 40 repeats of step
1 (10-s dwell time at 95°C) and step 2 (45 s of dwell time at 55°C). Cycles 3 and
4 each have 1 repeat and 1 step, with 1-min dwell times at 95 and 55°C, respec-
tively. Finally, cycle 5 consists of 80 repeats of step 1 with a 10-s dwell time
starting at 55°C and positive increments of 0.5°C for every repeat. Then, click
Edit This Protocol. This will transfer you to the Workshop window, where you
can change the settings according to your needs. Our settings differ only at the
annealing temperature, which is set at 58°C. We amplify at minimum two genes:
our target gene and a housekeeping gene, which will serve as the internal control
for each sample. We are currently using HPRT1 (NM_000194) and glyceralde-
hyde-3-phosphate dehydrogenase (NM_002046) housekeeping genes (see Sub-
heading 4.4.). Specificity of the PCR reactions for the amplified genes is
confirmed by examining the melting curve (which is generated during cycle 5 of
the reaction) for each gene amplification (see Subheadings 4.5. and 4.6.).

8. Analyze the data by opening the file with the Bio-Rad iCycler iQ (version 3.0a)
software. For convenience, this can be done later, on the investigator’s personal
computer, away from the PCR machine. First, select the View Post Run Data tab,
then select the experiment file and hit Analyze Data. The amplification curves
from all wells are displayed on the Data Analysis window under the PCR Quan-
tification tab (the x-axis represents the PCR cycle and the y-axis the fluorescence
intensity). The melting curves and the standard curves can also be viewed by
clicking on the corresponding tabs.

9. To assess the expression of each gene for all unknown samples, select the corre-
sponding wells for that gene (unknowns and standards) by checking the Select
Wells box, highlighting the relevant wells, and clicking the Analyze Selected
Wells button. The program then automatically sets the best possible threshold
line that will horizontally intersect all amplification curves at their exponential
phase. This is best visualized when Analysis Mode is set at the PCR Baseline Cycle
Subtracted option and with the graph adjusted so that the fluorescence intensity
axis is expressed in a Log scale (see Figs. 1 and 2). The threshold line will deter-
mine the threshold cycle of amplification for each sample and will plot it (y-axis)
against the Log Starting Quantity of the particular gene (x-axis). The latter is
known for the standards (and typically set as 1, 10, 100 according to their dilu-
tions) and calculated for the unknowns in the standard curve view of the results.
The standard curve will also give the correlation coefficient (optimally above
0.98) and the PCR efficiency (optimally between 80 and 120%).

10. Only one melting peak should be present for each amplified gene (see Figs. 1 and
2). If more than one peak is present, a primer dimer (melt peak lower than
amplicon peak) might have been formed, or another gene might have been con-
currently amplified. Both situations are undesirable because they will produce
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Figs. 1 and 2. Illustrative examples of a target gene amplification (IFIT1; Fig. 1) and housekeeping gene amplification (HPRT1;
Fig. 2) by real-time PCR. Freshly isolated PBMCs (2 million per circumstance) from a healthy donor were either left untreated
(sample 1) or were cultured with 200 U/mL IFN-  for 24 h (samples 2–4). Samples 3 and 4 also received anti-IFN-  Ab (200
neutralization units/mL) or an isotype control Ab, respectively. Cell lysis, RNA isolation, reverse transcription, and real-time PCR
amplification followed for IFIT1 (NM_001548) in Fig. 1 and for HPRT1 (NM_000194) in Fig. 2. The amplicon sizes and primer
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sequences are shown on the top of each figure, and the amplification, melt, and standard curves for each gene are shown in panels
A, B, and C, respectively. The efficiency for each reaction is also shown: 111.4% (or E = 1.114) for IFIT1 and 96.8% (or E = 0.968)
for HPRT1. Please note that, because the linearity of the reaction was established in earlier experiments, only two standard dilu-
tions were included in this reaction.
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false results. In our experience, unless the primer dimer peak is tiny, these data
should be rejected, and the experiment should be repeated.

11. Threshold cycle values for the target and reference genes for each sample are
entered into an Excel file and subtracted from the corresponding values of a refer-
ence sample (usually the one with no stimulation). These differences are then
used as exponents with base the sum of the efficiency of that PCR reaction
expressed as a decimal plus 1 (i.e., for efficiency of 98%, this would be 1.98; 55).
By definition, therefore, the corresponding differences of the reference sample
for both the target and housekeeping genes will be 0, which when used as expo-
nents will result in values of 1. Finally, the target gene values are divided by the
housekeeping gene values for each sample, and the result is the relative expres-
sion value for each unknown sample (see Subheading 4.7.).

12. An example of the technique is shown in Figs. 1 and 2 and Table 1. In this
experiment, PBMCs from a healthy donor either were left untreated (sample 1)
or were cultured with 200 U/mL IFN-  (samples 2–4). Samples 3 and 4 also
received anti-IFN-  Ab at a concentration of 200 neutralization units/mL or an
isotype control Ab, respectively. Cell lysis, RNA isolation, reverse transcription,
and real-time PCR amplification followed for IFIT1 and HPRT1 (housekeeping
gene). The amplification, melt, and standard curves for each gene are shown in
Figs. 1 and 2. The efficiency for each reaction is also shown: 111.4% or E =
1.114 for IFIT1 and 96.8% or E = 0.968 for HPRT1. The threshold cycles (Ct) for
each sample and for each gene are shown in columns 1 and 2 of Table 1. Col-
umns 3 and 4 show the Ct’s or differences of the Ct of each cycle from the Ct of
medium (reference sample) for the two genes. Columns 5 and 6 show the E + 1
for each gene (2.114 and 1.968) raised to the corresponding Ct power for each
sample. Finally, the last column depicts the division of the values in column 5 by
the values in column 6 for each sample, which constitutes the relative expression
RE of IFIT1 for that sample

3.2. Intracellular Staining of Cytokines

Intracellular expression of cytokines can be measured in either unstimulated
or in vitro stimulated cells.

3.2.1. PBMC Isolation

The isolation of PBMCs is the same as in Subheading 3.1.1.

3.2.2. Inhibition of Cytokine Secretion by the Golgi System

After PBMC counting and resuspension in 0.5 mL medium (at 4 million/
mL), add brefeldin A to a final concentration of 1–2 µg/mL and incubate cells
in flow tubes at 37°C and 5% CO2 for 6–18 h. This inhibits vesicular protein
transport from the rough endoplasmic reticulum to the Golgi complex, and
therefore will result in accumulation of the cytokines in the rough endoplasmic
reticulum for optimal intracellular staining (see Subheading 4.8.).
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Table 1
Calculation of Relative Expression of IFIT1 mRNA in PBMCs by Real-Time PCR

IFIT1 HPRT1 IFIT1 HPRT1 IFIT1 HPRT1 IFIT1
Ct Ct Ct Ct (E + 1) Ct  (E+1) Ct RE

1. Medium 26.4 26.6 0 0 1 1 1
2. IFN- 23.2 26.7 3.2 –0.1 11.0 0.9 11.7
3. IFN- +

anti-IFN- 25.8 26.7 0.6 –0.2 1.6 0.9 1.7
4. IFN- +

isotype control 23.6 26.8 2.8 –0.2 8.1 0.9 9.3

Ct, threshold cycle for amplification of each gene for each sample; Ct, Ct of medium sample
minus Ct of each sample for each gene; E, efficiency of PCR reaction expressed as a decimal.

We performed this procedure primarily to assess the ex vivo (without in
vitro stimulation) ability of PBMCs from patients with rheumatic inflamma-
tory diseases to express cytokines such as TNF, IFN- -inducible protein 10
(IP10), CD40 ligand (CD40L), TNF-related apoptosis-inducing ligand
(TRAIL), and the like. However, this technique can also be applied in cells
stimulated in vitro with various stimuli. As an example, phorbol dibutyrate
(PDB) and ionomycin stimulation of lymphocytes is used for 4–6 h to help
determine whether T cells are of the Th1 or Th2 effector subtypes by checking
expression of IFN-  and IL-4, respectively.

Note that brefeldin A is dissolved in dimethyl sulfoxide and is solid at 4°C.
Thaw before use.

3.2.3. Cell Surface Staining

Before cell fixation and permeabilization for intracellular staining, we per-
form cell surface staining as follows:

1. Prepare staining buffer (SB): 1% BSA and 0.1% sodium azide in PBS. Dissolve
5 g BSA and 0.5 g sodium azide in 500 mL PBS. Adjust pH to 7.4–7.6 and filter
with a 0.2-µm pore membrane before use. Store at 4°C.

2. Split each cell culture equally in two tubes so that one will be stained with the
anticytokine monoclonal antibody (MAb) and the other with the isotype control
MAb (each tube contains 1 million cells). Centrifuge cells at 300g for 8 min.
Discard supernatant by inverting the tube (only once) and drying it on a paper
towel. Reinvert to normal position and place on ice.

3. Wash cells once by adding 1–2 mL SB to each flow tube, vortexing gently, and
centrifuging at 300g for 8 min. Repeat drying procedure as in step 3.

4. For N samples to stain, prepare (N + 2) × 40 µL SB and add (N + 2) × 4 µL of
human serum plus (N + 2) ( 1 µL of anti-CD4-FITC (and/or another antibody for
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another cell marker). Vortex and aliquot 40 µL onto each pellet, resuspend, and
incubate for 20 min on ice in the dark. Human serum will block the PBMC Fc
receptors, whereas the anti-CD4 MAb will label the CD4+ cells with FITC. Wash
once as in step 3.

3.2.4. Intracellular Staining

1. Prepare the fixation/permeabilization buffer: 0.1% (w/v) saponin, 4% (v/v) form-
aldehyde in PBS. A practical preparation example follows: Mix 10 mL of 10X
PBS plus 40 mL of 10% formalin in water plus 50 mL H2O (total volume 100
mL) and dissolve 100 mg of saponin in it.

2. Prepare the intracellular wash buffer (IWB): 0.1% saponin, 0.1% (w/v) sodium
azide, in PBS. Practically dissolve 100 mg saponin and 100 mg sodium azide in
100 mL PBS. Adjust pH to 7.4–7.6. Filter with 0.2-µm pore membrane. Store at 4°C.

3. Fix and permeabilize cells: Add 100 µL fixation/permeabilization buffer onto
cell pellets and resuspend well. Incubate for 20 min on ice in the dark. Wash cells
once with 1 mL IWB and centrifuge/dry as in Subheading 3.2.3., step 3.

4. Prepare Abs for intracellular staining. Optimal concentrations should be indi-
vidually determined for each Ab. A good starting staining Ab concentration might
be 2 µg/mL. For example to stain N samples with the anti-TNF-PE MAb (0.2 mg/
mL from BD Pharmingen), prepare (N + 2) × 40 µL of IWB and add (N + 2) × 0.4
µL anti-TNF. Vortex and add 40 µL to each cell pellet. Incubate on ice for 20 min
in the dark and wash once with IWB.

5. Resuspend the cell pellets with 400 µL SB and analyze by FACS. Alternatively,
you can store the samples at 4°C for 1–2 d before analysis.

6. To ensure specificity of intracellular staining, always perform a parallel stain
with an isotype Ab control. Additional steps to ensure specificity include prein-
cubation of the labeled Ab with an excess amount of the target recombinant
cytokine or preincubation of the cells with an excess of the Ab in an unlabeled
form. All these controls should be negative for the target cytokine tested.

7. As the procedure described here requires data acquisition in two colors (FITC in
FL-1 and R-PE in FL-2), it is necessary to prepare some samples to help with
optimization of compensation parameters. We typically use fresh PBMCs that
are not stained and others that are stained with either anti-CD3-FITC or anti-
CD3-R-PE. All three samples must undergo fixation and permeabilization to have
forward and side scatter parameters comparable to the rest of the cells.

8. An example of intracellular staining for TNF is shown in Fig. 3.

4. Notes
1. For a complete understanding of the capacity of a cell population to produce a

cytokine, it is probably desirable to use a set of complementary approaches, includ-
ing measurement of mRNA using a quantitative assay and measurement of pro-
tein by assay of serum or plasma along with identification of the cells that produce
the cytokine using a technique such as intracellular staining or ELISPOT. It may
also be desirable to document cytokine production in untreated cells studied imme-
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Fig. 3. Unstimulated monocytes from a patient with SLE express high levels of
TNF. Freshly isolated PBMCs from a patient with SLE were cultured with brefeldin A
for 6 h. After cell surface staining with anti-CD4-FITC, the cells were fixed,
permeabilized, and stained intracellularly with either anti-TNF-R-PE or isotype con-
trol-R-PE. Finally, the cells were analyzed by two-color flow cytometry. Panels A and
C plot the cells according to their size (forward scatter, FSC) and granularity (side
scatter, SSC), and panels B and D depict the cells gated on R1 (lymphocytes) and R4
(monocytes), respectively, according to their fluorescence on the x-axis (FL1, repre-
senting the FITC-labeled CD4 cells) and the y-axis (FL2, representing R-PE-labeled
TNF-expressing cells). Isotype control stained cells were negative for FL2 fluores-
cence (not shown).

diately ex vivo as well as after several days of culture in both the absence and the
presence of cytokine-inducing stimuli. Also desirable and increasingly feasible
is to correlate cytokine production with genetic variants in cytokine DNA sequence
(38–40). Although it would seem most likely that alterations in the sequence of the
gene promoter would result in increased or decreased gene transcription, altered
sequence in the 3' untranslated region of the gene may alter protein production
based on variable stability of the mRNA, a feature usually controlled by sequences
in that 3' region.
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2. Interpretation of the role of a cytokine in the complex pathogenic process that
results in autoimmune disease can be fraught with complexity. In addition to the
somewhat variable results that can be obtained when assaying for differences in
gene sequence, mRNA expression, protein expression, and protein function, the
most appropriate assay material for study must be considered. Numerous publi-
cations have used mononuclear cells isolated from blood or a disease site that are
then activated in vitro with mitogens or triggers that mimic antigen-mediated
stimulation (56,57). It should be recognized that the experience of immune sys-
tem cells in vivo, often characterized by repeated stimulation through antigen
receptors and costimulatory molecules as well as cytokines, may confer on a cell
population a relative refractoriness or altered response to further activation ex
vivo. The intracellular signaling pathways that are activated in vivo may, with
time in culture, return to a more quiescent state, permitting more accurate com-
parison of cytokine production (or response) in patient cells and control cells.

3. To compare data obtained in different plates (PCR reactions), it is necessary to
prepare many aliquots of the same reference cDNA sample and use these in qua-
druplicate wells in all PCR reactions. Optimally, this should express the target
and housekeeping gene at a level close to that of the unknown samples.

4. It should be emphasized here that no housekeeping gene is perfect, and all will
vary somewhat with cell stimulation or among various individuals (51,58).

5. To prevent PCR reaction contamination by amplification products, always dis-
card the PCR plates once the reaction is finished and never place them on the
PCR preparation laboratory bench. No-template and no-RT controls should reas-
sure against the presence of contaminating DNA in the reaction.

6. In addition to melt curve analysis, amplification specificity can also be confirmed
by gel electrophoresis (on an ethidium bromide-stained 4% NuSieve 3:1 agarose).
For PCR fragments smaller than 100 bp, the gel is run at 80–100 V for 45–60 min,
and for PCR fragments of 100–250 bp, the gel is run at 100–115 V for 1–1.5 h.

7. In addition to the method of calculating relative expression of a gene described in
this chapter, one could directly use the starting quantity values given by the stan-
dard curve analysis for each gene and then divide the target gene value by the
housekeeping gene value. Finally, all results are corrected so that the reference
sample value for the target gene is 1.

8. Monensin can also be used with analogous effects to brefeldin A (59). Both
chemicals are toxic, and contact with skin, eyes, and mucous membranes should
be avoided.
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Evaluation of Autoimmunity to Transaldolase
in Multiple Sclerosis

Brian Niland and Andras Perl

Summary
Transaldolase is a target of autoimmunity mediated by T cells and antibody (Ab) in patients

with multiple sclerosis. Functional T-cell assays, T- and B-cell epitope mapping, and detection
of transaldolase-specific antibodies in patients with multiple sclerosis are described. Recombi-
nant transaldolase was produced in a prokaryotic expression vector for use in Western blot
analysis of sera of these patients. Overlapping transaldolase peptides 15 amino acids (aa) long
were synthesized onto cellulose membranes to map immunodominant B-cell epitopes. Amino
acid sequence homologies between viral peptides and immunodominant B-cell epitopes of
transaldolase were identified using a computer-based algorithm. Direct assessment of molecu-
lar mimicry between transaldolase B-cell epitopes and related viral peptides is also shown.
T-cell epitopes are mapped in a T-cell proliferation assay using multiple sclerosis patient and
control donor cells. Autoantigen-specific T cells are identified by MHC–peptide tetramer
staining using flow cytometry analysis.

Key Words: Autoimmunity; epitope mapping; MHC–tetramer; molecular mimicry; mul-
tiple sclerosis; transaldolase.

1. Introduction
Evidence suggests that infections may trigger autoimmune disease in geneti-

cally susceptible hosts by the proposed mechanism of molecular mimicry (1). In
this scenario, antibodies (Abs) or T cells generated in response to an infectious
agent, such as a retrovirus, also crossreact with self-antigens (2). The
crossreactive epitopes of these exogenous agents could play a key role in break-
ing the tolerance toward self-proteins and the induction of autoimmune disease
(3). Abs crossreactive with a number of viral proteins have been described in
patients with multiple sclerosis (MS) (4).
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Multiple sclerosis is an autoimmune disease involving the central nervous
system (CNS). MS lesions contain macrophages and T cells and are character-
ized by a progressive loss of oligodendrocytes and demyelination of the white
matter of the CNS (3). Although the antigen driving this self-destructive pro-
cess has not been identified, the importance of myelin-derived antigens was dem-
onstrated by their abilities to elicit an MS-like demyelinating disease,
experimental allergic encephalomyelitis, in various animal models (5). Myelin
basic protein (MBP) and proteolipid protein, which make up as much as 30 and
50% of CNS myelin, respectively (6), are likely targets of an autoimmune
response secondary to tissue injury in the CNS.

Another possible autoantigen in MS is the human transaldolase enzyme
(TAL-H) (4). Transaldolase is a rate-limiting enzyme of the pentose phosphate
pathway (PPP) that generates the reducing agent nicotinamide adenine dinucle-
otide phosphate required in lipid biosynthesis, which is necessary for myelina-
tion, among other metabolic pathways. This may explain the relatively high
level of TAL-H expression in oligodendrocytes of the brain (4).

The characterization of transaldolase as an autoantigen in MS is used to
illustrate methods used in autoepitope mapping and identification of candidate
autoantigens.

2. Materials
1. Recombinant TAL-H (rTAL-H) fusion protein with glutathione-S-transferase

(GST) encoded by pGEX-2T plasmid vector/Gene Fusion System (Amersham
Biosciences, Piscataway, NJ) (7).

2. Isopropylthio- -galactoside (Gold BioTechnology, St. Louis, MO).
3. Glutathione-coated agarose beads (Sigma Chemical, St. Louis, MO).
4. Thrombin (Sigma Chemical).
5. Affinity-purified GST protein, purified from same Escherichia coli strain as the

rTAL-H (Amersham Biosciences) (7).
6. Human sera from patients with MS, systemic lupus erythematosus (SLE), other

neurological diseases (ONDs) and healthy blood donors (8).
7. Anti-TAL-H polyclonal rabbit Ab raised against affinity-purified and enzymati-

cally active full-length recombinant TAL-H (7).
8. Negative control preimmune rabbit sera (7).
9. PAGEr Gold precast 12% Tris-glycine polyacyrlamide protein gel (Cambrex,

Rockland, ME).
10. 4X sodium dodecyl sulfate (SDS) sample buffer: 1 mL of 0.5 M Tris-HCl at pH

6.8, 0.8 mL of glycerol, 1.6 mL of 10% SDS, 0.4 mL of 2-mercaptoethanol, 0.2 mL
of 0.05% (w/v) bromophenol blue in H2O.

11. Trans-Blot 0.45-µm nitrocellulose transfer membrane (Bio-Rad, Hercules, CA).
12. TBS (1X): 100 mM Tris-buffered saline at pH 7.4, 150 mM NaCl.
13. T-TBS (1X): 100 mM Tris-buffered saline at pH 7.4, 150 mM NaCl, 0.1% Tween-20.
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14. Powdered skim milk (Difco, Sparks, MD).
15. Horseradish peroxidase (HRP)-conjugated goat antirabbit immunoglobulin G

(IgG) (Boehringer Mannheim, Indianapolis, IN).
16. Biotinylated goat antihuman serum (Jackson ImmunoResearch, West Grove, PA).
17. HRP-conjugated streptavidin (Jackson ImmunoResearch).
18. 4-Chloro-1-naphthol (Sigma Chemical).
19. Hydrogen peroxide (H2O2) 30% (w/w) solution (Sigma-Aldrich).
20. Chloronapthol development solution: 3 mL methanol, 12 mL TBS, 9 mg 4-chloro-

1-napthol, and 6 µL H2O2.
21. 33 synthetic peptides (32that are 15 aa long, and 1 that is 17 aa long) overlapping

TAL-H by 5 aa (Abimed, Langenfeld, Germany).
22. Spot Synthesizer automated solid-phase peptide synthesizer (Abimed).
23. Biotinylated goat (Fab()2 fragments directed against human IgA, IgG, and IgM

(Jackson ImmunoResearch).
24. Enhanced Chemiluminescence (ECL™) substrate (Amersham, Little Chalfont,

UK).
25. Computerized automated densitometer (Bio-Rad).
26. University of Wisconsin Genetics Computer Group (UWGCG) software (9).
27. HLA Peptide Binding Prediction (National Institutes of Health [NIH]

BioInformatics and Molecular Analysis Section [BIMAS] website: http://
bimas.dcrt.nih.gov/molbio/hla_bind/) (10).

28. Ficoll-Paque™ Plus Ficoll-Hypaque gradient (Amersham Biosciences, Uppsala,
Sweden).

29. RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, 100 IU/mL penicillin, and 100 µg/mL gentamicin (Mediatech,
Herndon, VA).

30. 96-well microtiter plate (Costar, Corning, NY).
31. Recombinant human interleukin-2 (rIL-2) (McKesson BioServices Corp.,

Rockville, MD).
32. Concanavalin A (Sigma Chemical).
33. [3H]Thymidine (3H-TdR; ICN Biomedicals, Aurora, OH).
34. Skatron semiautomatic cell harvester (Molecular Devices, Sunnyvale, CA).
35. Skatron FilterMAT glass fiber filter (Molecular Devices).
36. 1600 TR liquid scintillation analyzer (Packard Instrument, Downers Grove, IL).
37. Multimeric peptide–major histocompatibility complex (MHC) tetrameric

streptavidin-labeled complexes (NIH Tetramer Facility at Emory University,
Atlanta, GA).

38. FACStarPlus flow cytometer (BD Biosciences, Palo Alto, CA).

3. Methods

The methods described here outline (a) detection of transaldolase-specific
Abs in patients with MS, (b) B-cell epitope mapping of transaldolase, and (c)
T-cell epitope mapping of transaldolase and functional T-cell assays.
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3.1. Detection of Transaldolase-Specific Antibodies in Patients
With MS

By Western blot analysis, Abs to affinity-purified rTAL-H were found in
29/94 sera samples from patients with MS, and Abs to MBP were undetectable
in sera of these same patients (8). Anti-TAL-H Abs were undetectable in sera
samples of appropriate negative controls, including 10 patients with SLE, 9
patients with ONDs, and 74 control healthy blood donors (8). Sera reactivity to
rTAL-H of patients with MS was compared to positive control rabbit sera raised
against rTAL-H (4,8). TAL-H-specific seropositivity is based on immunoreac-
tivity to 500 ng rTAL-H per lane at serum dilutions of 100-fold or higher.

3.1.1. Prokaryotic Expression of rTAL-H

Briefly, full-length TAL-H protein, coding for 337 aa, was expressed as a
fusion protein with GST encoded by pGEX-2T plasmid vector (4,11). Opti-
mum stimulation of expression of the recombinant fusion protein was obtained
with 1 mM isopropylthio- -galactoside for 4 h at 37°C.

The TAL-H/GST fusion protein was affinity purified through binding of
GST to glutathione-coated agarose beads and cleaved from GST by 1 NIH unit
of thrombin (4,12). Functional activity of each batch was analyzed in the
transaldolase enzyme assay (7), showing a specific activity of more than 10 U/
mL protein (see Note 1).

3.1.2. Western Blot Analysis of MS Patient Sera vs rTAL-H

1. Load 500 ng rTAL-H protein in 10 µL SDS sample buffer per well; separate by
SDS-PAGE (polyacrylamide gel electrophoresis) and electroblot onto nitrocellu-
lose membrane (8,13).

2. Incubate nitrocellulose strips in T-TBS and 5% skim milk with either patient or
donor sera (at a 100-fold or greater dilution) overnight at room temperature (8).

3. Incubate separate strips overnight at room temperature with positive control rab-
bit anti-TAL-H Ab (4) (see Note 2)

4. Wash nitrocellulose membrane vigorously six times with T-TBS.
5. For detection using rabbit Ab, incubate with HRP-conjugated goat antirabbit IgG

at a 1000-fold dilution in T-TBS and 5% skim milk (8).
6. For detection using human Abs, incubate with biotinylated goat antihuman se-

rum and subsequently with HRP-conjugated streptavidin, both at 1000-fold dilu-
tions in T-TBS and 5% skim milk (8).

7. Wash nitrocellulose membrane vigorously six times with T-TBS between incu-
bations.

8. Develop the blots with chloronapthol development solution (see Fig. 1).
9. The presence of transaldolase-specific autoantibodies in patients with MS was

compared with patients with ONDs and healthy control donors using a chi-square
test.
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Fig. 1. Western blot reactivity to affinity-purified 38-kD full-length rTAL-H
(A, 500 ng/lane) and human MBP (B, 500 ng/lane) of sera from patients with MS at a
dilution of 1:100. + Control indicates rTAL-H-specific rabbit antibody in A and MBP-
specific rabbit antibody in B; – Control indicates normal human serum (8).

3.2. B-Cell Epitopes

An epitope is the small region of a protein molecule to which the immune
system recognizes and responds. Although T-cell epitopes are linear fragments
of the original protein molecule, B-cell epitopes can be either linear fragments
or folded three-dimensional regions of the intact molecule. Abs induced as a
consequence of immunization with a whole protein antigen are often directed
toward three-dimensional epitopes, most often composed of sets of residues
that are discontinuous and brought together by folding (14).

These discontinuous linear segments, which represent significant antigenic
sites when brought together as a composite site by tertiary structure folding,
can be positively identified by testing the antigenicity of overlapping synthetic
peptides that ideally cover the complete amino acid sequence of the antigen of
interest. (15). B cell epitopes are usually comprised of 5 aa or fewer in contigu-
ity (16). Peptides approx 15 aa long can assume ordered conformations that
mimic the native protein (17).

To identify immunodominant epitopes in TAL-H, a total of 33 peptides (32
were 15 aa long, 1 was 17 aa long) overlapping TAL-H (337 aa) by 5 aa was
synthesized onto cellulose membranes (18,19). To map epitopes exposed on
native TAL-H, a polyclonal rabbit Ab raised against the full length and enzy-
matically active TAL-H was used (12). This polyclonal rabbit Ab binds native
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TAL-H and inhibits its catalytic activity (12). In Western blot assay, recogni-
tion by the rabbit anti-TAL-H sera of individual TAL-H peptides was assessed
at a 3000-fold dilution by chemiluminescent detection (see Fig. 2).

Peptide reactivity with anti-TAL-H Abs was quantified by automated densi-
tometry and expressed as relative binding intensity on a 0–2 scale.
Immunodominant epitopes with high binding affinity to anti-TAL-H Abs were
defined as having a binding intensity of 1 or higher, that is, 10-fold or more
over background.

Subsequently, four immunodominant B-cell epitopes of TAL-H were iden-
tified by autoantibodies of patients with MS. Two of these peptides were rec-
ognized by both MS sera and rabbit anti-TAL-H sera (18).

3.2.1. Mapping of Immunodominant B-Cell Epitopes in TAL-H and
B-Cell Epitopes in Patients With MS

1. Bind the 33 TAL-H overlapping synthetic peptides (32 are 15 aa long, 1 is 17 aa
long) to cellulose strips via ( -Ala)2 spacers using the Spot Synthesizer (see Note
3).

2. Wet membranes in methanol for 10 min.
3. Wet membranes in TBS for 10 min.
4. Incubate peptide-containing strips with sera of control donors and sera of MS

patients having Ab reactivities to human rTAL-H at a 1000-fold dilution or with
positive control polyclonal rabbit anti-TAL-H Ab at a 3000-fold dilution in T-
TBS and 5% skim milk at room temperature overnight. Additional controls in-
cluded sera from TAL-H Western blot-negative patients with MS and preimmune
rabbit serum.

5. Wash the strips vigorously six times with T-TBS.
6. For detection using rabbit Ab, incubate with HRP-conjugated goat antirabbit IgG.

Fig. 2. Recognition by rabbit anti-TAL-H antibody 12484 of 33 cellulose-bound
synthetic peptides overlapping TAL-H. The peptides were incubated with Ab 12484 at
a 3000-fold dilution. After washing, the strips were incubated with HRP-conjugated
goat antirabbit IgG, developed with a chemiluminescent substrate, and exposed to X-ray
film. Quantification of antibody reactivities with each peptide was conducted with a
computerized automated densitometer (18).
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7. For detection using human Abs, incubate with biotinylated goat (Fab()2 frag-
ments directed against human IgA, IgG, and IgM and subsequently with HRP-
conjugated avidin.

8. Between the incubations, vigorously wash the strips six times in T-TBS.
9. Incubate the blots with ECL chemiluminescent substrate.

10. Develop by exposure to X-ray film.
11. Quantify Ab reactivities with each peptide using a computerized automated den-

sitometer.
12. Express peptide reactivity with Ab as relative binding intensity on a 0–2 scale

(see Note 4).
13. Compare reactivity levels of polyclonal rabbit sera with human sera peptide rec-

ognition (see Note 5).

3.2.2. Analysis of Amino Acid Sequence Homologies Between Viral
Peptides and Immunodominant B-Cell Epitopes of TAL-H Recognized
by Patients With MS

Protein comparison with viral peptides can be investigated using computer
programs designed to reveal percentage homologies and position of identical
residues per sequence alignment. To analyze the identified immunodominant
B-cell epitopes, the GAP program of UWGCG Software was applied (9). All
four immunodominant peptides from Subheading 3.2.1. showed sequence
homology to viral antigens (see Fig. 3).

3.2.3. Direct Assessment of Molecular Mimicry Between TAL-H B-Cell
Epitopes and Related Viral Peptides

To investigate crossreactivity, immunodominant TAL-H epitopes and related
viral peptides (see Subheading 3.2.2.) were synthesized onto cellular membranes
and tested in parallel for comparative recognition by rabbit anti-TAL-H sera
and MS sera (see Subheading 3.2.1.). Correlations of crossreactivities between
TAL-H and viral peptides were analyzed with Pearson’s multivariate 2 test
(18,20).

Resultant data provided direct evidence of MS crossreactivity between com-
mon viral antigens and the immunodominant epitope of TAL-H in a subset of
patients with MS (18). As a control, sera of patients with MS who lacked TAL-
H autoantibodies failed to recognize viral peptides (18).

3.3. T-Cell Epitopes

3.3.1. T-Cell Proliferation Assay

Antigenic exposure of suspended lymphocytes can result in cellular prolif-
eration with increased DNA synthesis, which can be measured by the incorpo-
ration of [3H]thymidine. The stimulation index (SI) is a ratio of the 3H-TdR
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Fig. 3. Amino acid sequence homologies between immunodominant B-cell epitopes
of TAL-H recognized by patients with MS and viral peptides. Homologies between
TAL-H and viral sequences from herpes simplex type 1 (HSV-1) helicase, measles/
subacute sclerosing panencephalitis (SSPE) virus, Epstein–Barr virus (EBV) capsid
protein BOLF1, HSV-1 capsid protein VP5, and HIV-1 env gp160 were detected with
the UWGCG software (9). Percentage homologies, percentage similarities (numbers
in parentheses), position of identical residues (vertical bars), and position of function-
ally similar amino acids (colons), as well as amino acid position of the first residue of
each peptide, are indicated (18).

uptake to a specific material compared to a control. To investigate whether
TAL-H may be a target of autoreactive cells in patients with MS, its effect on
proliferation of lymphocytes was evaluated. Subsequently, TAL-H caused
aggregate formation and stimulated proliferation of peripheral blood lympho-
cytes (PBLs) from patients with MS (see Fig. 4).

1. Blood donors were recruited among patients with MS, SLE, and ONDs and
healthy controls.

2. Peripheral blood mononuclear cells were isolated from heparinized venous blood
on Ficoll-Paque gradient. Blood donors were recruited among three groups: those
with MS, those with OND, and healthy controls.

3. Cells were resuspended in RPMI -1640 medium supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 IU/mL penicillin, and 100 µg/mL gen-
tamicin.
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Fig. 4. Proliferative responses to TAL-H and MBP by PBLs from 13 control donors, 25 patients with MS, and 10 patients with
SLE. SIs were measured in the absence or presence of 50 U/mL human recombinant IL-2 in response to 5 µg/mL TAL-H (shaded
bars) or 30 µg/mL MBP (open bars). Significant differences were observed in patients with MS between responses to TAL-H and
MBP in the presence or absence of IL-2 (p < 0.001); n.s., not significant (8).
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4. 105 cells were incubated in each well of a 96-well microtiter plate, using six
parallel samples, in the presence or absence of 50 U/mL human rIL-2 (NIH).

5. rTAL-H and MBP were separately added at empirically determined optimal con-
centrations of 5 µg/mL and 30 µg/mL, respectively (8) (see Note 6).

6. Negative control (5 µg/mL affinity-purified GST protein purified from the same
E. coli strain as the rTAL-H) and positive control cultures (containing 10 µg/mL
concanavalin A) were included in each experiment.

7. Plates were incubated at 37°C in a humidified atmosphere with 5% CO2 for 72 h.
8. Approximately 8–12 h prior to termination, the cultures were pulsed with 0.4 µCi

3H-TdR.
9. Prior to harvesting the cells, place the 96-well microtiter plate on a bright field

microscope to confirm visually antigen-driven blastogenesis and aggregation,
seen at a magnification of ×400 (4).

10. Cells were harvested onto glass fiber filter mats using a semiautomatic cell har-
vester.

11. 3H-TdR incorporation was measured using a liquid scintillation analyzer (8).
12. Results are expressed in counts per minute (cpm) as mean plus or minus the

standard error (SE) of six parallel cultures.
13. Calculate the SI, given as mean plus or minus the standard deviation (SD) of n

experiments (see Note 7).
14. Statistical analysis of mean values was performed with Student’s t-test. Correla-

tions were analyzed by linear regression. The p values less than 0.05 were con-
sidered significant (8).

15. Recombinant TAL-H stimulated proliferation and caused aggregate formation of
PBLs from patients with MS (4).

3.3.2. Mapping of MHC-Restricted TAL-H Epitopes

As demonstrated in Subheading 3.2.2., a candidate protein’s potential as an
autoantigen can be indicated by comparing its amino acid sequence with that
of human viral proteins. Amino acid sequence homologies were analyzed by
the GAP program UWGCG software (9). Detection of conserved residues
shared between MHC class I-restricted binding motifs of TAL-H and viral anti-
gens included gag/core proteins of human T lymphotrophic virus I (HTLV-I)
and human immunodeficiency virus 1 (HIV-1) (4).

3.3.3. Predicted Binding Stability of Autoantigen With MHC (Class I)

Incorporation of a typical peptide 8–9 aa long is required for the stabiliza-
tion of MHC class I heavy chain and 2 microglobulin ( 2m) complexes and
their transport to the cell surface (21). Binding affinity to MHC class I mol-
ecules reliably predicts the capacity of a peptide epitope to elicit a cytotoxic
T-cell response (22,23).

To determine if a protein contains candidate autoantigenic epitopes that may
be presented in an MHC-restricted fashion, a computer-based algorithm can be
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used. Computer analysis based on the coefficient tables of Dr. Kenneth Parker
is made available by the NIH BioInformatics and Molecular Analysis Section
(BIMAS) Web site server (http://bimas.dcrt.nih.gov/molbio/hla_bind/) (10).
These computer-based algorithms are designed to predict the binding stability
of HLA–antigen/peptide complexes by quantitating positive and negative effects
on binding of each amino acid within an octamer, nonamer, and so on from the
full-length peptide (24).

Therefore, the TAL-H amino acid sequence was analyzed for the presence
of nonamer peptides with HLA class I binding motifs (24). Three peptides with
predicted HLA-A2 binding stabilities greater than 100 min t1/2 at 37°C were
identified from the full-length TAL-H amino acid sequence (see Table 1).

3.3.4. Tetramer Staining for Flow Cytometry Analysis

Antigen-specific T cells can be identified by staining techniques using
soluble MHC–peptide tetramer reagents, which bind their specific T-cell recep-
tor (25). MHC–peptide tetramers are made by folding MHC heavy chain in the
presence of high concentrations of the desired antigenic peptide and 2m if
using MHC class I heavy chain. Biotinylation of the carboxy terminus of one
chain of the MHC molecule allows the MHC–peptide complex to be bound to
streptavidin. Because streptavidin has four biotin-binding sites, four MHC
molecules can be linked together in a single complex (26) (see Fig. 5).

These multimeric peptide–MHC complexes bind more than one T-cell recep-
tor and thus have a relatively slow dissociation rate (26) and allow for staining
and detection of epitope-specific T cells by flow cytometry when the
streptavidin used is fluorophore labeled (27). The NIH Tetramer Facility
(Emory University, Atlanta, GA) provides MHC class I tetramers for human,
murine, macaque, and chimpanzee MHC alleles. MHC allele protein produc-
tion and folding are free to registered investigators, who must provide the anti-
genic peptide of interest (28).

The established limiting dilution analysis method has been used to measure
the frequency of an antigen-specific T-cell response. However, limiting dilu-
tion analysis may underestimate the number of T cells that respond to a par-
ticular antigen as it cannot detect cells that can no longer divide that are part of
the expanded effector population (29). Staining of freshly isolated PBLs with
the MHC–peptide tetramer can more directly reflect the frequency of MHC-
restricted, peptide-specific T cells in vivo.

1. Wash and resuspend 1 × 106 cells of interest (PBLs, T-cell line, etc.) in 100 µL
PBS.

2. Incubate cells with tetramer and without tetramer (negative control) for 30 min at
4°C (an irrelevant tetramer can also be used as a negative control) (see Note 8).

3. Wash cells three times with 1 mL PBS.
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Table 1
Identification and Ranking of Potential HLA-A2-Binding
TAL-H Peptides

Scoring results

Rank Start Subsequence Score
position  residue listing  (predicted t1/2 in min)

1 168 LLFSFAQAV 1662.432
2 263 LLQDNAKLV 484.777
3 325 MLTERMFNA 461.924
4 252 FLTISPKLL 98.267
5 246 ALAGCDFLT 43.222
6 165 NMTLLFSFA 37.495
7 167 TLLFSFAQA 34.925
8 182 GVTLISPFV 33.472
9 124 RLIELYKEA 30.553
10 142 KLSSTWEGI 30.417
11 54 QMPAYQELV 24.614
12 296 WLHNEDQMA 22.853
13 14 ALDQLKQFT 16.394
14 53 AQMPAYQEL 12.021
15 111 LSFDKDAMV 11.709
16 193 ILDWHVANT 11.655
17 154 KELEEQHGI 10.771
18 245 KALAGCDFL 10.355
19 81 KNAIDKLFV 8.740
20 138 RILIKLSST 8.720

Binding stability was based on calculated half-life (predicted t1/2 in
minutes at 37°C) of the dissociation of peptide–HLA class I complexes.

4. Resuspend cells in 250 µL PBS.
5. Detect tetramer-stained fluorescent cells using appropriate flow cytometry fluo-

rescent channel (i.e., FL-2 for phycoerythrin) (see Fig. 6).
6. During tetramer/CD8 double staining of cells, some anti-CD8 Abs may interact

with the tetramer to decrease or inhibit antigen-specific tetramer binding.

4. Notes
1. TAL-H enzyme activity was tested in the presence of 3.2 mM D-fructose-6-phos-

phate, 0.2 mM erythrose-4-phosphate, 0.1 mM nicotinamide adenine dinucleotide
hydrogen (NADH), 10 µg -glycerophosphate dehydrogenase/triosephosphate
isomerase at a 1:6 ratio at room temperature by continuous absorbance reading at
340 nm for 20 min (4).
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Fig. 5. Schematic diagram of a tetrameric MHC–antigen complex or tetramer. Four
antigen-bearing MHC molecules (heavy-chain subunits with 2-microglobulin) are
attached via biotin to a single molecule of phycoerythrin (PE)-labeled streptavidin.

2. Highly specific polyclonal Abs against rTAL-H were raised in New Zealand
white rabbits immunized on two separate occasions 3 wk apart with 500 mg of
gel-purified rTAL-H protein (7). Specific reactivity of immune sera was evaluated
by Western blot analysis using preimmune rabbit sera as a negative control (7).

3. The Abimed (Langenfeld, Germany) automated solid-phase peptide synthesizer
uses N-terminal Fmoc (9-fluorenylmethoxycarbonyl) amino acid protection chem-
istry (based on the Merrifield method) for assembling spot-synthesized peptides
(19) directly on the surface of a polyethylene glycol (PEG)-modified and ( -ala-
nine)2-functionalized cellulose membrane (30) (e.g., GRVSTEVDARLSFDK-
alanine-PEG-cellulose). The cellulose membrane’s porous and hydrophilic quali-
ties allow measurement of aqueous solutions (31). PEG and ( -Ala)2 act as spac-
ers, improving peptide accessibility and preserving the natural conformation of the
C-terminus attached peptide. The ( -Ala)2 anchor provides a uniform start for syn-
thesis, following the removal of its Fmoc group, allowing receipt of the incoming
protected and activated amino acids to be spotted by the Abimed ASP 422 robotic
arm (31).
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Fig. 6. Flow cytometry analysis of PBLs of control and patients with MS as well as T-cell line (TCL) from patient MS 2. Control
cells were unstained, and tetramer-stained cells were stained with TAL-H 168-176/HLA*0201 tetramer for 30 min at 4°C.
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4. Cutoff levels are set at 3 SDs over reactivity of negative control sera. Reactivities
at or below cutoff levels are set at 0. Maximum reactivity with a single peptide is
set at 2.0 for each Ab. Immunodominant epitopes with high binding affinity to
Ab were defined as having a binding intensity of half-maximal reactivity (1.0) or
above, that is, 10-fold or more over background. Repeat experiments should give
variations of less than 10% for peptide-binding values (18).

5. TAL-H peptides not recognized by the polyclonal rabbit sera (raised against full-
length TAL-H) but recognized by MS sera may indicate nonimmunogenic pep-
tides in the rabbit. However, this may indicate a cryptic epitope, perhaps resulting
from proteolytic degradation after TAL-H release during demyelination in the
human MS brain (8,18).

6. Previously, concentration ranges of 1–30 µg/mL for TAL-H and 1–100 µg/mL
for MBP were tested to find the optimal concentration for inducing cell prolifera-
tion (8). MBP was purified from neurologically normal human brain according to
the procedure of Deibler et al. (32).

7. SI = (Measurement for target material)/(Measurement for control material). An
SI value of 3.5 (i.e., an average of 3.5-fold increase of 3H-TdR incorporation in
peripheral blood mononuclear cells in response to a single in vitro exposure to
antigen) is considered highly significant.

8. Initially, determine optimal tetramer concentration during incubation (e.g., 100-
fold dilution, 1000-fold dilution). Also, staining should be tried at 4°C, room tem-
perature, and 37°C. To optimize the signal-to-noise ratio, incubate for 15–60 min,
decreasing the time used for staining as the temperature increases (28).
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Summary
This chapter describes four murine models of autoimmune diseases: two related to autoim-

mune myocarditis and two related to autoimmune thyroiditis. The first model, Coxsackie virus
B3 (CB3)-induced myocarditis, results in the development of acute myocarditis in susceptible
as well as resistant mouse strains, whereas chronic myocarditis develops only in genetically
susceptible mice. CB3-induced myocarditis closely resembles the course of human myocardi-
tis, which is believed to be initiated by viral infection. Mouse cardiac myosin heavy chain has
been identified as the major antigen associated with the late chronic phase of viral myocarditis.
The second model is cardiac myosin-induced experimental autoimmune myocarditis (EAM)
and, in a modification, cardiac -myosin heavy chain peptide-induced myocarditis. In the EAM
model, cardiac myosin or the relevant peptide in Freund’s complete adjuvant (FCA)is injected
subcutaneously into mice. The immune response, the histological changes, and the genetic sus-
ceptibility seen in EAM are similar to those of CB3-induced myocarditis. The third model is
experimental autoimmune thyroiditis (EAT). EAT can be induced in genetically susceptible
strains of mice by immunization with mouse thyroglobulin in FCA or lipopolysaccharide. Mice
susceptible to EAT have the H-2Ak, H-2As, or H-2Aq alleles. We describe here a standard
technique for the induction of EAT; it was developed in our laboratory and is widely used as a
model for studying Hashimoto’s thyroiditis. The fourth model presented in this chapter is that
of spontaneous autoimmune thyroiditis in NOD.H2h4 mice. These mice express the H-2Ak allele
on an NOD genetic background and develop spontaneous thyroiditis, which is exacerbated with
dietary iodine.

Key Words: Autoimmunity; Coxsackie virus B3 (CB3); Freund’s complete adjuvant (FCA);
myocarditis; myosin; thyroiditis; NOD.H2h4.
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1. Introduction
Experimental mouse models have contributed greatly to the understanding

of the immune mechanisms involved in human autoimmune diseases. This
chapter describes two models of autoimmune myocarditis and two models of
autoimmune thyroiditis.

Myocarditis is an important cause of heart disease, predominantly among
young people. It may progress to dilated cardiomyopathy, which is a common
cause of heart failure (1,2). In an effort to study the pathogenic factors respon-
sible for autoimmune myocarditis in humans, we have developed two murine
models of myocarditis: Coxsackievirus B3 (CB3)-induced myocarditis and
cardiac myosin-induced experimental autoimmune myocarditis (EAM). The latter
can also be induced by immunization with peptides derived from the -cardiac
myosin heavy chain.

The CB3-induced myocarditis model involves infection with CB3, which is
the most common virus associated with human myocarditis in the United States
(3). Chronic myocarditis is observed in only a few patients after an otherwise
common self-limited CB3 infection, suggesting a role for genetic predisposi-
tion (4). CB3-induced myocarditis closely resembles chronic human myocardi-
tis because it also has two phases of infection and only genetically susceptible
mice proceed to the second, chronic stage of the disease (4,5). The initial phase
peaks around days 7–14 postinfection, is associated with the presence of infec-
tious CB3 virus, and is characterized by infiltrates of mononuclear and poly-
morphonuclear inflammatory cells (5). This early, acute phase of CB3-induced
myocarditis develops in all strains of mice studied.

However, only some strains of mice will develop a late, chronic phase of
CB3-induced myocarditis (Fig. 1). The chronic myocarditis is characterized
by a diffuse mononuclear infiltration (5). In susceptible BALB/c mice, chronic
myocarditis develops from day 28 and persists to at least day 56.

Infectious virus can be isolated from the heart by plaque assay in the acute
phase, but cannot be detected in the chronic stage of the disease (after day 14
postinfection). However, viral messenger RNA (RNA) can always be detected
by in situ hybridization or polymerase chain reaction. During viral infection,
immunoglobulin M (IgM) and IgG autoantibodies against cardiac myosin are
produced in both susceptible and resistant mouse strains. However, susceptible
mouse strains produce higher levels of IgG autoantibodies (especially IgG1) to
cardiac myosin (6).

We identified mouse cardiac myosin heavy chain as the major antigen asso-
ciated with viral myocarditis and were able to induce EAM in mice by immu-
nization with cardiac myosin purified from murine hearts and adjuvant (6,7).
In some mouse strains (A/J, BALB/c), the cardiac -myosin heavy-chain pep-
tide sequences that are able to induce EAM were identified (8–10). Therefore,
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Fig. 1. Comparison of CB3-induced myocarditis in BALB/c and C57BL/6 mice.
There were 7–10 mice examined for the histological presence of myocarditis at a num-
ber of time-points after CB3 infection. C57BL/6 mice do not develop chronic myo-
carditis. Results are presented as standard errors of the mean.

it is possible to use the synthetically prepared peptide for induction of EAM. The
immune response and the histological changes in this model closely resemble
CB3-induced myocarditis.

To produce EAM, Freund’s complete adjuvant (FCA) is injected with the
antigen (myosin or myosin peptide) twice within 7 d. Inflammation in the heart
appears about 14 d after the first injection, peaks around day 21, then declines,
but can persist in some mice at least up to day 60. At later time-points, inflam-
mation is reduced, and fibrosis is present in the heart.

Only certain mouse strains are susceptible to cardiac myosin-induced myo-
carditis. Highly susceptible strains usually have an “A” background, such as
A/J, A.CA, and A.SW. Moderate responders are BALB/c mice; C57BL/10 and
C57BL/6 are resistant to EAM (7). The susceptibility is because of non-major
histocompatibility complex (MHC) genes, but major histocompatibility locus
of class II genes (H-2) modifies the severity of disease.

The third model is murine thyroglobulin (mTg)-induced experimental autoim-
mune thyroiditis (EAT). Mice are immunized with either homologous or heter-
ologous Tg in combination with FCA or lipopolysaccharide (LPS).
Susceptibility to EAT is linked to the I-A subregion of H-2. Murine strains that
express H-2A-k, q, or s (CBA/J, DBA/1J, SWR/J, A.SW/J, SJL/J) are predis-
posed to EAT, whereas the other strains with allelic expression of H-2a, b, or d

(B10.A, C57BL/6J, BALB/c, DBA/2J) are poor responders and do not develop
severe disease (11).
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The fourth model represents spontaneous experimental autoimmune thy-
roiditis (SAT) in the NOD.H2h4 mouse. The NOD.H2h4 mouse was originally
developed by Linda Wicker (Merck Pharmaceuticals, Rahway, NJ). It was
established from a cross of the nonobese diabetic mouse (NOD) with the
B10.A (4R) strain. Repetitive backcrosses to NOD produced progeny express-
ing the MHC haplotype of B10.A (4R). The backcrossed mice express H-2Ak,
a susceptible allele for autoimmune thyroiditis in mice with a NOD genetic
background. Unlike the parental NOD, the NOD.H2h4 mice do not develop
diabetes; however, a small percentage develop autoimmune thyroiditis, which
is significantly enhanced after feeding iodine (12,13). NOD.H2h4 mice express
high antibody levels to mTg and mononuclear cell infiltration in the thyroid
gland, which closely resembles Hashimoto’s thyroiditis.

2. Myosin- or Peptide-Induced EAM
2.1. Materials

2.1.1. Myosin Preparation

1. 160 mice hearts; at least half of the hearts should be from a susceptible mouse
strain.

2. Sterile Teflon-glass homogenizer.
3. Motor-driven homogenizer (Omni International, Warrenton, VA).
4. Beckman 60-Ti/SW50.1 rotor ultracentrifuge.
5. Double-distilled water (ddH2O) at 4°C.
6. For establishing myosin concentration: BCA (bicinchoninic acid) protein assay

reagent kit (Pierce, IL) or spectrophotometer.
7. 1 L buffer 1 (modified Hasselbach-Schneider solution): 22.35 g 0.30 M KCl (mol

wt 74.5), 26.1 g 0.15 M K2HPO7 (mol wt 174.0), 2.66 g 0.01 M Na4P2O7 (mol wt
266.0), 0.095 g 1 mM MgCl2 (mol wt 95.0),.

8. Buffer 2 (extraction buffer): 22.35 g 0.30 M KCl (mol wt 74.5), 0.681 g 0.01 M
imidazole (mol wt 68.1), 0.475 g 5 mM MgCl2 (mol wt 95.0).

9. Buffer 3 (extraction buffer): 22.35 g 0.30 M KCl (mol wt 74.5), 0.681 g 0.01 M
imidazole (mol wt 68.1).

10. Buffer 4 (extraction buffer): 22.35 g 0.30 M KCl (mol wt 74.5), 0.681 g 0.01 M
imidazole (mol wt 68.1).

All buffers are made using ddH2O.

2.1.2. Myosin or Peptide Immunization

2.1.2.1. MICE

Use a susceptible mouse strain, either sex, typically age 6–8 wk (we have
successfully used BALB/c mice as old as 12 wk).
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2.1.2.2. MYOSIN OR PEPTIDE IMMUNIZATION

1. Cardiac myosin (prepared as in Subheading 2.2.1.) or -cardiac myosin heavy-
chain peptide (referred to as peptide here) is used for EAM induction. For A/J
mice, the peptide is mc-myhc-position 334–352 with the amino acid sequence,
DSAF DVLS FTAE EKAG VYK (10). For BALB/c mice, it is the peptide posi-
tion 614–643 with the sequence Ac-SLKLMATLFSTYASADTGDSGKGK
GGKKKG (9). A short version of this peptide (myhc-  614–629) was used
(AcSLKLMATLFSTYASAD-OH) (8).

2. FCA (Sigma-Aldrich Chemicals, St. Louis, MO).
3. Mycobacterium tuberculosis (Difco). When using in A/J mice, FCA is supple-

mented with 5 mg/mL.
4. Bordetella pertussis toxin (List Biological Laboratories); prepare 50 µg/100 mL

stock dilution in sterile ddH2O.
5. 1% sterile phosphate-buffered saline (PBS) (Biofluids).
6. Two 1-mL glass syringes with slots (Hamilton, NV).
7. 25-ga sterile needles.
8. 1-mL plastic syringes.

2.2. Methods

2.2.1. Myosin Purification

We use a modification of the procedure described by Shiverick et al. (14).

2.2.1.1. HEART PREPARATION

About 160 mice hearts are needed. The hearts can be freshly collected or
frozen (–70 to –80°C). Freshly collected hearts are preferred.

Sacrifice mice and remove their hearts quickly, rinse in ice cold PBS, and
place in cold PBS. Remove the atria and coronary groove adipose tissue. Freeze
the hearts at –80°C. One day in advance, collect as many fresh hearts as pos-
sible; store at 4°C overnight in PBS.

2.2.1.2. MYOSIN PREPARATION DAY 0

Prepare all buffers. All steps are on ice or at 4°C; buffers should be stored
at 4°C.

2.2.1.3. MYOSIN PREPARATION DAY 1

1. To 250 mL of buffer 1, add 0.08 g dithiothreitol (DTT) (mol wt154.2), 250 µL
leupeptin (1.0 mg/mL, aliquoted), and 350 µL PMSF (phenylmethyl-sulfonyl-
fluoride; 50 mg/mL) (the final solution should contain 2 mM DTT, 1 µg/mL
leupeptin, and 1 mM PMSF). The final pH should be 6.8 (original pH 8.7; use
HCl).
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2. Thaw hearts, rinse with cold PBS. Weigh all mice hearts (160 hearts should be
approx 22 g wet weight).

3. Mince the hearts on ice with a razor blade. Add 100 mL of buffer 1 (with DDT,
leupeptin, and PMSF).

4. Homogenize with motor-driven homogenizer (30 mL of heart/buffer solution in
50 mL tube, speed 3–4 for 20–30 s; total makes 3 aliquots). Add another 100 mL
buffer 1. Homogenize the whole volume for 1 min, let it rest for 1 min, and
homogenize for another 5 min.

5. Extract the homogenate with gentle stirring for 80–90 min in a cold room (at 4°C).
6. Centrifuge at 12,000g for 12 min (taking 2 min to reach the speed); collect super-

natant.
7. Centrifuge supernatant at 140,000g for 4 h in ultracentrifuge; use Ti60 rotor.
8. Collect the supernatant.
9. Dilute supernatant (around 195 mL) with 20 times the volume of ddH2O (4°C)

(about 3900 mL) by pouring myosin supernatant carefully into water. Let myosin
precipitate settle overnight in a cold room (4°C).

2.2.1.4. MYOSIN PREPARATION DAY 2

1. To 200 mL of buffer 2, add 0.552 g ATP disodium salt (Na2ATP) (mol wt 551.1;
Sigma-Aldrich), 0.062 g DTT (mol wt154.2), 200 µL leupeptin (1.0 mg/mL,
aliquoted), and 300 µL PMSF (50 mg/mL). The final solution should contain 5 mM
Na2ATP, 2 mM DTT, 1 µg/mL leupeptin, and 1 mM PMSF. The final pH should be
6.8 (original pH 6.4–6.5; use NaOH).

2. Very carefully pour the supernatant from the precipitated myosin. Do not pour all
the supernatant so the myosin is not lost.

3. Centrifuge at 12,000g for 14 min. Get rid of supernatant.
4. Dissolve the pellet in 100 mL buffer 2; add additional 100 mL buffer 2 to reach a

200-mL final volume.
5. Homogenize with a Teflon-glass homogenizer.
6. Centrifuge the solution at 43,000g for 30 min to remove actin. Use Ti60 rotor and

ultracentrifuge.
7. Collect supernatant.
8. Myosin is precipitated from the supernatant (200 mL) by adding eight times the

volume of ddH20 (1600 mL) and allowing it to stand overnight in the cold room
(at 4°C). The precipitation is seen very soon after water is added.

2.2.1.5. MYOSIN PREPARATION DAY 3

1. To 150 mL of buffer 3, add 0.048 g DDT (mol wt154.2), 150 µL leupeptin
(1.0 mg/mL, aliquoted), and 225 µL PMSF (50mg/mL). The final solution
should contain 2 mM DTT, 1 µg/mL leupeptin, and 1 mM PMSF at pH 6.8 (origi-
nal pH 8.0–8.5; use HCl).

2. Stir gently to mix precipitation.
3. Centrifuge at 14,077g for 14 min. Collect pellet. Spin supernatant again to increase

yield. Collect pellet.
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4. Dissolve pellet with 150 mL buffer 3 and homogenize it with a Teflon-glass
homogenizer.

5. Centrifuge the solution at 43,000g for 30 min to remove actomyosin; use Ti60
rotor.

6. Collect supernatant (a sample of solution can be taken at this point to run on gel).
7. Myosin precipitate is collected by centrifugation at 14,077g for 18 min. Collect

pellet; the supernatant should be clear.
8. Redissolve pellet with 15 mL buffer 4 (pH 6.8) without DDT and protease inhibi-

tor. Homogenize it with a Teflon-glass homogenizer. Add 3mL buffer 4, aliquot
myosin (0.2–0.5 mL), and freeze aliquots immediately. Myosin can be stored up
to 1 yr at –80°C, or up to 1 mo in 4°C.

9. Myosin concentration can be established by spectrophotometer or by BCA pro-
tein assay.

2.2.3. Myosin or Peptide Immunization

2.2.3.1. DAY –1: PEPTIDE RECONSTITUTION

For one mouse, 100 nmol of peptide is needed, but allow 10% more for
losses. Dilute the peptide in 1% PBS or ddH2O at a concentration of 100 nmol
of peptide per 50 µL (which is the dose for one mouse). Leave the peptide at
room temperature to dissolve for 30 min, then store at 4°C for the next day.

2.2.3.2. DAY 0: PREPARATION OF A MYOSIN/FCA OR PEPTIDE/FCA EMULSION:
INJECTION

1. Cardiac myosin is dissolved in buffer 4 at a concentration of 100–250 µg/50 µL
(dose for one mouse), depending on the degree of disease desired. Add 10–20%
for losses. Final emulsion will be diluted at a ratio of 1:1 with FCA; myosin
concentration will be 100–250 µg/100 µL.

2. Emulsify cardiac myosin or peptide solution in FCA. The volume of the glass
syringe should be more then twice the volume of the myosin or peptide needed.
Take up all the peptide or myosin into the syringe, take the needle out, get rid of
all bubbles, and push the solution to the edge of a syringe orifice. Vortex FCA
(for A/J mice supplemented FCA in a final concentration of 5 mg/mL), mix it
well, and transfer an equal volume immediately into a second glass syringe. Con-
nect a coupler to the FCA syringe; push FCA in the coupler until it is visible in
the opposite opening. Place the first syringe with the peptide or myosin on the
coupler.

3. Push FCA very slowly into the syringe with myosin/peptide. During the process,
rotate both syringes so that the oily FCA mixes with the watery myosin or pep-
tide. Repeat very slowly, mixing the substance and pushing it from one syringe to
the other. Mix until the fluid in the syringes is homogeneous.

4. Start to mix faster, ensuring that the coupler is tight and the emulsion is not leak-
ing. The process of mixing can take about 45–60 min or longer. The key is to
make a very thick emulsion. When there is resistance while mixing, test the thick-
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ness of the emulsion by placing a drop on the surface of water in small beaker.
The drop should keep its shape rather than dispersing. A proper emulsion is the
key step in the EAM induction.

5. Dilute pertussis toxin from stock (concentration 50 µg/100 µL) 1:100 in sterile
1% PBS (final concentration 500 ng/100 µL). The dose for one mouse is 500 ng
in 100 µL. Take the final dilution of toxin to 1-mL plastic syringes.

6. Anesthetize the mouse.
7. Inject the mouse subcutaneously with 0.1 mL of emulsion. Choose one injection

side for all mice in the posterior axillary area (all mice should be injected on the
same side).

8. Inject 0.1 mL of the pertussis toxin intraperitoneally (the dose should be 500 ng/
mouse).

2.2.3.3. DAY 7: BOOST

Repeat the steps from day 0, but do not use pertussis toxin. Inject an emul-
sion into the side opposite the one used on day 0.

2.2.3.4. DAY 21: SACRIFICE DAY

Mice are anesthetized; sera are obtained by retroorbital bleeding. Afterward,
the mice are euthanized and weighed; their hearts are removed, and blood is
gently squeezed from them; the hearts are weighed (low body weight and high
heart weight are signs of cardiomyopathy). Immediately after the sacrifice, each
heart is scored grossly. Gross score is based on the percentage of the heart’s
surface that has evidence of inflammation. It is helpful to use the scoring sys-
tem described in Table 1. Fix the heart in 10% formalin for hematoxylin and
eosin staining. Make serial sections through the heart, staining every fifth
section.

2.2.3.5. HISTOLOGY ASSESSMENT OF EAM

Measure the percentage of myocardium infiltrated with mononuclear cells
and fibrosis under a microscope, using the scoring system in Table 1. For cal-
culating the percentage of inflammation in myocardium, use low magnifica-
tion so that the whole section can be seen. It is necessary to look at all sections
because the inflammation is often spotty rather than diffuse. A grid in the
microscope is helpful for the calculation. It is desirable that two independent
researchers score all slides separately in a blind manner.

2.3. Notes

2.3.1. Myosin Preparation

1. All material must be 4°C, including the centrifuge rotors and the homogenizer.
All work must be done on ice or in a cold room. Carry the centrifuge tubes to and
from the centrifuge on ice.
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Table 1
EAM Severity Grading (Use for the Gross Score
as Well as for Histology)

Score Inflammation in the heart

1 Less than 10%
2 10–30%
3 30–50%
4 50–90%
5 More than 90%

2. Pay particular attention to final pH of buffers.
3. When homogenizing, try to minimize foaming and heating. Work on ice and

make breaks between homogenization, as described. The hearts should be kept
on ice all the time.

4. If you want to break the whole process into more days, the possible break points
are after Subheading 2.2.1.3. step 5 (extract the homogenate) and after Sub-
heading 2.2.1.4. step 5 (homogenize with a Teflon-glass homogenizer).

2.3.2. Myosin or Peptide Immunization

5. FCA contains dead M. tuberculosis, which cannot cause infection but is immu-
nogenic. Therefore, caution is necessary when working with FCA. Wear a mask
and gloves.

6. A thick, well-mixed emulsion is a critical step for EAM induction.
7. If the emulsion is mixed for a very long time (1 h) and is still liquid, the emulsion

is probably too hot. Try to place both syringes with coupler on ice for a time, and
the emulsion may become denser.

8. It is critical that each mouse receive the same amount of antigen. To ensure that
each mouse is injected with the same amount of the emulsion, all bubbles must
be removed from the emulsion. Be careful when removing the needle from the
mouse skin so that the emulsion does not leak.

3. CB3-Induced Myocarditis
3.1. Materials

1. Vero cells (American Type Culture Collection [ATCC]; Manassas, VA).
2. Minimum essential medium (MEM), liquid and powder (Mediatech).
3. Sodium bicarbonate (NaHCO3).
4. Heat-activated fetal bovine serum (FBS).
5. Penicillin/streptomycin 5000 U (Pen/Strep) (Mediatech).
6. Trypsin (1X 0.25% trypsin 1 mM ethylenediaminetetraacetic acid) (Gibco).
7. PBS (without calcium or magnesium) (Biofluids).
8. CB3, Nancy strain (ATCC).
9. Susceptible mice age 6–8 wk.
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10. Bleach (Clorox).
11. Methyl cellulose (4000 centipoises; Fischer).

3.2. Methods

3.2.1. Maintenance of Vero Cells

1. Grow Vero cells in MEM supplemented with Pen/Strep and 10% FBS (10%
MEM) until confluent at 37°C and 5% CO2 (37°C).

2. Remove media and wash cells with PBS to remove FBS prior to the addition of
trypsin.

3. Split cells by adding trypsin solution for 5 min at 37°C because Vero cells adhere
to the flask.

4. Wash cells from flask and immediately inactivate trypsin by adding 10% MEM.
5. Spin cells at 130g for 10 min to pellet cells.
6. Resuspend the pellet and add a small portion of cells to the flask with fresh

10% MEM.

3.2.2. Tissue Culture Virus

1. When Vero cells are confluent, replace the media with MEM supplemented with
2% FBS (2% MEM) and Pen/Strep.

2. CB3 is infectious for people as well as mice; 20% bleach solution or ultraviolet
light will kill the virus. Always wear a protective mask and replace gloves imme-
diately after working with the virus to reduce its spread. Wash all surfaces, uten-
sils, and contaminated surfaces with bleach and turn on the ultraviolet light in the
hood after working with the virus.

3. Add CB3 from ATCC to a confluent flask of Vero cells in 2% MEM (FBS inhib-
its viral entry).

4. Incubate virus and cells in an incubator at 37°C as before, until cells round up
and detach from the flask (approx 2 d).

5. Carefully collect cells and supernatant (flask full of infectious virus), spin at 795g
for 20 min, and collect supernatant.

6. Aliquot supernatant and freeze at –80°C.
7. Add bleach to flask and centrifuge tube to kill the virus, and discard.

3.2.3. Heart Passage of the Virus

1. Inoculate 6- to 8-wk-old susceptible mice with 0.1 mL of tissue culture virus
intraperitoneally.

2. Two days later, sacrifice the mice and collect the hearts.
3. Sera and organs from these mice contain infectious virus, so use appropriate care.
4. Blot excess blood from hearts and immediately add to cold 2% MEM (10% w/v).
5. Homogenize with the electric homogenizer and spin at 795g for 20 min.
6. Collect supernatant and aliquot into useful quantities for later injection of mice.
7. Freeze aliquots at –80°C until used in experiments. Stock should last at least 1 yr

at –80°C.
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3.2.4. Determination of Viral Titer by Plaque Assay

1. The plaque assay determines the amount of infectious virus in a sample by the
degree of killing observed in Vero cells.

2. The level of infectious virus in the heart-passaged virus stock needs to be deter-
mined by plaque assay.

3.2.5. Splitting Vero Cells to Trays for Plaque Assay
1. Split cells as described in Subheading 3.2.1. to a 24-well culture tray for the

plaque assay.
2. Split cells when 80–90% confluent.
3. When cell pellet is obtained after trypsin treatment, resuspend pellet in 1 mL of

2% MEM (FBS hinders virus infection of Vero cells).
4. Count cells by trypan blue exclusion and dilute in 2% MEM to 2 × 105 cells/mL.
5. Add 1 mL to each well of a 24-well culture plate and incubate at 37°C until cells

are 80–90% confluent (proper level of confluency is crucial for success of the
assay).

3.2.6. Making Methyl Cellulose for the Plaque Assay
1. Add 8.75 g methyl cellulose to 250 mL distilled water (do not mix).
2. Tighten lids only finger tight and autoclave.
3. Just before the mixture comes to room temperature, shake vigorously. The methyl

cellulose should be gooey and full of bubbles. If the mixture becomes too cold,
lumps will form, and it will be necessary to make a new batch.

4. At least 1 d before the plaque assay, add double-strength MEM (2X MEM) to
methyl cellulose and leave in a water bath until “melted” together (this step takes
overnight).

5. Make 2X from MEM powder (19.1 g MEM powder to 1 L of water, mix, then add
4.4 g sodium bicarbonate and stir; filter through a 0.2-µm filter to make sterile).

6. Add 250 mL 2X MEM to 250 mL methyl cellulose after both have warmed in
37°C water bath for a few hours.

7. Shake vigorously until mixed.
8. Add FBS to make 2% and mix gently.
9. Methyl cellulose is now ready for the assay.

3.2.7. Plaque Assay
1. Vero cells in 24-well plates must be 80–90% confluent.
2. Prewarm methyl cellulose/MEM and other media in a 37°C water bath.
3. Add 225 µL 2% MEM to each well of a 96-well plate for dilution of virus stock.
4. Remove media with a suction system and glass pipets. Waste container must

contain bleach to inactivate virus later in assay.
5. Immediately, so that cells do not dry out, add 1 mL warm 2% MEM to each well

and return the plate to the incubator.
6. Add 75 µL heart-passaged virus stock to top row of 96-well plate and serially

dilute (fourfold dilutions).
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7. Add 200 µL of virus diluent to Vero after removing all of the 2% MEM just prior
to addition of virus (do 12 wells at a time so Vero cells do not dry out).

8. Incubate for 1 h at 37°C to allow virus to infect cells. Tip plate to ensure cells are
covered well.

9. After 1 h, remove the virus diluent into the bleach waste and immediately add 1
mL of prewarmed methyl cellulose (2% MEM).

10. Incubate for 3 d at 37°C to allow plaque formation.

3.2.8. Staining Plaque Assay

Add 0.5–1.0 mL of 1% methylene blue (in 10% formalin) per well and leave
at room temperature overnight. Formalin kills the virus, and plates can be left
on the bench. If there are any spills, alcohol will clean the methylene blue.

3.2.9. Destaining Plaque Assay

1. The next day, wash wells vigorously with tap water and dry overnight at room
temperature inverted with lids off on absorbent paper or pads.

2. If Vero cells were overconfluent, they will wash off at this step.
3. Make sure that all of the blue dye and methyl cellulose have been removed before

drying. Otherwise, plates will be difficult to read.

3.2.10. Counting Plaques

1. Areas where Vero cells have been killed by CB3 will be rounded up in obvious
clumps. Some clumps will have clear areas in the centers where cells have died
and left an opening. This is a plaque.

2. Count plaques under an inverted microscope and determine the number of plaque
forming units (PFUs) per well.

3.2.11. Plaque Calculations

1. Count the number of PFU for each well.
2. Calculate the number of PFU per milliliter by multiplying the PFU/well ratio by

the dilution factor and multiplying it by 5 to bring up to 1 mL (200 µL × 5= 1 mL).

3.2.12. Infection of Mice

1. Infect 6- to 8-wk-old mice with 0.1 mL (103 PFU of heart-passaged virus [day 0]).
2. Collect hearts for analysis of acute myocarditis from days 7 to 12 postinfection or

chronic myocarditis from days 35 to 45 postinfection.

4.Tg-Induced EAT
4.1. Materials

4.1.1. Tg Preparation

1. Susceptible mouse strain, either sex, typically age 6–8 wk.
2. mTg.



Animal Models for Myocarditis and Thyroiditis 187

3. FCA (Sigma-Aldrich).
4. Bacterial LPS (Sigma-Aldrich).
5. Glass syringes with slots (Hamilton).
6. Three-way plastic stopcock.
7. Beckman 60-Ti/SW50.1 rotor ultracentrifuge.
8. Sephacryl S300HR column (Sigma-Aldrich).
9. BCA protein assay kit (product 23227, Pierce, Rockford, IL).

10. Heparinized capillary tubes (inner diameter 1.1–1.2 mm).
11. PBS.
12. Stainless steel homogenizer.
13. ddH2O, 4°C.
14. Buffer 1, protease inhibitor buffer (freshly prepared): 0.5 mM ethylene-

diaminetetracetic acid, 0.5 mM PMSF, 1 µg/mL pepstatinA, 1 µg/mL aprotinin,
and 1 µg/mL leupeptin prepared in PBS.

4.1.2. Assessment of EAT

1. Immunol II 96-well plates (Dynatech, USA).
2. PBS.
3. Tween-20.
4. Sodium carbonate.
5. Sodium bicarbonate.
6. Diethanolamine.
7. Magnesium chloride hexahydrate.
8. Bovine serum albumin (Sigma-Aldrich).
9. Alkaline phosphatase-conjugated IgG mouse antibodies (secondary antibody)

(Sigma-Aldrich).
10. Buffers for enzyme-linked immunosorbent assay (ELISA): coating buffer/car-

bonate-bicarbonate buffer at pH 9.6: 0.795 g sodium carbonate and 1.465 g sodium
bicarbonate, make volume to 500 mL with ddH2O.

11. Diethanolamine buffer (pH 9.8): 9.7 mL diethanolamine (Sigma-Aldrich D-8885)
and 10 mg magnesium chloride hexahydrate; bring volume to 100 mL with
ddH2O.

12. Substrate: alkaline phosphatase/p-nitrophenyl phosphate, with 10 mg/plate
p-nitrophenyl phosphate (Sigma Aldrich 104) dissolved in 10 mL/plate
diethanolamine buffer.

4.2. Methods

4.2.1. Tg Preparation

Tg is a 660-kDa dimer that can be purified from pooled thyroid glands (15).

1. Dissect 250–300 thyroid glands from mice and preserve at –80°C still attached to
the tracheas.

2. On the day of antigen preparation, both lobes from all thyroids are detached from
the trachea and kept wet in ice-cold PBS. The lobes are then gently homogenized
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for 5–6 s in the presence of protease inhibitor buffer (see Subheading 4.1.1.),
also known as homogenizing buffer. Approximately 2.5 mL of buffer per 100
thyroids is used. The whole procedure described above is performed at 4°C.

3. Cell debris, membranes, and mTg aggregates are removed by centrifugation at
4300g for 30 min. Supernatant is decanted and centrifuged at 110,000g for 60 min
at 4°C using a Beckman 60-Ti/SW50.1 rotor.

4. The supernatant is then applied to a 1.6 × 88 cm2 Sephacryl S300HR column
equilibrated with 1% PBS at pH 7.2 and 4°C. The column speed is adjusted to
18–20 mL/h. Fractions of 1 mL are collected. For each fraction, the concentra-
tion of mTg is measured spectrophotometrically at 280 nm (usually ranges from
2.5 to 5.0 mg/mL). The optical density (OD) thus obtained is plotted against
eluted volume. The mTg is typically eluted in three protein peaks. The first peak
and the second peak are pooled separately. The second peak is a major source of
mTg. The third peak has a low OD and is not used. Total protein content is fur-
ther assessed by the BCA protein assay.

5. Small 0.5-mL aliquots are then frozen at –20°C until use. Repeated freezing and
thawing of Tg is not recommended because it causes the loss of activity because
of aggregation. As mTg is a very large and highly hydrophobic molecule that can
easily be contaminated with LPS, it is necessary that all the glassware, surgical
instruments, and tubing be autoclaved or heated at 200°C for 30 min before use
and check each preparation for LPS contamination by the Limulus amebocyte
lysate test (16).

4.2.2. Tg Immunization

4.2.2.1. TG IMMUNIZATION WITH FCA

1. The standard protocol is a refinement of the original protocol developed by our
research group (17). Mice age 8–10 wk are injected subcutaneously twice at an
interval of 7 d with 50 µg of mTg emulsified with FCA. To achieve this concen-
tration, 1 mg mTg/mL is emulsified in FCA containing M. tuberculosis H37Ra at
a 1:1 ratio.

2. The emulsion of FCA and mTg is prepared similarly as described in the Sub-
heading 2.2.3.2. The emulsion should be well prepared, and a drop of emulsion
should not disperse when suspended on water.

3. Mice are injected on day 0 and day 7 alternately into thighs. The severity of the
disease varies with the dose of mTg and the antigenicity of each preparation.
Usually, all mice will develop EAT within 21–28 d of immunization (see Note 2).

4.2.2.2. TG IMMUNIZATION WITH LPS

1. Another method of EAT induction uses bacterial LPS as an adjuvant. This method
has been adopted by several groups (18–20) because it shows a uniform induc-
tion of EAT without requiring emulsion in FCA (21).

2. The standard protocol involves intravenous injections with 40 µg of mTg on days
0 and 7, followed 3 h later by 20 µg of LPS (trichloroacetic acid precipitated
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Salmonella enteritidis or Escherichia coli) (22).
3. The disease develops within 21–28 d of immunization. Severity of the disease is

dose dependent. For example, a dose of 20 µg of mTg with 10 µg of LPS given to
ASW or SJL strains successfully induces EAT, and higher doses (40 µg) produce
a greater lesion score.

4. For adjuvant-free induction of EAT, see Note 4.
5. For EAT evaluation, see Subheading 5.2.2.

4.3. Notes

1. As a large protein, Tg is easily hydrolyzed. Therefore, the use of protease inhibi-
tors and special precautions for low temperature are recommended.

2. To achieve an efficient and uniform induction of the disease, all mice in a given
experiment should receive the same preparation of antigen.

3. Repeated freezing and thawing reduce the antigenicity of Tg and should be
avoided.

4. Adjuvant-free immunization has also been achieved by injecting low concentra-
tions of mTg repeatedly over a period of 4 wk (23). Effects of other adjuvants,
like SGP (a synthetic copolymer of starch, acrylamide, and sodium acrylate) and
Quil A (13), on induction of EAT have also been studied. Granulomatous thy-
roiditis (G-EAT) induction in CBA/J was achieved by two intravenous injections
at 10-d intervals with 150 µg mTg and 15 µg LPS (E. coli; Sigma-Aldrich). In
another study, autoantigen conjugated to mAbs specific for determinants on APCs
were used as an alternative to adjuvant-free induction of EAT (24).

5. NOD.H2h4: Spontaneous Model of Autoimmune Thyroiditis
5.1. Materials

1. Sodium iodine (Sigma).
2. Food colors (McCormick).

5.2. Animals

Mice (age 3–4 wk) are caged under conventional housing conditions with
regular day and night cycles. Regular feed and tap water are used for maintain-
ing the colony. Both sexes develop SAT with low incidence, which is exacer-
bated by supplementation of dietary sodium iodine (NaI) in their drinking
water.

5.3. Methods

5.3.1. NaI Treatment

Dietary iodine is an important environmental factor that plays a key role in
the formation of thyroid hormone and regulation of thyroid function. Mice are
fed a dose of NaI (0.05–0.15%) mixed in their drinking water. We designate a
color code, using food color for each NaI concentration. Food color is added to
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water along with NaI. Normally, a dose of 0.05% NaI will induce SAT within
8 wk. Time-course and sex-related differences in iodine-induced autoimmune
thyroiditis in NOD.H2h4 mice have been studied (25). Excess iodine intake,
leading to the development of autoimmune thyroiditis in humans as well as
mice, is evidenced by a large body of literature of epidemiological and research
studies.

5.3.2. Evaluation of EAT and SAT

In EAT, the disease pathology usually correlates with the Tg antibody
response, but it may not be consistent in all experiments. No direct correla-
tion between disease pathology and serum antibody levels has been observed
in our colony of NOD.H2h4 mice.

A prebleed (day 0) is performed on all NOD.H2h4 mice at the beginning of
the treatment to exclude preexisting thyroiditis (see Note 2.).

5.3.3. Serum Collection and Tg Antibody-Specific Enzyme-Linked
Immunosorbent Assay

On days 0, 7, and 28 after injection with mTg or treatment with iodine, mice
are anesthetized, and a small volume (200 µL) of blood is collected from the
retroorbital venous plexus using heparinized capillary tubes (inner diameter
1.1–1.2 mm). Blood is incubated at room temperature for 60 min, and serum is
collected after centrifugation. Serum is stored at –80°C until used.

Purified mTg is coated onto 96-well Immunolon II plates at a concentration
of 2 µg/mL in carbonate/bicarbonate buffer (pH 9.6) and incubated overnight
at 4°C. The plates are washed four times with PBS-Tween-20 (0.05%) and
blocked for 2 h with 1% bovine serum albumin-PBS. Plates are then washed
three times and incubated overnight with appropriate mouse sera diluted 1:100
in PBS. After washing, mTg-specific IgG subclasses are detected using appro-
priate dilutions of secondary antibodies against IgG1 and IgG2b. Color is devel-
oped with p-nitrophenyl phosphate substrate and OD is read at 405 nm using a
microplate reader (Dynatech Laboratories).

5.3.4. Tissue Collection and Histology

Immediately after euthanasia, tracheas with attached thyroids are collected
and fixed in 10% phosphate-buffered formalin for 2 d and submitted for histo-
logical staining. Thyroids are sectioned at 4–5 µm thicknesses and stained with
hematoxylin and eosin. The thyroid histology is assessed as a 5-point score,
depending on the percentage of thyroidal inflammation indicated by
intrafollicular infiltration of lymphocytes (17). A 0 score is assigned for no
lesions, 1 for less than 20% infiltration, 2 for 20–30%, 3 for 30–50%, and 4 for
more than 50 % involvement of the thyroid. The extent of the mononuclear cell
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infiltration is assessed on both lobes of thyroid glands on at least 4–6 sections
per animal. Statistical differences in the pathological scores are determined by
the nonparametric Mann-Whitney U test (26).

5.3.5. Course of the Disease

Mononuclear cell infiltration into the thyroid reaches a maximum by day 21
postinjection with mTg and does not show regression until day 30 (27,28).
However, several factors play a key role in determining the severity and inci-
dence of disease in a given mouse strain.

5.4. Notes

1. The genetics of the mice is the first concern in inducing EAT. Strains of mice that
do not express H-2k or s genes may develop a low incidence of disease. There is a
high degree of variance in severity of thyroiditis even in the same experiment.

2. A prebleed is useful to eliminate animals that may have developed a low degree
of spontaneous disease, as indicated by the presence of Tg-specific autoantibod-
ies in their serum.
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Animal Models of Insulin-Dependent Diabetes

Edwin Liu, Liping Yu, Hiroaki Moriyama, and George S. Eisenbarth

Summary
Animal models have contributed enormously to study in the field of type 1 diabetes. Per-

haps the most intensively studied model is the nonobese diabetic (NOD) mouse, which devel-
ops an autoimmune-mediated spontaneous diabetes associated with the development of insulin
autoantibodies and insulitis. Accurate measurement of antiislet autoantibodies by radioassay
and detection of antigen-specific T cells using major histocompatibility complex tetramers are
possible. Various strategies have been developed in preventing diabetes in animal models; a
peptide-induced model of type 1 diabetes has been described. Finally, the development of pep-
tide vaccines is hampered by the risk of anaphylaxis in both mouse and humans. In this chapter,
methods and strategies to measure antiinsulin autoantibodies, to detect antigen-specific T cells
by tetramer analysis, and to prevent diabetes using peptide vaccines are discussed. Along with
these topics, a protocol of peptide-induced diabetes and peptide vaccine-induced anaphylaxis
are described, serving as a reminder of the potential dangers that could exist in human trials. In
summary, animal models have become necessary in the study of type 1 diabetes and provide
researchers important tools to conduct studies that could not otherwise be performed in humans.

Key Words: Anaphylaxis; animal model; autoantibody; autoimmune; insulin; NOD mouse;
peptide; radioassay; radioimmunoassay; tetramer; type 1 diabetes; vaccine.

1. Introduction
A series of important animal models for research related to type 1A diabetes

(immune mediated) is now available. Studies using animal models have been
critical in elucidating the pathogenesis of type 1 diabetes, defining disease-
susceptible and resistance genes, identifying putative islet autoantigens, and
characterizing various immune cells and immune mediators. Although we can-
not overstate the utility of animal models in type 1 diabetes, it is often difficult
to interpret data obtained from animals to the actual human condition. Clearly,
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the direct application of animal data to humans needs to be taken cautiously.
Nevertheless, animal models provide researchers the opportunity to create
experimental conditions that would be unsafe for humans.

There are many rodent models for type 1 diabetes, and they can be generally
classified as spontaneous, chemically induced, and transgenic or knockout
models (Table 1). In particular, the nonobese diabetic (NOD) mouse is the
most intensively studied spontaneous model (1). As in humans, these mice are
characterized by lymphocyte infiltration of pancreatic islets (insulitis), com-
plex polygenic disease susceptibility (idd loci) with essential major histocom-
patibility complex (MHC) genetic influence, and the development of
spontaneous antiinsulin autoantibodies (2).

Transgenic and gene knockout technologies have enabled development of
additional animal models for type 1 diabetes (3). Several T-cell receptor (TCR)
transgenic (Tg) mice have been generated from diabetogenic T-cell clones of
NOD mice. Many animal models have been modified to express immunologi-
cally important molecules by -cells (using the rat insulin promoter [RIP] to
drive transgenes). Specifically, artificially induced -cell antigens include neo-
self-antigens such as viral lymphocytic choriomeningitis virus, hemagglutinin,
and ovalbumin such that when an immune response is elicited against the
neoantigen (i.e., immunization or infection), specific -cell destruction occurs.
Other genes introduced in -cells include immune mediators such as interleukin
(IL)-2 , IL-10, IL-13, interferon (IFN)- , and IFN- .

One particularly interesting mouse is the RIP-B7.1 transgenic mouse, which
we utilized to develop a mouse model of type 1 diabetes that is induced by a
major diabetes autoantigen, insulin peptide B:9–23 (4). This experimental au-
toimmune diabetes model artificially expresses the costimulatory B7.1 mol-
ecule on -cells, enhancing their propensity to be targeted by immune cells.
On other hand, several animal models knocking out important molecules have
also been developed. Besides knocking out immune mediators, animal models
lacking candidate autoantigens such as proinusulin and glutamic acid decar-
boxylase (GAD) have been created to evaluate the contribution of those mol-
ecules to the pathogenesis of type 1 diabetes (5,6).

Thus, animal models have contributed enormously to the study of type 1
diabetes. Although it is understood that there are limitations to animal models
in the study of a human disease, these models will nonetheless contribute to the
understanding of this complex disease and to development of novel preventive
and therapeutic approaches. In this chapter, we focus on the following relevant
protocols in the study of animal models for type 1 diabetes:

Anti-islet autoantibody assays, utilization of tetramers in the study of autoreactive
T cells, diabetes prevention in the NOD mouse, peptide induction model of type
1 diabetes, and peptide vaccine-induced anaphylaxis in the NOD mouse.
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Rodent Models for Type 1 Diabetes

Type of animal model Pros Cons

Spontaneous Similar to human condition Takes too long to develop
Major HLA contribution diabetes

NOD mouse Polygenic model Relatively easy to prevent
Very well studied diabetes
Spontaneous IAA Sex difference (females > males)

BB rat Oligogenic model T-cell lymphopenia (Ian gene)
Very well studied
No sex difference

LETL rat Oligogenic model Not popular model yet
No sex difference Cblb gene mutant

Chemical-induced Rapid onset of diabetes Not sure if immune mediated
 models Exact time of injury known

Streptozocin Low dose has immune component Direct islet toxicity
Alloxan Direct islet toxicity
Poly-IC Induction RT1u rats, B7.1 mice Protection of NOD mice

Transgenic (Tg) models

TCR-Tg Uniform antigen-T cell specificity Often specific antigen is unknown
Highly pathogenic monoclonal

T cells
BCD2.5 Unknown antigen,

no increase in diabetes mellitus
8.3 TCRab Antigen islet glucose-related

phosphatase, tetramer CD8
NOD.AI4ab

RIP-neoantigen Tg Diabetes-inducing antigen is known Antigen irrelevant to type 1 diabetes
Exact time of injury known

RIP-LCMV Multiple models
RIP-HA Combination with TCR transgene
RIP-OVA Combination with TCR transgene

RIP-B7.1 Enhances islet targeting without Enhanced diabetes development
neoantigens

Good for combination with other Human DQ8 combined with
trangenic models RIP-B7.1 develops spontaneous

Necessary in autoantigen-induced diabetes.
diabetes

Knockout (KO) models Provides information about role Possible passenger gene segments
of specific genes from original strain may influence

diabetes
Insulin 1 KO NOD Prevention of diabetes
Insulin 2 KO NOD Acceleration of diabetes
Anti-sense GAD NOD One report of prevention Lack of confirmation with GAD

tolerance
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1.1. Anti-Islet Autoantibody Assays

Type 1A diabetes mellitus, as defined by an expert panel of the American
Diabetes Association, is characterized by the presence of antiislet autoantibod-
ies. The presence of islet autoantibodies in individuals who otherwise seem
healthy denotes an increased risk for later development of type 1A diabetes.
The early expression of insulin autoantibodies (IAAs) is associated with early
development of diabetes in young children and NOD mice. IAAs appear early
and then disappear at approximately the time of onset of hyperglycemia in
most NOD mice.

There has been tremendous progress in defining islet autoantigens and devel-
oping antiislet autoantibody assays. Multiple Immunology of Diabetes Work-
shops have been held to evaluate assays for IAAs, GAD65 autoantibodies
(GAAs), and ICA512 (IA-2) autoantibodies (ICA512AAs); a Diabetes Anti-
body Standardization Program has been established.

For NOD mice, two International Diabetes Antibody Workshops have been
organized by the Immunology and Diabetes Society since 2000. The results
from these two NOD antibody workshops demonstrated that IAAs measured
by sensitive radio-binding assay (RBA) are a marker of autoimmunity in NOD
mice; disappointingly, enzyme-linked immunosorbent assays (ELISA) were
discordant with the results obtained by RBA. GAAs and ICA512AAs by both
RBA and ELISA were increased in NOD mice compared with control mice at
diabetes onset, but GAAs and ICA512AAs frequencies varied significantly with
respect to the source colony of NOD mice. Furthermore, sera with increased
binding to GADs and ICA512 also had increased binding to the unrelated anti-
gen myelin oligodendrocyte glycoprotein, and binding to GADs could not be
inhibited with excess unlabeled GADs, suggesting nonspecific interactions. The
above has led to questions regarding the true nature of reported GAAs and
ICA512AAs in this animal model.

1.2. Utilization of Tetramers in the Study of Autoreactive T Cells

Autoantibody assays in radioimmunoassay formats have demonstrated dis-
ease specificity and sensitivity (e.g., IAAs) for the NOD mouse model. Although
it has traditionally been easier to study the humoral component of the immune
system, the development of tetramers to study antigen-specific CD4+ and CD8+

T cells has led to improved studies of cellular immunity in type 1 diabetes.
MHC–peptide tetramers are soluble complexes of major histocompatibility
complex (MHC) molecules bound to streptavidin through its four biotin-bind-
ing sites, making an MHC molecule:streptavidin core ratio of 4:1. A peptide
(usually 8–10 amino acids long for class I MHC and 13–15 amino acids long for
class II MHC) is bound in the MHC groove (for example, human class I HLA-A
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or class II HLA-DR and mouse class I H2-Kd or class II I-Ag7 in NOD mice).
The tetramer with bound peptide binds to the T-cell receptor (TCR) of appro-
priate T cells. Through cooperative multivalent binding, the avidity of a tetramer
(compared to a single MHC–peptide complex) is increased, enabling T cells with
receptors specific for the MHC–peptide complex to be detected. Binding of
fluorescently labeled tetramer to T cells is usually detected by flow cytometry.

Some examples of MHC tetramers used to characterize autoreactive T cells
in type 1 diabetes include the use of the mouse class I Kd tetramer to present
insulin peptide B:15-23 or islet glucose-related phosphatase peptide (e.g., NRP-
V7 [a mimitope designed from the diabetogenic 8.3 T-cell clone]) to islet infil-
trates of young NOD mice. Early in the development of insulitis, CD8+ T cells
in the islets recognize insulin peptide B:15-23 when presented in the context of
class I Kd (7). Higher numbers of islet-infiltrating and peripheral blood CD8+

T cells that recognize the NRP-V7-Kd tetramer were described. NOD mice
with a greater percentage of NRP-V7 reactive T cells more often developed
diabetes.

Thus, potential uses for MHC–peptide tetramers are the identification of
new T-cell epitopes and the development of new strategies to predict disease.
Other potential uses would include the further characterization of T cells in a
patient with type 1 diabetes, monitoring disease course or response to therapy,
and isolation of antigen-specific T cells for study. In this section, the protocol
used to stain mouse peripheral blood for autoreactive T cells is described using
the NRP-V7-Kd tetramer as described in ref. 8 for the NOD mouse and shared
by Tan and colleagues. NOD mice have the highest number of NRP-V7-Kd-
reactive T cells in peripheral blood between ages 9 and 15 wk. These mice and
this tetramer can be used as positive controls for the study of other tetramers
and mouse models of type 1 diabetes.

1.3. Diabetes Prevention in the NOD Mouse

There are literally over 100 “therapies” known to prevent diabetes in the
NOD mouse (1). Some agents used in the mouse model have included immu-
nosuppressive drugs such as azathioprine, corticosteroids, cyclophospha-
mide, cyclosporin, and methotrexate. These agents generally have
nonspecific immune activities that do not target specific autoreactive T lym-
phocytes. Furthermore, they do not appear to be effective over the long term,
with disease recurrence once the drug is withdrawn.

Other strategies have targeted T cells by presumably interfering with T-cell
activation, such as the use of cytokines, antibodies that modulate costimulatory
or coreceptor molecules or deplete T cells. Some promising therapies proven
to be effective in the NOD mouse include the use of anti-CD3 (9) and
nondepleting anti-CD4 therapy (10). Even though such treatment of mice with
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antibody therapy may induce antigen-specific tolerance, the risk of generalized
immune suppression remains. Regardless, these two antibodies are examples of
experience in animal models that have led to clinical trials in humans, using
non-Fc-binding humanized anti-CD3 (hOKT3 Ala-Ala) (11)and nondepleting
humanized anti-CD4 (OKT4A) (12).

Finally, antigen-specific therapy is under study in type 1 diabetes and other
autoimmune diseases for which the autoantigens have been identified. Poten-
tial autoantigens include insulin B-chain and insulin B:9–23 peptide, GAD,
and heat shock protein (p277 peptide of HSP60). Autoantigen peptide vaccina-
tion is perhaps the most specific type of immunotherapy in both humans and
the mouse, but has properties of a “double-edged” sword; although such
therapy may prevent diabetes, there is also potential to accelerate or even
induce disease. The precise rules in immunotherapy to modulate the immune
system toward disease induction or remission are not well understood, and it is
likely that dose, timing, and route of administration will be important factors in
the design of peptide vaccines.

Keeping in mind the narrow therapeutic window between the onset of hyper-
glycemia and critical -cell mass loss, only two published therapies, antilym-
phocyte serum and anti-CD3 antibody (13), have been demonstrated to reverse
hyperglycemia in recently diabetic NOD mice, demonstrating the difficulties
in treating overtly diabetic mice.

Considering all the available therapies in the NOD mouse, it is likely that
diabetes prevention through true antigen-specific T-cell tolerance will require
a combination of both autoantigen and potent immunomodulation. Numerous
therapies that have been effective in preventing diabetes in the NOD mouse
model have failed to influence development of diabetes in humans (injections
of subcutaneous insulin, oral insulin, and nicotinamide), and most investiga-
tors now believe that therapies that are only effective early in the life of the
NOD mouse (e.g., therapy begun at age 4 wk) are unlikely to be effective in
humans.

We believe that the later a therapy is effective in the NOD mouse (after
insulitis has begun or at onset of diabetes), the more likely such a therapy (e.g.,
anti-CD3) may be effective in humans. In addition, therapies that completely
eliminate insulitis or are effective in more stringent models of diabetes (such
as the NOD mouse that lack the insulin 2 gene) may be better preclinical mod-
els or end points.

The insulin B-chain B:9–23 peptide is a major diabetes autoantigen of the
NOD mouse. A single subcutaneous injection of the peptide with Freund’s
incomplete adjuvant (FIA) in female NOD mice at age 4 wk prevents diabetes
(14). Not only are mice protected from diabetes, they also produce IAAs. These
IAAs are absorbed by whole insulin and not by the peptide itself (15). In this
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section, the standard immunization and follow-up protocol for diabetes protec-
tion for B:9–23 compared to a control tetanus toxoid peptide, TT:830–843, is
described.

1.4. Peptide Induction Model of Type 1 Diabetes (Experimental
Autoimmune Diabetes)

Diabetes or insulitis can be induced in animals. For example, high doses of
streptozotocin can rapidly induce diabetes in several strains of mice (16), and
low doses can create a more chronic form of diabetes (17). Administration of
polyinosinic polycytidylic acid (poly-IC), which has been used as a viral RNA
mimic to stimulate the innate immune system, can induce insulitis and diabetes
in RT1u rat strains (18) similar to that seen with the Kilham rat virus (19). We
found that immunization with insulin peptide B:9–23 induces IAA expression
in normal mice with MHC H-2d and H-2g7 but not H-2b (15) and, if combined
with poly-IC, induces insulitis. With the introduction of the B7.1 islet transgene
to this model, B:9–23 peptide can induce diabetes (4). In this section, this dis-
ease induction model in mice with insulin peptide B:9–23 is described.

1.5. Peptide Vaccine-Induced Anaphylaxis in the NOD Mouse

The identification of autoantigens in autoimmune diseases such as type 1
diabetes or multiple sclerosis has made peptide immunotherapy possible. In
fact, peptide vaccine trials are currently underway in type 1 diabetes for an
altered peptide ligand of insulin peptide B:9–23 (20), for GAD peptides, and
for heat shock protein 60 (HSP60) (p277) (21). However, in mouse studies of
peptide vaccination, anaphylaxis has been reported in diabetes experiments
using the B:9–23 peptide (22) and GAD peptides (23) and in multiple sclerosis
studies (experimental autoimmune encephalitis) using proteolipid protein
(PLP) (139–151) and myelin oligodendrocyte glycoprotein (MOG) (35–55)
peptides (24). Even more concerning is the report of systemic hypersensitivity
reactions in humans during phase II trials with an altered peptide ligand for
myelin basic protein (MBP) (83–99) (25,26), which led to the premature dis-
continuation of therapy in some patients. More research into peptide-induced
anaphylaxis, specifically regarding prediction and prevention is needed to gain
better understanding of this added risk in peptide immunotherapy.

In this section, we describe an established model of B:9–23-induced ana-
phylaxis that is consistent and usually fatal for NOD mice 6 wk after the start
of injections. Mice receiving repeated injections of B:9–23 peptide develop
high titers of immunoglobulin G1 (IgG1) anti-B:9–23 antibodies. We have
not been able to detect specific antipeptide IgE antibodies even though, for
pathogenesis, both IgG and IgE are important, and anaphylaxis is mediated by
both platelet-activating factor and histamine (22).
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2. Materials
2.1. Anti-Islet Autoantibody Assays

1. Buffer 1: 20 mM Tris-HCl at pH 7.4, 150 mM NaCl, 0.1% bovine serum albumin
(BSA), 0.15% Tween-20, 0.1% sodium azide.

2. Buffer 2: 20 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1.0% BSA, 0.15% Tween-20,
0.1% sodium azide.

3. Protein A-Sepharose (Amersham, Piscataway, NJ, cat. no. 17097402).
4. Protein G-Sepharose (Amersham, cat. no. 17061802).
5. 125I-insulin (Amersham, cat. no. IM166).
6. 96-well polymerase chain reaction (PCR) plate (Fisher, Hampton, NH, cat. no.

05500-48).
7. 96-well filtration plates (Fisher, cat. no. 3504).
8. Bottle-Top 500-mL filters (Fisher, cat. no. 09-740-22J).
9. TopSeal (PerkinElmer, Boston, MA, cat. no. 6005185).

10. Microscint-20 (PerkinElmer, cat. no. 6013621).

The following equipment is used:

TopCount -counter (PerkinElmer).
Vacuum-operated 96-well plate washer (Millipore, Billerica, MA).
96-well plate shaker (Wallac-Delfia, Torrance, CA).
Fume hood.
Biological and radio safety cabinet.
–20°C freezer.
4°C refrigerator.
Pipette-Aid.

2.2. Utilization of Tetramers in the Study of Autoreactive T Cells
1. Female NOD mouse between ages 9 and 15 wk.
2. Phycoerythren (PE)-labeled NRP-V7-Kd tetramer (NRP-V7 sequence: KYNKA

NVFL).
3. PE-labeled TUM-Kd tetramer (control tetramer, sequence KYQAVTTTL).
4. Microhematocrit capillary tubes (Fisher, cat. no. 22-362-566).
5. Bio-Rad Titertube® Micro Tubes (Bio-Rad, Hercules, CA, cat. no. 223-9391), 1-

mL volume.
6. Red blood cell (RBC) lysis buffer (see Subheading 1.2.).
7. Fluorescence-activated cell sorter (FACS) staining buffer (see Subheading 1.2.).
8. FACS machine and appropriate FACS tubes.
9. Antimouse CD8-FITC (fluorescein isothiocyanate), CD8-PE, and B220-PerCP

(Pharmingen, cat. no. 553031, 553033, and 553093) (see Subheading 1.2.).

2.3. Diabetes Prevention in the NOD Mouse
1. Female NOD mice, age 4 wk (Taconic Farms, Germantown, NY).
2. Insulin peptide B:9–23 (SHLVEALYLVCGERG) and the control peptide

TT:830–843 (QYIKANSKFIGITE) are more than 90% pure following high-
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performance liquid chromatographic (HPLC) purification (Synpep Corp.,
Dublin, CA).

3. FIA (cat. no. F-5506, Sigma, St. Louis, MO).
4. Lipopolysaccharide (LPS)-free sterile saline.

2.4. Peptide Induction Model of Type 1 Diabetes (Experimental
Autoimmune Diabetes)

1. BALB/c mice or RIP-B7.1-BALB/c mice (backcross one generation), age 4 wk.
2. Insulin peptide B:9–23 (SHLVEALYLVCGERG) and the control peptide

TT:830–843 (QYIKANSKFIGITE) are purchased more than 90% pure by HPLC
purification (Synpep Corp.).

3. FIA (cat. no. F-5506, Sigma).
4. Poly-IC (cat. no. P-153, Sigma).
5. LPS-free sterile saline and sterile PBS (phosphate-buffered saline).

2.5. Peptide Vaccine-Induced Anaphylaxis in the NOD Mouse
1. Female NOD mice, age 4 wk (Taconic Farms).
2. Insulin peptide B:9–23 (SHLVEALYLVCGERG) is more than 90% pure fol-

lowing HPLC purification (Synpep Corp.).
3. LPS-free sterile saline.
4. Rectal temperature probe (451 Probe and 4600 Precision Thermometer, Yellow

Springs Instrument Co., Yellow Springs, OH).

3. Methods
3.1. Anti-Islet Autoantibody Assays

On day 1, in the morning, retrieve and thaw sera to be tested. At midday:

1. Set up incubation of sera in buffer 1.
2. Prepare protein A/G-Sepharose in buffer 1.
3. Coat the 96-well plates with buffer 1.

On the morning of day 2:
4. Add above sera plus buffer 1 to protein A/G-Sepharose in 96-well filtration plates.
5. Wash plates with buffer 2.
6. Dry plates.
7. Add scintillation liquid.

In the afternoon:
8. Count.
9. Analyze data.

The methods described below outline the following:

Incubation of serum with labeled antigen with and without cold insulin over-
night.
Precipitation of antibody-bound labeled antigens with protein A/G-Sepharose in
a 96-well plate format, with each serum tested in duplicate.
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Washing of the 96-well plates to remove unbound labeled antigens.
Counting of each well with a 96-well plate -counter.
Results expressed as an index.

3.1.1. Incubation of Serum Samples With 125I-Insulin

Each 96-well plate is sufficient for testing 24 samples in duplicate (24 dupli-
cates with cold insulin and 24 duplicates without cold insulin; usually, four
plates can easily be run at one time, for a total of 96 samples).

1. Spin sera to remove fibrin clots (otherwise, these may partially block membrane
in bottom of wells).

2. Prepare the stock solution of 125I-insulin: Use 1 mL of 5% BSA in PBS to dis-
solve the powder of 10 µCi of 125I-insulin.

3. Calculate how much 125I-insulin and cold insulin is required.

To process two plates, 6.4 mL of washing buffer is required: 48 × 4.2 ×30 =
6 mL (48 samples, with 30 µL/well; in duplicate for both with and without cold
insulin wells, but multiply by 4.2 rather than 4 to allow for extra volume). For
each well, 20,000 cpm is used.

3040 µL buffer 1 + 160 µL 125I-insulin = 3.2 mL

2784 µL buffer 1 + 160 µL 125I-insulin + 256 µL humulin (or Novolin) = 3.2 mL

Keep the buffer with labeled antigen mixture on ice.

1. Mix each serum sample with buffer-antigen mixture in a PCR tube (or similar
tube): use 6 µL serum and 30 µL buffer; use 2 wells for each sample; and use the
same control samples for every assay.

2. Vortex and incubate 2 h at room temperature and overnight at 4°C.

3.1.2. Preparation of 96-Well Filtration Plates and Protein
A/G-Sepharose

1. Coat the plate with BSA by adding 150 µL of buffer 1 to each well.
2. Incubate overnight at room temperature after placing the plate on aluminum foil.
3. Remove the washing buffer.
4. The plates are now ready for running the assay, but can be stored at 4°C if neces-

sary.
5. Prepare protein A/G-Sepharose.

3.1.3. Prepare Protein A-Sepharose

1. Use only plastic tubes because protein A sticks to glass.
2. For each plate, take 5 mL protein A-Sepharose in a 50-mL tube. Spin and remove

the fluid phase. Wash twice times with buffer 1.
3. Finally, add buffer 1 to give 62.5% concentration of protein A-Sepharose by

volume.
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3.1.4. Prepare Protein G-Sepharose

1. Use only plastic tubes because protein G sticks to glass.
2. For each plate, take 1 mL protein G-Sepharose in buffer 1 in a 50-mL tube. Spin

and remove the fluid phase. Repeat once with buffer 1.
3. Finally, add buffer 1 to give 40% concentration of protein A-Sepharose by volume.

3.1.5. Mix Protein A/G-Sepharose

Mix protein A/G-Sepharose at a 4:1 ratio (final concentration 50% protein
A/8% protein G).

3.1.6. Immunoprecipitation With Protein A-Sepharose

1. Add 50 µL of protein A/G-Sepharose mixture to each well. Use Eppendorf
multipipettor and resuspend the protein A/G-Sepharose after each row of the plate
is done (5 mL of protein A/G-Sepharose are needed per plate).

2. Add 30 µL of overnight incubate to each well (i.e., each serum will be tested in
duplicate).

3. Shake the plate on a plate shaker for 45 min at 4°C. Accurate timing is important.
4. Place the plate on a Millipore plate washer device (with vacuum set low).
5. Wash the plate three times with 200 µL of washing buffer per well.
6. Add 130 µL of washing buffer to each well. Shake for at least 5 min at 4°C.
7. Wash the plate four times with 200 µL of washing buffer per well (change the

plate direction after two times of washing at this stage).
8. Place the plate under a lamp for approx 10 min to dry. Rotate the plate several

times to ensure even drying and check its appearance. Drying is complete when
deep fissures in the Sepharose are visible in the bottom of the wells. Do not
overdry and be careful not to melt the plastic parts of the plate.

9. Add 50 µL of scintillation cocktail (Microscint-20) to each well.
10. Count on TopCount 96-well plate -counter.

3.1.7. Data Analysis

1. Delta cpm: Mean cpm of duplicates without cold insulin ( Mean cpm of dupli-
cates with cold (unlabeled) insulin.

2. For the cpm index for each sample:

(Sample delta cpm – NC delta cpm)/(PC delta cpm – NC delta cpm)

where NC is the negative control serum, and PC is the positive control serum.

3.2. Utilization of Tetramers in the Study of Autoreactive T Cells

1. Bleed NOD mouse to fill heparinized capillary tube (approx 70 µL blood). Use
70 µL blood per FACS tube to be stained (see Subheading 1.2.).

2. Insert each Bio-Rad Titertube Micro Tube into an FACS tube. All processing of
blood and tetramer will take place in the microtube on ice.
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3. RBC lysis: Push blood into microtube and flush with a total of 500 µL RBC lysis
buffer (see Subheading 1.2.). Let RBC lysis occur for 10 min.

a. Dilute with 500 µL PBS to stop lysis.
b. To pellet, spin at 450g and 4°C for 5 min.
c. Carefully suction out supernatant (preserve the cell pellet). Do not pour because

the pellet does not adhere to the bottom of the tube.
d. Repeat lysis as needed (see Subheading 1.2.).
e. Following the last lysis procedure, dilute with PBS/10% fetal bovine serum.
f. Spin to pellet and begin washing procedure.

4. Washing procedure:

a. Wash with 900 µL PBS. Be sure to agitate cells with pipet to ensure thorough
washing.

b. Spin to pellet at 450g and 4°C for 5 min.
c. Repeat washing, but this time use FACS staining buffer.
d. After pelleting the cells, carefully suction supernatant, leaving approx 70–

100 µL of supernatant in the tube. Be sure to leave approximately the same
volume in each tube for equal staining.

5. Staining procedure (see Fig. 1):

a. Add 1 µL tetramer (NRP-V7 or TUM) to corresponding experimental tubes
(see Subheading 1.2.).

b. Keep on ice, shielded from light, on a gentle shaker for 2.5 h.
c. After 2.5 h, add antibodies to corresponding tubes and stain for an additional

30 min: For compensation tubes, to unstained, do not add antibody; for CD8-
FITC, add 1 µL of antibody; for CD8-PE, add 1 µL of antibody; for B220-
PerCP, add 1 µL of antibody. For experimental tubes with tetramer, add
CD8-FITC and B220-PerCP (1 µL each).

d. Wash three times with FACS staining buffer.
e. After final wash, pellet cell and suction supernatant, leaving again approx

100 µL per tube for FACS analysis.
f. For FACS analysis, use the following general strategy:

Set lymphocyte gate; adjust settings/compensation using the compensation
tubes; acquire 20–30,000 gated events per tube; exclude all B220+ cells from
gate for tetramer+/CD8+ T cells. The percentage tetramer staining cells is
based on

(Tetramer+ CD8+ B220– cells)/(all CD8+ B220– cells)

The percentage NRP-V7 tetramer-positive cells is derived from

% NRP-V7 tetramer positive – % TUM tetramer positive
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Fig. 1. Staining strategy of mouse peripheral blood with tetramer.

3.3. Diabetes Prevention in the NOD Mouse

1. Prepare the peptide vaccine. (See Subheading 1.3.)
a. Resuspend each peptide in sterile LPS-free saline at a concentration of 2 mg/mL.
b. Adjust the pH to 7.0 with 1 M NaOH or 1 M HCL.
c. For each mouse to be immunized, transfer 100 µL of peptide into a 1.5-mL

microcentrifuge tube.
d. Add IFA to tube at a 1:1 volume with peptide (final concentration of peptide

is now 1 mg/mL).
e. Vortex the peptide/IFA vigorously to emulsify (we seal the tube, secure it to

the vortexer, and leave on for at least 10 min). Emulsification occurs when
vaccine has the consistency of mayonnaise.

f. Centrifuge briefly to concentrate vaccine to the bottom of the tube for col-
lection.

g. Transfer the vaccine into 1-mL syringes.

2. Female NOD mice are injected with 100 µL (100 µg peptide) of emulsified vac-
cine subcutaneously in the back of the neck at age 4 wk.
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3. For monitoring, blood is obtained every 4 wk for IAA determination. Blood glu-
cose is measured weekly (usually by tail bleed) starting at age 12 wk and using
standard home glucose monitors. A mouse with a blood sugar above 250 mg/dL
on two separate days is considered diabetic. Diabetes usually develops between
16 and 30 wk, but follow-up to 1 yr for diabetes is recommended, depending on
the experimental regimen.

3.4. Peptide Induction Model of Type 1 Diabetes (Experimental
Autoimmune Diabetes)

1. Prepare the peptide vaccine (see Subheading 1.4.).
2. Prepare the poly-IC in PBS solution (1.5 mg/mL).
3. B:9–23 peptide in IFA is given subcutaneously to BALB/c mice or B7.1-BALB/

c mice at age 4 wk (day 1). In addition, poly-IC (7.5 µg/g body weight on days 1–
5 and 8–14) is administered intraperitoneally to the mice.

4. For monitoring, blood glucose is measured weekly starting at age 4 wk, and the
mice are considered diabetic after two consecutive blood values greater than
250 mg/dL. IAA expression is also measured beginning at age 4 wk until the
development of diabetes or until age 32 wk. At the end of the experiments, islet
histology is analyzed.

3.5. Peptide Vaccine-Induced Anaphylaxis in the NOD Mouse

1. Prepare the peptide vaccine (see Subheading 1.5.):

a. Resuspend each peptide in sterile LPS-free saline at a concentration of 1 mg/mL.
b. Adjust the pH to 7.0 with 1 M NaOH or 1 M HCl.

2. Sensitization phase: Female NOD mice at age 4 wk are injected subcutaneously
with B:9–23 peptide in the back of the neck on days 1–5 and 8, then weekly
thereafter.

3. Induction phase: At age 10 wk (sometimes as early as 9 wk), mice are considered
sensitized. Observe for signs of anaphylaxis induction within 30 min after injec-
tion, starting at age 9–10 wk.

4. Notes
4.1. Anti-Islet Autoantibody Assays

1. Buffer should be filtered (0.45-µm filter) to prevent any particles blocking the
membrane in the bottom of the wells of the 96-well plate (which would decrease
washing efficiency and increase the assay background). Store buffers at 4°C in a
sterile bottle for up to 3 mo.

2. The standard positive sample should be selected from new-onset diabetic
patient(s) with a high positivity of mIAA (cpm range 1000 to 2000) and before
insulin injection.

3. All assays are run in duplicates, along with standard positive and negative con-
trol serum samples. If the positive control is above or below 30% of its standard
cycles per minute, results are regarded as invalid, and the test is rerun until the



Animal Models of Insulin-Dependent Diabetes 209

positive control result falls within this range. One internal low positive control
should be used for monitoring the sensitivity and variability of assay.

4. This assay could be performed without a TopCount -counter. The MultiScreen
filtration plate and a punch-out system (Millipore) could be used for regular scin-
tillation vials and regular -counter, but this is less convenient.

5. The assay is not able to distinguish between natural IAAs and insulin antibodies
induced following insulin injections.

4.2. Utilization of Tetramers in the Study of Autoreactive T Cells

6. RBC lysis buffer: 8.29 g NH4Cl (0.15 M ), 1 g KHCO3 (1.0 mM), 37.2 mg
Na2EDTA; add 800 µL of H2O and adjust pH to 7.2–7.4 with 1N HCl; add H2O to
1 L; and filter-sterilize with 0.2-µm filter and store at room temperature.

7. FACS staining buffer: 0.1% sodium azide, 1 mM EDTA, 2% fetal bovine serum,
and 1X Hanks’ balanced salt solution (no phenol red; - Gibco cat. no. 14025-092).

8. CD8-PE is used for PE control during FACS analysis compensation. B220-PerCP
is for B-cell staining and exclusion during FACS analysis.

9. Determine number of tubes needed for staining: Four extra tubes will be needed
for compensation and the like (unstained, CD8-FITC alone, CD8-PE alone, and
B220-PerCP alone). For each experimental point, only two tubes will be needed:
one for NRP-V7 tetramer PE plus CD8 FITC plus B220-PerCP and one for TUM
tetramer PE plus CD8 FITC plus B220-PerCP.

10. Be sure to agitate the cells gently using pipet to prevent clumping and ensure
good RBC lysis.

11. Cell lysis is time consuming, but is more efficient than using Ficoll gradient in
preserving cell numbers. We find that adequate RBC lysis requires at least three
cycles of lysis and spinning. The red color does not have to be entirely clear
because RBCs can be gated out during FACS analysis.

4.3. Peptide Vaccine-Induced Anaphylaxis in the NOD Mouse

12. Signs of anaphylaxis: Within 30 min of injection with B:9–23, mice induced to
anaphylax will initially have decreased movement and appear hunched over. The
respiratory rate increases. Excessive scratching is noted. As anaphylaxis
progresses, mice begin to lay prone; extremities turn blue. Later, body tempera-
ture decreases. Death can occur within 30 min. Other mice will recover spontane-
ously and can be used for future experiments (they are considered sensitized).

13. Monitoring anaphylaxis:

a. A clinical anaphylaxis score (CAS) was developed based on clinical features of
mice experiencing anaphylaxis; mice are scored at baseline, then every 5 min
up to 30 min following induction: score 0 = normal activity, no signs of ana-
phylaxis; score 1 = decreased movement, hunched over; score 2 = mice begin
to lay prone, loss of self-righting reflex; score 3 = mice become moribund
with cool, blue extremities.
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b. Because anaphylactic shock is associated with a decrease in core body tem-
perature, rectal temperature is measured at baseline, then once at 15 min, and
again at 30 min. This is considered a more objective measurement to monitor
anaphylaxis. Lubricate the temperature probe before rectal insertion.

c. Confirmation of anaphylaxis is by the presence of an abnormality in both
CAS (score 1 or greater) and a decrease in core body temperature.
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Generation, Maintenance, and Adoptive Transfer
of Diabetogenic T-Cell Lines/Clones From the Nonobese
Diabetic Mouse

Martha J. Milton, Michelle Poulin, Clayton Mathews,
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Summary
The ability to generate, maintain, and use cloned lines of T cells reactive for self-antigens

has opened up a new avenue of investigation for researchers. These T-cell clones allow the
rapid induction of tissue-specific autoimmunity with the intent of dissecting the contribution of
the different cell types involved. T cells from the diabetes-prone nonobese diabetic mouse are
proving to be a vital asset for understanding the T-cell-mediated pathogenesis that leads to
overt -cell destruction. T-cell clone adoptive transfer protocols have been developed for use
in immunodeficient strains, thus reducing the complexity of mechanism of disease initiation.
Furthermore, these T-cell clones have been used to derive T-cell receptor transgenic (TCR-Tg)
animals carrying only self-reactive T cells. The use of these TCR-Tg animals to study patho-
genesis has also evolved from the ability to generate, maintain, and use T-cell cloned lines.
This chapter focuses on primary culture for the generation of T-cell lines and clones, their long-
term maintenance, and their use in disease transfer for studying the pathogenesis of end-organ
autoimmunity.

Key Words: Adoptive transfer; end-organ autoimmunity; islet; nonobese diabetic mouse;
T cell; type I diabetes.

1. Introduction
Type I diabetes (TID) is a chronically progressive, T-cell-mediated autoim-

mune disease that affects humans and some inbred strains of rodents, such as
the nonobese diabetic (NOD) mouse and the diabetes-prone biobreeding (BB)
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rat (1). In humans, the progression of clinical symptoms associated with diabe-
tes can take years, and in mice and rats, the disease manifests within months
(2,3). TID is characterized by T-cell-mediated mononuclear cell infiltration
of the pancreatic islets, leading to autoimmune destruction of insulin-produc-
ing pancreatic -cells. Studies conducted in the NOD mouse have determined
that the infiltrate within the islets (insulitis) is composed of CD4+ and CD8+ T
lymphocytes, B lymphocytes, macrophages, and dendritic cells (4–9).

T-cell subsets play an obligatory role in disease initiation as T-cell defi-
cient NOD mice carrying the Prkdcscid (NOD.scid) mutation or with a tar-
geted disruption of the Recombination activating gene 1 (Rag1) (NOD.Rag)
develop neither diabetes nor insulitis. In the NOD mouse, it has been demon-
strated that CD8+ T cells are critical for the initiation of disease progression;
the CD4+ population is necessary for the mobilization of the mononuclear
cell infiltrate. Although CD8+ T cells are critical in the diabetes process,
CD8+ T cells isolated from either prediabetic or overtly diabetic NOD mice
cannot independently initiate TID (4,10,11). CD4+ T lymphocytes isolated
from prediabetic NOD donors can home to the islets, but they cannot initiate
TID in the absence of CD8+ T cells. However, CD4+ T cells isolated from the
spleens of overtly diabetic NOD mice can transfer TID to NOD.scid re-
cipients (4). Thus, it appears that the CD8+ T-cell population that contrib-
utes to TID development in the prediabetic NOD mouse depends on helper
functions provided by CD4+ T cells (12) and that the CD4+ cell activation may
require CD8+-induced -cell necrosis to initiate the antigen-presenting cell
(APC) presentation of -cell antigens and to activate autoreactive CD4+.

The CD4+ and CD8+ T-cell receptor (TCR) transgenic (TCR-Tg) mouse
models that express a TCR from diabetogenic clones support this concept of
critical expansion for initiation of disease. Interestingly, T cells from either
CD4+ (13) or CD8+ (12) TCR-Tg strains, in which the T-cell repertoire is
skewed to a single CD4+ or CD8+ TCR, can independently initiate diabetes.
This suggests that, when overwhelming numbers of -cell autoreactive T cells
are present, these cells can initiate TID. Although the progression to frank
diabetes in TCR-Tg mice is accelerated compared to that in humans or NOD
mice, methods for increasing the progression of T-cell-mediated -cell
destruction allow the investigator to study the pathogenesis at a much
faster rate.

This chapter focuses on the primary culture of T cells for the generation of T-
cell lines and clones and their use in disease transfer, as well as the use of spleen
cells from spontaneously diabetic NOD mice in an adoptive transfer model of
accelerated diabetes in young NOD and NOD.Rag mice. These accelerated
models aid in rapid dissection of the precise mechanisms of -cell destruction.
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2. Materials
2.2. Mice

1. Spleen donors: adult male NOD mice age 6–9 wk and spontaneously diabetic
(approx 16-wk-old) NOD female mice.

2. Recipients: NOD or NOD.Rag mice age 3–14 d.

2.2. Medium/Solutions
1. Complete medium (CM) with 10% fetal calf serum (FCS) (see Note 1 for pri-

mary culture): 500 mL high-glucose Dulbecco’s modified Eagle’s medium
(DMEM), 55 mL FCS (low endotoxin), 1.5 mM L-glutamine, 10 mL MEM non-
essential amino acids (100X stock; Invitrogen, Carlsbad, CA), 50 mg/mL gen-
tamicin, 5 mM HEPES, 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol. Add
all supplements to DMEM and sterile filter.

2. Sterile red blood cell (RBC) lysis buffer (ACK lysis buffer): 150 mM NH4Cl,
10 mM KHCO3, 0.1 mM ethylenediaminetetraacetic acid (EDTA) at pH 7.2.

3. Trypan blue.
4. Sterile Hanks balanced salt solution (HBSS).
5. 95% and 70% ethanol.
6. Normal mouse serum (NMS) (see Note 2).
7. Nonenzymatic cell dissociation buffer (Invitrogen).
8. Indomethacin (Sigma, St. Louis, MO, I7378).

2.3. Equipment
1. 15-mL conical tubes.
2. Sterile, autoclavable scissors and forceps (2 pairs of each).
3. Sterile, autoclavable glass homogenizer (7 mL for up to two spleens, 2 mL for

one spleen or lymph nodes, LNs).
4. Hemocytometer and coverslip.
5. Microcentrifuge tubes for counting cells.
6. Cell strainer (70-µm cutoff).
7. Filters (0.22 µm) for medium/HBSS.
8. Sterile 1-mL syringes and 26-ga needles.
9. 162, 75, 25 cm2 tissue culture flasks.

3. Methods
The methods detailed in the following section outline (a) the isolation and

preparation of the diabetic donor spleen cells from female diabetic NOD mice,
(b) the primary culture for isolation as well as maintenance and expansion of
antigen-specific T-cell clones in vitro (5–7,14), (c) the adoptive transfer of the
prepared diabetogenic spleen cells or T-cell clones/lines by intraperitoneal injec-
tion of young (6- to 10-d-old) NOD and NOD.Rag mice (7,14–18), and (d) urine
and blood glucose monitoring of recipient mice for detection of glucosuria and
hyperglycemia after adoptive transfer of diabetogenic T cells.
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3.1. Sterile Removal of Lymph Nodes and Spleen (see Note 3)

1. Prior to sacrificing mice (by approved animal care protocol), have an ice bucket
with 100 mL 95% ethanol in a beaker for maintaining sterility of surgical utensils,
10 mL of DMEM plus 0.3–0.5% supplemented with normal mouse serum (NMS)
(DMEM-NMS) in a 15-mL conical tube on ice, sterile tools, and a sterile pad.

2. In a biosafety hood on a sterile blue pad, lay the mouse flat on its back and coat
the exposed fur with 70% ethanol. Designate one pair of scissors and forceps as
the outside pair and the other set as the inside pair prior to making an incision.
Use the outside forceps to lift the skin away from the mouse at the urethral open-
ing and make an incision beginning at the urethral opening to the chin of the
mouse (Fig. 1).

3. Next, make an incision on either side of the first incision down to the knee, re-
sulting in an incision that looks like an upside-down Y. This should expose the
organs and leave the peritoneal wall intact.

4. Put the designated outside tools back in the beaker of 95% ethanol and use the
inside forceps to lift the peritoneal layer and cut it to expose the organs. At this
point, you are ready to remove the LNs (see Fig. 2). If the animal was immunized
prior to LN harvest, only the draining LN from the site of injection need be re-
moved. Use the forceps to hold the spleen gently while using the scissors to de-
tach it from the pancreas and intestines. Immediately place the spleen in the
DMEM-NMS.

5. Pour the spleen(s)/LN and medium into a glass homogenizer and pour off 5 mL
of DMEM-NMS, leaving the spleen and 5 mL of DMEM-NMS in the homog-
enizer. Grind to a single-cell suspension and pour the cells into a 15-mL conical
tube. Pour the remaining 5 mL of media into the base of the homogenizer and
repeat the grinding.

6. Spin the cells at 330g for 5 min. Aspirate the supernatant (SN) and gently resus-
pend the pellet in 3 mL of RBC lysis buffer per spleen. Incubate for 5 min at
room temperature. Immediately add an equal volume of DMEM-NMS, mix by
gentle pipetting, and spin at 330g for 5 min. Repeat the wash (see Note 4). Resus-
pend the pellet from one spleen in 5 mL of DMEM-NMS and pour through a cell
strainer into a sterile conical tube. Wash tube and strainer with an additional 5
mL per spleen for a total of 10 mL per spleen or LN. The single-cell suspension
of spleen/LN is now ready for primary culture.

3.2. Primary Culture of T Cells

1. For primary cultures, cells are normally seeded at 1 × 107 cells in 1–2 mL of
medium in 24-well tissue culture plates. The 1 × 107 LN/spleen cells are put into
culture with the appropriate antigen at the desired concentration (see Note 5).

2. The cultures are then adjusted to the final volume with medium. No cytokine is
added at this time to avoid generating interleukin (IL)-2-dependent T cells.
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Fig. 1. Diagram of subcutaneous incision for isolation of LNs and spleen from dia-
betic and antigen-specific immunized mice. Animals are soaked in 70% ethanol to
create an aseptic environment and matt the fur. The first incision is from the urethral
opening to the chin, then from the urethral opening to either side of the knee. The
incision is made to keep the peritoneal wall intact so the organs remain within the
peritoneal cavity. (Obtained with permission from The Virtual Mouse Necropsy,
www.geocities.com/virtualbiology/necropsy.html.)

3. The cells are cultured for 5 d at 37°C and 5% CO2. After the 5-d incubation, the
cells are ready to be restimulated according to the standard restimulation protocol
(see Subheading 3.3.). This protocol is carried out every 2 wk (see Note 6). At this
point, the primary culture contents can be switched into complete medium (CM).

3.3. Restimulation of Th1 T-Cell Clones

3.3.1. Responder T Cells

1. Responder T cells from a 2-wk restimulation flask are considered resting T cells and
are used to continue the propagation of the antigen-specific T cells in a new 2-wk
restimulation cycle. After resuspending the cells thoroughly, remove 100 µL to
determine cell count and viability.

2. Add 20 mL trypan blue to identify dead cells, and count viable cells using a
hemacytometer.
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Fig. 2. Diagram of LNs located subcutaneously or in the connective tissues between
muscles. If the animals have been immunized prior to harvesting the LNs, it will not be
difficult to locate the nodes. If the animal has not been immunized, the nodes may be
difficult to see. Look for bead-shape structures, which can range in color from a yel-
lowish white to tan, depending on the strain of the mouse. Clearly, if the mouse is
pigmented, the nodes will be darker than those of an albino mouse.
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3.3.2. Preparation of APCs

1. Aseptically remove spleens from nondiabetic NOD mice not younger than age 6
wk and place in snap-cap tubes containing 2 mL CM.

2. In a homogenizer, break up organ to the point at which a single-cell suspension is
achieved as described in Subheading 3.2.

3. Prepare a 1:50 dilution by adding 20 µL of spleen cells to 980 mL CM. Pipet 100
µL of cells into a 0.6-mL centrifuge tube containing 20 mL trypan blue. Count
viable cells (not RBCs) using a hemacytometer (see Note 7).

4. APCs must be irradiated at 3500 rad or treated with mitomycin C (25 µg/mL)
prior to addition to restimulation cultures. These treatments block lymphocyte
proliferation, but allow processing and presentation of antigen by APCs. In addi-
tion, peritoneal macrophages may be used as a source of APCs without the need
for irradiation (see Note 8).

3.3.3. Antigen for Whole Islet/Islet-Antigen Reactive T Cells

Irradiated (3500 rad) islet cells, islet fractions, or specific islet-associated
antigen(s) may be used (see Note 8).

3.3.4. Components of Restimulation Culture

1. In a 25-cm2 tissue culture flask, combine 1 × 106 responder T cells (5 mL at 2 ×
105 cells/mL) and 2.5 × 107 irradiated or mitomycin C-treated APCs (25 µg/mL)
(2.5 mL at 1 × 107 cells/mL).

2. If carrying T cells on islet cells use 5 × 104 islet cells (2.5 × 103 cells/mL) or other
desired antigen and 7 U/mL recombinant IL-2 (rIL-2).

3. Bring to a volume of 20 mL with CM, loosen caps slightly to allow for gassing (if
not vented), and tighten after 24 h.

4. Incubate flasks upright at 37°C and 5% CO2 for 2 wk.

3.4. Assay of Antigen-Specific Response of T-Cell Clones

3.4.1. Responders (T Cells)

Resting T cells from 2-wk restimulation culture are counted as described in
Subheading 3.3.1. and diluted to 2 × 105 cells/mL with fresh CM after cen-
trifugation at 330g for 10 min.

3.4.2. APCs for Antigen-Specific T-Cell Response

The procedure is as described in Subheading 3.3.2. for APC isolation. Count
viable cells (not RBCs) using a hemacytometer.

3.4.3. Antigen

Islet cells are prepared as for restimulation (5000 irradiated islet cells/well)
(see Note 8). Use peptides or other antigens to test (various concentrations to
be determined empirically).
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3.4.4. In Vitro Antigen Recall Assay

To assess antigen specificity of T cells from primary culture, an in vitro
antigen recall assay is performed. In a 96-well, flat-bottom tissue culture plate,
add the following:

Responder T cells: 20,000 cells/well in 100 µL
APCs: 5 × 105 cells/well in 50 µL
Antigen: Appropriate concentration in 50 µL
Indomethacin: 50 µL of 100 mM solution, 20 mM final concentration.
Control wells: Responder T cells alone and responder T cells plus APC (no anti-
gen), both in triplicate (see Note 9).
Bring control wells to a volume of 200 µL with CM. At 65 h, plates can be pulsed
with 1 µCi/well tritiated thymidine and harvested on glass filter mats 6–8 h later
using a cell harvester. Proliferation quantified by thymidine incorporation can then
be determined by counts per minute on a scintillation counter. Alternatively,
assessment of antigen specificity can be determined by harvesting SNs at 72 h
for enzyme-linked immunosorbent assay analysis of interferon- .

3.4.5. Cloning of Antigen-Specific T Cells for Generation of T-Cell
Clones

Once it has been established that the T cells from the restimulation flask are
antigen specific in an in vitro antigen-specific recall assay, the T-cell lines can
be cloned under limiting dilution conditions. The T-cell lines are cloned by
limiting dilution in 96-well, round-bottom plates containing 5 × 105 irradiated
APCs, 5 × 103 irradiated islet cells or specific islet cell protein as antigen and
rIL-2 (7 U/mL).

3.5. Preparation of Cells for Adoptive Transfer

3.5.1. Expansion of T-Cell Clones or Lines

For the expansion of T-cell clones for use in adoptive transfer assays, it is
necessary to prepare additional restimulation flasks as described in Subhead-
ing 3.3.. These additional flasks are used to seed the larger expansion cultures
to generate the required number of T cells for transfer into recipient.

1. On day 4 after restimulation, prepare fresh CM. Add rIL-2 (14 U/mL) and CM to
appropriately sized flasks (see Table 1).

2. Set on ice for 20 min to help facilitate removal of the cells from the bottom of the
flask.

3. Remove 100 µL for counting.Transfer remaining volume to expansion flask.
4. For cells that stick to the bottom of the flask even after ice treatment, it is neces-

sary to remove the medium, rinse the bottom of the flask with HBSS (calcium
and magnesium free) or PBS, add 1 mL of nonenzymatic cell dissociation buffer,
and incubate for 3 min at 37°C. Vigorously tap the flask to resuspend and remove
cells. Rinse the flask with reserved medium and retain.
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Table 1
Components Expansion Culture

Components 162-cm2 flaska 75-cm2 flaska 75-cm2 flaska 25-cm2 flaska

T-cell clones 20 mL 10 mL 5 mL 2 mL
CM 95.2 mL 47.6 mL 23.8 mL 7.6 mL
Total volume 120 mL 60 mL 30 mL 10 mL

aRecombinant IL-2 (rIL-2) (14 U/mL) is added to the flask to facilitate T-cell expansion.

5. Centrifuge the cells at 330g for 5 min. Resuspend the cell pellet in 20 mL of fresh
CM and add to a 162-cm2 flask with CM and rIL-2 according to Table 1.

6. Culture the cells for 4 d at 37°C and 5% CO2 with the flasks lying flat.
7. On day 4 of subculture (day 8 since restimulation), remove and save the superna-

tant (SN) in 50-mL tubes. Rinse the flask with 5 mL HBSS and save with SN.
Add 7 mL dissociation buffer to each 162-cm2 flask (4 mL dissociation buffer for
75-cm2 flasks) and incubate for 3 min at 37°C. Strike the flask hard with the heel
of a gloved hand to bring cells off the flask bottom (cells tend to come off in a
sheet).

8. Resuspend the cells with a pipet. Pour the reserved SN back into the flask, mix,
and remove an aliquot for counting. Note the volume for calculation of cell yield.

3.5.2. Preparation of Expanded T-Cell Lines/Clones for Injection

1. Centrifuge cells in 50-mL tubes at 330g for 10 min.
2. Remove SN and resuspend cells with HBSS. Pool cells into a 50-mL tube and

bring to a volume of 30–50 mL with HBSS.
3. Wash cells by centrifugation at 330g for 10 min. Repeat the washing and resuspend

cells in HBSS at the appropriate concentration for injection (2 × 108 cells/mL for
intraperitoneal injection of 107 cells in 50 µL).

4. Keep the cells on ice. Inject the cells as soon as possible. Mix well (do not vor-
tex) before filling syringe. When loading syringe, remove needle and pull up
cells (pulling cells through the needle will shear the cells).

3.5.3. Preparation of Diabetic Spleen Cells for Adoptive Transfer

1. Single-cell suspensions of spleen cells from diabetic NOD mice are prepared in
HBSS using a glass tissue homogenizer and adjusted to 2 × 108 cells/mL.

2. For adoptive transfer experiments, mononuclear cells are counted, and cell viabil-
ity is determined using trypan blue, a hemocytometer, and phase contrast micros-
copy or via a Coulter counter (see Note 10).

3. For phenotypic analyses, RBCs are lysed in spleen cell preparations by incuba-
tion in ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA at pH
7.2) for 5 min at room temperature before determining mononuclear cell counts
and viability.
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3.5.6. Monitoring of Recipient Mice for Glucosuria and Hyperglycemia

Beginning 5–7 d after adoptive transfer, recipient NOD or NOD.Rag mice
should be monitored daily for elevated urine glucose. When mice exhibit glu-
cosuria, blood or plasma glucose levels should be determined. There are many
reliable methods for testing circulating glucose levels. Some are more labori-
ous than others. Most laboratories use handheld glucometers such as those used
by diabetic patients. We currently use the Precision QID glucometer
(MediSense, Waltham, MA). Mice with blood glucose levels above 16.5 mM
(300 mg/dL) are considered overtly diabetic.

4. Notes
1. Avoid use of medium containing FCS in primary cultures because it will increase

the chances of generating T cells specific to antigens in the FCS. These cells can
be common in the NOD mouse. After two passes of T cells in primary culture,
assessment of antigen specificity will determine at which point the cultures can
be switched to DMEM plus 10% FCS (CM).

2. Normal mouse serum refers to serum obtained from a nonautoimmune mouse
strain (i.e., C57BL/6, BALB/c). Serum from NOD mice or related strains should
not be used. Use at 0.3–0.5% when fresh. If NMS is not fresh, it is necessary to
use 1–2% as a supplement for media. Medium must be filtered after serum has
been added.

3. It is very important to keep the splenocytes and any material or solution that
comes in contact with the splenocytes sterile because recipient young NOD mice
and NOD.Rags are especially susceptible to infection. Also, minimize the time
between sacrificing the animal and removing the spleen. Submersion of the mouse
in 70% ethanol, skinning the mouse, and turning the hair and outside skin under
and away from the sterile (blue pad) surface reduce the chances of bacterial con-
tamination.

4. If the RBC lysis buffer is left on the cells for too long, it will lead to lymphocyte
cell death.

5. The donor mice for primary cultures (T-cell line/clone derivation) should be
female to avoid problems with reactivity to H-Y antigen later in immunocom-
petent female recipients of adoptively transferred cells. Depending on the nature
of the desired cells, a 1:1 ratio of LN cells to spleen cells tends to work the best
for primary cultures. We do not add cytokine to primary cultures because addi-
tion of IL-2 can lead to IL-2-dependent cells growing out in the culture rather
than antigen-specific cells; addition of IL-4 leads to an outgrowth of B cells. If
cell number allows, it is a good idea to try several concentrations of antigen in the
primary cultures.

6. If growth in the primary cultures is poor, cells can be restimulated in the wells
with addition of APCs (irradiated spleen cells; see APC preparation, Subhead-
ing 3.3.2.), antigen, and rIL-2 and grown for an additional 2 wk in the 24-well
plate before they are expanded to 20-mL restimulation cultures. When expanding



Diabetogenic T-Cell Lines From the NOD Mouse 223

cells from the 24-well plate to 20-mL restimulation flasks, add all cells from 1 well
to 1 flask even if the cell count is above 1 × 106.

7. Notes on APCs: For calculation, divide the hemacytometer cell count by 4 (the
number of quadrants counted) and multiply by the dilution factor 104/mL. Also,
multiply by the dilution factor in the counting sample (50) as well as that of
adding trypan blue (1.2). Finally, multiply by the volume of cells (× milliliters) to
find the total number of cells. Dilute spleen cells to 1 × 107 cells/mL with CM.
Spleen cells should be kept on ice whenever possible until used. Irradiation
(3500 R) can be done on a single-cell suspension or intact spleens using a cesium
or cobalt source. Another option is to treat the APC preparation with mitomycin
C (25 µg/mL). An alternative to having to irradiate the APC population for in
vitro recall assays is to use peritoneal macrophages as APCs. These cells are
isolated using a peritoneal wash protocol: Use 10 mL of CM to wash the perito-
neum of NOD mice aseptically to obtain peritoneal cells (PCs) (mainly macroph-
ages) following the protocol for exposing the intact peritoneal wall described
regarding Fig. 1. Then, make a small incision near the top of the exposed area.
Hold open the incision with forceps or a hemastat. Wash the peritoneum with 1 mL
at a time of CM until the total 10-mL volume has been used. Wash once at 330g for
10 min. Resuspend in 2 mL CM. Count viable cells, excluding RBCs, using a
hemacytometer. Dilute the PCs to 5 × 105 cells/mL with CM. Do not irradiate the
PCs. Because these cells produce large amounts of prostaglandins, which can
inhibit T-cell proliferation and cytokine production (19), it is necessary to culture
them with the nonsteroidal anti-inflammatory agent indomethacin (Sigma I7378).
A working stock of 1 mM in CM is heated in a tube in boiling water to get the
indomethacin into solution and then dilute). Aliquots of stock and working solu-
tion should be stored at –20°C. Indomethacin (100 µM) should be added at 50 µL
to wells containing PC in in vitro antigen recall assays. The final concentration of
indomethacin is 20 µM.

8. The islet isolation protocol for the use of whole islets as a source of antigen
should follow the protocol of Ablamunits et al. (20). It should be noted that islet
cells are not whole islets. To generate islet cells from a whole-islet isolation,
islets must be incubated in cell dissociation buffer for an additional time to gen-
erate single islet cells. These single islet cells are then counted to give the correct
number of cells to use in the in vitro recall assay. Whenever possible, the use of
a known antigen is always an easier method for generating the T-cell lines/clones.

9. The background values of responder T cells alone and responder T cells plus
APC should be 10% or less of the values from the antigen-pulsed wells.

10. Because each recipient mouse should receive 107 diabetic splenocytes and one
diabetic NOD spleen yields about 7 × 107 splenocytes after lysing, estimate how
many mice need to be sacrificed, allotting for extra cells and error. For cell count-
ing, a “Coulter counter” may be used in lieu of a hemocytometer. Our laboratory
currently uses a Beckman Coulter® Z1 Cell and Particle Counter. For counting,
the cells should be diluted. We recommend using a greater dilution because at
high concentrations the probability of two or more cells passing through the aper-
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ture simultaneously and being counted as one cell is high. Put 0.02 mL of the sus-
pension of cells into a Coulter Accuvette 200 containing 20 mL of diluent (such as
Coulter Isoton II). Mix the sample thoroughly before counting as the cells may
settle to the bottom. This type of instrument has been available for a few decades,
and depending on the model and manufacturer, the basic operation will differ.
For the older machines, all calculations will need to be performed manually; the
output of newer equipment can be set to display cell concentration in the cell
suspension directly. The length of the count should be approx 13 s, from when
the first number appears in the register to when the counts are displayed. If the
counting time is longer than 13 s, the aperture may be clogged with debris and
should be cleaned gently with the brush provided. Any count that is obtained when
the aperture is obstructed or clogged has an unpredictable coincidence and should
be repeated. For older devices, the count displayed is the number of cells in 0.5 mL.
If 0.02 mL of cell suspension was diluted into 20 mL, multiply the number dis-
played by 2 to obtain the total counts per milliliter and then by 1000 (dilution
factor) to determine the number of cells per milliliter in the original culture/cell
suspension. Then, multiply by the total volume (in milliliters) of cell suspension
to determine the total number of cells in the suspension.
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Experimental Use of Murine Lupus Models

Stanford L. Peng

Summary
Murine models of systemic lupus erythematosus provide fertile research systems for the

pathogenesis and therapy of systemic autoimmune disease. Their phenotypes span the broad
range of clinical manifestations of human lupus and consist of both spontaneous and experi-
mentally induced disease in both inbred and targeted mutant animals. This chapter contrasts the
clinical characteristics of these various models, providing an outline for the use and analysis of
these in vivo autoimmune systems.

Keywords: Arthritis; autoantibodies; autoimmune diseases; glomerulonephritis; hemolytic
anemia; lupus; inbred mice; knockout mice; mutant mice; transgenic mice.

1. Introduction
Systemic lupus erythematosus (SLE) remains a prototypical systemic autoim-

mune disease capable of affecting virtually any organ; it is hallmarked by the
presence of autoantibodies against a wide spectrum of ubiquitous autoantigens,
including DNA and ribonucleoproteins (1,2). Because of such myriad mani-
festations, studies of disease pathogenesis and clinical therapeutics have often
turned toward animal models, primarily mice, which have disease that often
highly resembles the serological and histopathological findings of human SLE
(3,4). Dogs (5) and perhaps cats (6) may also develop lupus, but the murine
system has remained the foremost focus of scientific investigations, in large
part because of the availability of genetically homogeneous yet susceptible
strains as well as immunological and genetic reagents.

This chapter provides an overview of these various murine models, focusing
on their experimental utility and the assessment of their most commonly stud-
ied disease manifestations, autoantibodies and renal disease (Tables 1–3). A
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Table 1
Genetics of Lupus-Prone Mice

Strain H-2 V V IgH-C IgH-V IgK

BXSB/Mp b b b b c
50% C57BL/6 b b a b b c
50% SB/Le b

C3H/HeJ-gld/gld k a b j
CBA/K1Jms-lprcg k a b j
MRL/Mp-+/+ k a b j j a

12.6% AKR k a b d d a
12.1% C3H/Di k a b j k c
0.3% C57BL/6 b b b b b c
75% LG/J d/f a j j

MRL/Mp-lpr/lpr k a b j j a
NZB.H-2bm12 bm12 c b n d b
(NZB × NZW)F1 d/z

NZB d c b n d b
NZW z d a n d c

(NZB × SWR)F1 d/q c a/b n/p
(NZW × BXSB)F1 b

(SWR × SJL)F1 q/s a
SWR q c a p
SJL s c a b

(Assembled and adapted from refs. 260–270.)
aDeletion of C 1-D 2-J 2.
bd at IgH-4,5,6 ( , ,µ); e at IgH-1,2,3,7 ( 2a, , 2b, )

complete discussion of lupus pathogenesis as gleaned from these animal mod-
els is beyond the scope of this chapter and can be found in several other
reviews (7–16).

1.1. New Zealand Strains

1.1.1. Origins

The most well-described New Zealand (NZ) lupus strains include the NZ
black (NZB) × NZ white (NZW) F1 and NZ mixed (NZM). Their initial ori-
gins are somewhat obscure, but NZB appears to have originated in the late
1940s during inbreeding of outbred stocks at the University of Otago School of
Medical Sciences, New Zealand, during efforts to develop mouse strains for can-
cer research (17–19), and NZW was derived separately in 1952 during selective
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Table 2
Histopathology of Lupus-Prone Mice

Strain Life span Glomerulonephritis Arthritis Miscellaneous

BXSB/Mp 161 (m) Exudative, proliferative None
574 (f) Neutrophilic infiltrate

MRL/Mp-+/+ 546 (m) F > D > M > MP 75% pannus and infiltrate Sialoadenitis 95%
476 (f) Conjunctivitis 50%

Band keratopathy 90%
Vasculitis 7.6%

MRL/Mp-lpr/lpr 154 (m) D > F > MP > M 75% Sialoadenitis 100%
143 (f) Monocytic infiltrate Pannus and infiltrate Conjunctivitis 85%

Band keratopathy 90%
Vasculitis 55.8%
Oophritis 72%
Choroiditis 100%

NZB 469 (m) Chronic without Ig None Peptic ulcer 50%
430 (f)

NZB/W F1 406 (m) Crescentic None Sialoadenitis?
245 (f) Conjunctivitis?

Oophritis 35%
Choroiditis 60–90%

SWR/SJL F1 IgG/C3 deposits None

Assembled and adapted from refs. 7,17,22,26,101,103,104,185, and 190.
D, diffuse; F, focal; M, membranous; MP, membranoproliferative.
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Table 3
Autoantibody Production in Lupus-Prone Mice

Strain dsDNA snRNP RF RBC gp70 Cryo Miscellaneous

BXSB/Mp 100 (4–5 mo) 0 0 20–40 + + Albumin
Transferrin

MRL/Mp-+/+ 100 (4–5 mo) 83 (9 mo) + 10 + + Albumin
Transferrin
La, Ro
Ribosome P, S10
RNA poly I

MRL/Mp-lpr/lpr 100 (4–5 mo) 37 (5 mo) + 10 + + Albumin
Transferrin
La, Ro, Su
Ribosome P, S10
RNA poly I
Laminin
Cardiolipin
Collagen
Ubiquitin
mitochondria

NZB/W F1 100 (4–5 mo) 0 – 20–40 + + RNA poly I
RNA
IL-2, ubiquitin

SWR/SJL F1 21 (40 wk) 70 (40 wk) ? ? ? ?

Assembled and adapted from refs. 7,17,22,26,101,103,104,185,and 190.
Numbers indicate frequency of specific autoantibody (at tested age, if known). Cryo, cryoglobulins; dsDNA, double-stranded

DNA; RF, rheumatoid factor; RBC, erythrocyte; RNA poly I, RNA polymerase I; snRNP, small nuclear ribonucleoprotein.
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inbreeding for white coat color (20,21). Subsequent intercrosses revealed that
the NZB/W F1 progeny developed lethal glomerulonephritis, reminiscent of
human SLE (22). In the late 1980s, efforts to understand the contribution of
major histocompatibility complex (MHC) genes to disease pathogenesis led to
the development of the NZB.H-2bm12 congenic strain through backcrosses of
the spontaneously mutant I-A gene (23). Similarly, to facilitate genetic studies,
inbreeding of NZB/W F1 offspring led to the development of several NZM
strains, including the most well characterized, NZM/Aeg2410 (24,25).

1.1.2. Clinical Features

NZB/W F1 animals are primarily studied for the development of autoim-
mune glomerulonephritis, as well as autoimmune hemolytic anemia
(7,17,22,26). The former develops in close relationship to anti-double-stranded
DNA (dsDNA) antibodies, which develop in virtually all animals. In contrast,
antierythrocyte antibodies form in only approx 20–40% (22,27–31); several
other autoantibody specificities have been described, but are less well charac-
terized, including ribonucleoprotein (32–34), anticardiolipin (35,36), anti-Fc
receptor (Fc R) (37), and anti-transfer RNA (tRNA) (38).

1.1.3. Use in the Study of Lupus Pathogenesis

The NZ system has received growing attention as a result of its use in dis-
secting genetic susceptibility to autoimmunity. Mapping of the Sle loci of the
NZM strains, particularly NZM2410, has identified at least two susceptibility
genes, Cr2 (CR1/CR2; 39), and Ifi202 (40), in addition to MHC (41–47) and
perhaps tumor necrosis factor (TNF)- (48,49). Several other loci remain to be
identified fully (25,50–54).

NZB/W F1 animals have generally served as particularly useful models for
the pathogenesis of anti-dsDNA and related immune complex glomerulone-
phritis, serving as the basis for many T-cell-focused models. Studies were per-
formed demonstrating the importance of helper T cell–MHC class II
interactions (55,56) in the selection of clonally selected, cationic charge bind-
ing specificity in anti-DNA antibodies (57–59); the identification of T-cell pep-
tide epitopes derived from chromatin or nucleosomes (60–62); and the
importance of pathogenic targets like complement (63), Fc R (64,65),
CTLA4Ig, and CD154 (66–70). In addition, many studies have explored the
relevance to disease of autoantigen epitope spreading (71–73) and idiotype
networking (74–78). Other investigations have demonstrated the importance
of the Th1 cytokine interferon (IFN)- (79–81), but have found conflicting
roles for TNF- (48,82), interleukin (IL)-2 (83), IL-4 or IL-12 (84,85), IL-6
(86), and IL-10 (87).
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At the same time, NZ animals are characterized by intrinsically abnormal B
cells, which can be solely responsible for disease induction (88–96). They pos-
sess unusual B1 cells (93,97) and/or CD1hi B-cell populations (98), which play
a uniquely prominent role.

1.2. Murphy’s Recombinant Large/MpJ

1.2.1. Origins

Murphy’s recombinant large (MRL)/Mp mice developed from efforts in the
1960s to develop inbred mouse strains for the study of obesity (20,99), but they
were found to develop autoantibodies and end-organ disease highly reminis-
cent of human SLE. They currently are estimated to consist of 75% LG/J,
12.6% AKR, 12.1% C3H/Di, and 0.3% C57BL/6 lineages. During the 12th
brother-by-sister intercross, the spontaneous lymphoproliferation (lpr) muta-
tion developed, associated with massive lymphadenopathy and precocious
autoimmunity (100–102; see Subheading 1.6.1.).

1.2.2. Clinical Features

Of the available lupus-prone strains, MRL/Mp and their congenic MRL/
Mp-lpr/lpr strains develop the most systemic and severe form of autoimmu-
nity, involving multiple autoantibody specificities, such as anti-dsDNA, ribo-
nucleoprotein (including small nuclear ribonucleoproteins [snRNPs], Ro, La,
Su), ribosomal, and erythrocyte, as well as rheumatoid factor and
cryoglobulins. End-organ disease includes not only varying and severe forms
of glomerulonephritis, but also sialoadenitis in about 90–95% and inflamma-
tory arthritis in about 75%, as well as less-often described but often seen
inflammatory lesions of the liver, eyes, blood vessels, reproductive organs,
and nervous system (7,101,103,104).

1.2.3. Use in the Study of Lupus Pathogenesis

MRL animals have sometimes been preferred in the study of autoimmunity
because of their many clinical manifestations. Like NZ mice, MRL mice have
been amenable to studies of anti-DNA responses, for which autoantibody
responses support a T-cell-dependent, autoantigen-driven maturation
(57,105); but perhaps because the autoimmune response of these animals is
not as restricted as in NZ or BXSB animals, MRL pathogenesis has proven
somewhat more complex, associated with diffuse, nonspecific, intrinsic
hyperactivation of T and B cells (90,106,107). Here, many investigations have
delineated the clonal evolution of polyspecific autoantibodies (108–120), includ-
ing the diversification of autoantibody responses (121,122), as well as the pos-
sible contribution of receptor editing and revision (123–125). Transgenic
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approaches have furthered such investigations by facilitating the identification
and tracking of autoreactive B cells (126–129). Genetically altered animals
have been particularly helpful in delineating roles for specific cell populations
(130–134), cytokines and chemokines (135–138), complement (139,140),
costimulatory molecules (141–144), and other receptors (e.g., 145–147).

In contrast to NZ models, genetic analysis of MRL autoimmune susceptibil-
ity has remained somewhat elementary (148–152). However, the successful
development and use of MRL embryonal stem cells suggests that future genetic
manipulations may be facilitated (153,154).

Interestingly, and in many cases fortunately, the lpr mutation primarily accel-
erates and amplifies underlying disease processes (155–157) rather than imposes
an autoimmune diathesis. As such, many researchers prefer MRL/Mp-lpr/lpr
mice to accelerate their in vivo assay of autoimmunity. On the other hand,
however, because of defects in CD95 (apoptosis)-related pathways, lpr ani-
mals develop severe lymphadenopathy because of the massive accumulation
of CD3+CD4–CD8– T cells, which often eventually infiltrate end organs, poten-
tially confusing some histological assessments (see Subheading 1.6.1.).

1.3. BXSB Animals

1.3.1. Origins

BXSB mice originated at the Jackson Laboratory in Bar Harbor, Maine,
through inbred selection of the satin, nonbeige phenotype after a C57BL/6 × SB
intercross (20). Y-chromosome-linked autoimmunity was observed by the late
1970s (100–102,158).

1.3.2. Clinical Features

Like NZ animals, disease in BXSB consists predominantly of anti-DNA
antibodies and glomerulonephritis; antierythrocyte antibodies have been
described, but are not well characterized. Unlike other lupus models, however,
BXSB develops a male-predominant disease because of the Y-linked autoim-
mune accelerator (Yaa; see refs. 158 and 159), inherited from the SB/Le parental
strain (160), which is solely responsible for conferring disease to susceptible
strains (161,162).

1.3.3. Use in the Study of Lupus Pathogenesis

Although less well studied than NZ or MRL mice, BXSB animals have also
been used in studies of lupus genetics (163–166), and for studies of the T-cell-
dependent development of pathogenic anti-DNA antibodies (105,167,168). The
roles of some cell lineages, cytokines, and costimulatory molecules have been
investigated (169–172), and some transgenic studies have implicated the impor-
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tance of abnormalities of antigen presentation (45,173). Like other lupus mod-
els, BXSB animals are characterized by intrinsically abnormal B cells, but they
may possess more T-cell dependence than NZ or MRL cells (90,100,106,174–
176). Like MRL/Mp-lpr/lpr, embryonal stem cells have been derived, opening
the possibility for direct genetic manipulation (153).

1.4. Other Spontaneous Models

Similar to the traditional New Zealand models, the (NZB × SWR) F1 (SNF1)
model has been often used to characterize the anti-DNA response, including
the recognition of nucleosomal peptides by autoreactive T cells (60,62,177), as
well as the importance of specific residues and motifs in anti-DNA antibodies
(57), often in “receptor presentation” (178). Some genetic studies have begun
(179,180), and as in NZ strains, some studies have confirmed potential roles
for peptide tolerization (61) and costimulatory blockade (181).

The (NZW × BXSB) F1 model resembles the traditional BXSB model in
several respects, including the dominant importance of Yaa (182). Interestingly,
however, these animals develop glomerulonephritis in both sexes (resembling
BXSB in males, NZB × NZW F1’s in females), as well as immune-mediated
thrombocytopenic purpura, degenerative vascular lesions, and coronary artery
disease, which may be related to anticardiolipin antibodies (183–187). Still,
few studies to date have directly investigated pathogenic processes in this
model, with only a few preliminary genetic studies involving MHC and other
loci (188,189).

Other, even less-well-characterized models include the NZW (female) × SB/
Le (male) F1, which develops disease virtually identical to BXSB (160), and
the experimental autoimmune encephalomyelitis-susceptible SWR × SJL F1,
which develops several autoantibodies and glomerulonephritis similar to human
SLE (190,191). The spontaneous crescentic glomerulonephritis-forming mouse/
Kinjoh (SCG/Kj) was derived from a BXSB/Mp × MRL/Mp-lpr/lpr F1 hybrid
(192) and interestingly develops antineutrophil cytoplasmic antibodies that
crossreact with anti-DNA (193).

1.5. Experimentally Induced Models

Few widely used, experimentally induced models exist for lupus. Graft-vs-
host disease models have been sometimes studied because of the concomitant
development of lupuslike autoimmunity; however, given the importance of
allogeneity, its physiology probably represents a mode of pathogenesis distinct
from the other lupus models described here (194) (see also Chapter 14). Alter-
natively, when exposed to bacillus Calmette-Guerin, nonobese diabetic mice
have been demonstrated to develop hemolytic anemia, autoantibodies, wors-
ened sialadenitis, and immune complex-mediated glomerulonephritis (195), but
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follow-up studies have not been reported. Otherwise, two major models have
been utilized predominantly by two research groups: pristane and 16/6 idiotype
(Israel).

1.5.1. Pristane

The aliphatic hydrocarbon pristane (2,6,10,14-tetramethyl-pentadecane) has
long been known to induce plasmacytomas (196–199) and arthritis (200–204)
in susceptible BALB/c mice. Relatively recently, it was found to induce, in
several strains, many different serological autoimmune phenomena, including
anti-DNA and antiribonucleoprotein antibodies and glomerulonephritis (205–
208), through mechanisms dependent on IFN- (209), IL-6 (210), and CD95–
CD95L interactions (211). In some strains, antiribosomal P antibodies are seen
as well (212). Because plasmacytoma induction by pristane exhibits both strain
and housing dependence, it remains unclear whether this model will be widely
useful in the study of murine lupus (213,214).

1.5.2. 16/6 Idiotype (Israel)

When immunized with the common human anti-DNA idiotype 16/6, C3H
mice develop a syndrome highly reminiscent of lupus after a booster, includ-
ing anti-DNA and antiribonucleoprotein autoantibodies, leukopenia, pro-
teinuria, and renal immune deposits and sclerosis (215), as well as
anticardiolipin antibodies and antiphospholipid antibody syndrome (216–218).
This model is particularly susceptible to modulation by idiotype-derived
complementary determining regions (219,220) and interestingly requires MHC
class I (221) and TNF- (222), in contrast to studies in human lupus. One
English study failed to reproduce this model (223), also suggesting housing
dependence to the penetrance of the disease, possibly limiting this model’s
generalized usefulness.

1.6. Lupus-Prone Mice With Defined Mutations

1.6.1. lpr/gld and Other CD95 Pathway Mutations

This group of recessive mutations share in common defective signaling via
the CD95 (Fas)–CD95 ligand apoptosis pathway. The CD95 mutant lpr arose
spontaneously during inbreeding of the MRL/Mp strain (100–102) because of
a disabling insertion of an endogenous retrotransposon (224–227). The gld
mutant arose spontaneously in C3H/HeJ mice (228) as a point mutation in
CD95 ligand (229,230). Lprcg arose spontaneously in a Japanese CBA/KlJms
colony (231–236). CD95-deficient animals were generated purposefully by
gene targeting (237,238).

In general, mice with defects in the CD95 pathway resemble the human
autoimmune lymphoproliferative syndromes, which include mutations in CD95
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(Canale-Smith syndrome; 239–241), CD95 ligand (242), and caspase-10 (243).
These syndromes share in common the development of severe lymphadenopa-
thy because of CD3+CD4–CD8– T cells and the high incidence of often
lupuslike autoimmune disease. CD95 defects alone generally do not convey
autoimmunity per se, but rather accelerate and amplify any underlying autoim-
mune diathesis: For example, C57BL/6-lpr animals develop mild inflamma-
tory disease consisting of lymphadenopathy, anti-single-stranded DNA
(anti-ssDNA) antibodies, and mild, if any, glomerular disease; MRL/Mp-lpr
animals develop widespread inflammation, including lymphadenopathy, autoan-
tibodies of multiple specificities including anti-dsDNA, antiribonucleoprotein,
anticardiolipin, and antiribosomal P, immune complex glomerulonephritis, as
well as sialadenitis and hepatitis (see Subheading 1.2.; 155–157). Thus, these
mutations have often been used in murine lupus to accelerate the in vivo assay.

Otherwise, these animals have typically been combined with their wild-type
congenic counterparts to analyze the role of the CD95 system in immune regu-
lation, such as the regulation of autoreactive B cells by T cells (126,244–246).
They are also sometimes used as part of a model for graft-vs-host disease, in
which donor lpr bone marrow cells induce a wasting disease in non-lpr recipi-
ents (247).

1.6.2. Other Defined Mutations

Several other mutant animal models have been found incidentally to de-
velop systemic autoimmune manifestations, such as antinuclear antibodies and
renal immune deposits, with or without overt glomerulonephritis (Table 4).
Because detailed autoimmune analysis of these animals has not been per-
formed, their use as a lupus model and relevance to human lupus remain on the
whole undetermined.

1.7. Conclusions: The Selection of Murine Lupus Models

The diverse array of inbred and genetically altered mice provides many
models for systemic lupus erythematosus, each with particular clinical mani-
festations and unique pathogenesis (Tables 1–4). Investigators should there-
fore choose models based on areas or phenomena of interest within the lupus
autoimmune spectrum: For instance, studies focusing on anti-dsDNA antibody
responses, T-cell autoreactivity, or hemolytic anemia may find the best sup-
porting literature and precedence in the NZ systems. In contrast, studies of
diversification and diversity of autoantibody repertoires and multisystem autoim-
mune disease may prefer MRL models. Congenic autoimmune-prone CD95-
mutant animals, like MRL/Mp-lpr/lpr, may provide particularly rapid assay
systems, but investigators should beware of possible confounding from the
concomitant, severe lymphadenopathic process. Finally, studies with interests
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Table 4
Targeted Genes With Lupus-Like Phenotypes

Locus Mutation Reference

Apoptosis and cell cycle-related molecules
CD95 Dominant-interfering transgenic 271
CDK Knockouta 272,273
bcl-2 Transgenic 274
bim Knockout 275,276
E2F2 Knockout 277
GADD45 Knockout 278
Pten Heterozygote 279

T-cell-specific knockout 280
Receptors

B7RP-1 Transgenic 281
CD21/CD35 Knockout 282
CD22 Knockout 283
CD45 Phosphatase deficiency 284
CD152 Knockout 285,286
Fc RII Knockout 287
G2A Knockout 288
IL-2R Knockout 289
PD-1 Knockout 290
TCR- Knockout 291

Miscellaneous
Aiolos Knockout 292
C1q Knockout 293,294
BLys/BAFF/TALL-1 Transgenic 295–297
Cbl-b/Vav-1 Knockout 298
C4 Knockout 282
IEX-1 Transgenic 299
Lyn Knockout 300–302
MER Knockout 303
Mgat5 Knockout 304
Stra13 Knockout 305
TGF- Knockout 306,307

aMay be strain dependent.
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in some specific genes might benefit from the lupuslike phenotypes that occur
in animals genetically altered in those respective genes. Here,  we describe a
typical necroscopic assessment of the lupus-prone mouse, with particular focus
on serological and renal assessment, which together remain the hallmark mani-
festations of murine lupus.

2. Materials
2.1. The Lupus-Oriented Necropsy

1. Blood collecting tubes, heparin coated, Natelson or Caraway (e.g., Fisher, Hamp-
ton, NH, cat. no. 02-668-10 or 02-668-25).

2. Dissecting tools: scissors, forceps.
3. Dissection board (e.g., a styrofoam box lid).
4. Dry ice.
5. 10% buffered formalin.
6. 70% and absolute ethanol.
7. Medium for tissue culture (depending on follow-up applications).
8. 22- to 27-ga needles.
9. Optimal cutting temperature (OCT) Tissue-Tek medium (Andwin Scientific,

Warner Center, CA, cat. no. 4583).
10. Pasteur pipets.
11. Phosphate-buffered saline (PBS).
12. 1- to 3-mL and 10-mL syringes.
13. Microcentrifuge tubes.

2.2. Analysis of Serum

2.2.1. Immunoglobulin Isotype Titers by Enzyme-Linked
Immunosorbent Assay (ELISA)

1. Alkaline phosphatase (AP) substrate (e.g., Sigma, St. Louis, MO, 104-105 tablets).
2. Antibodies

a. For capture (e.g., from Southern Biotechnology Associates, Birmingham, AL):

• goat F(ab’)2 antimouse immunoglobulin (Ig) (SBA 1012-01) for IgM, IgA,
and IgG

• rat antimouse IgE (23G3, SBA 1130-01)

b. For detection:

• goat antimouse IgM-AP (SBA 1020-04)
• goat antimouse IgA-AP (SBA 1040-04)
• goat antimouse IgG1-AP (SBA 1070-04)
• goat antimouse IgG2a-AP (SBA 1080-04)
• goat antimouse IgG2b-AP (SBA 1090-04)
• goat antimouse IgG3-AP (SBA 1100-04)
• rat antimouse IgE-AP (SBA 1130-04)
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c. For standards:

• purified mouse IgM, IgA, IgG1, IgG2a, IgG2b, IgG3, IgE (e.g., myeloma
proteins)

3. 2% bovine serum albumin (BSA) in PBS.
4. Carbonate buffer: 325 mL 0.1 M NaHCO3, 50 mL 0.1 M Na2CO3.
5. DEA buffer: mix 49 mg MgCl2·6H2O and 96 mL diethanolamine in 800 mL H2O,

titrate to pH 9.8 by HCl, raise to 1 L, and store at 4°C in foil protected from light).
6. PBS.
7. PBS-Tween: PBS with 0.05% Tween-20.
8. High-absorbancy 96-well microtiter plates (e.g., Nunc Maxisorp 430341, Nunc,

Rochester, NY).
9. Microplate reader capable of OD405.

Optional:
10. 20- to 200-µL multichannel pipets.
11. Microplate washer.

2.2.2. Fluorescent Antinuclear Antibody Test
1. Cover slips for microscope slides.
2. HEp-2 cell substrate, mounted on microscope slide (e.g., INOVA Diagnostics,

Zeus Scientific, etc.).
3. Fluorescein isothiocyanate (FITC)-antimouse IgG (e.g.,  cat. no. 31541, Pierce,

Rockford, IL).
4. Fluorescence-ready microscope.
5. Mounting medium.
6. PBS.

2.2.3. Anti-dsDNA: Crithidia
1. Coverslips for microscope slides.
2. Crithidia cell substrate, mounted on microscope slide (e.g., Antibodies Incorpo-

rated, Inc., Davis, CA).
3. FITC-antimouse IgG (e.g., Pierce 31541).
4. Fluorescence-ready microscope.
5. Mounting medium.
6. PBS.

2.2.4. Total Rheumatoid Factor ELISA
1. AP substrate (e.g., Sigma 104-105 tablets).
2. Antibodies

a. purified murine IgG1, ; IgG2a, ; IgG2b, ; and IgG3,  (e.g., myeloma
proteins).

b. antimouse Ig -AP (e.g., SBA 1050-04).

3. 2% BSA in PBS.
4. Carbonate buffer: 325 mL 0.1 M NaHCO3, 50 mL 0.1 M Na2CO3.
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5. DEA buffer: mix 49 mg MgCl2·6H2O and 96 mL diethanolamine in 800 mL H2O,
titrate to pH 9.8 by HCl, raise to 1 L, and store at 4°C in foil protected from light.

6. PBS.
7. PBS-Tween: PBS with 0.05% Tween-20.
8. High-absorbancy 96-well microtiter plates (e.g., Nunc Maxisorp 430341).
9. Microplate reader capable of OD405.

Optional:

10. 20- to 200-µL multichannel pipets.
11. Microplate washer.

2.3. Renal Disease Assessment

2.3.1. Light Microscopy

1. Acid/alcohol differentiator: 10% acetic acid in 95% ethanol.
2. Coverslips for microscope slides.
3. Eosin Y Alcoholic (e.g., EM Science, Gibbstown, NJ, 588X-75).
4. 100, 95, 90, and 70% ethanol.
5. Mercury-free Harris Hematoxylin (e.g., EM Science 638A-71).
6. Poly-L-lysine-coated microscope slides.
7. Mounting media.
8. Paraffin.
9. Distilled or deionized and tap water.

10. Xylene.

2.3.2. Immunofluorescence for Immune Deposits

1. Acetone (at –20°C).
2. Coverslips for microscope slides.
3. Cryostat.
4. FITC-antimouse IgG (e.g., Pierce 31541).
5. Fluorescence-ready microscope.
6. Poly-L-lysine-coated microscope slides.
7. Mounting media.
8. PBS.

3. Methods
3.1. The Lupus-Oriented Mouse Necropsy

3.1.1. Tissue Harvest

1. Collect urine for analysis (e.g., 248), if desired (see Note 1).

a. Cover the bottom of an empty mouse cage with plastic wrap (i.e., no bedding).
b. Place mouse on plastic wrap.
c. After 10–15 s, remove the mouse.
d. Collect urine with a micropipet or Pasteur pipet.
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2. Collect blood by retroorbital (RO) approach (e.g., http://www.upenn.edu/
regulatoryaffairs/animal/annex9.html; see Note 2).

a. Anesthetize the mouse.
b. Apply pressure to the external jugular vein caudal to the mandible with thumb

and gently elevate the upper eyelid with the index finger of the same hand.
c. Insert a hematocrit tube into the medial canthus of the eye.
d. Gently direct the hematocrit tube in a ventrolateral direction until blood is

obtained.
e. Once the desired amount of blood is obtained, discontinue the external jugu-

lar pressure and remove the hematocrit tube.
f. Gentle pressure on the globe may be used to provide hemostasis.
g. Empty the collected blood into a 1.5-mL Eppendorf tube or equivalent.

3. Euthanize mouse by CO2 inhalation.
4. Collect peritoneal cells, if desired (see Note 3).

a. Nick the abdominal skin below the sternum, taking care not to nick the peri-
toneum.

b. Grab the two sides of the cut and gently pull apart the abdominal skin with a
firm but gentle movement, exposing the sternum and the pelvis.

c. Fit a 10-mL syringe with a 26- to 27-ga half-inch needle; fill with 5–7 mL of
medium and 2–3 mL of air. Air is necessary to allow for intraperitoneal move-
ment of fluid.

d. Holding the sternum, fill the abdominal cavity with the medium and air.
Remove the needle; the peritoneum self-seals.

e. Vigorously shake the mouse in a supine position, caudad-cephalad, about
10–15 times.

f. Prepare a Pasteur pipet with a rubber pipetter.
g. Holding the sternum and peritoneum with forceps, insert the air-filled Pasteur

pipet into the peritoneal cavity with a swirling movement.
h. Express the air from the pipet into the peritoneum as much as possible.
i. Collect as much fluid as possible into the pipet.
j. Longitudinally cut the peritoneum from sternum to pelvis and collect the

remaining fluid.

5. Fix the mouse on a flat surface (e.g., styrofoam box cover or dissecting tray) with
22- and/or 24-ga needles.

6. Spray fur with 70% ethanol. The ethanol prevents fur from loosening and inter-
fering with the dissection.

7. Cut the skin (not the peritoneum) from leg to leg, arm to arm, and perineum to
chin.

8. Pull apart the fur, exposing the neck, thorax, and abdomen. Pin the anterior skin
flaps to the dissecting board with needles, exposing the mammary glands.

9. If the lung is to be harvested for histopathology, use a 1- to 3-mL syringe and 25-
to 27-ga needle to cannulate the trachea and infuse approx 1 mL of fixative. This
step expands the alveolar spaces prior to final fixation.
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10. Superficial lymph nodes are easily recognizable in the mouse as small, grayish
nodules resembling peas or beans.

a. Harvest the inguinal lymph nodes at the crossing of the mammary arteries and
superficial epigastric vein by grasping with forceps the fat pad in which it is
contained.

b. Harvest the submandibular lymph nodes located just distal to the darker sub-
mandibular glands, which lie inferior to the mandible. Use forceps to grasp
the nodes and scissors to dissect them away from the glands (see Note 4).

c. Harvest axillary lymph nodes in the axillary fossae.
d. Harvest brachial lymph nodes just posterolateral to the axillae and near the

scapular angle.

11. Harvest the submandibular glands, if desired.
12. Open the peritoneum (if not already done) and harvest the spleen just inferior to

the stomach.
13. Cut away a piece of liver approximately the size of a spleen.
14. Remove kidneys.
15. Open the thorax by cutting the ribs on either side and cutting along the diaphragm

in between. Gently lift the sternum to reveal the intrathoracic contents.
16. Harvest the thymus by holding it and dissecting the mediastinal tissue with

scissors.
17. Remove the heart and lungs, if desired.
18. Harvest bones for bone marrow, if desired.

a. Long bone dissection

i. Insert the tips of a closed sharp pair of scissors in the thigh muscles
just inferior to the femoral artery, meeting the femoral shaft.

ii. Slide the closed scissors anterior to the femur and open them, detach-
ing the anterior muscles from the femur.

iii. Repeat steps 18.a.i. and 18.a.ii. on the posterior side of the femur.
iv. Gently dislocate the femoral head from the acetabulum.
v. Gently dislocate the distal femoral diaphysis from the knee.

vi. Tibiae and humeri can be isolated in fashions similar to steps
18.a.i.–18.a.v.

b. Vertebrae dissection.

i. Remove all the visceral organs and most of the retroperitoneal tissue.
ii. Deeply incise the left and right psoas muscles as close to the spinous

processes as possible.
iii. Cut the spine at the base of the thoracic vertebrae (at the level of the

ribs).
iv. Cut the spine at the base of the lumbar vertebrae (at the level of the

pelvis).
v. Remove the lumbar spine en bloc.
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3.1.2. Tissue Processing

1. Serum isolation from whole blood (see Note 5).

a. Allow the blood to clot at 4°C for 2 h to overnight.
b. Microcentrifuge the sample at maximum speed (e.g., 20,800g) for 5 min.
c. Collect the serum (the beige-colored, clear supernatant) with a micropipet.

2. For routine histopathology, use buffered formalin (see Note 6):

a. Fix tissues of interest in 30 volume equivalents of 10% buffered formalin for
8–10 h at room temperature or 24 h at 4°C.

b. Wash once with PBS (2–24 h) and transfer to 70% ethanol. Store at room
temperature or 4°C until ready for processing.

3. For frozen tissue specimens (see Note 7):

a. Prepare a dry ice-ethanol bath.
b. Cut tissue into pea-size specimens still containing the anatomy of interest

(e.g., for kidney, this usually equals about one-half of a hemisphere).
c. Cut off the cap from a microcentrifuge tube for use as a mounting board.

Place tissue on the cap (or other mounting apparatus as desired). Embed with
OCT medium using just enough to cover the tissue.

d. Immediately place the cap–tissue complex into the superchilled ethanol. Store
at –70°C or below until sectioning.

e. Section and stain per protocol for specific antigens (e.g., mouse IgG for kid-
neys).

4. Specimens to be analyzed in tissue culture or by flow cytometry can be rinsed in
PBS and/or placed directly in complete cell culture medium.

3.2. Analysis of Serum (see Note 8)
3.2.1. Immunoglobulin Isotype Titers by ELISA

1. Coat 96-well plates with 50 µL/well of 2 µg/mL capture antibody in carbonate
buffer at 4°C overnight (see Note 9).

2. Remove coating solution by tapping.
3. Block with 200 µL/well 2% BSA in PBS at 37°C for 2 h (see Note 10).
4. Remove blocking solution by tapping.
5. Make serial dilutions of each serum sample, such as 1:100, 1:200, 1:400, and so

on, up to 1:102,400 in PBS and add 50 µL per well in duplicate (see Note 11).
6. Make serial dilutions of isotype standard control (e.g., 4000, 2000, 1000, 500,

250, 125 ng/mL) and add 50 µL per well in duplicate. Use a separate standard
curve for each plate (see Note 12).

7. Incubate at room temperature for 1–2 h.
8. Wash each well four to six times with 200 µL PBS-Tween.
9. Dilute detection antibody 1:1000 to 1:2000 in PBS (according to manufacturer’s

instructions) and add 50 µL per well. Incubate at room temperature for 45–60 min.
10. Wash each well four to six times with 200 µL PBS-Tween.
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11. Dissolve phosphatase substrate in DEA buffer to 1 mg/mL (e.g., one 5-mg tablet
in 5 mL) and add 50 µL per well. Watch yellow color development in standard
curve.

12. Read OD405 in a spectrophotometer. Interpolate and extrapolate Ig concentration
in each sample using the standard curve and dilutions, averaging the duplicate
samples. Serial OD readings may be necessary to obtain interpretable results for
every sample. Discard sample readings outside the range of the standard curve.
Note that optical density (OD) and concentration have a semilog relationship
(see Note 13).

3.2.2. Fluorescent Antinuclear Antibody Test (see Note 14)

1. For screening, dilute test serum 1:40 or 1:50 in PBS and add 50 µL to a slide well of
fixed, permeabilized HEp-2 cells. Incubate for 30–45 min at room temperature.

2. Wash slide four to six times with PBS in a Coplin jar, 5 min each time. Blot the
excess fluid away after the last wash.

3. Dilute FITC-antimouse IgG 1:500 in PBS or as directed by manufacturer and add
50 µL to each well. Incubate for 30–45 min at room temperature protected from
light.

4. Wash slide four to six times with PBS in a Coplin jar, 5 min each time. Blot the
excess fluid away after the last wash.

5. Add three to five drops of mounting medium and coverslip to the slide. Observe
slide immediately by fluorescence microscopy.

6. Titers less than 1:40 are generally considered negative. Positive samples, identi-
fied by the presence of any type of apple-green nuclear staining, can be fully
titered by making serial dilutions (1:40, 1:80, 1:160, etc.) and repeating steps 1–
5 until an end point is reached.

3.2.3. Anti-dsDNA Assessment: Crithidia luciliae Immunofluorescence
(see Note 15)

1. Dilute test serum 1:10 in PBS, add 25 µL to a slide well of fixed, permeabilized
Crithidia. Incubate for 30–45 min at room temperature.

2. Wash slide four to six times with PBS in a Coplin jar, 5 min each time. Blot the
excess fluid away after the last wash.

3. Dilute FITC-antimouse IgG 1:500 in PBS or as directed by manufacturer and add
25 µL to each well. Incubate for 30–45 min at room temperature protected from
light.

4. Wash slide four to six times with PBS in a Coplin jar, 5 min each time. Blot the
excess fluid away after the last wash.

5. Add three to five drops of mounting media and coverslip to the slide. Observe slide
immediately by fluorescence microscopy.

6. Titers of less than 1:10 are generally considered negative. Positive samples are
identified by the presence of apple-green fluorescence of both the nucleus (indi-
cating positive antinuclear antibodies) and kinetoplast, the dsDNA-containing
organelle near the base of the flagellum.
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3.2.4. Total Rheumatoid Factor Assessment (ELISA) (see Note 16)

1. Coat 96-well plates with 50 µL/well of 0.5 µg/mL each of IgG1, ; IgG2a,  IgG2b,
; and IgG3,  in carbonate buffer at 4°C overnight.

2. Remove coating solution by tapping.
3. Block with 200 µL/well 2% BSA in PBS at 37°C for 2 h.
4. Remove blocking solution by tapping.
5. Make serial dilutions of each serum sample, such as 1:100, 1:200, 1:400, and so

on up to 1:102,400 in PBS and add 50 µL per well in duplicate.
6. Make serial dilutions of a positive control, if available, and add 50 µL per well in

duplicate. Use a separate standard curve for each plate.
7. Incubate at room temperature for 1–2 h.
8. Wash each well four to six times with 200 µL PBS-Tween.
9. Dilute AP-conjugated antimouse IgK antibody 1:1000 to 1:2000 in PBS (accord-

ing to manufacturer’s instructions) and add 50 µL per well. Incubate at room
temperature for 45–60 min.

10. Wash each well four to six times with 200 µL PBS-Tween.
11. Dissolve phosphatase substrate in DEA buffer to 1 mg/mL (e.g., one 5-mg tablet

in 5 mL) and add 50 µL per well. Watch yellow color development in standard
curve.

12. Read OD405 in a spectrophotometer. Total rheumatoid factor (RF) activity is usu-
ally expressed as the absolute OD reading, but can be titrated against a positive
control (e.g., a diseased MRL/Mp-lpr/lpr mouse).

3.3. Renal Disease Assessment
3.3.1. Light Microscopic

1. Embedding of tissue.

a. Dehydrate tissue in 70% ethanol at room temperature for 1 h.
b. Dehydrate tissue in 90% ethanol at room temperature for 1 h.
c. Dehydrate tissue in 100% ethanol at room temperature for 1 h.
d. Clear the tissue with three changes of xylene at room temperature for 1 h.
e. Infiltrate the tissue with two changes of paraffin wax at 65°C.
f. Reinfiltrate the tissue with paraffin wax at 65°C under vacuum.
g. Embed the tissue and allow to set.

2. Cut 5- to 7-µm sections of kidney, placing them on a poly-L-lysine-coated slide.
3. Dewax slides at room temperature.

a. Change twice in xylene, 3 min each.
b. Change twice in absolute ethanol, 2 min each.
c. Change twice in 95% ethanol, 1 min each.
d. Change twice in 70% ethanol, 2 min each.
e. Place in distilled water for 5 min.

4. Stain with hematoxylin and eosin.

a. Stain with hematoxylin for 6–8 min.
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b. Rinse in tap water for 45 s.
c. Rinse in acid/alcohol differentiator for 30–45 s.
d. Rinse with distilled water for 1 min.
e. Rinse with tap water for 1 min.
f. Stain in eosin Y alcoholic for 20–40 s.
g. Place in 95% ethanol for 30 s.
h. Change twice in absolute ethanol for 1 min each.
i. Change three times in xylene for 1 min each.

5. Add three to five drops of mounting media and coverslip to the slide. Allow to set
overnight in fume hood before observing under light microscopy.

6. Disease can be assessed in three locations (see Note 17).

a. Glomerular, for the presence of glomerulonephritis, typically diffusely prolif-
erative and necrotizing, often with crescents. Focal, segmental, membranous,
and/or sclerotic lesions are common as well.

b. Tubular, for the presence of tubulointerstitial inflammation, typically composed
of dense infiltrates of granulocytes and mononuclear cells, most common in the
MRL strains.

c. Perivascular, for the presence of perivascular inflammation, typically com-
posed of dense infiltrates of granulocytes, lymphocytes, monocytes, and plas-
macytoid cells, most common in MRL/Mp-lpr/lpr and related strains.

3.3.2. Immunofluorescence for Immune Deposits
1. Place the frozen kidney in OCT in the cryostat chamber for 10–20 min to allow

the block to equilibrate in temperature. This is critical for quality of sections.
2. Place the tissue block on the cryostat specimen disk. Face the block until desired

tissue is exposed.
3. Cut 5- to 7-µm sections of frozen kidney in OCT, placing them on a poly-L-

lysine-coated slide (see Note 18).
4. Fix sections in cold acetone at –20°C for 2 min.
5. Wash slide three times in PBS at room temperature.
6. Add FITC-antimouse IgG, diluted 1:500 in PBS, just enough to cover the tissue

(typically 25–50 µL). Incubate in a humidified chamber at room temperature and
protected from light (see Note 19).

7. Wash slide three times in PBS at room temperature.
8. Add three to five drops of mounting media and coverslip to the slide. Observe slide

immediately by fluorescence microscopy.
9. Positive samples are identified by apple-green fluorescence at the glomeruli (see

Note 20).

3.3.3. Surrogate Assays for Renal Function
1. Serum analysis can be performed using commercially available kits for creati-

nine and/or urea nitrogen (e.g., Sigma), if desired.
2. Urine protein excretion can be quantified by various protein assays (e.g., Pierce),

if desired.
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3.4. Diagnosis of Murine Lupus

At present, there is no consensus as to the diagnosis of lupus in murine mod-
els, but in general, most studies judge experimental interventions based on the
presence of antinuclear antibodies, including anti-dsDNA, and immune-deposit-
related glomerulonephritis. Thus, minimal analysis includes assessment of the
fluorescent antinuclear antibody test and anti-dsDNA antibodies and histo-
pathological analysis of kidneys, often including immunofluorescence for IgG.
The assessment of other organs, such as salivary glands or joints, has not been
broadly studied or codified. In some investigations, serial analysis has been
performed for antinuclear antibodies and/or specific autoantibodies (Subhead-
ing 3.2.), serum creatinine and urea nitrogen, urine proteinuria (Subheading
3.3.), and even kidney biopsies (249); unfortunately, such use remains
nonstandardized, and the predictive value of any of these tests is incompletely
known (250). Consequently, most experiments are performed as cross-sec-
tional, necropsy studies in animals at a specified age, typically between 12 and
18 wk (since birth or immunization), based principally on serology and histo-
pathology.

4. Notes
1. Mice usually urinate without provocation within 5–10 s or so by this method.

Alternatively, multiple animals can be sampled simultaneously using a
multicompartment tray. Wire mesh-bottom cages, such as used in metabolic
assays, can be used, but are somewhat cumbersome for the present purposes.

2. Blood collection by cardiac puncture is not preferred because spilled blood may
contaminate organs to be collected. The RO approach provides a rapid means to
obtain blood; many investigators have found that anesthesia and postprocedure
global pressure are unnecessary. However, proper training is required because
ocular trauma may result. In addition, it is not amenable to multiple serial samples
in a short period of time, although switching eyes allows for at least two
relatively closely timed samples. The following techniques are adapted from
http://www.upenn.edu/regulatoryaffairs/animal/annex9.html.

a. Alternative 1: Lateral saphenous vein technique. This approach is often sug-
gested because of its amenability to multiple serial sampling and low poten-
tial for animal harm and distress. However, like RO collection, it requires
proper training; unlike RO, it generally requires specialized restraints or ad-
ditional personnel and often requires 1 to 2 min for collection because of
reduced blood flow (251; currently at http://www.uib.no/vivariet/mou_blood/
Blood_coll_mice_.html).

i. Restrain the mouse; this may require two people or a restraining device
(252).

ii. Shave the hair covering the lateral saphenous vein with a scalpel blade
(the vein is located caudal and lateral to the fibula and tibia).
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iii. Clean the shaved area.
iv. Apply pressure around the leg above the stifle (knee); this will help

improve venous filling.
v. Puncture the saphenous vein with a 25-ga needle.

vi. Collect the blood accumulating over the incision using a hematocrit
tube.

vii. Apply direct pressure to the incision for 1–3 min to facilitate hemostasis.
viii. Repeated blood samples may be obtained by removing the scab.

b. Alternative 2: Tail sectioning. This approach is a rapid, simple procedure that
does not require significant training. Serial blood samples can be performed,
but must be limited because of the length of the tail and the increased risk of
inducing pain and distress. In general, a restraining device is required, but
anesthesia is not (253).

i. Restrain the mouse (252).
ii. Clean the tail with an appropriate antiseptic solution.

iii. With a sterile scalpel blade, make a transverse section through the long
axis of the tail 2 mm from the tip.

iv. Use a hematocrit tube or blood-collecting tube to collect blood drip-
ping from the sectioned tail.

v. Massage the tail by passing the thumb and index finger from the base
to the tip of the tail if blood flow is inadequate.

vi. Apply direct pressure to the incision for 1–3 min to facilitate hemostasis.
vii. Repeated blood sampling may be obtained by removing the clot or

following steps 1–6 with a new cut 1 mm from tip.

c. Alternative 3: Tail vein aspiration. This technique can potentially allow mul-
tiple serial samples with little harm to the animal, but requires significant
proficiency to avoid permanent damage to the vein, which would disallow
future aspirations. Restraint is required, and blood collection is often slow.

i. Anesthetize the mouse.
ii. Clean the area over the tail vein 3 cm from the base of the tail; use an

acceptable antiseptic scrub.
iii. Make a small transverse incision partially through the lateral tail vein

with a sterile scalpel blade.
iv. Use a hematocrit tube or blood collection tube to collect the blood

dripping from the incision.
v. Apply direct pressure to the incision for 1–3 min to facilitate hemostasis.

vi. Subsequent blood samplings may be obtained in awake animals by
removing the scab; if a new incision is required, the animal must be
anesthetized.

3. Peritoneal cell collection is particularly used for B1 cell studies in NZ mice. Dur-
ing harvesting, too much force will cause laceration of the large vessels and
intraperitoneal bleeding. Care should be taken to keep the needle hole as small
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as possible. Best results are generally obtained if a firm hold on the sternum is
maintained until the end of the peritoneal fluid harvest.

4. Here, investigators often also take several nodes from the nearby cervical chain,
located just superior to the submandibular glands.

5. The stated protocol is a routine serum collection method that allows the blood to
clot fully before serum collection. Alternatively, the serum can be collected
immediately after blood collection (skipping step 2), as long as care is taken to
avoid aspirating unclotted blood. Regardless, this type of serum collection will
miss cold-precipitable cryoglobulins, which often comprise a significant part of
the autoantibody repertoire of lupus-prone animals (102,254,255).

a. Alternative: cryoglobulin serum collection.

i. Collect blood at 37°C with prewarmed instruments and without antico-
agulants (e.g., non-heparin-coated hematocrit tubes).

ii. Allow the blood to clot at 37°C for 1–2 h.
iii. Collect the serum by centrifugation at 37°C (e.g., by microcentrifuge at

maximum speed for 5 min).
iv. Incubate the serum at 0–4°C for 24–120 h and observe the develop-

ment of a precipitate; the packed (centrifuged) volume of the precipi-
tate is expressed as a percentage of the original serum volume, the
cryocrit.

v. Often, further confidence in the cryocrit is obtained by washing the
precipitate three to six times in normal saline solution to reduce the
possibility of precipitated salts or other proteins. In addition, the pre-
cipitate often is redissolved in saline at 37°C to confirm the warm solu-
bility of the CGs; at this time, CG concentration can be determined by
spectrophotometry, and further characterization can be accomplished
by immunoelectrophoresis, ELISA, or other specific immunological
assay (256).

6. Prolonged fixation does not affect morphology, but will affect immunodetection.
Larger specimens will obviously need longer fixation times, but care should be
taken because the outer regions of a large specimen will be fixed longer than the
center, resulting in differential antigen availability during immunohistochemis-
try. For bone or bone marrow specimens, decalcification (e.g., via Decal; Decal
Chemical Corp.) should be performed according to manufacturer protocol prior
to ethanol dehydration.

7. Here, larger specimens are sometimes technically difficult to section. Also, a
mount is helpful to allow the histopathologist to section through as much of the
specimen as possible. Excess OCT will prolong the sectioning time. During
sectioning, care should be taken that the cap does not fall away from the tissue
with manipulation. However, once frozen, this usually is not a problem. Alterna-
tively, many investigators simply place their tissue in a tissue cassette, add OCT
or other embedding medium compatible with frozen specimens, and douse the
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sample directly into the dry ice/ethanol bath. The tissue quality is no different
from the protocol described in Subheading 3.1.2., but the tissue will need to be
processed without a mount.

8. For other specificities than those mentioned, many commercial sources produce
ELISA systems with recombinant human autoantigens, which may be used for
the assessment of murine autoantibodies, such as specificities against snRNPs
(including Sm and RNP), Ro, La, and antiphospholipid. Some investigators have
successfully purified their own autoantigens, such as chromatin or snRNPs, for
their own autoantibody ELISA systems; unfortunately, the sensitivity and speci-
ficity of such protocols can be variably dependent on the quality of the antigen
preparation. Immunoblot and immunoprecipitation techniques are also available,
but also generally require the purification of autoantigen(s) and/or lengthy assays
and so have generally not been widely used (257).

9. Several alternative capture–detection antibody combinations are available (e.g.,
BD Pharmingen). Note that most IgG2a reagents, including those listed in
Subheading 2.2.1, capture and detect only IgG2aa, not IgG2ab, which is found
in strains like C57BL/6 or SJL; such strains require the use of allotype-spe-
cific reagents (e.g., BD Pharmingen). In addition, coating can be performed for
shorter periods, like 4 h at 37°C or 8 h at room temperature, but the efficiency of
bonding seems diminished.

10. Longer periods, like overnight at 4°C, tend to overblock, leading to diminished
OD signals.

11. High-titer dilutions are necessary to allow the detection of the extreme
hypergammaglobulinemia seen in many lupus strains.

12. Higher concentrations than stated tend to exceed the binding capacity of most
assay plates, leading to nonlinear signals.

13. The OD of a sample should lie within the linear range of the standard curve (on
semilog paper) for proper interpretation.

14. Although HEp-2 cells are of human epithelial origin, they remain the most popu-
lar substrate because of their widespread commercial availability as part of human
diagnostic kits and the ability of murine autoantibodies to crossreact with human
antigens. Some investigators have elected to grow and/or prepare their own murine
targets, such as murine spleen or liver, but the convenient, commercial HEp-2 sub-
strates have largely supplanted such classical assays.

15. For most investigators, anti-dsDNA assessment by the Crithidia immunofluores-
cence technique affords the best compromise among reliability, reproducibility,
and convenience (257). In contrast, the Farr radioimmunoassay is often consid-
ered the gold standard assay, but requires radioactivity and is somewhat unwieldy.
Many ELISA systems are available, including many commercial systems, but
they significantly vary in terms of their specificity and convenience, most com-
monly because dsDNA often denatures to ssDNA during the coating process. In
addition, DNA binds poorly to many microtiter plate materials, prompting some
investigators to use various conjugation methods to enhance substrate binding
(e.g., precoating the microtiter plate with avidin and then adding biotinylated
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dsDNA), but such a protocol also risks the development of ssDNA during the
conjugation process. As such, many anti-dsDNA ELISAs are reported simply as
anti-DNA to indicate the likely assessment of total anti-DNA, rather than spe-
cific anti-dsDNA, activity.

16. This rheumatoid factor ELISA generally provides the best compromise among
reliability, reproducibility, and convenience. Limitations include the use of dena-
tured, rather than native, autoantigen (IgG) and the detection of only -chain
containing immunoglobulins. In addition, this technique does not discriminate
among rheumatoid factor isotypes, so activity is generally reported in this assay
as “total RF activity.” IgM, IgA, and IgE rheumatoid factors could be assayed
using appropriate secondary antibodies, but IgG RFs could not because the sec-
ondary antibodies would crossreact with the coated substrates. On the other hand,
RF activity by this assay correlates strongly with disease activity in many murine
models (e.g., 258). Investigators should remember that the IgG2a component of
the target will need to be changed to IgG2c/IgG2ab during the assessment of IgHb

allotype strains (e.g., C57BL/6). Otherwise, classical rheumatoid factor assays
include solid-phase assays like radioimmunoassays, which are somewhat tedious,
but nonetheless can discriminate specific RF isotypes.

17. Many studies evaluate only the glomerular lesions, which is the only area of
consistent involvement across lupus-prone strains. These lesions have not been
codified into pathological groups, so descriptions remain largely investigator
dependent.

18. Some investigators use uncoated slides, but the sections have a tendency to
detach from the slide in steps 5 and 7.

19. Blocking (e.g., with BSA or serum) is not necessary in this protocol. Other
isotype-specific antibodies, such as for IgG subtypes or IgA, can be used here as
well (259).

20. Often, nuclear staining is of the tubular epithelial cells is present, which probably
reflects serum antinuclear antibodies not renal-specific immune deposits. Some-
times, staining of the tubular epithelium or glomerular capsule is present, but is
of unclear significance.
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The Anti-DNA Knock-In Model of Systemic
Autoimmunity Induced by the Chronic
Graft-vs-Host Reaction

Robert Eisenberg and Arpita Choudhury

Summary
The injection of spleen cells from bm12 mice into C57BL/6 recipients induces a chronic

graft-vs-host reaction characterized by systemic autoimmunity, including anti-double-stranded
DNA (anti-dsDNA) autoantibodies and immune complex-type proliferative glomerulonephri-
tis. If the B6 recipient mice express an anti-DNA Vh site-directed transgene, the repertoire is
skewed even more toward the anti-DNA response. Over a period of several weeks, high titers
of serum anti-DNA antibodies appear and the mice develop renal damage. This permits the
examination of the role of somatic immunoglobulin genetics and B-cell tolerance in a model of
systemic lupus erythematosus.

Key Words: Anti-DNA; autoimmunity; B cells; GVH; SLE; tolerance.

1. Introduction
The described method combines two important approaches to modeling sys-

temic autoimmunity in mice: the chronic graft-vs-host (cGVH) reaction, driven
by major histocompatibility complex (MHC) class II recognition (1–3), and
the use of site-directed transgenics (Tgs) of immunoglobulin genes from anti-
DNA (anti-DNA) autoantibodies (4,5). This provides several distinct advan-
tages. First, the cGVH allows the precise time of induction of the autoimmune
syndrome to be fixed. Second, it permits comparison to the preautoimmune
state, which is entirely normal. Thus, B cells that recognize important
autoantigens can be studied in the tolerant state before the induction of the
cGVH and in the autoimmune state after the syndrome is initiated. Third, the
use of normal C57BL/6 (B6) mice as recipients permits the facile adaptation of
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the system to the large number of Tg strains on the B6 background to test the
role of various genes (6). In fact, the model described here utilizes just such a
modification, in this case with the anti-DNA knockin Tgs (7,8). Fourth, the
anti-DNA Tgs provide the additional advantage of a repertoire skewed toward
production of a known autoantibody specific for systemic lupus erythematosus
(SLE), as well as potential markers to permit analyses to focus on the
autoreactive B cells themselves. Finally, the site-directed or knockin Tgs offer
substantial benefit over traditional Tgs. Because the rearranged immunoglobu-
lin genes are inserted in a nearly physiological manner into the appropriate
genetic locus, they are subject to the normal mechanisms of class switching,
secondary rearrangements, and somatic mutations.

Another significant feature of the cGVH model we utilize is that the recipi-
ent strain (B6) differs from the donor B6.CH2bm12/Kheg (bm12) only by a
change of three amino acids in the -chain of MHC class II molecule I-A
(although the site-directed heavy chain gene might be considered an additional
difference) (9). This allows the transfer of parental bm12 cells into parental B6
recipients. That is, we do not need to use F1 recipients to prevent a host-vs-
graft reaction because the donor T cells do not express MHC class II. The
donor B cells, of course, do express I-A, but they do not appear to be stimu-
lated by the host T cells, and they disappear fairly quickly after transfer (10).
The reciprocal transfer of B6 donors into bm12 recipients creates a similar
model, but is generally less useful because of the very limited number of Tg
and congenic strains available on the bm12 background (11).

Although the allogeneic T-cell stimulus that drives autoantibody production
in the cGVH is unlikely to be directly applicable to spontaneous SLE, either in
mice or in humans, the pattern of loss of B-cell tolerance, as evidenced in the
spectrum of autoantibodies produced and in fact those that are not produced
(12–15), is so strikingly parallel to the natural disease that the elucidation of
the cellular and biochemical mechanisms of the cGVH is highly likely to pro-
vide important insights into the processes of loss of B-cell tolerance in general.

2. Materials
2.1. Mice

The C576BL/6J (B6) and B6.CH2bm12/Kheg (bm12) mice are originally
obtained from the Jackson Laboratory (Bar Harbor, ME). We maintain our
own breeding colony as a matter of convenience and cost. The site-directed
Tgs are available from Dr. Martin Weigert (University of Chicago, Chicago,
IL) or from us. These include mice with the 3H9 and 56R anti-DNA rearranged
site-directed Tg heavy chain (16). Additional anti-DNA site-directed Tgs are
under development by Dr. Weigert.
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2.2. Mouse Typing

The following polymerase chain reaction (PCR) primers are used (17):

1. 5'CTGTCAQGGAACTGCAGGTAAGG3( (Invitrogen, Carlsbad, CA).
2. 5'CATAACATAGGAATATTTACTCCTCGC3( (Invitrogen).

The PCR mixture contains 18.6 µL distilled water, 0.75 µL 50 mM MgCl2,
2.5 µL 10X PCR buffer, 2.0 µL 10 mM deoxyribonucleotide triphosphates
(dNTPs), 0.25 µL of each of the primers from 100 mM solutions, 0.15 µL Taq,
and 0.4 µL sample DNA. The MgCl2, 10X PCR buffer, and Taq all come from
Invitrogen. The dNTPs come from Applied Biosystems (Foster City, CA).
DNA is extracted with tail lysis buffer, which contains 50 mM Tris-HCl, 50
mM KCl, 2.5 mM ethylene-diaminetetraacetic acid (EDTA), 0.45% Tween-20,
and 0.45% NP-40 at pH 8.0. Proteinase K is obtained from Roche (Indianapolis,
IN) as a 14-mg/mL solution.

2.3. Cell Preparation

Cell preparation is done in Hanks balanced salt solution (HBSS), obtained
from Mediatech (Herndon, VA).

2.4. Induction of cGVH

No special reagents are required for induction of cGVH.

2.5. Follow-Up

Uristix to measure urinary protein come from Miles Laboratories (Elkhart, IN).

2.6. Sacrifice

Fixation for routine histology is done in 4% formalin (Fisher Scientific,
Fairlawn, NJ). Kidneys are frozen in Tissue-Tek OCT (Sakura Finetechnical,
Tokyo, Japan).

2.7. Serologies

The basic enzyme-linked immunosorbent assay (ELISA) buffer is borate-
buffered saline (BBS), which consists of 0.2 M borate plus 0.075 M NaCl at pH
8.4. For coating plates to block nonspecific binding and for diluting samples
and other binding reagents, the BBS is supplemented with 0.5% bovine serum
albumin (Sigma-Aldrich, St. Louis, MO), 0.4% Tween-80 (Fisher Scientific),
and 0.1% NaN3 (BBT).

Antigens include the following:

1. Double-stranded DNA (dsDNA) is prepared by extracting calf thymus DNA
(Sigma-Aldrich) with chloroform:isoamyl alcohol (24:1) five times, treating with
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S1 nuclease (4 µL of a 25,000 U/mL stock from Pharmacia [Piscataway, NJ] for
500 mg DNA in 10 mL 0.1 M acetate at pH 5.0 plus 1 mM ZnCl2) for 45 min at
37°C to remove single-stranded portions and precipitating with 95% ethanol.

2. Chromatin is prepared by hypotonic lysis of chicken erythrocyte nuclei (18) as
follows: Chicken blood is collected in 20-mL anticoagulant buffer (0.15 M NaCl,
0.01 M HEPES, 0.01 M EDTA at pH 7.4), washed and resuspended in 15 mL of
buffer A (0.08 M NaCl, 0.02 M EDTA at pH 7.5), lysed with 1.5% Triton X-100,
layered over 2 mL 2.25 M sucrose and 18 mL 1.7 M sucrose in buffer A, and
centrifuged for 90 min at 112,700g in a Beckman SW27 rotor at 4°C. The nuclear
pellet is lysed by homogenization in 0.1 mM EDTA at pH 8.0 using a Dounce
homogenizer and then aliquotted and stored in 0.1 mM EDTA. IgG1b and IgG2bb

are prepared from the supernatants of MOPC245 and BPC4, respectively, by pro-
tein G.

3. The developing antibodies include biotinylated goat antimouse IgG, pFc'-spe-
cific and alkaline phosphatase antirabbit immunoglobulin G (IgG; Jackson
ImmunoResearch Laboratories, West Grove, PA); rabbit antimouse IgG2aa and
antimouse IgG2ab (Nordic Immunological Laboratories, Tilburg, Netherlands);
and avidin-alkaline phosphatase (Zymed Laboratories, South San Francisco, CA).

4. 96-well flexible polyvinyl plastic microtiter plates (Dynatech Laboratories, Alex-
andria, VA).

5. Paranitrophenyl phosphate alkaline phosphatase substrate (Sigma-Aldrich).
6. Poly-L-lysine (Sigma Aldrich).

2.8. Cellular Analysis

The following antibodies from BD Pharmingen (San Diego, CA) are used:

1. Fluorescein isothiocyanate (FITC)/PE/biotin anti-B220 (RA3-6B2).
2. FITC anti-CD21 (7G6).
3. FITC anti-Ig 1/2/3 (R26-46).
4. FITC anti-IgG1 (A85-1).
5. PE anti-CD86 (GL1).
6. PE anti-CD23 (B3B4).
7. PE anti-CD24 (M1/69).
8. PE anti-IgDb (217-170).
9. PE anti-IgMa (DS-1).

10. Biotin anti-Fas (Jo2).
11. Biotin anti-IgDa (AMS9.1).
12. Biotin anti-IgM (II/1).
13. Streptavidin cytochrome.

HEPES comes from Gibco (Grand Island, NY) as a 1 M stock.

2.9. Hybridoma Production

SP2/0 line was used as a fusion partner.
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3. Methods
3.1. Mouse Maintenance

Mice used for the cGVH are bred in our specific-pathogen-free facility. The
bm12 mice are paired as brothers with two sisters, with attention to keep con-
temporaneous mice in a single generation as much as possible. Subsequent
generations are derived from a single breeder cage (stem) so that individual
sublines do not develop. C57BL/6-anti-DNA Tg (B6-Tg) mice are bred by
crossing them B6 mice bred by brother–sister mating in our colony, as for
bm12. The transgene-positive B6 can be either the female or the male mate.
Mice are used between ages 6 and 12 wk. The anti-DNA transgene thus is
always maintained in the heterozygous state, and the offspring of each genera-
tion include about 50% transgene-positive and 50% transgene-negative indi-
viduals, which can be used as controls.

3.2. Mouse Typing

Mice are “tailed” (1- to 2-mm piece of distal tail is cut off with a scalpel at
age 2 wk), and DNA is extracted from the tail by 100 µL of tail lysis buffer
plus 0.7 µL proteinase K at 56°C overnight. The mixture is vortexed, quick
spun, and then can be stored at –20°C. The presence of the transgene is deter-
mined by PCR as follows: Denature at 94°C for 5 min, then cycled 35 times at
94°C for 30 s, 59°C for 30 s, and 72°C for 30 s. Finally, the sample is annealed
at 72°C for 7 min and held at 4°C.

3.3. Cell Preparation

Spleen cells are prepared from bm12 donor mice for transfer into B6-Tg
recipients. As each recipient is given 108 mononuclear cells, two donors are
sacrificed per recipient to ensure that sufficient cells will be available at the
end of the day. Donors are sacrificed by cervical dislocation. After wiping
down the fur with 70% ethanol, the abdominal skin is grasped with a forceps,
and an incision is made with a pair of scissors. Care must be taken to cut
through all layers to expose fully the contents of the peritoneum without injur-
ing any of the internal organs, particularly the gut or the spleen itself.

The spleen is readily identified in the left upper quadrant. Its pedicle can be
grasped with a pair of bent forceps. With gentle, persistent retraction of the
spleen at this point, the organ should be delivered intact and free of any other
structures.

A single-cell suspension is prepared from the spleen by pressing through a
wire mesh screen in HBSS. The cells are washed in HBSS, and red blood cells
are lysed with 5 mL 0.15 M ammonium chloride plus 0.01 M potassium car-
bonate plus 0.1 mM EDTA at pH 7.2–7.4 for 5 min at room temperature. Cells
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are pelleted at 400g for 5 min, washed twice with HBSS, and resuspended at
3.3 × 108 live cells/mL in the same medium. They are kept on ice for injection
into recipients the same day. Control recipients receive comparable cells pre-
pared from B6 donors.

3.4. Induction of cGVH

Bm12 spleen cells are injected intraperitoneally with a 30-ga needle, 0.3 mL
per recipient. Care must be taken to ensure that the needle enters the peritoneal
cavity and not the gut itself. In all cases, the sex of the donors and recipients
must match so that the male-specific antigen is not recognized as foreign. In
any experiment in which the reactivity of the donor is tested, an appropriate
positive control must be included that receives aliquots of the same bm12
spleen cell preparation. Positive control recipients could be B6 or B6-Tg mice.

3.5. Follow-Up

The development of disease is followed by periodic bleeds, measurement of
proteinuria, and general observation for signs of systemic illness. Bleeds are
taken either from the tail or from the retroorbital sinus into a glass Pasteur
pipet and transferred to microcentrifuge tubes for clotting. The clots are
“rimmed” with an applicator stick to detach them from the walls of the tube,
and the serum is separated by centrifugation in a microfuge at 9300g for 30 s.
Serum is removed with a Pasteur pipet and stored as a single aliquot in a la-
beled microfuge tube with 1 µL of 10% NaN3 added as a preservative. Bleeds
are normally done just before the induction of cGVH and then at 1, 2, and 4 wk
and monthly thereafter.

Proteinuria is assessed whenever a bleed is taken by wetting a urinary pro-
tein dipstick (Uristix) with a drop of mouse urine and comparing the resultant
color with the scale on the bottle. The mouse may be induced to urinate by
grasping it with one hand by the scruff of the neck and the tail (the thumb and
index finger hold the neck skin, and the tail is wrapped around the pinkie) and
credéing the bladder with a single finger of the other hand.

For clinical disease, the mice are observed twice a week for ruffling of the
fur, hunched posture, weight loss, and difficult movements. Mice that appear
to be seriously ill are euthanized.

3.6. Sacrifice

Mice are sacrificed either when they are clinically seriously ill or at a prede-
termined end point, such as 12 wk. They are euthanized by cervical disloca-
tion. Autopsy permits harvesting of the kidneys, spleen, lymph nodes, and bone
marrow. The kidneys are removed with bent forceps by grasping the kidneys at
the pedicle, as for the spleen. One kidney is fixed in formalin for light micros-
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copy, and the other is frozen in OCT compound for immunofluorescence analy-
sis. A blinded observer reads the renal histology on a 4-point scale to judge the
degree of glomerular, interstitial, and vascular involvements separately (19).

Lymph nodes may be found in the inguinal and submandibular regions. The
bone marrow is flushed from the tibia and femur by inserting a 22-ga needle
parallel to the long axis of the bone through the epiphysis into the marrow
cavity and expressing about 3 mL HBSS into a sterile Petri dish. Spleen and
lymph node suspensions are prepared by pressing the organs through a wire
mesh.

3.7. Serologies

The development of serological abnormalities indicative of the cGVH is
assessed in saved serum samples (6,20). For comparisons over time, all samples
must be tested in a single assay for a given specificity. Assays for total serum
IgG, IgG antichromatin, IgG anti-dsDNA, and IgM anti-IgG1 or IgM anti-
IgG2bb are generally performed. The total serum IgG assay is described in detail,
whereas the other assays are described only insofar as they differ from it.

3.7.1. ELISA for Total Serum IgG

By means of a 12-multichannel pipettor, microtiter plates are loaded with
100 µL of polyclonal goat antimouse IgG (H-chain specific) diluted to 3 µg/
mL in phosphate-buffered saline. Plates are incubated at room temperature for
4 h or overnight at 4°C. Between all additions, the plates must not be allowed
to dry. All incubations are done with hard plastic covers over the plates to limit
evaporation and to prevent contamination. The incubating plates are held in a
flat Tupperware container with a moist atmosphere provided by a thin layer of
wet towels to minimize evaporation of samples.

The plates are aspirated with a multichannel aspirator with short lengths
of plastic tubing attached to the tips to protect the plate and then filled with
200 µL per well of BBT with a multichannel pipet. After further incubation
at room temperature for 1 h, samples are loaded into appropriate wells.

Samples are prepared during the previous incubation periods by diluting
serum to 10–5 in two steps. The first dilution can then be used for the other
serological tests. All serum dilutions are made in BBT. Samples are loaded in
duplicate with a 100-µL multichannel pipettor. When all samples have been
added, the plates are incubated overnight at 4°C in a cold room.

The next day, the plates are aspirated with an automatic plate washer and
washed with BBS plus 0.05 % Tween-20 five times. One plate at a time, the
final wash solution is flicked out manually, the plates are quickly patted dry
with paper towels, and the detecting antibody, goat antimouse IgG conjugated
to biotin, is added at a 1/2000 dilution in BBT. This is incubated at room tem-
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perature for 3 h, the plates are washed again five times, and streptavidin-conju-
gated alkaline phosphatase is added diluted 1/8000 in BBT for an additional 3 h
incubation. After further washing, 1 mg/mL paranitrophenyl phosphate substrate
in 0.01 M diethanolamine at pH 9.8 is added. A standard curve is made with
serial twofold dilutions of a purified monoclonal IgG, such as HB63.

3.7.2. ELISA for Antichromatin

The ELISA for antichromatin assay is performed essentially the same as the
one for total serum IgG except that the initial coating is with chicken chroma-
tin at 3 µg/mL, the serum is added at a dilution of 1/500, and the standard curve
is with an MRL/lpr-Ighb serum in serial twofold dilutions. The optical density
for each sample is referred to the standard curve, and the corresponding dilu-
tion of the MRL/lpr-Ighb serum is multiplied by 106 and times the dilution
factor (500) to give an equivalent dilution factor (21).

3.7.3. ELISA for Anti-DNA

The ELISA for anti-DNA is performed the same as the antichromatin assay
except that the plates are precoated with 0.01% poly-L-lysine in distilled water
for 3 h at room temperature, washed with distilled water, and then dried before
further coating with DNA diluted to 3 µg/mL.

3.7.4. ELISA for Rheumatoid Factor

The ELISA for rheumatoid factor is performed the same as the antichromatin
assay except that the initial coating is with purified IgG1b at 5 µg/mL or IgG2bb

at 3 µg/mL, and the bound antibody is detected with biotinylated monoclonal
antibody against mouse IgM.

3.8. Cellular Analysis

The phenotype of lymphoid cells in the spleen, bone marrow, and lymph
nodes is detected with appropriate monoclonal antibody in 96-well, round-bot-
tom microtiter plates (3,22). Single-cell suspensions in HBSS are washed with
FACS buffer (HBSS, 0.15 M HEPES, 3% bovine serum albumin, 0.1% NaN3)
and blocked with 50 µL (hybridoma supernatant) 2.4G2 anti-Fc Rc at a con-
centration of 1.5 × 106 cells for 20 min on ice. They are then incubated for 30
min with labeled antibodies, washed twice, and incubated an additional 20
min with streptavidin-cytochrome or secondary antibody. After washing
twice with FACS buffer, they are washed once with HBSS plus 0.1% NaN3,
and then they are fixed in phosphate-buffered saline with 1% paraformaldehyde.
They are analyzed on a FACscan (BD Biosciences, Mountainview, CA).
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3.9. Hybridoma Production

The repertoire of autoantibody-producing cells can be sampled by produc-
ing hybridomas from the spleens of mice undergoing cGVH (23). Single-cell
spleen suspensions are fused with SP2/0 partners without further stimulation.
They are plated at limiting dilution in 96-well microtiter plates in the presence
of 10% Origen and hypoxanthine azaserine (Sigma). Wells bearing single colo-
nies are expanded, and those secreting Ig are selected for further study. The
molecular biological approaches to analyzing the use of Ig genes in these hybri-
domas are beyond the scope of this review.

4. Notes
1. We have maintained the anti-DNA knock-in Tgs in the heterozygous state in

general. This permits additional rearrangements to occur on the endogenous chro-
mosome, which has a different heavy chain allotype (Ighb; the Tg chromosome is
Igha) (7,8). These site-directed Tgs can be bred to homozygosity, but this will
change the immunoglobulin genetics of the model. On the other hand, it will
provide twice as many Tg offspring for experimentation, and plain B6 mice can
be used as controls.

2. The described PCR works for the 3H9 and 56R transgenes. It does not give an
explicit identification of non-Tg chromosomes, so it cannot be used to distin-
guish heterozygotes from homozygotes.

3. The CD4 donor cells are the key constituent of the spleen. If necessary, this sub-
set can be purified and transferred in smaller numbers. We do not have direct
experience, but others have used 107 CD4 T cells per recipient (24).

4. In the past, we have used intravenous injection of the same number of cells (108).
We found no difference in the disease produced with intravenous vs intraperito-
neal injection. Intravenous injection is technically more difficult, but one can be
sure at the time of injection that the cells were appropriately delivered to the host.
In all experiments, there is substantial variability in the response of individual
cGVH recipients; not uncommonly, some mice will fail to make any autoanti-
bodies. It is clear that the cell dose is critical. If fewer than 108 cells are trans-
ferred (e.g., 5 × 107), much less of a cGVH reaction is seen.

5. In the Tg system, anti-DNA antibodies appear by 1 wk after injection. Other
changes in B-cell phenotype may occur even earlier in the first week. The levels
of antibodies increase over several weeks and then start to decrease after 4–8 wk.
The kidney disease is apparent at 3 wk; we have not looked earlier.

6. The level of spontaneous mortality from cGVH in this model is variable for
unknown reasons.

7. Other serologies have been reported in the cGVH, including anticollagen IV and
antidipeptidyl peptidase IV (25,26). With the site-directed Tg recipients, the response
is very much skewed toward anti-dsDNA, such that the levels of antibodies seen
with this specificity are much higher than in non-Tg cGVH B6 mice; most of the
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antibody-producing hybridomas recovered are directed against dsDNA. We have
not looked extensively for additional specificities in this model.

8. The curious aspect of the cellular analysis of recipient B cells is that the entire B-
cell population appears to be affected. For example, the peak of CD19+ B cells is
shifted upward in its expression of CD86. This uniform response is not a result of
the restricted repertoire of the Tg recipient because non-Tg B6 recipients show
the same phenotypic changes. Rather, there appears to be a polyclonal effect of
the allohelp of the cGVH on the recipient B cells that is separate from the anti-
gen-specific induction of autoantibody production.

9. We have so far analyzed fusions taken 10 wk after the induction of cGVH. Prelimi-
nary data indicate that a 3-wk fusion in the 56R recipients gives similar results.
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Murine Models of Lupus Induced
by Hypomethylated T Cells

Bruce Richardson, Donna Ray, and Raymond Yung

Summary
CD4+ T-cell DNA hypomethylation may contribute to the development of drug-induced and

idiopathic human lupus. Inhibiting DNA methylation in mature CD4+ T cells causes
autoreactivity specific to the major histocompatibility complex in vitro. The lupus-inducing
drugs hydralazine and procainamide also inhibit T-cell DNA methylation and induce
autoreactivity, and T cells from patients with active lupus have hypomethylated DNA and a
similarly autoreactive T-cell subset. Further, T cells treated with DNA methylation inhibitors
demethylate the same sequences that demethylate in T cells from patients with active lupus.
The pathological significance of the autoreactivity induced by inhibiting T-cell DNA methyla-
tion has been tested by treating murine T cells in vitro with drugs that modify DNA methyla-
tion, then injecting the cells into syngeneic female mice. Mice receiving CD4+ T cells
demethylated by a variety of agents, including procainamide and hydralazine, develop a
lupuslike disease. This chapter describes the protocols for inducing autoreactivity in murine T
cells in vitro and using the cells to induce autoimmunity in vivo.

Key Words: Animal models; autoimmunity; drug-induced lupus; DNA methylation; lupus.

1. Introduction
1.1. Background

DNA methylation is an essential determinant of chromatin structure and
gene expression. DNA methylation refers to the postsynthetic methylation of
deoxycytosine bases at the 5 position to form deoxymethylcytosine (dmC).
Nearly all dmC is found in CpG dinucleotides, although only 70–80% of the
CpG pairs are methylated. In general, the methylation of CG pairs in regula-
tory sequences results in transcriptional suppression; demethylation permits
active transcription. Methylation patterns are established during differentia-
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tion and serve to suppress expression of genes not necessary for the function of
fully differentiated cells. The enzymes responsible for establishing methyla-
tion patterns include Dnmt3a and Dnmt3b, referred to as de novo methyltrans-
ferases. The methylation patterns are then maintained during mitosis by
maintenance methyltransferases, including Dnmt1 (1).

The importance of DNA methylation is evidenced by its role in differentia-
tion, genomic imprinting, and X chromosome inactivation (1). Disrupting both
DNMT1 alleles in embryonal stem cells results in embryonic death, indicating
that DNA methylation is important in ontogeny (2). Dnmt3a and Dnmt3b are
also essential for mammalian development: Homozygous Dnmt3a deficiency
causes runting and death at age 4 wk; Dnmt3b deficiency is embryonic lethal (3).

Inhibiting DNA methylation in differentiated cells can have profound effects
on cells. For example, treating the mouse fibroblast cell line 10T1/2 with the
irreversible DNA methyltransferase inhibitor 5-azacytidine (5-azaC) causes the
cells to differentiate into myocytes, adipocytes, and chondrocytes (4).

1.2. DNA Methylation and T-Cell Function

DNA methylation is also important in regulating T-lymphocyte gene expres-
sion. Methylation patterns change during thymic maturation (5), similar to the
changes that occur during differentiation of other cell types. DNA methylation
is implicated in the differentiation of Th0 cells into Th1 and Th2 phenotypes as
well: The interferon (IFN)-  gene is methylated in nonexpressing Th2 cells,
but demethylated in Th1 cells; the interleukin (IL)-4 gene is methylated in
Th1, but not in Th2, cells (6,7). Also, 5-azaC can modify T-cell gene expres-
sion. Examples include effects on IFN-  and perforin expression in CD4+ T
cells (8,9).

Demethylating T-cell DNA with 5-azaC can change T-cell reactivity and
function. Treating CD4+ T-cell clones, as well as polyclonal CD4+ T cells,
with DNA methylation inhibitors causes autoreactivity. The treated cells lose
restriction for nominal antigen and respond to self-class II major histocompat-
ibility complex (MHC) molecules without added antigen (10,11). The
autoreactivity is because of overexpression of the adhesion molecule LFA-1
(CD11a/CD18), and causing LFA-1 overexpression by transfection induces a
similar MHC-restricted autoreactivity (12–14). The autoreactivity may reflect
overstabilization of the normally low-affinity interaction between the TCR
and MHC class II molecules presenting inappropriate antigen (15). 5-azaC in-
creases steady-state levels of CD11a but not CD18 mRNA, and the increase in
CD11a messenger RNA (mRNA) appears to be because of demethylation of
repetitive elements 5' to the CD11a promoter (13,16). In contrast, CD8+ T
cells do not become autoreactive following 5-azaC treatment (11), and the
reason is unexplored.
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1.3. T-Cell DNA Hypomethylation and Autoimmunity

The pathological significance of 5-azaC-induced autoreactivity has been
tested in animal models. The approach is to treat stimulated CD4+ T cells with
5-azaC in vitro, culture for at least one to two cell cycles, then inject the treated
cells into syngeneic recipients. The 5-azaC and other DNA methylation inhibi-
tors prevent the methylation of newly synthesized DNA during S phase, referred
to as passive demethylation. Thus, these agents are only effective when added to
dividing cells. Further, one to two rounds of cell division are often required
before changes in gene expression are observed (17). Adoptive transfer of
murine CD4+ T cells, made autoreactive either by treatment with 5-azaC or by
transfection with CD18, causes a lupuslike disease in syngeneic recipients (14).
The disease induced closely resembles chronic graft-vs-host disease in mice,
in which features of lupuslike autoimmunity are also induced by CD4+ T cells
responding to host MHC class II molecules (18).

The DNA hypomethylation model has been used successfully with
polyclonal CD4+ T cells in DBA/2 mice (19), cloned Th2 cells in AKR mice
(20), and cloned Th1 cells in B10.A mice (21). We have also used a panel of
DNA methylation inhibitors, including 5-azaC, procainamide, hydralazine, and
the ERK pathway inhibitor U0126 to induce autoimmunity (22,23). 5-azaC
and procainamide are DNA methyltransferase inhibitors (17,24); hydralazine
and the ERK pathway inhibitors prevent the upregulation of Dnmt1 and
Dnmt3a during T-cell stimulation (23). All the DNA hypomethylation models
develop anti-DNA antibodies, but vary to some degree with respect to the his-
tologic changes induced, caused by either the different repertoire of effector
functions displayed by the treated cells or host-specific genetic influences. The
mechanism common to all models is promiscuous killing of host macrophages
(M ). This may contribute to the development of anti-DNA antibodies by
increasing the total amount of potentially antigenic apoptotic material (25)
and/or by removing the cells responsible for removing apoptotic debris, analo-
gous to knockout mice with defective clearance of apoptotic material that
develop anti-DNA antibodies (26).

1.4. Relevance to Human Lupus

At least five lines of evidence support the contention that the DNA
hypomethylation model has relevance to human lupus. First, the two drugs that
most clearly cause a lupuslike disease in people, procainamide and hydrala-
zine, are T-cell DNA methylation inhibitors (27). Cloned murine Th2 cells
treated with these drugs induce a lupuslike disease identical to that caused by
5-azaC (22), suggesting a mechanism by which they might cause lupus in
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humans. Second, T cells from patients with active lupus have decreased lev-
els of total genomic dmC, similar to 5-azaC-treated cells (28). Third, T cells
from patients with active lupus overexpress LFA-1 on an autoreactive T-cell
subset (13), and the overexpression is associated with hypomethylation of the
same sequences flanking the CD11a promoter that demethylates following 5-
azaC treatment (16). Fourth, T cells from patients with active lupus have a
selective defect in ERK pathway signaling, the pathway inhibited by hydrala-
zine (29), and inhibiting this pathway with hydralazine or U0126 causes a
lupuslike disease in the adoptive transfer model (23). Finally, LFA-1-
overexpressing T cells isolated from patients with active lupus spontaneously
kill autologous monocytes with a specificity identical to experimentally
hypomethylated T cells (13) and by the same mechanisms (FasL, TRAIL, and
TWEAK) as experimentally hypomethylated T cells (30,31). Together, these
studies strongly suggest that similar mechanisms contribute to the develop-
ment of autoimmunity in the DNA hypomethylation model and in drug-
induced and idiopathic human lupus.

2. Materials
1. Mice: Young (6- to 8-wk-old) female AKR and B10.A mice are obtained from

Jackson Laboratories (Bar Harbor, ME), and DBA/2 mice are obtained from
Charles River (Wilmington, MA).

2. Cell Lines: D10.G4.1 (D10) cells are obtained from the American Type Culture
Collection (Manassas, VA) (ATCC). AE7 cells were obtained from Dr. Ronald
Schwartz.

3. 5-Azacytidine: The 5-azaC (Aldrich, St. Louis, MO) is dissolved in tissue culture
media, typically at 0.25–8.0 mM, and is made fresh just before use (see Subhead-
ing 4.1.1.). The solution is filter sterilized before adding to culture. 5-Aza-2'-
deoxycytidine may also be used and is more potent (see Subheading 4.1.1.). The
5-azaC is potentially mutagenic and should be handled with appropriate precautions.

4. Interleukin 2: The IL-2-secreting T-cell line MLA-144, obtained from the ATCC,
is cultured in RPMI-1640 supplemented with 3% fetal calf serum (FCS). Three
times a week, the cells are sedimented by centrifugation; the conditioned media
is filtered to remove any remaining cells and then stored frozen at –20°C.

5. For growth of polyclonal T cells, use RPMI-1640 supplemented with 10% heat-inac-
tivated FCS, 40% IL-2-containing conditioned media, 2 mM glutamine, 100 IU/mL
penicillin, 100 µg/mL streptomycin, and 5 × 10–5 M 2-mercaptoethanol.

6. For growth of D10 cells, use Click’s medium supplemented with 10% FCS,
40% IL-2-containing conditioned media, 2 mM glutamine, 100 IU/mL penicil-
lin, 100 µg/mL streptomycin, and 5 × 10–5 M 2-mercaptoethanol.

7. For growth of AE7 cells, use 50% Click’s medium/50% RPMI-1640 supple-
mented with 10% FCS, 40% IL-2-containing conditioned media, 2 mM
glutamine, 100 IU/mL penicillin, 100 µg/mL streptomycin, and 5 × 10–5 M 2-
mercaptoethanol.
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3. Methods
3.1. Cells and 5-Azacytidine Treatment

3.1.1. Polyclonal CD4+ T-Cell Lines

Spleens are removed from young (6- to 8-wk-old) female DBA/2 (H-2d)
mice and dissociated with forceps, followed by forcing through a sterile dis-
posable plastic screen with a syringe piston. Splenocytes are then isolated by
density gradient centrifugation through Lympholyte-M (Cedarlane). CD8+ cells
are depleted with magnetic beads (Miltenyi, Auburn, CA) according to the
manufacturer’s instructions, then 106 CD4+ cells are cultured in 2 mL of IL-2-
containing media (see Subheading 2.5.) and stimulated with either 106 irradi-
ated (3000 R) allogeneic splenocytes (e.g., C57BL/6, H-2b) or 5 µg/mL
concanavalin A (Pharmacia) using flat-bottom. 24-well plates. The cultures
are maintained at 37°C in 5% CO2 and humidified atmosphere and rocked on a
rocker platform (Bellco) at 5–6 cycles/min (see Subheading 4.1.2.).

The lines are maintained by the addition of fresh IL-2-containing media
every 2–3 d and restimulating every 7–10 d using approx 106 cells/well and
equal numbers of irradiated allogeneic splenocytes or 0.5–1.0 × 106 irradiated
syngeneic splenocytes plus 1 µg/mL concanavalin A, as appropriate. One day
after restimulation, the cells are treated with 5-azaC; 6 d later, the cells are
tested for autoreactivity and/or used for adoptive transfer. The cells should
also be tested for CD4 and CD8 expression by flow cytometry at this point to
exclude overgrowth by CD8+ cells.

3.1.2. D10 Cells

D10.G4.1 (D10) cells (ATCC) are maintained in IL-2-containing media (see
Subheading 2.5.2.) using flat-bottom, 24-well plates and a rocker platform as
for polyclonal cells. The line is maintained by challenging 0.1–1.0 × 106 D10
cells with 5 × 105 irradiated (3000 R) AKR splenocytes and 100 µg/mL conal-
bumin (Sigma) every 7–10 d. The D10 line contains an autoreactive subset
(see Subheading 4.1.3.) and must be subcloned by limiting dilution and a
nonautoreactive subclone selected prior to use. Cells are treated with 5-azaC
and used for functional characterization or given in adoptive transfer at least 6
d after treatment.

3.1.3. AE7 Cells

AE7 cells are maintained in IL-2-containing media (see Subheading 2.5.3.)
and stimulated weekly with irradiated syngeneic (B10.A) splenocytes and an-
tigen (100 µg/mL pigeon cytochrome C) on a rocker platform as described for
polyclonal CD4+ cells and D10 cells. To induce autoreactivity, the cells are
treated with 5-aza-2'-deoxycytidine (see Subheading 4.1.4.) and used 6 d later.
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3.1.4. Variations

See Subheading 4.1.5.

3.2. Autoreactivity Assays

3.2.1. Proliferation Assays

For D10 cells, 2 × 104 treated or untreated cells are cultured with graded
numbers (2–10 × 104) of irradiated syngeneic (AKR) splenocytes in 200 µL of
the same media without IL-2, with or without 100 µg/mL conalbumin, using
round-bottom, 96-well plates. Proliferation is tested 4–5 d later by adding 1 µCi
tritiated thymidine/well and 6 h later determining 3H incorporation into DNA.
Polyclonal CD4+ T cells are similarly tested using 5 × 104 T cells and approx
105 irradiated syngeneic splenocytes/well (range 5 × 104 to 5 × 105), using
allogeneic splenocytes or concanavalin A as appropriate for the positive con-
trol. In all cases, determinations are performed in triplicate or quadruplicate.

3.2.2. Cytotoxicity Assays

For D10 cells, thioglycollate-elicited syngeneic (AKR) macrophages (Mø)
are labeled with 100 µCi 51Cr in 1 mL RPMI/10% FCS for 1 h at 37°C in a
round-bottom culture tube. The cells are washed, then 5000 labeled Mø are
cultured with 125,000 D10 cells with or without 100 µg/mL conalbumin in a
total volume of 200 µL of sterile media lacking IL-2, using round-bottom
microtiter plates. Chromium release is measured 18 h later using a scintillation
spectrometer (30). AE7 killing assays are performed similarly, except that
an effector:target ratio of 10:1 is used, and the antigen (positive control) is
100 µg/mL pigeon cytochrome C. Splenocyte killing assays are similarly
performed, using an effector:target ratio of 25:1. Percentage cytotoxicity is
calculated as follows (19):

[(Experimental – Background release)/(Total incorporation – Background release)]  × 100

3.3. Adoptive Transfer of Autoreactive Cells

All models are performed similarly. The treated cells are washed, dead cells
are removed by centrifugation through Lympholyte M, then 5 × 106 viable
cells are suspended in 0.2 mL sterile phosphate-buffered saline (PBS) and
injected into the tail vein of young (<12 wk) syngeneic female mice using a
26-ga needle. A total of six injections are performed, spaced 2 wk apart. The
rationale for repeated adoptive transfers derives from the observation that 5-azaC-
induced autoreactivity is self-limited (11). Four weeks after the last injection,
the mice are euthanized and studied for the development of serological and
histological evidence of autoimmunity. The development of proteinuria and
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hematuria may be monitored by holding Chemstrips (Boehringer Mannheim)
under the mouse while picking it up (see Subheading 4.3.).

3.4. Immunoglobulin G, Immunoglobulin M, and Anti-DNA Antibody
Assays

Total serum immunoglobulin G (IgG) and IgM concentrations are measured
using Immulon 4 plates (Dynatech Laboratories, Chantilly, VA) coated with
2.5 µg antimouse IgG or IgM (Sigma) in 100 µL 0.01 M PBS at pH 7.4 for 18 h
at 4°C. The plates are washed three times with PBS containing 0.05% Tween-20,
then 200 µL of PBS supplemented with 3% bovine serum albumin; 0.1% gela-
tin and 0.05% Tween-20 are added, and the mix is incubated 2 h at 23°C. Serum
samples or purified standards (murine IgG or IgM; Sigma) are diluted to the
desired concentrations in PBS containing 3% bovine serum albumin and 0.1%
gelatin, added to the wells, and incubated 18 h at 4°C, then washed three times.
Next, 100 µL horseradish peroxidase-conjugated goat antimouse IgG (heavy
and light chains) or IgM (µ-chain specific) are added at a final dilution of
1:2500 in PBS containing 0.05% Tween-20, and the mix is incubated for 2 h at
room temperature. The plates are developed using Sigma Fast tablets (Sigma,
St. Louis, MO) according to the manufacturer’s instructions.

Anti-single-stranded DNA (anti-ssDNA) and anti-double-stranded DNA
(anti-dsDNA) titers are determined by coating Immulon 4 plates with 2.5 g
purified ssDNA (Sigma) or dsDNA (cesium chloride-purified KS+-SV2CAT
plasmid) in 100 µL 0.01 M PBS at pH 7.4 for 18 h at 4°C. The protocols used
are the same as for the immunoglobulin ELISAs described above except for
coating the wells. Horseradish peroxidase-conjugated goat antimouse polyva-
lent (IgG, IgM, IgA) antibody (Sigma) is again used as the secondary antibody
before developing with Sigma Fast tablets. Positive controls should include
pooled serum from 6-mo or older female New Zealand black/white mice or 5-mo
or older MRL/lpr mice.

4. Notes
1. The 5-azaC and 5-aza-2'-deoxycytidine are unstable in aqueous media (17), and

must be prepared just before use. The purchased chemicals have some variability
in potency, and each lot should be tested. Typical concentrations for 5-azaC are
0.25–8.0 mM, with 1 mM most often effective. 5-Aza-2-deoxycyti-dine is more
specific for DNA methylation inhibition and is also more potent (17), so lower
concentrations may be used. Both compounds inhibit both DNA methylation and
DNA synthesis, and concentrations inhibiting DNA methylation are only slightly
lower than concentrations inhibiting DNA synthesis (17). Further, treated cells
must undergo one to two cycles of cell division for the changes in gene expres-
sion to occur (17), highlighting the importance of establishing optimal concen-
trations. Significant cell death also occurs during treatment. Changes in T-cell
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gene expression are typically seen 3–6 d after treatment, and kinetic analysis
should be performed to determine the optimal time.

2. Cell–cell contact is maximized in flat-bottom culture plates using a rocker plat-
form, and the cultures should be rocked for at least 24 h following stimulation.

3. With prolonged culture, D10 cells tend to lose the restriction for antigen and
proliferate to syngeneic antigen-presenting cells (APCs) without added antigen.
The mechanism is unknown, but adoptive transfer of these cells does not induce
autoimmunity (20). The cells also tend to lose the requirement for IL-2 for sus-
tained growth over time, causing high backgrounds in proliferation assays. Con-
sequently, it is necessary to subclone this line repeatedly and to select
antigen-specific cells. Alternatively, multiple aliquots of quality-tested subcloned
cells may be stored in liquid nitrogen and thawed as needed.

4. AE7 cells are more refractory to the induction of autoreactivity than normal T cells
or D10 cells. Treatment with 5-aza-2'-deoxycytidine is required, and concentra-
tions up to 8 µM are sometimes needed (21). Also, in our hands, proliferation
assays are less reliable than cytotoxicity assays for both antigen reactivity and
autoreactivity.

5. Activated T cells can be modified with other DNA methylation inhibitors or by
transfection as needed. Our group has found D10 cells are the best suited for
these studies, and we have successfully compared procainamide with N-
acetylprocainamide and hydralazine with phthalazine in this model (22). Simi-
larly, we have used the ERK pathway inhibitor U0126 (23) and used D10 cells
transfected with CD18 (14). Other modifications of the cells may be similarly
tested.

6. If desired, MHC specificity of the autoreactivity assays may be tested using
monoclonal antibodies to the relevant MHC class II molecules or congenic mouse
strains.

7. Following injection of 5-azaC-treated polyclonal CD4+ T cells from DBA/2 mice,
hematuria is first seen between weeks 1 and 3 and usually lasts 7–14 d, then
resolves. Proteinuria, defined as a level above 30 mg/dL, was more persistent.
Immunofluorescent evidence of renal Ig deposition correlates with active hema-
turia and resolves at later times.

8. Sometimes, the control sera give a relatively high background in the anti-DNA
ELISAs. The specificity of the ELISAs may be tested by adding 5 µg/mL of
soluble ssDNA or dsDNA as appropriate to replicate wells. Lack of inhibition is
indicative of nonspecificity; inhibition is indicative of autoantibodies.
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The Mouse Model of Collagen-Induced Arthritis

David D. Brand, Andrew H. Kang, and Edward F. Rosloniec

Summary
Collagen-induced arthritis (CIA) is an experimental autoimmune disease that can be elicited

in susceptible strains of rodents (rat and mouse) and nonhuman primates by immunization with
type II collagen (CII), the major constituent protein of articular cartilage. Following immuniza-
tion, these animals develop an autoimmune polyarthritis that shares several clinical and histo-
logical features with rheumatoid arthritis. Susceptibility to CIA in rodents is linked to the class
II molecules of the major histocompatibility complex (MHC), and the immune response to CII
is characterized by both the stimulation of collagen-specific T cells and the production of high
titers of antibody specific for both the immunogen (heterologous CII) and the autoantigen
(mouse CII). Histologically, murine CIA is characterized by an intense synovitis that corre-
sponds precisely with the clinical onset of arthritis. Because of the pathological similarities
between CIA and rheumatoid arthritis, the CIA model has been the subject of extensive inves-
tigation. Here, we describe the specifics for establishing the murine model of CIA, including
specific requirements for the handling and preparation of the CII antigen, procedures for
immunization, selection of susceptible mouse strains for study, and procedures for the evalu-
ation and quantitation of the autoimmune arthritis.

Key Words: Arthritis; autoimmunity; Freund’s complete adjuvant; inflammation; mouse;
mycobacteria; type II collagen.

1. Introduction
Collagen-induced arthritis (CIA) is an animal model of autoimmune arthri-

tis induced by immunization with type II collagen (CII). This model of autoim-
munity shares several clinical and pathological features with rheumatoid
arthritis (RA) and has become the most widely studied model of RA. CIA in
the mouse model was first described by Courtney et al. in 1980 (1), and the
major histocompatibility complex (MHC) genetics controlling the susceptibil-
ity were analyzed in detail by Wooley et al. (2).
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Like RA, susceptibility to CIA is regulated by the class II molecules of the
MHC. It is induced by a simple immunization with CII emulsified in Freund’s
complete adjuvant (FCA); however, the solubilization and handling of the CII
requires special attention. The major characteristics of the murine CIA model
are (a) disease susceptibility is strongly linked to the class II molecules of the
MHC, specifically to the I-Aq and I-Ar alleles (2); (b) CIA can be induced in
susceptible mouse strains by immunization with a variety of CIIs from differ-
ent species, but the susceptibility to these collagens differs among different
strains of mice; (c) although stimulation of CII-specific T cells is required to
induce arthritis, high levels of circulating antibody to CII are strongly associ-
ated with the development of autoimmune arthritis (see Note 1).

In support of a dominant role of antibody in this model is that CIA can be
passively transferred to both naive syngeneic and allogeneic mice with puri-
fied polyclonal antibodies or a mixture of monoclonal antibodies specific for
CII (3,4) (see Note 2). These antibodies can be detected bound to the cartilage
of arthritic joints along with deposition of the complement component C3, and
the fixation of complement appears to be a major mechanism by which anti-
body to CII initiates the inflammatory response (5). Thus, this model offers a
wide range of opportunities for the study of autoimmune arthritis and its asso-
ciated inflammatory response.

In the following sections, we describe how to handle and prepare the CII
properly for immunization, discuss the selection of mouse strains available for
studying CIA and the immunization techniques most successful in establishing
disease, and describe the various means of evaluating and quantitating the inci-
dence and severity of the autoimmune inflammatory response. Like most ani-
mal models, there are specific details that must be adhered to for successful
initiation of the autoimmune disease, but these procedures can be mastered
quickly by anyone familiar with the use of mouse models.

2. Materials
1. CII (Chondrex, Redmond, WA).
2. Freund’s incomplete adjuvant (FIA; BD Biosciences, San Jose, CA).
3. FCA (BD Biosciences).
4. Heat-killed, freeze-dried Mycobacterium tuberculosis (BD Biosciences) (optional).
5. Mortar and pestle.
6. 1 cc glass or polystyrene syringes (must have Luer lock).
7. 26-ga needles.
8. 50 mM acetic acid.
9. VirTis high-speed homogenizer or other mechanical means of emulsification

(VirTis Inc., Gardiner, NY) (optional).
10. Constant tension caliper (optional).
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3. Methods
3.1. Antigen Selection and Preparation

3.1.1. Structure of CII

Structurally, CII is different from all other autoantigens studied in autoim-
mune models. It is a homotrimer of 1(II)-polypeptide chains and has a molecu-
lar weight of 285 kDa (6) . Typical of most collagens, as a mature protein the
structure of CII is an extended -helix composed of repeating Gly-X-Y sequences
in which X or Y is frequently a proline. In addition, the structure is also unusual
in that many of the prolines and lysines in the Y positions are posttranslationally
hydroxylated, and some of the hydroxylated lysines are glycosylated. The tis-
sue distribution of CII is restricted to hyaline cartilage and the vitreous body of
the eye and is normally absent in all other tissues.

Like other interstitial collagens, native CII is highly resistant to most pro-
teolytic enzymes, with the exception of collagenase. However, CII is very sus-
ceptible to denaturation, especially by temperatures near or above 38°C.
Denaturation not only adversely affects the arthritogenic capacity of CII, but
also renders the individual -chains of CII highly susceptible to rapid degrada-
tion by a number of proteases. This is the primary reason that native CII must
be kept cold at all times, including during emulsification (described in Sub-
heading 3.3.1.).

3.1.2. Sources of CII

Although CII can be obtained from several commercial vendors, it is our
experience that not all forms of commercially available collagens are suitable
for use in the induction of arthritis. As detailed in Subheading 3.1.3., to main-
tain arthritogenicity, great care must be taken during the purification and sub-
sequent handling of CII. With these concepts in mind, high-quality
arthritogenic CII is available from a few sources. Bovine, chick, porcine, and
human CII are available from Chondrex Inc. (www.chondrex.com) and from
MD Biosciences (www.mdbiosciences.com); highly purified bovine CII is also
available from the authors at www.utmem.edu/ctr. In addition, protocols for
preparation of CII as well as isolation of 1(II)-chains and other arthritogenic
fractions are also available (7). Although it is time consuming to purify, large
quantities (grams) of CII can be prepared in a single purification; properly
stored, the CII can last a long time.

3.1.3. Handling and Storage

The proper handling and storage conditions for CII are an important con-
cern. If CII is stored for great lengths of time in any form, crosslinks between
the 1(II)-chains will slowly begin to occur, rendering it difficult to solubilize
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even in acetic acid. Although CII is easily lyophilized and can be stored dry at
room temperature, we find that the best method for CII storage that results in
the least amount of crosslinking is to store it in aliquots at –80°C (ultralow
freezer) at 4 mg/mL in 50 mM acetic acid. We find that 50 mM acetic acid is an
optimal concentration of acid to maintain solubility of the CII, and the 4-mg/
mL concentration is preferred because it makes it much easier to achieve higher
concentrations of emulsified CII, thus requiring less injection volume in the
tails of the experimental mice (see Subheading 3.3.2.).

Small aliquots (5 mL) are suggested because it is recommended that repeated
freeze–thaw cycles be avoided. It is important that the vials be thawed at 4°C
instead of warming them to room temperature or subjecting them to a warm
water bath. Placing the vial of frozen CII at 4°C for 20 min and then transfer-
ring it to a prechilled beaker of water (also at 4°C) can be done to speed up the
thawing process without compromising the native structure of the CII. Once a
vial is thawed, it can be safely stored for several months at 4°C. The acetic acid
in which the CII is dissolved helps considerably in this regard as the acid con-
ditions tend to retard the growth of most microbes.

3.1.4. Solubilization

If obtained in lyophilized form, CII should be dissolved in 50 mM acetic
acid at 4 mg/mL in prechilled glassware (see Notes 3 and 4). Time is a big
consideration in this process; depending on the condition of the lyophilized CII
(age, degree of purity, maintenance of low moisture content), usually 24 h of stir-
ring is required to dissolve it completely. Very small quantities (<1 mL) can be
effectively dissolved in Eppendorf tubes using a microstir bar (approx 2–3 mm).

If the age of the lyophilized CII is in question, close inspection of the dis-
solved product is recommended. When CII is dissolved at 4 mg/mL in acetic
acid at 4°C, it should be a clear, colorless solution with a significant viscosity
that is readily apparent. If there is more than a subtle haze to the solution,
centrifugation of the CII solution at 10,000g for 30 min with a prechilled rotor
in a refrigerated centrifuge is recommended. Of course, if there is a recogniz-
able pellet, then the collagen can no longer be considered dissolved at 4 mg/
mL. Should this occur, the soluble portion of the CII can be relyophilized and
redissolved in 50 mM acetic acid to the desired concentration.

3.2. Mouse Strain Selection

The murine model of CIA is particularly advantageous for study given the
vast number of inbred strains available and their corresponding immunologic
reagents. However, there are several criteria that must be considered in select-
ing a mouse strain for CIA studies. First, in the case of genetics, susceptibility
to CIA is highly regulated by the MHC. Only mice expressing the mouse class
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II genes I-Aq and I-Ar are susceptible. The DBA/1 and B10.Q (both H-2q) and
B10.RIII (H-2r) are the most commonly used and are widely available com-
mercially (Table 1). In addition to these strains, several transgenic strains
expressing HLA-DR or DQ genes have also been shown to be susceptible to
CIA (8–11).

The second consideration is that the strain selected must be paired with the
appropriate species of CII. For example, susceptibility of H-2r mice differs
significantly from that of H-2q in terms of the species of CII used for immuni-
zation. H-2r mice are susceptible to CIA when immunized with bovine or por-
cine CII, but not with chick or human CII. Conversely, H-2q mice are
susceptible to CIA when immunized with bovine, chick, and human, but not
porcine, CII. The HLA-DR and HLA-DQ transgenic mice have been less well
studied in this regard, but all are susceptible when immunized with bovine CII,
and at least the DR transgenics are susceptible to immunization with human

Table 1
Susceptibility of Various Mouse Strains to CIA

Strain Class II haplotype CIA susceptibility

DBA/1LacJ q +++
DBA/1J q +++a

B10.RIII r +++
B10.Q q +++
B10._QBr q +++
BUB q +++
SWR q –b

NFR/N q ++
B10.CAS2 w17 +
B10.M-DR1 DRA1*0101/DRB1*0101, I-Af +++
B10.M-DR4 DRA1*0101/DRB1*0401, I-Af +++c

B10.M I-Af –d

HLA-DQ8 DQA1*0301/DQB1*0302 +++

a Although both the DBA/1J and the DBA/1LacJ mice are both highly suscep-
tible to CIA, there may be a slightly higher incidence of arthritis in the DBA1/LacJ
mice.

bThis strain is resistant apparently because of a genetic deficiency in the produc-
tion of the complement component C5 (16,17).

cAlthough there are no differences in severity of arthritis between the DR4 and
DR1 mouse, the DR4 strain has a slightly lower incidence of arthritis. This is likely
because of gene dosage differences of the transgenes (8).

dAlthough this strain is considered resistant to arthritis induction, a small inci-
dence (<5%) has been observed (8,9).
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CII. Arthritis can also be induced in some strains by immunization with either
purified 1(II)-chains or large cyanogen bromide fragments of CII, such as
CB11, CII(124–402) for H-2q (12,13) and CB8, CII(403–551) for H-2r (14).
However, there is lower incidence and decreased severity of arthritis in com-
parison to that for immunization with native CII, and the time of onset can be
delayed. Other less-common H-2q strains shown in Table 1 have also been
shown to be susceptible to CIA, with the exception of the SWR strain, which
has a complement deficiency (15–17).

Finally, male mice are frequently preferred for CIA studies because the
incidence of arthritis appears to be marginally higher in comparison to that in
female mice. The age of mice can also be an important factor in eliciting dis-
ease. Mice as young as age 6 wk tend to be resistant, and mice of minimally
age 8 wk are generally preferred for CIA experiments. DBA/1 mice remain
highly susceptible to arthritis at least through age 6 mo.

3.3. Induction of Arthritis

3.3.1. Emulsification of Antigen

Typically, immunizations for the induction of CIA consist of 100 µg of M.
tuberculosis and 100 µg of CII in a total volume of 50–100 µL; however,
arthritis can be induced with as little as 10 µg of native CII. FCA is the adju-
vant of choice for the induction of CIA, and the proper emulsification of CII
in FCA is critical for achieving a reproducible, high incidence of arthritis in
the mouse model of CIA.

There are two options for selecting the FCA: commercially prepared FCA
or FIA supplemented with freshly ground M. tuberculosis H37Ra. In our expe-
rience, freshly ground M. tuberculosis mixed with FIA at 4 mg/mL results in
the highest incidence of arthritis. The best approach is to grind 40 mg of M.
tuberculosis to a fine powder with a mortar and pestle and add it to a 10-mL
vial of FIA. This FCA can be stored for several months without any loss of
activity; however, it is critical that the FCA be vortexed vigorously to resus-
pend the M. tuberculosis completely prior to using it to prepare an emulsion.

Commercially prepared FCA has also been used successfully by a number
of investigators, with only some drawbacks. Arthritis induction may be delayed
or may develop at a lower incidence, depending on the source of FCA, but some
of these problems can be overcome by using a booster immunization of CII in
FIA at 2–3 wk after the primary immunization. The following is the procedure:

1. Dissolve the CII in 50 mM acetic acid by stirring overnight at 4°C in preparation
for emulsification in adjuvant. For 50-µL injection volumes containing 100 µg of
CII, dissolve CII at 4 mg/mL; for 100-µL injection volumes, dissolve CII at 2 mg/
mL. It is important that native CII be kept cold while being dissolved to prevent
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denaturation. Once denatured, its efficacy in eliciting arthritis will drop by
approximately one-half or more in comparison to native CII.

2. Prepare FCA by adding heat-killed M. tuberculosis that has been finely ground in
a mortar and pestle to FIA at 4 mg/mL final concentration (see Note 8). Commer-
cially prepared FCA may also be used, but may result in a lower incidence and
decreased severity of arthritis.

3. Emulsify CII in an equal volume of FCA just prior to immunization. If using a
homogenizer to emulsify, add the required amount of FCA to a 10-cc syringe that
has been cut down to the 5-cc level. Seal the needle end of the syringe and clamp
it into place in an ice bucket mounted on the stage of the homogenizer. Add the
FCA to the syringe (see Note 9) and lower the impeller of the homogenizer so
that it is as close as possible to the bottom of the syringe without touching the
walls. Start the impeller spinning at 10,000 rpm and slowly, dropwise, add the
CII solution. After it has all been added, increase the speed to 40,000 rpm for
1–2 min or until a stable emulsion is achieved (see Note 10). Remember to keep
it cold throughout the procedure.

If the collagen is dissolved at 4 mg/mL, then 50-µL immunizations will be
possible (and are easier to perform than 100-µL immunizations.) Because of
loss of material during processing and handling, an additional 0.5 mL (at least)
of emulsion should be prepared. Using the procedure described above, the result-
ing emulsion should be the consistency of shaving cream (see Note 11). The
emulsion can then be transferred to a 1-cc syringe for injection using either
tubing or a stopcock with Luer locks to connect the two syringes (see Note 12).
Because of the consistency of the emulsion, it is imperative that the syringe for
the injections be equipped with a Luer lock. The press-fit needles will come off
of the syringe during injection, resulting in a complete loss of the emulsion.
Glass syringes with locking hubs are preferable for injecting FCA emulsions.

3.3.2. Immunization

CIA in mice is induced by immunization with the CII: FCA emulsion intra-
dermally at the base of the tail using a 26-ga needle. The needle should be
inserted under the tail skin at about 1.5 cm from the base of the tail (Fig. 1) and
carefully threaded up the tail under the epidermis about 0.5 cm. This both cre-
ates a space to deposit the emulsion and helps prevent the emulsion from leak-
ing out the tail during the injection. Avoid depositing the emulsion onto the
dorsum of the mouse; the emulsion should be confined to the tail itself.

When injected properly, the emulsion will be clearly visible through the
epidermis of the mouse tail and will impart a temporary “stiffness” to the tail.
If the tip of the needle accidentally exits the skin and makes a second hole in
the tail, another immunization site on the tail will have to be used or the adju-
vant will leak out of the tissue. Simply move further up the tail (proximal) or roll
the tail to either side to generate a new immunization site. Finally, if desired, a
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Fig. 1. Immunization of mice for the induction of CIA.

booster immunization of 50–100 µg of CII emulsified in FIA can be given 2–3 wk
after the primary immunization. This is generally not necessary if the CII was
properly handled and a stable emulsion was achieved with the 4 mg/mL FCA;
however, it may be helpful if commercial FCA was used to make the emulsion
or when either 1(II)-chains or purified cyanogen bromide fragments of CII
were used to induce arthritis.

Injection of the mouse with an emulsion containing FCA can result in the
formation of an injection site reaction. Ulceration at the site of the injection is
not uncommon, and frequent monitoring is suggested to make sure these ulcers
do not become infected. In addition, a small percentage of male mice may
develop orchitis as a result of the immunization. Because of the severity of the
inflammatory response associated with the development of arthritis, it is rec-
ommended that soft bedding be used as a cage bottom instead of wire mesh,
and that at the peak of disease severity, the animals be monitored closely to be
certain that they are able to reach food and water without difficulty (see Note 5).
Because it is the inflammatory response that serves as the point of study for
this disease model, analgesics that can interfere with the inflammatory response
are not recommended.
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3.4. Evaluation of Arthritis

3.4.1. Visual Scoring for Incidence and Severity

Although the presence or absence of arthritis in the mouse model is rela-
tively easy to ascertain, assessing or quantitating the degree of severity of the
disease is somewhat more difficult. As shown in Fig. 2, arthritic limbs are
easily recognized by their swelling and erythema in the early stages of disease.
Any or all of the four paws may be affected. At its peak, the inflammation
extends from above the tarsal joint (ankle) or the carpus joint (wrist) of the paw
all the way through the digits.

Generally, there are three stages of arthritis gross pathology: early swelling,
which may be minimal, followed by progression to a severely inflamed paw
that may limit the animal’s mobility, and finally ankylosis of the joint, although
not all arthritic limbs progress to this end point. After approx 20 d postimmu-
nization with CII or at first signs of arthritis development, each paw should be
examined two to three times a week (see Note 6). It is not uncommon for a
limb to appear normal one day, yet be severely swollen and inflamed the next.
Although the arthritis in CIA is monophasic, new arthritic limbs can appear up
to 8 wk after immunization. The inflammation in the affected limbs either re-
solves to a point at which the paw appears normal or progresses to a deformed,
ankylosed joint in which the inflammation has diminished.

The incidence of CIA in most mouse strains following immunization with
native CII should be 80% or greater. As shown in Fig. 3, for most of the mod-
els, arthritis begins to appear around day 20 and continues to develop through
day 50. Accelerated models of CIA have been developed using a T-cell recep-
tor transgene specific for CII (DBA/1-Vb8.3; Fig. 3) (18). In these mice, arthritis
appears as early as day 10 and is complete by day 40. In the DBA/1 and B10.RIII
model, an incidence of 25–50% is expected either when using cyanogen bro-
mide fragments of CII such as CB11 (DBA/1) or CB8 (B10.RIII) or when
using 1(II)-chains to induce arthritis. The failure to induce arthritis or the
induction of only mild disease at a low incidence in a given experiment can
usually be attributed to inadvertent denaturation of the collagen, a poor-quality
adjuvant or emulsion, or poor injection technique. Booster immunizations do
little to correct these problems.

The biggest difficulty in characterizing the arthritis is evaluating the sever-
ity of the inflammation. The most common means of quantitating the severity
of the inflammation is based on a subjective assignment of a severity score
ranging from 0 (no inflammation) to 4, where 4 represents extensive swelling
and erythema of the entire paw (Fig. 2). This scoring system is described in
detail in Table 2, and examples of varying degrees of inflammation in the
mouse model are shown in Fig. 2.
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Fig. 2. Examples of varying degrees of inflammation in the CIA mouse model.
(A) normal front paws; (B) front paw with grade 2 inflammation; (C) front paw with
grade 4 inflammation; (D) normal hind paw; (E) hind paw with grade 3 inflamma-
tion; (F) hind paw with grade 4 inflammation.
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Fig. 3. Kinetics of arthritis development among CIA-susceptible strains. Mice were
immunized with bovine CII emulsified in FCA and were observed for the develop-
ment of arthritis. The “DR4-boosted” mice received a second injection of CII in FIA at
day 21. The DBA/1-Vb8.3 mice express a transgene of a TCR Vb8.3 chain derived
from a CII-specific, I-Aq-restricted T cell.
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Table 2
Visual Scoring System for Evaluating Arthritis Severity in CIA Mouse Models

Severity score Gross pathology

0 No evidence of erythema and swelling
1 Erythema or mild swelling confined to the midfoot (tarsals) or

ankle joint
2 Erythema and mild swelling extending from the ankle to the

midfoot
3 Erythema and moderate swelling extending from the ankle to the

metatarsal joints
4 Erythema and severe swelling encompassing the ankle, foot, and

digits

If there is any question as to whether a limb is arthritic, it is either in the very
early stages or not arthritic. Repeat observations documenting the progression
of severity will confirm the presence of disease. It is rare that a limb will become
minimally swollen (score of 1) and quickly resolve to normal appearance over a
day or two. Although the swelling of a single digit is occasionally observed,
this observation alone does not necessarily indicate that arthritis has devel-
oped. Because we occasionally observe swollen digits in naïve mice, we do not
consider these to be a an indication of autoimmune arthritis unless the inflam-
mation progresses to the rest of the paw. The unskilled observer may find it
difficult to distinguish between severity scores of 3 and 4, especially in the
front paws, and may wish to modify the scoring system to a 1 through 3, reserv-
ing a grade of 4 for the ankylosed joint.

The greatest drawback of subjective swelling is accounting for the resolu-
tion of synovitis. Occasionally, reduced joint involvement is evident to the
eye, but erythema and swelling still persist in the same anatomic distribution,
necessitating no change in the score. To help reduce the subjectivity and pre-
vent bias, two separate examiners should be used, with at least one unaware of
the identity of the treatment groups.

In attempts to reduce the subjectivity of the severity scores, two other meth-
ods have also been used occasionally to evaluate arthritis severity, mercury
displacement and caliper measurement of foot pad thickness (7). However,
both of these approaches also have drawbacks. The mercury displacement
approach requires quantities of mercury that may constitute a significant
chemical hazard, and the measurements are subject to variations in how much
limb is immersed. In the case of the caliper-based measurements of footpad
thickness, there are concerns that the footpad alone is a subset of the total
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inflammation, and caliper application to soft tissue swelling can vary based on
the amount of force applied and in the long term can alter the inflammatory
response.

3.4.2. Immunological Assessment

Disease induction in CIA is more complex than that found in many of the
other autoimmune disease models, such as experimental autoimmune encepha-
lomyelitis, in that CIA requires both the activation of T cells and B-cell pro-
duction of antibodies specific for the immunogen and the autoantigen, murine
CII. Therefore, in addition to visual inspection of the mice, the effectiveness of
the immunization with CII can be evaluated by measuring both cellular and
humoral immune responses. Like most antigen systems, T-cell responses peak
around days 10–12 postimmunization, but still can be detected after several
weeks (see Note 7). Serum antibody levels peak as the incidence and severity
of arthritis peaks, and within a given strain, the levels of antibody correlate
well with the presence or absence of arthritis. Among different susceptible and
nonsusceptible strains, antibody levels can vary widely. Some nonsusceptible
strains produce significant amounts of CII-specific antibody, yet fail to develop
arthritis (2).

CII-specific antibody can be easily measured using a standard indirect enzyme-
linked immunosorbent assay (ELISA) in which the CII is adsorbed to the plate (7).
Serum collected 35–42 d (peak arthritis) in the mouse model should yield posi-
tive results by ELISA at minimally a 1:1000 dilution. High-responder mouse
strains (DBA/1 and B10.RIII) frequently yield positive ELISA results at serum
dilutions ranging from 1:10,000 to 1:100,000. T-cell responses to CII using
draining lymph node cells can be evaluated both by microtiter proliferation
assays and by the production of interferon (IFN)-  using a solid-phase ELISA.

T cells can be stimulated using CII, 1(II)-chains, fragments of CII, or syn-
thetic peptides of CII that have been identified as antigenic determinants
(8,9,12,14). In the DBA/1 model (H-2q), the proliferative response is domi-
nated by recognition of the CII(260–267) determinant (12), and IFN-  produc-
tion can be detected to both CII(260–267) and CII(181–210) (19–21). The
dominant response in CIA-susceptible H-2r (B10.RIII) mice is directed to
CII(610–618), although a second T-cell determinant is present in CB8,
CII(442–456) (14,22).

3.4.3. Histological Evaluation

Histological sectioning of arthritic joints can also provide evidence of the
severity of the inflammation associated with CIA, but is largely an impractical
approach to quantitating the degree of inflammation in every mouse of every
group. Nonetheless, “representative” sections should be obtained from each
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Fig. 4. Histological analysis of normal and arthritic limbs from mice developing
CIA. Mouse limbs were amputated, the skin was removed, and the limb was placed in
10% phosphate-buffered formalin at pH 6.9–7.1 for 2–3 d. The limbs were then trans-
ferred to decalcification solution (0.1 M Tris-base, 10% ethylenediaminetetraacetic
acid at pH 7.4) for 2 wk, changing solutions every week. Tissues were then embedded
in paraffin, sectioned, and stained with eosin and hematoxylin. (A) hind leg joint from
mouse with CIA; (B) hind leg joint from an untreated mouse.

experiment to verify that the inflammatory response observed in treatment groups
is consistent with the known pathogenesis of CIA. Figure 4 is an example of a
CIA arthritic joint compared to a normal joint. Large numbers of inflammatory
cells are clearly evident, as are synovial hyperplasia and erosions of the carti-
lage lining the joint. At the peak of arthritis, the majority of the cells infiltrat-
ing the joint are polymorphonuclear cells with some mononuclear cells evident.
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3.4.4. Micro Computer-Aided Tomography

Micro computer-aided tomography analysis of rodents is fast becoming a
new approach for studying the pathology of disease models, especially those
involving the bone. As shown in Fig. 5, this approach enables new views of the
arthritis in CIA that were not previously possible. Although this approach is
still not suitable for repeated use in quantitating severity of each mouse in an
experimental group, it can be used to study individual mice at multiple times
throughout the development and resolution of arthritis. Although these instru-
ments are still quite expensive, their use has enormous potential for gaining
new insights into the understanding of the pathogenesis of autoimmune arthri-
tis and the efficacy of new and old therapies.

4. Notes
1. Most of these techniques can be applied to the rat model of CIA directly, with the

exception that FIA is used. Many rat strains develop arthritis to FCA alone, but
not FIA.

2. Adoptive transfer of monoclonal antibodies specific for CII can be used to induce a
fast-developing, transient arthritis that is useful for those interested in studying
inflammation. Susceptibility to this adoptive transferred arthritis is not strain spe-
cific, providing all the required inflammatory mediator genes are present.

Fig. 5. CT scan of an arthritic limb (L) and a normal hind paw (R) from a mouse
that developed CIA. Arthritic and normal limbs were imaged with a GE eXplore MS
micro CT using a setting of 90 kVp at 0.18 mA and reconstructed using the Feldkamp
conebeam algorithm.
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3. The acetic acid solution used to dissolve the collagen must be prechilled to 4°C.
When it is necessary to work with collagen in a neutral buffer, dissolve the col-
lagen first in acetic acid and then dialyze the solution into the desired buffer in
the cold.

4. High concentrations of native CII, up to 6 mg/mL, are achievable but come at the
expense of a highly viscous solution. Acetic acid concentrations greater than
100 mM should be avoided as they only cause pain on injection and irritation at the
injection site.

5. Once arthritis has developed, it is helpful to add food to the bottom of the cages
as severely arthritic mice may have difficulty feeding from the cage top.

6. Too frequent handling of the mice after immunization can adversely affect the
development of arthritis. Examination two to three times per week is sufficient.
Experiments involving daily treatment of mice following immunization with CII
need to be carefully controlled.

7. Generally, draining lymph node cells are the better source of T cells for prolifera-
tion assays. If spleen cells are used as the source of CII-stimulated T cells, red
blood cells must first be lysed with Gey’s solution. Nonpurified mouse lymph
node cells already contain sufficient numbers of antigen-presenting cells.

8. Grinding the M. tuberculosis can be a tedious process, and care must be taken not
to create aerosols. This process can be made safer and easier by adding a drop or
two of the adjuvant oil to the mortar while grinding the mycobacteria with the
pestle.

9. Because of the highly viscous nature of paraffin oil, the FIA is very difficult to
measure accurately with a standard laboratory pipet. It is more accurate and con-
venient to use a positive-displacement instrument (such as a syringe) to measure
the FIA accurately. Alternatively, adding the ground mycobacteria directly to a
fresh vial of FIA circumvents some of this problem.

10. If using a VirTis homogenizer (or substitute) to create the emulsion directly in
the syringe, care must be taken to ensure that the impeller does not come into
contact with the syringe, thus creating plastic shavings certain to clog the needle
during the immunization.

11. The quality of the emulsion preparation should be assessed by placing a small
drop of the emulsion on the surface of a small volume of water. If the emulsion is
prepared properly, the drop will maintain its integrity. If the CII and adjuvant are
not completely emulsified or the emulsion has been allowed to sit for too long
before use, the drop will separate and form an oily slick on the surface of the
water.

12. If the emulsion was prepared in a syringe, it can easily be transferred to the injec-
tion syringe with minimal loss by connecting the two syringes with a small piece
of appropriate size Tygon tubing or a syringe stopcock. The biggest difficulty in
successfully transferring the emulsion is eliminating the air pocket formed when
the plunger of the 10-cc syringe is placed into the barrel containing the emulsion.
This problem can be avoided by calculating the expected total volume of emul-
sion and using a 16-ga needle to make a hole in the side of the barrel of the 10-cc
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syringe at the level of the expected emulsion volume. As the plunger of the 10-cc
syringe is placed in the barrel, the trapped air can exit through the hole punched
in the side of the syringe, but the hole will become occluded after the plunger
passes and reaches the level of the emulsion.

13. Delivering a small volume of emulsion just after the needle is inserted in the tail
of the mouse causes a small bleb to form in front of the bevel of the needle and
allows the needle to be advanced into the intradermal space without reemerging
from the surface of the tail.
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Proteoglycan Aggrecan-Induced Arthritis

A Murine Autoimmune Model of Rheumatoid Arthritis

Tibor T. Glant and Katalin Mikecz

Summary
This chapter describes the major principals, methods, and immunization protocols for the

induction of a systemic autoimmune arthritis in genetically susceptible murine strains. The
model is called proteoglycan-induced arthritis (PGIA) because the antigenic/arthritogenic
material is isolated from cartilage. This autoimmune systemic disease is induced by intrap-
eritoneal immunization of either BALB/c or certain C3H colonies with cartilage proteoglycan,
an abundant component in articular cartilage. The chapter presents (a) methodological details
on how to purify cartilage proteoglycan aggrecan by cesium chloride gradient centrifugation;
(b) substitution of this highly purified antigenic/arthritogenic material with a crude cartilage
extract obtained from knee joint cartilages removed during joint replacement surgery; and
(c) substitution of human cartilage proteoglycan with pig, dog, sheep, or bovine cartilage
proteoglycans for arthritis induction. The cartilage proteoglycan aggrecan requires partial
deglycosylation, and necessary materials, methods, and protocols are described. In addition,
basic methods for measuring antigen-specific T-cell-dependent immune responses, antibody
production, serum cytokine levels, and alternative solutions for adoptive transfers are also
described.

Key Words: Adjuvants; adoptive transfer; autoantibodies; cartilage; cytokine; arthritis;
inflammation; mouse models; PGIA; proteoglycan; proteoglycan-induced arthritis; T-cell
responses.

1. Introduction
Rheumatoid arthritis is probably the least-understood systemic autoimmune

disease that affects approx 1% of the human population. Several lines of evi-
dence indicate that the effector mechanism, which initially attacks small
joints, is T-cell driven. As a result, an aggressive synovial pannus develops
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that destroys articular cartilage and bone, leading to massive ankylosis and
deformities of peripheral joints. The disease has a progressive character, with
the involvement of more and more joints. Although the primary target organ is
the synovial joint, there is no clear evidence that any macromolecule of carti-
laginous tissues, bone, or synovium would be a preferential autoantigen.

Although immunity to the cartilage proteoglycan (PG) aggrecan has been
less extensively studied than immunity to type II collagen, cartilage PGs are
also considered a causal factor in some rheumatoid joint diseases (1–4). Both
humoral and cellular immunities to human cartilage PGs have occasionally
been detected in patients with rheumatoid arthritis and juvenile rheumatoid
arthritis (1,2,5–7). It is of special interest that cellular immunity to adult carti-
lage PGs has been detected quite frequently in patients with ankylosing
spondylitis (1,6), and PG-specific T-cell lines and clones have been isolated
from such patients (7,8).

There are numerous animal models in rodents that simulate some or many of
the clinical, immunological, or histopathological features of the disease. The
most relevant animal models of rheumatoid arthritis appear to be those induced
by cartilage matrix components such as type II collagen and PG. Systemic
immunization of genetically susceptible DBA/1 mice with cartilage-specific
type II collagen (9) or BALB/c or C3H mice with human cartilage PG (10,11)
depleted of both chondroitin sulfate (CS) and KS (keratan sulfate) side chains
(12–14) leads to the development of progressive polyarthritis. Both models
have similarities and differences, advantages and disadvantages, and mimic
certain clinical or laboratory characteristics of rheumatoid arthritis when com-
pared to the other (15).

Prior to the use of any of the two autoimmune arthritis models, investigators
should carefully consider these differences (Table 1) and then select the appro-
priate model system for the specific research purpose. It is important to note
that PG-induced arthritis (PGIA)-susceptible strains of mice, which respond to
immunization with type II collagen, are completely resistant to collagen-induced
arthritis (CIA), and vice versa, CIA-susceptible mice respond to PG immuniza-
tion, but are fully resistant to PGIA (11,14).

This chapter summarizes the current knowledge of, and technical approaches
to, PGIA in mice; Chapter 16 considers the same aspects of CIA. It is notewor-
thy that, although the major histocompatibility complex (MHC) is a critical
predisposing factor of each autoimmune disease and its corresponding animal
model, the non-MHC genetic components are at least as important factors as
the MHC. Many of the differences between the two murine models of arthritis
dictated by these MHC- and non-MHC-related genetic components together
determine arthritis susceptibility and severity.
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Table 1
Comparison of Major Differences Between Collagen-Induced Arthritis (CIA)
and Proteoglycan (Aggrecan)-Induced Arthritis (PGIA) in Mice

Characteristics CIAa PGIA

Antigen Type II collagen Cartilage PG

MHC haplotype H-2q or H-2r H-2d or H-2k

Non-MHC genetic DBA/1 or C57BL BALB/c or C3H
background

Required injections 1–2 (intracutaneous) 2–4 (intraperitoneal)

Peak of onset (days) 30–40 50–70

Range of incidence 60–90% 80–100%

Preferred age and sex 5- to 8-wk-old males Retired breeders (females)

Inheritance Dominant Recessive in matched haplotype,
and dominant if MHC is
unmatched

IFN-  deficiency Increases susceptibility Resistant to PGIA

Spondylitis Unknown Characteristic (1–2 mo after
the onset of arthritis in synovial
joints)

Disease progression Variable, acute inflammation Progressive, acute followed
is usually followed by chronic by chronic inflammation
inflammation (recovery never occurs);

joint deformities and ankylosis
are characteristics

aCIA can be induced in genetically susceptible rats (50) and mice (9), but only mouse strains (BALB/c
and C3H) are known to be susceptible to PGIA (4,20,21,29).

2. Materials
2.1. Source of Cartilage Antigen

Cartilage PG is a large and complex macromolecule (approx 2–3 × 106 Da),
especially in composition (13). The PG molecule contains a central protein
core to which 100–120 glycosaminoglycan (GAG; e.g., CS and KS) side chains
are attached together with O-linked and N-linked oligosaccharides (Fig. 1).
Many of the T-cell epitopes of the core protein are masked by these GAG side
chains. PGIA originally was described in BALB/c mice after immunization
with fetal human cartilage PG depleted of CS. PG in fetal human cartilage



316 Glant and Mikecz

Fig. 1. Schematic presentation of the structure of cartilage proteoglycan (PG)
aggrecan. This cartilage PG (Mr approx 2–3 × 106 Da) consists of a central protein core
(Mr approx 2.2 × 105 Da) to which glycosaminoglycan (GAG), chondroitin sulfate (CS;
Mr approx 2–3 × 104 Da), and keratan sulfate (KS; Mr approx 1–2 × 104 Da) side chains
are attached together with O-linked and N-linked oligosaccharides. (Hundreds of PG
aggrecan molecules bind to a single hyaluronan chain, stabilized by link protein, forming
large, multimillion Dalton size aggregates.) The various domains/subdomains of the
central protein core are the G1 domain with A, B, and B' loops; IGD (interglobular
domain between G1 and G2 domains); G2 domain with B and B' loops; KS (a KS-rich
region between the G2 domain and the CS attachment region); CS attachment regions;
and a G3 domain containing EGF (epidermal growth factorlike), LB (lectin-binding),
and CRP (complement regulatory protein-like) subdomains. Approximately 100–120
CS side chains are attached to a long, but restricted, region of the core protein (CS attach-
ment region). Although most of the KS chains are localized in a narrow region (KS), KS
side chains are also present along the entire core protein and frequently mask T-cell
epitopes. CS and KS side chains mask the T-cell epitopes of the core protein, and many
of the T-cell epitopes can be processed by the MHC only if the GAG side chains are
removed.

essentially has no KS chain (16,17). In contrast, PG in adult human cartilage is
substantially glycosylated with KS side chains, a GAG that is nondegradable
in the mammalian system, but masks a number of T-cell epitopes (5,13,18).

It was found that PGs from several other species are as effective for arthritis
induction as the PG from fetal human cartilage if both CS and KS side chains
are removed. Human, canine, and porcine cartilage PGs are the most effective
(19), but sheep and bovine (in this order) can also induce PGIA with lesser inci-
dence and severity. Mouse, rat, guinea pig, rabbit, and chicken PGs, although
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they provoke immune responses when injected with adjuvants, are unable to
induce arthritis in the susceptible BALB/c strain. Technically, an unlimited
source of PG antigen is human osteoarthritic knee cartilage removed during
the process of joint replacement surgery (14). The yield of cartilage from other
osteoarthritic joints (shoulder, hip) is low, and macromolecules in cartilage
(especially the core protein of PG) are extensively degraded. Similarly, knee
cartilage from patients with rheumatoid arthritis, because of the extensive deg-
radation, is not recommended for PG isolation (14).

2.2. Chemicals, Laboratory Disposal, and Equipment for Antigen
Preparation

1. Regular (standard) laboratory chemicals (analytical grade) and cesium chloride,
dimethyl methylene blue (DMMB), CS, conconavalin A.

2. Sodium acetate buffer: 0.1 M, pH 5.8; and Tris-HCl/sodium acetate buffer: both
0.1 M, pH 7.6.

3. Enzyme inhibitors: phenymethyl-sulfonyl-fluoride (PMSF), iodoacetamide,
pepstatin A, ethylenediaminetetraacetic acid (EDTA) (see Note 2).

4. 4 M guanidinium chloride in 0.1 M sodium acetate buffer (pH 5.8) (see Note 1).
5. Glycosidases: endo- -galactosidase (0.1 U/vial) (Seikagaku/Assoc. of Cape Cod,

Falmouth, MA or Sigma Aldrich, St. Louis, MO), chondroitinase ABC (Seikagaku
or Sigma Aldrich) or testicular hyaluronidase (usually 400–600 USP/Nfu nits/mg;
Worthington Biochemicals, Freehold, NJ).

6. Antibodies (peroxidase-labeled antimouse immunoglobulin G1 [IgG1], IgG2a,
IgG3), antibodies to cell surface markers, and mouse isotype standards are avail-
able from Zymed (San Francisco, CA), BD Pharmingen (San Francisco, CA), or
Accurate Chemical and Scientific Corporation (Westbury, NY).

7. Kits for protein assay (Pierce, Rockford, IL; or Bio-Rad, Hercules, CA), cytokine
enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis,
MN; BD Pharmingen; or BioSource, Camarillo, CA).

8. Dialysis tubes (molecular weight cutoff 12,000–14,000 Da), polyallomer Quick-
Seal ultracentrifuge tubes, polycarbonate high-speed centrifuge tubes.

9. Equipment: ultracentrifuge, high-speed centrifuge (Beckman, Newton, CT, or
Sorvall, Fullerton, CA), freezing mill (Spex CertiPrep Inc., Metuchen, NJ) or
cryostat, water baths or incubators, shaker, vortex, freeze-dryer, spectrophotom-
eter or microplate reader, microwave, micropipets, cell harvester, scintillation
counter, and tissue culture facility (equipment, plastic ware, media, sera).

10. Adjuvants: Freund’s complete adjuvant (FCA) and Freund’s incomplete adju-
vant (Difco Laboratories, Detroit, MI), dimethyl-dioctadecyl ammonium bromide
(DDA; Sigma-Aldrich or Fluka).

11. Laboratory glass and plastic wares, 96-well plates for ELISA.
12. [3H]-Thymidine (low specific activity 6.7 Ci/mM), CTLL-2 cell line (American

Type Culture Collection, Manassas, VA).
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2.3. Susceptible Strains of Mice

The strain of mice and adjuvant used for immunization are as critical as the
source of antigen. A wide range of different colonies of BALB/c strain (H-2d
haplotype) is susceptible to PGIA, although some differences in both suscepti-
bility (50–100%) and severity are known. Other strains with H-2d haplotype
(e.g., NZB or DBA/2) are resistant to PGIA. Depending on the antigen and
adjuvant, BALB/c colonies of Charles River Laboratories (Kingston, NY, Por-
tage, MI, or Raleigh, NC) and BALB/AnNCr (National Cancer Institute [NCI],
Frederick, MD) are 98–100% susceptible to PGIA. If no genetic contamination
occurred in a BALB/c colony, the least-susceptible colony (e.g., BALB/cBy
from Jackson Laboratory) using Freund’s adjuvants must have at least 50%
incidence.

Because of parvovirus or hepatitis infections, companies frequently estab-
lish new colonies, which may show some variability in onset, severity, or inci-
dence of PGIA when compared to the previous colony used by the same
investigator. Susceptibility may be higher in spring or summer than in other
seasons (unpublished observation, Dr. T. Glant). The inheritance of PGIA in
hybrid or congenic mice of BALB/c origin is recessive; that is, F1 hybrids
of BALB/c and any resistant strain combination are completely resistant to
arthritis.

If Freund’s adjuvants are used for immunization, it is highly recommended
to use females because of both the aggressive behavior and the high mortality
of BALB/c males after repeated intraperitoneal injections with FCA. When
using DDA as the adjuvant, the differences among BALB/c colonies in suscep-
tibility is minor, and mortality is lower, but the disease is more acute and dra-
matic than when Freund’s adjuvants are used. Older females (older than
16–20 wk or retired breeders) develop more severe arthritis with an earlier
onset than young (6- to 8-wk-old) female BALB/c mice, but the use of younger
mice for in vitro T-cell tests or T-cell separation may be considered.

The other PGIA-susceptible strain is the C3H (H-2k haplotype), but there is
an extremely wide variety among C3H colonies (11). Other murine strains with
H-2k alleles (e.g., AKR and CBA) are resistant to PGIA. The most susceptible
C3H colonies are those maintained by the NCI (C3H/HeJCr) and Charles River
Laboratories (C3H/ChR), whereas C3H/HeJ (Jackson Laboratory) or C3H/
BiDACr (NCI) colonies are almost completely resistant to PGIA (less than
10% susceptibility) (11,20). There are no real differences in onset, severity, or
susceptibility between susceptible C3H females and males, and the age differ-
ence is less evident than in the BALB/c strain. The inheritance of PGIA in F1
hybrids of susceptible C3H and a resistant strain is dominant; that is, over 50% of
the F1 hybrids develop arthritis in response to PG immunization (21) (Table 1).



Proteoglycan Aggrecan-Induced Arthritis 319

3. Methods
3.1. Antigen Preparation

3.1.1. Preparation of Crude Extract of Cartilage

Harvested cartilage samples can be stored at 4°C for a few hours, but should
be cut into small pieces and placed on ice as soon as possible, ready for extrac-
tion, and stored at –80°C until use (see Note 3). Samples from an operating
room (osteoarthritic knee joint cartilage and osteophytes from the marginal
zone of the articular surface) should be removed from the underlying subchon-
dral bone by scalpel, cut to small pieces, and stored at –80°C. For the most
effective yield of PG extraction, cartilage pieces should be cut as small (thin)
pieces as possible (thinner than 1 mm). For the best extraction, 0.5–1.0 g pieces
of cartilage can be frozen in block (in a plastic cylinder 0.5–1.0 cm high) and,
after removing the cylinder, sectioned by cryostat (20–50 µm thickness).Frozen
cartilage pieces can be pulverized under liquid nitrogen in a freezing mill. Low-
speed homogenization is insufficient to generate small pieces of cartilage,
whereas the high-speed homogenization (>20,000g) is not recommended because
of a high splitting force, which may mechanically damage macromolecules.

Pig, sheep, or bovine articular cartilages from a slaughterhouse should be
harvested as soon as possible and shipped on ice. If bovine or pig nasal carti-
lage is harvested, the perichondrium and blood vessels should be carefully
removed and blood washed away with cold water prior to freezing for either
sectioning or pulverization. Mouse cartilage can be collected from newborn
(4–6 d old) skeletal tissue after removing the soft tissue (newborn cartilage) or
from adult mice by removing the cartilage “cap” from the femoral heads with
toothed forceps (see Note 7).

Second, cartilage powder or sections should be extracted with 4 M
guanidinium chloride in 50 mM sodium acetate at pH 5.8 and containing pro-
tease inhibitors at 4°C for 24 h (22,23). A standard cocktail of protease inhibi-
tors contains 10 mM EDTA, 2 mM PMSF, 2 mM iodoacetamide, and 5 µg/mL
pepstatin A. PMSF and pepstatin A should be prepared freshly in alcohol. The
final ratio of cartilage weight to the 4 M guanidinium chloride is 1:10 (w/v).

If the cartilage pieces are larger than 20–30 µm (i.e., chopped by blades or
scalpels [0.5–1.0 mm in thickness] or pulverized under liquid nitrogen), a 48-h
extraction is required at 4°C. In this case, the cartilage extract should be har-
vested by centrifugation after 24 h, and fresh 4 M guanidinium chloride con-
taining fresh protease inhibitors should be added at a ratio of 1:5 to the cartilage
pellet. Guanidinium chloride extract is collected by high-speed centrifugation
(2000g, 15–20 min at 4°C) after 24–48 h, and supernatant containing all salt-
soluble proteins of cartilage can be further processed immediately or stored at
–20°C for months.
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This guanidine extract without additional purification is called crude extract.
The crude extract then can be used for purification on cesium chloride gradient
centrifugation to obtain high-quality PG (see Subheading 3.1.2.) or exposed
to deglycosylation (see Subheading 3.1.3.), which is also sufficient for immu-
nization and arthritis induction. Even so, using deglycosylated PGs in a crude
extract for arthritis induction (see Subheading 3.2.), the investigator may need
highly purified PG for antibody or T-cell assays.

3.1.2. Preparation of Highly Purified Cartilage PG

There are several methods to purify high-density cartilage PG (aggrecan).
The method described here is called dissociative gradient centrifugation because
the 4 M guanidine chloride concentration is maintained during the entire purifi-
cation procedure (see Note 1). The original protocol (24) divided the gradient
into six equal portions and numbered them from bottom (D1 fraction) to top
(D6 fraction). High-density cartilage PG (aggrecan) was recovered in the bot-
tom two fractions (D1 and D2; density > 1.56 g/mL). This high-density PG
(aggrecan) typically contained 6.5–7.5% protein in fetal samples and 11.5–12.5%
in adult samples and mostly preserved their in vitro aggregating capacities to
hyaluronic acid (hyaluronan, HA) (23). However, the retained aggregating
capacity of PG to HA or the gross biochemical characteristics of the mol-
ecule does not exclude some degradation of the C-terminal end of the core
protein, which is especially characteristic of a cartilage sample obtained from
knee joints of patients with osteoarthritis (23,25,26). As described in Points
3 and 4 in this subheading, if the cartilage extract is highly contaminated with
blood, muscle, or other soft tissue (newborn skeletal tissue of mice, chondrosa-
rcoma or nasal cartilage), the dissociative cesium chloride gradient centrifuga-
tion should be repeated at least twice to obtain a highly purified cartilage PG
sample.

1. Guanidine (crude) extracts of cartilages can be purified by cesium chloride gradi-
ent centrifugation (22,24,27). The density of the 4 M guanidinium extract is approx
1.12 g/mL. The required starting density is 1.5 g/mL; thus, approx 68–70 g solid
cesium chloride should be added to 100 mL 4 M guanidinium extract to achieve
this starting density. A relatively large volume of nuclear and membrane compo-
nents in the extract makes the solution “dirty,” which is especially evident after
adding the cesium chloride to the extract. A 10- to 15-min high-speed centrifuga-
tion (200–2500g, 4°C; balance tubes carefully because of the high-density solu-
tion) is recommended to preclean the cartilage extract prior to adjusting the
starting density for a linear gradient centrifugation.
The lipid-rich layer from the top can be removed by a teaspoon or spatula and, if
necessary, prefiltered on a multilayer gauze. The density of this still-opalescent
cartilage extract then can be measured by a microbalance using a calibrated
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micropipet. Use dry (new) tips for each measurement and measure the density
of the sample at least three times. For a more accurate calibration of the viscous
extract, the 1- to 2-mm end of the 1-mL blue tip can be cut off. Solid cesium
chloride can be added to increase, or 4 M guanidinium chloride stock solution to
reduce, the density of the extract to 1.50–1.51 g/mL. Cartilage extract with the
desired starting density then should be transferred into polyallomer heat-sealing
(Quick-Seal) ultracentrifuge tubes, which had been stored on ice, by syringe with
a 15- to 18-ga needle. Transfer the extract slowly into the tube without introduc-
ing air bubbles, which may be difficult to remove prior to heat sealing of the tube.

2. Heat-sealed centrifuge tubes are transferred into a precooled rotor (4–10°C),
which is then returned to the ultracentrifuge. The gravidity at the middle of the
tube should be 100,000g. Program the ultracentrifuge to hold at 10°C and run
the sample for at least 48 h. A stable gradient is formed, and a longer run (e.g.,
60–72 h) will not modify the established density. Stop centrifugation in the
morning hours to have sufficient time for further processing of the sample. Do
not use the deceleration program (brake) of the centrifuge when stopping it.
Depending on the size of the tubes (i.e., the volume of the extract) or the rotor
available, different speeds are required to reach the required centrifugation force.
Typically, use 33,000 rpm for a Beckman or Sorvall Ti50 rotor (38-mL tubes) or
38,000 rpm for a Ti70 rotor (12-mL tubes).

3. Remove the tubes gently from the rotor by an appropriate forceps into an ice
bucket and cut (remove) the very top segment (sealed neck) of the tube with a
blade. If gradient slicer equipment is available (e.g., Beckman), cut the gradient
at the one-third bottom level. This bottom fraction contains the PG minimally
contaminated with other proteins. If the gradient slicer equipment is not avail-
able, remove the upper two-thirds volume by a transfer pipet and then the bottom
one-third fraction with a clean 5- to 10-mL glass or plastic pipet using a pipet-
aid. Alternatively, after removing the lipid/cell membrane layer from the top, the
bottom fraction can be removed by a 12- to 15-cm long lumbar puncture needle
connected to a syringe or a peristaltic pump. If clean and washed articular carti-
lage, which does not contain blood, blood vessels, or perichondrium, was used
for extraction, no additional ultracentrifugation is necessary. In this case, transfer
the one-third bottom fraction directly to a dialyzing tube. If the original sample
was heavily contaminated with soft tissue, proteins with small molecular weights
are uniformly distributed in the tube (from bottom to top); thus, repeated ultra-
centrifugation is required to obtain a highly purified PG sample. The overall den-
sity of the bottom one-third fraction must be 1.56–1.57 g/mL (4°C), which is the
best indicator of the quality of the gradient density centrifugation.

4. Contaminated samples must be recentrifuged. If the same sample was distributed
in several tubes prior to the density gradient centrifugation, bottom fractions can
be pooled before readjusting the density. Adjust the density of the harvested bot-
tom one-third fractions (typically 1.56–1.57 g/mL) to the 1.50–1.51 g/mL start-
ing density by adding 4 M guanidinium chloride with protease inhibitors. Density
is measured by a microbalance using a calibrated micropipet. The volume of the
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density-readjusted sample (e.g., 100 mL) should be diluted with an excess vol-
ume of approx 40–50% (additional 40–50 mL), with a stock solution (4 M guani-
dine chloride with cesium chloride of 1.50 g/mL density) prepared in advance.
Typically, the second (or third) centrifugation in the rotor requires approximately
half of the space (tubes) used for the first gradient centrifugation. All procedures
and gradient and volume adjustments should be performed at 4°C on ice. Second,
or third, ultracentrifugation should be performed in the same conditions as used
for the first gradient centrifugation (minimum 48 h at 10°C), and the sample
collection is also the same as described in Point 3.

5. Total/crude cartilage extracts (if used directly for enzymatic treatment), or the
one-third bottom density gradient fraction (as described above), must be dialyzed
first against 0.1 M sodium acetate (1:20 v/v, 2 × 12 h) to dissociate the guanidine
from the PG and then dialyzed exhaustively (3–4 d at 4°C) against distilled water
prior to freeze-drying. Freeze-dried sample, although hygroscopic, can be stored
in a hermetically closed vial for years at 4°C or –20°C. Stock solution can be
prepared for composition (biochemical) analysis or deglycosylation, which is cru-
cial to retrieve the arthritogenicity of the PG molecule.

3.1.3. Deglycosylation of Highly Purified Cartilage PG or Crude Extract
for Immunization

Technically, for induction of PGIA, either a crude cartilage extract contain-
ing essentially all soluble components of cartilage or highly purified cartilage
PG is sufficient. However, there are four major criteria of arthritis induction
using PG for immunization: (a) source of cartilage (human, dog, pig; less
effective are the sheep and bovine cartilage); (b) PG must be deglycosylated
(depleted) of both CS and KS; (c) the strain of mice (BALB/c and some C3H
colonies); and (d) the immunization protocol (including the type of adjuvant).

The CS side chains can be removed with either chondroitinase ABC (Sub-
heading 3.1.3.1.) or testicular hyaluronidase (Subheading 3.1.3.2.). Similarly,
the KS can be removed with either endo- -galactosidase (Subheading 3.1.3.3.)
or keratanases. Either combination of enzymes is sufficient, but both CS and
KS must be removed. In all cases, the presence of an appropriate concentration
of protease inhibitors is crucial because all enzymes are contaminated with
proteases, which can degrade the core protein of cartilage PG, and the
arthritogenicity of the sample can be lost.

Deglycosylated crude extract of cartilage can be used (Subheading 3.1.1.)
because neither the BALB/c nor susceptible C3H colonies develop arthritis
with immunization of type II collagen or other matrix components (14), except
BALB/c mice for “link protein” immunization (28). (Link protein is a 38-kDa
glycoprotein that stabilizes the interaction between HA and PG in carti-
lage; Fig. 1.) In contrast, none of the other murine strains develop arthritis
in response to PG immunization (4,14,20,21,29). The crude extract of car-
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tilage, if deglycosylated in an appropriate manner, is as effective as the highly
purified cartilage PG, and there is no antigen competition, which would modify
the clinical or laboratory feature of arthritis. However, highly purified PG is
necessary for testing PG-specific T- or B-cell responses.

3.1.3.1. REMOVAL OF THE CS SIDE CHAINS BY CHONDROITINASE ABC

Typically, 100 mg lyophilized (purified) cartilage PG or 250–300 mg crude
extract can be depleted of CS with 5 U (1 vial) of chondroitinase ABC at 37°C
within 18–24 h. Dissolve sample (e.g., 100 mg PG or 250 mg crude extract) in
10 mL 0.1 M Tris-HCl-sodium acetate buffer (pH 7.4–7.6) containing protease
inhibitors and mix with 5 U chondroitinase ABC dissolved in 0.5 mL of the
same buffer. Repeated shaking in the first 2–3 h can accelerate the digestion,
which is proportional to the loss of viscosity of the sample.

3.1.3.2. REMOVAL OF CS SIDE CHAINS WITH TESTICULAR HYALURONIDASE

Testicular hyaluronidase is less expensive than chondroitinase ABC but con-
tains significantly more proteases. Therefore, the presence of fresh enzyme
inhibitors is critical. A double concentration of protease inhibitors (10 mM
EDTA, 5 mM PMSF, 5 mM iodoacetamide, and 5–10 µg/mL pepstatin A) is
recommended. Typically, 100 mg purified PG or 200 mg crude extract are dis-
solved in 10 mL 0.1 M sodium acetate buffer (pH 5.0) containing protease
inhibitors (listed above), 50 mM MgCl2, and 50 mM NaCl. After complete disso-
lution, 50 U of testicular hyaluronidase in 100 µL, dissolved in the same buffer
(sodium acetate/MgCl2/NaCl, pH 5.0) as the sample, are added to 100 mg puri-
fied PG or 250 mg crude extract. Digestion is completed within 24 h at 37°C, and
the loss of viscosity indicates the degradation of the CS side chains.

3.1.3.3. REMOVAL OF KS WITH DIGESTION OF ENDO- -GALACTOSIDASE

The pH samples treated with either chondroitinase ABC (pH 7.4–7.6) or
testicular hyaluronidase (pH 5.0) should be adjusted to 5.8 with 0.5 M acetic
acid or 0.1 M sodium hydroxide. Fresh protease inhibitors should be added to
the sample prior to mixing with endo- -galactosidase. Add 0.05 U (half a vial)
to each 100 mg purified PG or 250 mg of crude extract dissolved in a volume
of 10–11 mL. Digestion is performed at 37°C for 24 h. Double-digested
samples are transferred into dialysis tubes and dialyzed exhaustively against
deionized water at 4°C. This requires at least 2–3 d, changing the precooled
dialyzing water at least twice a day. Finally, samples are lyophilized, and the
chemical composition is determined. Alternatively, KS can be removed with
keratanase I and keratanase II (both enzymes are also endo- -galactosidases)
as described in detail in ref. 22.
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3.1.3.4. SPECIAL TREATMENT OF CRUDE EXTRACT OF CARTILAGE

Whenever a crude extract is used for deglycosylation, the rehydrated sample
first should be centrifuged at a high speed (5000–6000g for 30 min at 4°C) to
remove insoluble components extracted with 4 M guanidinium chloride. A sig-
nificant portion of this insoluble material is salt-soluble collagen. As the
deglycosylation is a critical step and the crude extract is rehydrated in buffer,
some proteins that otherwise are insoluble in deionized water during dialysis
are redissolved in the sample (enzyme) buffer. After digestion (e.g., with tes-
ticular hyaluronidase and endo- -galactosidase), just prior to the dialysis,
samples should be recentrifuged at 5000–6000g for 30 min at 4°C and then
supernatant dialyzed against water.

3.1.3.5. PURIFICATION OF PG CORE PROTEIN

GAG side chains are fragmented into di- and tetrasaccharides by enzymes
(Subheadings 3.1.3.1.–3.1.3.4.) and removed during dialysis (13). Enzymes
used for deglycosylation do not interfere with the anti-PG immune response or
arthritis induction in vivo; therefore, it is unnecessary to remove them. Low
titers of antibodies against these enzymes, and antibodies to contaminating car-
tilage proteins if crude extracts were used for immunization, can be detected,
which may be additive to the overall (anti-PG) immune response measured by
ELISA. However, T-cell responses against contaminating enzymes cannot be
detected. Therefore, whenever a crude extract is used for immunization and the
anti-PG immune responses are measured, a highly purified PG sample is nec-
essary for in vitro tests. This is the same whenever the autoimmune response to
mouse (self) cartilage PG is measured.

Thus, preparation of a stock of highly purified cartilage PGs (Subheading
3.1.2.), especially after deglycosylation, is a critical issue. This highly purified
cartilage PG, after cesium chloride gradient centrifugation and deglycosylation,
can be obtained by column chromatography using, for instance, Sepharose CL-4B
(at least 80-cm-long gel) or an equivalent high-performance liquid chromato-
graphic column (17,22) equilibrated in 0.1 M sodium acetate buffer (pH 5.8).
Deglycosylated core protein (approx 220,000 Da) is eluted in the voided vol-
ume, and then should be dialyzed against deionized water and lyophilized.

3.1.4. Characterization of Cartilage PG, Crude Extract,
and Deglycosylated Samples

A 10-mg lyophilized sample/milliliter is an optimal concentration for
measuring either protein or GAG content. Purified PG is highly soluble in
deionized water, whereas deglycosylated crude extract is less soluble. There-
fore, it is recommended to rehydrate samples in phosphate-buffered saline
(PBS; pH 7.4), especially the crude extract, which can also be used for induc-
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tion of PGIA. Protein content can be measured by bicinchoninic acid assay
(Pierce) or Bio-Rad Protein Assay (Bio-Rad) following the manufacturer’s
instruction. Protein content may vary depending on the source (species and
age) of the sample  (see Note 3). Purified PG (prior to deglycosylation) from
fetal/newborn human cartilage contains significantly lesser amounts, whereas
PG from adult cartilage contains higher amounts of protein (Table 2). A more
precise measurement can be performed using monoclonal antibodies against
composite-specific epitopes (core protein, CS, KS). A brief summary with the
corresponding basic literature for these assays is given in Note 9.

3.1.4.1. DMMB ASSAY: PREPARATION OF DMMB REAGENT

To prolong the activity of the DMMB, it is desirable first to solubilize the
reagent in organic solvents before diluting it into a mostly aqueous environ-
ment. This is why it is suggested in ref. 30 that the DMMB reagent first be
dissolved in an ethanol-formate solution.

1. Dissolve 16 mg DMMB (Polysciences Inc., cat. no. 03610) in 5.0 mL absolute
ethanol. Solubilize for 15 min at room temperature.

2. Add 2.0 mL formic acid and 2.0 g sodium formate (mol wt 68.01) to approx 20 mL
double-distilled water (ddH2O). Dissolve and add to the ethanol-DMMB solution.

3. Allow to shake for 20 min.
4. Add ddH2O to less than 1 L.
5. Adjust the pH to 6.8.
6. Add ddH2O to a final volume of 1 L. (Note that by adjusting the pH before mak-

ing the final volume 1 L the dye solution should be more reproducible.)
7. Final dye solution: 16 mg/mL DMMB, 0.03 M sodium formate, 0.2% formic acid

at pH 6.8.

Do not filter or refrigerate the DMMB reagent. DMMB activity is transient,
so shelf life is only 1 mo.

3.2. Immunization Protocols and Assessment of Arthritis

Technically, 250–300 µg of lyophilized human cartilage PG depleted of both
CS and KS represents100 µg core protein of PG (a single dose for injection of
an arthritis-susceptible mouse). This amount of 100 µg PG core protein is
present in approx 1.0–1.4 mg deglycosylated (testicular hyaluronidase and
endo- -galactosidase-treated) crude extract of human adult or osteoarthritic
cartilage (see Note 4). A more “accurate” calculation for the required dose
(approx 100 µg PG core protein) of immunization can be achieved by measur-
ing the GAG stubs by DMMB assay or by monoclonal antibodies to CS and
KS. Empirically, 250–300 µg of CS (measured by DMMB assay) is equivalent
to (represents) approx 100 µg PG core protein in deglycosylated and lyo-
philized crude extract.
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Table 2
Biochemical Comparison of Intact (Nondeglycosylated) Cartilage
Proteoglycansa

Protein Chondroitin sulfate Keratan sulfateb

(%) (%) (relative %)

Human PGsc

Fetal (24–27 wk) 5.9 39.9 28
Newborn 6.1 25.2 36
Adult (52–56 yr) 10.2 15.9 100

PGs from animal cartilagesd

Mouse (newborn) 6.1 36.5 <2.0
Mouse (adult, 5–10 mo) 7.4 32.0 <2.0
Fetal calf (21 wk) 6.7 34.7 56
Bovine (18 mo) 15.2 29.3 94
Fetal pig (6–12 wk) 4.2 29.8 86
Porcine (12–16 mo) 12.8 24.3 49
Newborn lamb (<2 wk) 8.0 36.7 n.d.
Sheep (24–30 mo) 11.2 18.4 82
Newborn canine (<2 wk) 9.4 29.8 75
Canine (2–8 yr) 13.0 18.3 86
Newborn rabbit (2 wk) 9.3 19.2 68
Chicken sternal (3 mo) 7.2 18.5 91
Guinea pig rib (6 mo) 11.2 23.8 44

n.d., not determined.
aHigh-density cartilage PGs (aggrecan) were purified on cesium chloride gradient cen-

trifugation.
bKS content was measured by monoclonal antibody EFG-11 (49) in ELISA as described in

ref. 51 and expressed as a relative amount compared to human adult cartilage PG (100%).
cAge of cartilage sample is indicated.
dArticular cartilages were used except for the guinea pig rib and chicken sternal cartilages.

Two different methods are available for immunization using either Freund’s
adjuvants or DDA. The major difference between the two adjuvants (Freund’s
or DDA) is that the development of PGIA using Freund’s adjuvant requires a
longer time, and the inflammation of joints is less dramatic. Therefore, the
overall clinical picture and progression of the disease is more chronic than the
arthritis induced by PG in DDA. Spine involvement in PG/Freund’s adjuvant-
induced arthritis may occur months after the first clinical symptoms in syn-
ovial joints, whereas spondylitis can be detected almost simultaneously in mice
immunized with PG in DDA. In summary, it appears that PGIA using Freund’s
adjuvant is more chronic, thus more resembling rheumatoid arthritis, whereas
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PGIA using PG in DDA is extremely acute. To the end, articular cartilage
is completely destroyed in all affected joints, and peripheral joints become
deformed and ankylotized using either Freund’s or DDA adjuvant. Special
advantages of using DDA are (a) avoidance of the coeffects of the exogenous
heat shock proteins present in mycobacteria in FCA, (b) significantly shorter
onset time, and (c) lower mortality (no abdominal adhesions develop, which
are typical in FCA-injected animals).

3.2.1. Immunization of Susceptible Mice With PG in Freund’s Adjuvant

Young retired breeder female BALB/c mice from Charles River (Kingston,
NY, Portage, MI, or Raleigh, NC colonies) or NCI (Kingston colony) are the
most susceptible to PGIA (98–100% incidence). The optimal dose of highly
purified and CS-depleted aggrecan of human fetal cartilage for arthritis induc-
tion was determined to be approx 100 µg per intraperitoneal injection
(10,12,13,31). Therefore, the material prepared for injection (either purified
density gradient fractions or crude cartilage extracts) should contain approxi-
mately this amount (100 µg) of PG core protein. Use an emulsion of 100 µg
PG protein in 100 µL PBS and 100 µL Freund’s adjuvant per mouse and
injected intraperitoneally (see Note 5). Higher doses of PG do not increase the
susceptibility or severity of PGIA.

The first intraperitoneal injection should be given in FCA; all other injec-
tions can be given in incomplete Freund’s adjuvant on days 21, 42, and, if
necessary, on days 63–70 to achieve a 100% incidence. Usually, an animal is
boosted three or four times only if it remains asymptomatic for 3–4 wk after
the previous injection. It is typical that, if an animal once develops any small
symptom of inflammation (e.g., in the interphalangeal joint of one paw; arthri-
tis score <1.0) (Fig. 2B), this mouse will develop severe arthritis sooner or
later without additional injections (Fig. 2). Usually, the small joints (interpha-
langeal, carpo-metacarpo-phalangeal, or tarso-metatarso-phalangeal joints) are
first involved. Disease may flare up in one or in a few joints, symmetrically or
asymmetrically, when the inflammation in other joints is regressed. Along the
progression of the disease, more and more joints are involved until severe
deformities and ankylosis develops. Once an animal develops arthritis, it will
never regress spontaneously.

3.2.2. Immunization of Susceptible Mice With PG in DDA Adjuvant

DDA is a novel adjuvant used more recently for immunization of mice (20).
(DDA is a lipophilic quaternary ammonium salt, an adjuvant successfully
used for vaccination of pregnant women and children without side effect
[(32)].) Although the clinical and immunological features of the “classic” form
of PGIA (10–14,31) are preserved, the onset of the disease is faster, and the
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Fig. 2. Representative macroscopic images
of a right hind paw before the onset of arthritis
(A, normal) and subsequently as the disease
progressed. Corresponding and representative
clinical (arthritis) scores from 1 to 4 are shown
in B–D. Arrowhead in B shows the inflamed sec-
ond digit, whereas swollen digits 2–5 of the paw
can be seen a few days later (C). White brackets
in D and E indicate massive swelling of the ankle
joints as well, and swollen and ankylotized fin-
gers can be seen in E.
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severity is even greater when arthritogenic PGs are given in DDA intraperito-
neally. Deglycosylation of PG is still the most critical issue in revealing the
arthritogenic character of a PG molecule, and no additional inbred strains, other
than BALB/c or C3H, are susceptible using PG in DDA (20).

Using DDA as adjuvant, however, numerous PGs that are otherwise weakly
arthritogenic when administered in FCA (e.g., bovine and sheep) almost uni-
formly induces severe arthritis in mice of all BALB/c and susceptible C3H colo-
nies. On the other hand, even though immunization of susceptible BALB/c or
C3H mice with mouse, rat, or chicken cartilage PGs in either FCA or DDA can
provoke anti-PG immune responses, none of these cartilage PGs can induce
arthritis.

Prepare a 10 mg/mL solution of DDA in PBS, heat to 50–60°C (e.g., micro-
wave or water bath) and chill on ice. Mix the equal volume of antigen in PBS
with DDA in PBS. The dose per mouse is 100 µg/PG protein in 100 µL (1 mg)
DDA in PBS.

3.2.3. Assessment of Arthritis

The limbs of mice should be examined at least three times a week after the
second injection of DDA, or after the third injection of Freund’s adjuvants, to
record abnormalities because of arthritic changes of the joints (10,11,20,31,33).
The appearance of joint swelling should be recorded at the onset of arthritis.
An acute clinical (arthritis) score, which is a cumulative arthritis score of the
four limbs of each animal, should be determined by the same person over the
entire experimental period in a blind manner.

Each paw is given a grade ranging from 0 to 4 (Fig. 2). Slight swelling of the
paw or small joints (e.g., interphalangeal joints) is recorded as 1, whereas the
maximum redness and swelling of a paw, or ankylotized joint(s), is graded as 4
(Fig. 2). Therefore, each mouse at each time is scored from 0 to 16 (11,31,33–
35). For standard histopathological assessments of arthritis, paws can be fixed in
formalin, decalcified, embedded in paraffin, sectioned, and stained as described
elsewhere (10,11,14,15,29).

3.3. Measuring Immune Responses and Cytokines in PGIA

3.3.1. T-Cell Responses

Mouse spleen and joint-draining lymph node cells (2–3 × 105/200 µL/well)
can be seeded in 96-well tissue culture plates in either Dulbecco’s modified
Eagle’s medium or RPMI-1640 supplemented with 0.5 µM 2-mercaptoethanol,
1% nonessential amino acids, 1% sodium pyruvate, 100 µg/mL gentamicin,
and 1% pooled normal mouse and 5–10% heat-inactivated fetal calf serum (all
tissue culture grade). Cells can be cultured alone (nonstimulated cultures) or in



330 Glant and Mikecz

the presence of concanavalin A (2.5–5.0 µg/mL; positive control) or
chondroitinase ABC-digested human or mouse PGs (20–50 µg protein/mL); the
depletion of the CS side chains supports a more effective antigen presentation.

Antigen (PG)-specific T-cell responses are measured by interleukin (IL)-2,
interferon (IFN)- , and IL-4 production and T-cell proliferation. T-cell pro-
liferation is measured by a 16-h incorporation of 0.5 µCi of [3H]-thymidine
into the DNA using quadruplicate samples. Cells are harvested on day 5, and
incorporated [3H]-thymidine is determined by scintillation counter. Values
are expressed either as delta count per minute ( cpm), which is the differ-
ence of counts per minute measured in antigen-stimulated and nonstimulated
cultures, or as a stimulation index (SI), which is the ratio of counts per minute
measured in antigen-stimulated cell cultures relative to the counts per minute
measured in nonstimulated cell cultures.

A CTLL (American Type Culture Collection, Manassas, VA) bioassay is used
for measuring IL-2 production in supernatants of antigen-stimulated vs
nonstimulated cultures. The same system described for T-cell proliferation is
used, except that 100 µL of a 36- to 48-h culture medium is transferred to a
new 96-well plate containing 1 × 105 IL-2-sensitive CTLL-2 cells/well. The
use of a multichannel pipet makes the transfer process fast and accurate. Next,
24 h later, 0.5 µCi of [3H]-thymidine in 10 µL medium is added to each well
for 12 h, and then cells are harvested. Incorporated [3H]-thymidine is counted
as described above for T-cell proliferation.

IFN-  and IL-4 production can be measured in culture supernatants using
capture ELISA methods. If possible, cultures established in 48- or 24-well
plates are used for cytokine assays. In a 48-well tissue culture plate, 1.5 × 106

spleen or 1 × 106 lymph node cells in 600 µL medium (with or without PG
antigen) produce sufficient amounts of these cytokines, which can be mea-
sured in day 3 or 4 supernatants by ELISA (11,21,33).

To detect transforming growth factor (TGF)-  production, spleen cells
should be cultured in serum-free HL-1 medium (Biowhittaker, Walkersville,
MD), and then TGF-  can be measured after acid treatment of samples using a
TGF-  ELISA kit (Promega, Madison, WI) (36).

In an extreme or critical case, when the antigen or cell number is limited,
cytokine production and T-cell proliferation can be measured in the same cul-
ture system. In this case, 100 µL of culture supernatants are transferred on
CTLL-2 cells on day 2, and the removed medium is replaced with fresh (origi-
nal) medium. However, it is unnecessary to add fresh PG if the medium is
partially replaced on day 2 or later. [3H]-Thymidine in 10 µL medium is added
to each well for 12 h on day 5. Prior to the cell harvesting, supernatants are
transferred into antibody-coated ELISA plates for cytokine assays, and then
cells are harvested, washed, and counted for [3H]-thymidine incorporation.
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Evidently, special attention should be given to using isotope-containing super-
natants for ELISA.

3.3.2. Antibody Production and Antibody Isotypes

Blood samples can be collected from the retrobulbar venous plexus during
immunization, or serum can be prepared at the end of the experiment. Maxisorp
immunoplates (Nalgene Nunc International, Rochester, NY) do not require addi-
tional steps and bind well the negatively charged cartilage PG (see Note 6). Wells
are coated with human or mouse cartilage PGs (0.1 µg protein/100 µL/well)
for ELISA (11,35,37). Sera should be applied at increasing dilutions from 1:500
to 1:62,500, and the titer of isotypes of PG-specific antibodies can be deter-
mined using peroxidase-conjugated rat antimouse IgG1 or IgG2a or IgG2b sec-
ondary antibodies (21,37–39). Alternatively, total anti-PG antibodies can be
measured using peroxidase-labeled antimouse IgGAM. The optimal dilution
of isotype-specific second antibodies should be determined in preliminary
experiments.

Serum antibody levels can be normalized to mouse IgG1 and IgG2a, or IgG3,
isotype standards. The control immunoglobulin isotypes can be purchased from
companies or purified from irrelevant (non-PG-specific) monoclonal antibody-
containing ascites fluids by protein A/G. Serial dilutions of these standards are
immobilized on the microplate’s surface at linear concentrations ranging from
0.2 to 200 ng/well. Peroxidase substrate (H2O2) and any appropriate color
reagents (o-phenylene diamine or 3,3',5,5'-tetramethyl benzidine) can be used
for quantification of the peroxidase reaction by an ELISA plate reader.

3.3.3. Cytokines

Various cytokines (IL-1, IL-5, IL-6, IL-10, IL-12, IFN- , tumor necrosis
factor- , etc.) can be measured by capture ELISAs. These ELISAs are com-
mercially available and have appropriate manufacturer’s instructions and pro-
tocols. Although most of these cytokines cannot be detected in normal mouse
serum, eventually all are measurable in sera of arthritic animals.

ELISA kits are very expensive. If many animals and assays are designed,
the purchase of the capture and detection antibodies in a set is the most eco-
nomical approach. Both capture and detection antibodies are available from
either R&D Systems (Duo-Set), BD Pharmingen (BD OptEIA ELISA set), or
BioSource (CytoSet Antibody Pair), but the investigator has to adopt the pro-
tocol, purchase ELISA plates, and prepare buffer solutions.

3.4. Adoptive Transfer of PGIA
T-cell homeostasis is a physiological function of the immune system that

maintains a balance in the numbers and ratios of T cells at the periphery. A
self-MHC/self-peptide ligand can induce weak (covert) signals via the T-cell
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receptor (TCR), thus providing an extended life span for naïve T cells. A low
number of T cells can repopulate the lymphoid organs, but only in syngeneic
condition, which allows for recognition of a wide range of self-MHC-associ-
ated/(self)peptide ligands by matched TCRs (40–42).

Technically, the adoptive transfer of PGIA from BALB/c donors into geneti-
cally matched (both MHC and non-MHC genes) BALB/c or SCID mice can be
achieved. If syngeneic BALB/c mice are used, a whole body irradiation
(500 rad) is necessary, which is followed by bone marrow transplantation
(29). The use of SCID mice, especially in BALB/c background, is a more ideal
system for studying T-cell restoration in a T-cell-mediated autoimmune dis-
ease, such as PGIA.

Uniformly, 2 × 107 unseparated spleen cells or 1 × 107 B- or T-cell-depleted
lymphocytes or in vitro-stimulated lymphocytes can be injected intraperito-
neally on days 0 and 7 in transfer experiments (38). For a successful transfer,
cells must be injected together with 100 µg PG on day 0, or cells should be
stimulated in vitro with cartilage PG for 4 d prior to the transfer. In vitro mito-
gen-stimulated cells from arthritic mice do not transfer PGIA. Anti-PG anti-
bodies or B cells alone or together do not transfer arthritis. Successful arthritis
transfer requires both T and B cells.

Although the source of donor T cells (from arthritic mice) is critical, PG-
specific B cells from nonarthritic animals, or from animals immunized with
nonarthritogenic PG (e.g., rat chondrosarcoma), can help or support the trans-
fer. These antigen (PG)-specific B cells are the most superior PG antigen-pre-
senting cells (APCs) for T cells (14). These PG-specific B cells are probably
the first joint homing lymphocytes, which may be activated by PG fragments
released during the normal metabolic turnover of cartilage and then recruit
PG-specific (arthritogenic) T cells to the joint (29,38,43).

4. Notes
1. The quality of solid guanidine hydrochloride and cesium chloride is critical. For

example, if a crystal-clear 6–8 M guanidinium chloride solution cannot be pre-
pared from the solid guanidine hydrochloride, do not use this solid guanidine for
preparation of 4 M guanidine chloride.

2. The use of enzyme inhibitors is absolutely critical, and the sample should never
be warmed above 10°C. The use of two to three times more protease inhibitor
does not damage the molecular structure or influence the deglycosylation, but a
smaller amount or stored protease inhibitors may not prevent the proteolytic deg-
radation. PMSF and pepstatin A should be dissolved freshly in organic solvent
and added dropwise to the heavily mixed sample. These protease inhibitors have
a very short half-life even at 4°C, and they become inactive after a few hours.

3. Avoid freezing and thawing of cartilage samples, which lead to damage of
chondrocytes. Many proteolytic enzymes are released from dead chondrocytes,



Proteoglycan Aggrecan-Induced Arthritis 333

which degrade macromolecules of cartilage matrix. One of the most sensitive
macromolecules is the core protein of PG, and proteolytic degradation may lead
to the loss of T-cell epitopes.

4. As described in Subheading 3.2. for routine experiments, the use of
deglycosylated crude extract of human cartilage is sufficient, convenient, and
relatively inexpensive. Endo- -galactosidase (Seikagaku) and testicular hyalu-
ronidase (Worthington) are the least-expensive combination for deglycosylation.
In this case, use endo- -galactosidase treatment first; after 24 h digestion, adjust
pH 5.8 to pH 5.0 with acetic acid, add MgCl2 and NaCl, and apply the testicular
hyaluronidase digestion as a last step. Typically, 1.0–1.2 mg deglycosylated, dia-
lyzed, and lyophilized crude extract contains approx 100 µg PG core protein (a
dose/injection/mouse). Some proteins in the crude extract are insoluble in PBS
after deglycosylation, but this is mostly the KS-free G1 domain, which contains
arthritogenic epitopes (5,44,45). Therefore, do not remove insoluble material
from this final stock solution. Most of the contaminations as insoluble proteins
were removed before the last dialysis.

5. Smear exhaustively the emulsion after intraperitoneal injection; otherwise, it
remains in a drop and induces massive adhesion.

6. Whenever a crude extract is used for immunization, highly purified PG is also
needed for testing T- and B-cell responses in vitro. The purification and chemical
characterization of a relatively large quantity of cartilage PG (Subheading 3.1.2.)
may be sufficient for years.

7. There are no real differences in the chemical compositions of neonatal and adult
mouse cartilage PGs. However, the yield is different: approx 10 mg PG can be
purified from the cartilage of 600–800 femoral heads (300–400 adult mice) and
approx 100 mg PG from skeletal tissue of 80–120 neonatal (3- to 6-d-old) mice.
However, these skeletal tissue extracts have to be purified at least three times
with cesium chloride gradient centrifugation.

8. There is a common step, the 4 M guanidinium chloride extraction, in preparation
of cartilage PG (or crude extract of cartilage) and type II collagen. Using PG for
purification or immunization, the 4 M guanidinium chloride extract is needed;
the insoluble cartilage extract, mostly containing type II collagen, is discarded.
This insoluble cartilage residue can be used for type II collagen isolation after
washing, pepsin digestion, and repeated sodium chloride precipitation (see
Chapter 16). Therefore, with human cartilage (from either necropsy or from
joint replacement surgery), both PG and type II collagen can be isolated, and
both antigenic materials may be simultaneously available for both collagen-
induced and PG-induced arthritis.

9. The protein content of the crude extract is variable. Precise measurement of the
core protein content of PG aggrecan is a difficult task as this large molecule (Mr

about 2–3 × 106) is extensively degraded during aging processes or especially in
osteoarthritic cartilage; the type and level of degradation vary from cartilage to
cartilage (23). In addition, chondrocytes of diseased cartilage synthesize aggrecan
characteristic of fetal cartilage, and the size and composition of this molecule is
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significantly different from that synthesized by normal adult articular
chondrocytes (23,46). None of the currently available chemical (DMMB or uronic
acid assay, toluidine blue or safranin-O staining) or immunological (protein or
glycosaminoglycan epitope) methods is able to determine precisely the core pro-
tein content of aggrecan in diseased cartilage. With awareness of this problem, a
panel of monoclonal antibodies must be used to quantify, and then correlate,
aggrecan content in extracts of osteoarthritic cartilages. Methods have been fully
described elsewhere (17,22,23,47,48), and monoclonal antibodies are available
either from Chemicon International Limited (Temecula, CA), ICN Biochemicals
(Costa Mesa, CA), or the Developmental Studies Hybridoma Bank at Johns
Hopkins University School of Medicine (Baltimore, MD). In summary, and at
the conclusion of a large number of assays performed and described in Subhead-
ing 3.2., approx 250–300 µg of lyophilized human cartilage PG depleted of both
CS and KS represent 100 µg PG core protein (100 µg PG core protein is present in
approx 1.0–1.4 mg deglycosylated [testicular hyaluronidase and endo- -galactosi-
dase-treated] crude extract of human adult or osteoarthritic cartilage). The quality
of undigested cartilage samples or purified PG can be tested in agarose-polyacry-
lamide composite gel electrophoresis (23). Gels can be stained directly with tolui-
dine blue, or PGs should be transferred onto positively charged nylon membrane
(Amersham, Arlington Heights, IL) and then stained with PG-specific mono-
clonal antibodies (17,22,23,47,49).
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Mouse Models of Multiple Sclerosis

Experimental Autoimmune Encephalomyelitis
and Theiler’s Virus-Induced Demyelinating Disease
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Summary
Experimental autoimmune encephalomyelitis (EAE) and Theiler’s murine encephalitis virus-

induced demyelinating disease (TMEV-IDD) are two clinically relevant murine models of mul-
tiple sclerosis (MS). Like MS, both are characterized by mononuclear cell infiltrate into the central
nervous system and demyelination. EAE is induced by either the administration of protein or
peptide in adjuvant or by the adoptive transfer of encephalitogenic T-cell blasts into naïve
recipients. The relative merits of each of these protocols are compared. Depending on the type of
question asked, different mouse strains and peptides are used. Different disease courses are
observed with different strains and different peptides in active EAE. These variations are
addressed, and grading of mice in EAE is discussed. In addition to EAE induction, useful refer-
ences for other disease indicators, such as delayed-type hypersensitivity, in vitro proliferation,
and immunohistochemistry, are provided. TMEV-IDD is a useful model for understanding the
potential viral etiology of MS. This chapter provides detailed information on the preparation of
viral stocks and subsequent intracerebral infection of mice. In addition, virus plaque assay and
disease assessment are discussed. Recombinant TMEV strains have been created for the study
of molecular mimicry; these strains incorporate 30 various amino acid myelin epitopes within
the leader region of TMEV.

Key Words: Active induction; adoptive transfer; EAE; emulsion; encephalitogenic;
epitope spreading; experimental autoimmune encephalomyelitis; MBP; MOG; multiple scle-
rosis; myelin; neurodegeneration; PLP; relapsing-and-remitting; T cell blasts; Theiler’s mu-
rine encephalomyelitis virus-induced demyelinating disease; TMEV-IDD; VP2; VP3.
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1. Introduction

The mouse models of demyelinating disease have been useful in both the
demonstration of T-cell-mediated demyelination and in the characterization of
immune-mediated demyelinating disease. This chapter describes the methods
for inducing and characterizing two models of demyelinating disease: experi-
mental autoimmune encephalomyelitis (EAE) and Theiler’s murine encepha-
lomyelitis virus-induced demyelinating disease (TMEV-IDD).

In EAE, peripheral immunization with myelin antigen(s) results in a CD4+

T-cell-mediated demyelinating disease characterized by the presence of acti-
vated T cells and macrophages in the brain and spinal cord. The pathological
mechanisms observed in central nervous system (CNS) lesions of this model
bear very strong similarity to that found in brain lesions of patients with MS
(1–13). Oligoclonal immunoglobulin G (IgG) can be found in the CSF of both
EAE mice and patients with multiple sclerosis (MS) (2,7,14), along with infil-
tration of T cells, macrophages, and B cells within the white matter of the CNS
(11,15–18).

Discrete foci of demyelination can be observed in both EAE and MS
(15,17,19), and these are associated with infiltrating immune cells (15,18,19).
These infiltrating immune cells express proinflammatory cytokines,
chemokines, and reactive oxygen species thought to mediate the physical
destruction of myelin-sheathed nerves (7,15,18,19).

In addition, foam cell-like macrophages, containing phagocytosed hydro-
phobic myelin debris, have been demonstrated within active lesions (20–22).
Ascending hind-limb paralysis (described in Subheading 3.1.3.) is associated
with inflammation and demyelination of axonal tracks. Transfer of activated
myelin-specific Th1 cells to naïve recipient mice alone can induce demyelinat-
ing disease, demonstrating that T cells can initiate the disease process (23–25).
However, to do this, T cells must first be obtained from the lymph nodes of
mice previously immunized using the active induction protocol described
above (23,26).

Adoptive transfer protocols have numerous advantages over that of the active
induction protocols: (a) the day of adoptive transfer serves as a definitive point
of introducing encephalitogenic T cells to the recipient mice; (b) there is no
antigen depot to maintain de novo activation of naïve T cells; (c) it is consid-
ered a more direct way of characterizing T-cell effector function in the CNS in
a highly defined system; (d) it can be used to track encephalitogenic T cells in
vivo and to study infiltration and to isolate antigen-specific T cells from the
CNS (27,28). In the SJL mouse, both active induction and adoptive transfer of
disease typically take a relapsing-and-remitting (R/R) form.
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TMEV-IDD has been defined as a mouse model for human multiple sclero-
sis (29,30). TMEV is a natural mouse pathogen that belongs to the cardiovirus
group of the Picornaviridae (31,32), and it is composed of a single, positive-
strand RNA genome surrounded by a capsid containing viral protein (VP)1,
VP2, and VP3. TMEV is divided into two subgroups based on the pathogen-
esis of the viruses. The first subgroup, which includes GDVII, is highly viru-
lent and induces fatal encephalitis in infected mice. The second group, which
is defined as the Theiler’s original subgroup, includes Daniels (DA) and BeAn
8386 strains, which have low virulence and do not induce severe encephalitis,
but do establish persistent infections of the CNS associated with immune-
mediated demyelination (33).

TMEV-IDD is an immune-mediated demyelinating disease dependent on
persistent virus infection of the macrophage/microglia cell population of the
CNS (34,35). TMEV-IDD is associated with a mononuclear cell infiltrate con-
sisting predominantly of CD4+ T cells, macrophages, and B cells. The chronic
phase of TMEV-IDD is mediated by a PLP139–151-specific, CD4+ Th1-type
T-cell response that can be detected at approx 55 d postinfection (36). As the
disease progresses, epitope spreading leads to autoimmune responses to addi-
tional myelin antigens (37). The inflammation and demyelination observed in
TMEV-IDD is similar to the pathological descriptions in patients with MS
(38,39). Importantly, epidemiological studies suggested a viral etiology for MS,
providing additional importance for TMEV-IDD as a model for MS (40,41).
Infection of SJL mice with the BeAn strain has been directly associated with
the development of a chronic progressive demyelinating disease arising approx
30–35 d postinfection and characterized by spastic hind-limb paralysis and pri-
mary demyelination (42).

This chapter addresses the basic methods in inducing both active and adop-
tive transfer of EAE and the induction of TMEV-IDD. Although different
mouse strains have various susceptibilities to both models of disease, we focus
primarily on the induction in the most commonly used strain of mouse, the
SJL. In addition, the induction of TMEV-IDD is described using the BeAn
strain of TMEV. Mouse strain susceptibilities and variation in disease are dis-
cussed in Subheading 4.2.

2. Materials
2.1. Induction of Active EAE

1. SJL mice (Harlan Laboratories, Indianapolis, IN).
2. Encephalitogenic protein or peptide or spinal cord homogenate.
3. Phosphate-buffered saline (PBS).
4. Mycobacterium tuberculosis, H37 RA (Difco, Detroit, MI).
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5. Freund’s incomplete adjuvant (Bacto, Detroit, MI).
6. Three-way nylon stopcock (Luer connector) (Kontes Glass Co., Vineland, NJ) or

Sorvall Omni-Mixer (Dupont Instruments, Newton, CT).
7. 5-mL snap-cap tubes (Falcon).
8. Small-animal clippers (Golden A5, Oster/Sunbeam, Boca Raton, FL).
9. 18- and 25-ga needles (Becton Dickinson, Franklin Lakes, NJ).

10. Pertussis toxin (List Biological Labs, Campbell, CA).
11. Carbol fuchsin dye.
12. Ear tags (Gey Band and Tag, Norristown, PA).

2.2. Adoptive Transfer of EAE

1. SJL mice (Harlan Laboratories).
2. Balanced salt solution (BSS).
3. Dulbecco’s modified Eagle’s medium (DMEM; Sigma, St. Louis, MO).
4. Heat-inactivated fetal calf serum (FCS, Sigma).
5. 200 mM L-glutamine (Sigma).
6. 5.5 mM 2-mercaptoethanol (Sigma).
7. 1000 U/mL penicillin, 1000 µg/mL streptomycin.
8. Light microscope and hemocytometer.
9. 75-cm2 sterile tissue culture flasks.

10. Myelin antigen or myelin peptide.
11. 10-mL sterile pipet.
12. 100-ga sterile wire mesh and 90-mm sterile Petri dishes.
13. 3- and 10-mL syringes.
14. 25-ga needle.

2.3. Induction of TMEV-IDD

1. DMEM (Sigma).
2. FCS (Sigma).
3. Tryptose phosphate broth (Sigma).
4. Antibiotic-antimycotic (Gibco BRL, Gaithersburg, MD).
5. BHK-21 cells (American Type Culture Collection, Manassas, VA).
6. 25-, 75-, 162-cm2 tissue culture flasks (Corning, Corning, NY).
7. Versene 1:5000 (Gibco BRL).
8. 15- and 50-mL centrifuge tubes.
9. Polyethylene glycol.

10. Tris base.
11. Sodium chloride.
12. Sodium dodecyl sulfate (SDS).
13. Sucrose.
14. 21-, 23-, and 27-ga needles.
15. Cesium sulfate (Cs2SO4; Sigma).
16. PBS.
17. 60-mm tissue culture dishes (Nunc, Rochester, NY).
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18. Noble agar (Sigma).
19. Penicillin/streptomycin (Invitrogen, Carlsbad, CA).
20. Crystal violet (Sigma).
21. ClaI restriction enzyme (Promega, Madison, WI).
22. DH5  max efficient Escherichia coli (Invitrogen).
23. Sp6/T7 in vitro transcription kit (Roche, Indianapolis, IN).
24. Lipofectin reagent (Gibco BRL).
25. SJL mice (Harlan Laboratories).
26. Gentamicin (Gibco BRL).
27. 4Isoflurane (Abbott Laboratories, Abbott Park, IL)

3. Methods
3.1. Induction of Active and Adoptive Transfer of R/REAE

3.1.1. Induction of Active R/REAE Disease

EAE can be induced in susceptible strains of mice using proteolipid protein
(PLP), myelin basic protein (MBP), myelin oligodendrocyte glycoprotein
(MOG), or peptides corresponding to the encephalitogenic portions of these
proteins. Peptides (>98% purity based on mass spectrophotometry) or spinal
cord homogenate to be used in priming are first dissolved in PBS and irradi-
ated at 6000 rad for sterilization purposes. For peptides insoluble in PBS (pH
7.0), the pH can be increased until the peptide dissolves. The pH can then be
decreased to physiological levels.

However, pH has little influence on disease induction with peptide in
Freund’s complete adjuvant (FCA). Peptide should be diluted in PBS to a final
concentration of 2 mg/mL. An equal volume of peptide/PBS is added to FCA
(4 mg/mL; desiccated M. tuberculosis, H37 RA in incomplete Freund’s adju-
vant). This is then thoroughly mixed to form a thick peptide/FCA emulsion.
For small volumes, the emulsion can be prepared directly between two 1-mL
tuberculin syringes using a three-way stopcock with a Luer connector. For
larger volumes, the emulsion can be prepared using a mechanical mixer with
the emulsion on ice. Emulsion should be removed from the mixer with a stan-
dard laboratory spatula and placed in a 5-mL snap-cap tube. The emulsion is
then gently centrifuged. The emulsion should be loaded into 1-mL tuberculin
syringes using an 18-ga needle, taking care not to introduce air bubbles into the
syringe. The 18-ga needle is replaced with a 27-ga needle for immunization.
Table 1 provides a comprehensive list of different peptides of PLP, MBP, and
MOG proteins that can be used to initiate disease in different inbred mouse
strains.

The backs of animals to be primed are shaved using small animal clippers.
Ideally, animals receive approx 100 µL of emulsion subcutaneously, divided
equally across three sites on the dorsal flank (on each hip and one along the
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Table 1
Mouse Strain and Encephalitogenic Peptides in Active EAE

Mouse strain H-2 type Peptidea Sequencea Reference

SJL H-2s MBP89–101 VHFFKNIVTPRTP 53
MBP84–104 VHFFKNIVTPRTPPPSQGKGR 4
PLP139–151

b HSLGKWLGHPDKF 51,54
PLP104–117 KTTICGKGLSATVT 54
PLP178–191 NTWTTCQSIAFPSK 55
PLP57–70 YEYLINVIHAFQYV 56
MOG92–106 DEGGYTCFFRDHSYQ 57

PL/J, B10.PL H-2u MBPAc1–11 Ac-ASQKRPQRHG 58
PLP178–191 NTWTTCQSIAFPSK Unpubl.

(B10.PL)
MBP35–47 TGILDSIGRFFSG 58
PLP43–64 EKLIETYFSKNYQDYEYLINVI 59

(PL/J × SJL) F1 H-2s/u MBPAc1–11 Ac-ASQKRPQRHG 58
PLP43–64 EKLIETYFSKNYQDYEYLINVI 59
PLP139–151 HSLGKWLGHPDKF 51

C57BL/6 H-2b MOG35–55 MEVGWYRSPFSRVVHLYRNGK 60
PLP178–191 NTWTTCQSIAFPSK 61

C3H H-2k PLP103–116 YKTTICGKGLSATV 62
SWR H-2q PLP215–232 PGKVCGSNLLSICKTAEF 63
(SJL × B10.PL) F1 H-2s/q PLP139–151 HSLGKWLGHPDKF Unpubl.

PLP178–191 NTWTTCQSIAFPSK Unpubl.
MBPAc1–11 Ac-ASQKRPQRHG Unpubl.

(SJL × C3H/HeJ) F1c H-2s/k PLP190–209 SKTSASIGSLCADARMYGVL 64
PLP215–232 PGKVCGSNLLSICKTAEFQ 56

BALB/cPtc H-2d PLP178–191 NTWTTCQSIAFPSK 55
NOD H-2g7 PLP48–70 TYFSKNYQDYEYLINIHAFQYV 65

MOG35–55 MEVGWYRSPFSRVVHLYRNGK 66

aSequences for MBP peptides are based on different species variants of MBP that have different
numbering systems; sequences for PLP peptides are based on the mouse sequence. Consult the indi-
cated references for more detailed information.

bThe PLP139–151 sequence has a serine-for-cysteine substitution at position 140 to enhance solubility.
cThe EAE observed in these mice is nonclassical. In (SJL × C3H/HeJ) F1 mice, the disease causes

imbalance and axial rotatory movement (rotatory EAE). The BALB/cPt mice show lack of balance and
forelimb paralysis in the absence of hind-limb paralysis.
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midline of the back between the shoulders) using a 25-ga needle. As necessary,
animals should be marked for grading purposes. White and light-brown mice
can be marked with a red dye (carbol fuchsin). We routinely mark with large
spots on the head, midback, base of tail, and left and right sides. For black
mice, the tails can be marked with permanent markers (e.g., Sharpies), reap-
plied as necessary (one, two, three stripes, etc.), or use numbered ear tags.

3.1.2. Adoptive Transfer of R/REAE

The 8- to 12-wk-old mice are immunized as described for active induction
of EAE (23,26). In some cases, such as the adoptive transfer of myelin-specific
transgenic T cells and encephalitogenic T-cell lines maintained by in vitro pas-
sage, this step is not necessary. Once immunized, the mice are left for 7–14 d,
as described for different models in notes. The ratio of donor mice to recipient
mice varies according to how many activated cells are required from adoptive
transfer. Typically, for induction of PLP139–151-induced disease in the SJL
mouse, one donor mouse for two recipient mice is usually sufficient. In the
C57BL/6 model, typically the ratio is one to one. When large numbers of cells
are to be transferred, higher ratios are required.

In models in which donor mice are immunized, inguinal, axillary, and bra-
chial lymph nodes are pooled from primed mice and placed in BSS solution.
Cell suspensions should be kept on ice at all times. The pooled lymph nodes are
then placed onto a sterile 100-ga wire mesh in a 90-mm Petri dish. Using the
plunger of a sterile 10-mL syringe, the lymph nodes are crushed to produce a
single-cell suspension. The cell suspension is centrifuged at 300g for 5 min at
4°C in a sterile 50-mL sterile conical centrifuge tube. The pellet is resuspended
in fresh BSS by vigorous manual agitation or repeated pipetting using a sterile
10-mL pipet. The cells are washed once more with BSS and again pelleted as
previously described. After centrifugation, the cells are resuspended in complete
culture medium (DMEM containing 10% FCS, 2 mM L-glutamine, 100 U/mL
penicillin, 100 µg/mL streptomycin, and 50 µM 2-mercaptoethanol). For each
donor mouse used to obtain lymph node cells, 3 mL of culture medium are added.

Primed lymph node cells are resuspended at a final concentration of 8 × 106

cells/mL in complete DMEM medium, and 30 mL (2.4 × 108 total cells) are
placed into a sterile 75-cm2 tissue culture flask. Myelin protein or peptide anti-
gen is added to the lymph node suspension at the concentrations indicated in
Table 2. Cells are cultured for 3–4 d (37°C, 100% humidity, 5% CO2) for the
times indicated in Table 2 for the various models. In transfer systems in which
T-cell lines or naïve transgenic T cells (e.g., B10.PL–MBPAc1-11-specific
transgenic T cells) are to be reactivated or activated, respectively, different
protocols are followed and can be obtained from the relevant sources (43,44).
In these systems, addition of recombinant interleukin (IL)-12 to the culture
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Table 2
Summary of General Parameters for Various EAE Adoptive Transfer Modelsa

In vitro antigen
Mouse Antigen Donor immunization concentration In vitro IL-12 In vitro culture Number of blast Disease Disease
strain specificity period (days) (µg/mL)  (ng/mL)  time (h)  transfers (×106)  type  severity

SJL PLP 7–14 50–100 — 72–96 5–10 R/R Severe
PLP139–151 7–14 20 — 72–96 1–5 R/R Severe
MBP 7–14 50–100 — 72–96 40–60 R/R Moderate
MBP84–104 7–14 50 — 72–96 10–20 R/R Moderate

C57BL/6 MBP 10–14 50–100 — 72–96 50 Monophasic/
chronic Mild

MBP84–104 10–14 50 — 72–96 50 Monophasic/
chronic Mild

MOG 10–14 50 25 72–96 20 R/R Moderate
MOG35–55 10–14 10 25 72–96 20 R/R Moderate

B10.PLb MBPAc1–11 — 50 10 72 1 Monophasic Moderate
B10.S MBP 10–11 25 20 96 35 Monophasic Moderate

MBP87–106 10–11 50 20 96 35 Monophasic Moderate

aThese parameters have been optimized in different laboratories as previously described: SJL protocol parameters from refs. 26, 27, and 67–73; C57BL/
6 protocol parameters from refs. 60 and 74–77; B10.PL protocol parameters from ref. 43; and B10.S protocol parameters from 44.

bNote that the B10.PL system employs T-cell receptor transgenic donors, which do not require in vivo priming, only in vitro culture with MBPAc1–11
peptide and recombinant IL-12.
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medium is sometimes required for efficient induction of clinical disease in
naïve recipient mice. In some cases, neutralizing antibody to IL-4 has also
been used (43).

After 3 to 4 d of in vitro culture, the cells are resuspended by repeated
pipetting and are pelleted in a 50-mL conical tube. Cells are washed twice with
BSS and resuspended in approx 10 mL of BSS for each 30 mL tissue culture
volume. This blast preparation consists mainly of CD4+ T cells. If required,
CD8+ T cells and any remaining B cells and macrophages can be depleted using
magnetic bead separation techniques or other standard depletion methods.

The number of viable T-cell blasts are determined using a hemocytometer.
Both the total numbers of cells and the total numbers of T-cell blasts are deter-
mined. Unstimulated T cells appear small, quite regular in shape, and with a
cytoplasm relatively clear, compared to the large, often irregular, and granular
appearance of T-cell blasts. Typically, in the SJL transfer system, blasts ac-
count for 30–40% of total cells. In other systems, the percentage may be lower;
in transgenic systems, it may be higher. Cells are resuspended at a concentra-
tion of 2 × 106 to 1.2 × 108 T-cell blasts/mL in BSS, depending on the adoptive
transfer system and the number of blasts transferred.

The T-cell blasts, derived above, can be injected into naïve syngeneic recipi-
ents either intraperitoneally or intravenously to induce effective clinical disease.
However, intravenous injection is typically more effective, with clinical dis-
ease developing faster than delivery via intraperitoneal injection. Usually, the
required numbers of cells are injected in a volume of 0.25–0.5 mL using a
disposable 1-mL tuberculin syringe and a 25-ga or 27-ga needle.

3.1.3. Clinical Grading of Active and Adoptively Transferred EAE

Following priming, mice should be monitored every other day for the devel-
opment of disease. The appearance of EAE disease induced by active immuni-
zation varies considerably based on mouse strain and peptide used. For most
strains and peptides, disease appears between the second and fourth weeks
following priming. The disease is characterized by an ascending hind-limb
paralysis that begins in the tail and spreads to involve the hind limbs and
forelimbs. The disease is graded on a 0-to-5 scale. Depending on strain and
peptide, mice do not always reach the higher disease grades before disease
resolution or disease plateau.

Grade 0: There is no observable difference from naïve animals.
Grade 1: This grade is assigned to mice that have lost tail tonicity or show hind-
limb weakness (but not both). Loss of tail tonicity is judged in mice that, when
held aloft by the base of the tail, show sagging of the tail, and the tail cannot be
lifted. In addition, the tip of the tail fails to curl. Hind-limb weakness is defined
by the objective criterion that, when placed on the wire screen of the cage, the
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animal’s legs fall through the screen as it tries to walk. A waddling gait can also
be observed as the animal walks on a flat surface. The rear limbs are splayed, and
the rear posture is lowered.
Grade 2: This grade is assigned to mice that present both a limp tail and show
hind-limb weakness as defined in grade 1.
Grade 3: This assignment is given to mice that show partial hind-limb paralysis,
defined as the ability of a mouse to move one or both hind limbs to some extent,
but not maintain posture or walk.
Grade 4: This grade is assigned to mice that cannot move their hind limbs. The
animal moves only by dragging itself with its front limbs. A spastic paralysis and
atrophy of the hind limbs and lower body are often observed at this point. Mice at
this stage are given food (that can be moistened) on the cage floor, bottles with
long sipper tubes, and daily injections of subcutaneous saline to prevent death by
dehydration.
Grade 5: This grade is assigned to the most severe end-stage assessment of EAE.
These mice show a complete inability to move because of paralysis in all limbs.
In addition, any animals that consistently show high grades and die (“death by
EAE”) should be given a grade of 5. Mice that reach this stage and are moribund
with EAE should be sacrificed for humane reasons.

Histopathologically, the disease is characterized by a CD4+ T-cell and F4/
80+ (macrophage) inflammatory cell infiltrate that tends to be found in both
diffuse and focal patterns. In most EAE models, the pattern of infiltrate tends
to concentrate in the thoracic section of the spinal cord, with less involvement
in other regions of the cord or the brain.

3.1.4. Clinical Disease Course

The first clinical episode is referred to as acute-phase disease, which is pre-
ceded by pronounced weight loss. Mice will experience this acute episode for
variable times, depending on whether the disease is R/R, monophasic, or
chronic/progressive in nature. The point at which disease reaches its highest
score is referred to as the peak of acute disease. After the initial episode or a
subsequent relapse, some strains of mice experience a recovery (remission). If
the recovery lasts for at least 2 d and drops by at least one grade level, the
recovery is deemed an authentic remission. These recoveries are observed in
mice that show R/R (SJL) and monophasic disease (B10.PL) profiles. Mice
that remit from the initial disease episode and recover fully or stabilize at a
reduced disease score are referred to as monophasic (e.g., B10.PL primed with
MBPAc1-11). Mice that have an acute disease that never shows a full grade
reduction in disease are said to experience a chronic disease. This chronic
disease is characterized by sustained antigen-specific T-cell responses to the
priming antigen (e.g., C57BL/6 following MOG35–55 priming).
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In adoptive transfer, clinical disease is evaluated using the same scale as for
actively induced EAE. The type of disease, day of onset, and peak severity of
disease depend on the system used. Onset to peak disease is rapid, necessitat-
ing daily evaluation of mouse clinical signs. Results are typically presented as
mean clinical score of mouse groups plus or minus the standard error of the
mean. Other critical measures include mean day of onset, mean peak score,
mean day of remission, and relapse (the last two are relevant to R/R disease).
Typically, mice reach peak disease within 1–2 d after disease onset and remain
at peak disease longer than in the active EAE induction (average 5 vs 3 d).
Disease incidence is normally greater than 90%. Clinical disease may also be
evaluated using a terminal evaluation of histopathology in which fixed, Epon-
embedded sections of spinal cord are stained with toluidine blue as described
in ref. 13 (Fig. 1).

3.2. Induction of TMEV-IDD

3.2.1. TMEV Infecting Stock

Virus is produced in BHK-21 cells. BHK-21 cells are grown in DMEM
supplemented with 10% FCS, 0.295% tryptose phosphate broth, 1.0% gen-
tamicin, and 1% antimycotic-antibiotic. Cells are maintained in culture at 37°C

Fig. 1. Histopathological evaluation of 1-µm thick, Epon-embedded spinal cord
sections. (A) Spinal cord section from a normal mouse. Note the presence of profuse
and evenly distributed ringed structures that reflect myelinated axons with no infiltrat-
ing immune cells. (B) Spinal cord section from an SJL mouse with severe EAE. Note
the few and unevenly distributed myelinated axonal ringed structures with large bare
areas, along with large numbers of infiltrating immune cells throughout the section,
which appear as dense and dark spots. Magnification ×220.



350 Fuller et al.

and 5% CO2 and grown to confluency. BHK-21 cells are removed from the
flask by rinsing with versene (1:5000), resuspended in complete medium, and
seeded (1:10 split) in a new flask. These BHK-21 cells are grown to confluency
(2–3 d), and washed with DMEM without serum or supplements.

Medium is removed from the cells, and TMEV, BeAn 8386 strain, is added
at a multiplicity of infection of 5 in a minimal volume of serum-free medium,
ensuring that the cell monolayer is covered with medium. The infected cells
are incubated at room temperature for 1 h with intermittent rocking of the cul-
ture flask. After the 1-h incubation, DMEM with 2% FCS is added to the flask
at the appropriate volume. The flasks are incubated at 33°C and 5% CO2 until
the cells are lysed (detached from plate surface), usually within 24 h.

The medium is removed from the flask, and the cell debris is pelleted by
centrifugation. The cell lysate is removed and stored on ice, leaving a small
volume on top of the pelleted cells. The pelleted cells are then sonicated using
brief pulses to lyse the cells completely, and the resulting cell debris is again
pelleted by centrifugation. The lysate is added to the stored lysate collected
from the first spin, and this is aliquoted into small volumes and stored at –70°C.
The titer of the infecting virus stock is determined by plaque assay (as described
in Subheading 3.3.3.).

3.2.2. Purification of TMEV

Virus is produced in large stocks as described in Subheading 3.2.2. until
the point of removing the supernatant from the infected cells. The supernatant
is removed from the infected cells, and the pH is adjusted with HCl to a pH
below 7.0. The supernatant is frozen in bottles at –20°C. The bottles are thawed
in a 37°C shaking water bath without allowing the supernatant to become too
warm.

To each 500 mL of lysate, 14.5 g NaCl and 30 g polyethylene glycol are
added, and the lysate is stirred overnight at 4°C. The precipitated lysate is
centrifuged at 5000g in a Sorvall HB-4 swinging bucket rotor for 45 min at 4°C.
The supernatant is discarded, and the pellet is immediately resuspended in 18 mL
hypertonic TNE buffer (0.02 M Tris base, 0.5 M NaCl, 0.002 M EDTA).

The resuspended pellets are sonicated to separate the virus from cellular
debris and DNA. The sonicates are pooled, warmed, and incubated with 1 mL
10% SDS for each 9 mL of resuspended pellets for 30 min at 37°C. The lysate
is then centrifuged to remove any membranous debris. The supernatant is trans-
ferred to clear ultracentrifuge tubes and overlaid onto 22 mL of a 35% sucrose
solution. The virus is pelleted through the sucrose by centrifuging in a SW28
rotor at 72,128g (SW28 rotor at 20,000 rpm) for 20 h at room temperature.
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Following the centrifugation, the pellet is resuspended in 2 mL hypertonic
TNE buffer and sonicated to remove clumps. The virus solution is then incu-
bated with 0.1 mL 10% SDS for each 1 mL solution for at least 10 min at 37°C
to remove the remaining membranous fractions. The virus solution is then clari-
fied by centrifugation and 2–3 mL of the resulting supernatant overlaid on
20–70% sucrose gradients in clear centrifuge tubes. The gradients are centri-
fuged at 35,000 rpm for 3 h at room temperature. Following the centrifuga-
tion, a blue band containing the virus is visible by ultraviolet or halogen light
about 2–3 cm from the bottom of the tube. The virus-containing band is col-
lected by puncturing the side of the tube using a syringe fitted with a 21-ga
needle. The bands are pooled in new tubes up to a maximum volume of 1.5 mL
per tube, and 2.2 mL of 1 g/mL Cs2SO4 solution is then added to each tube. The
tubes are filled with hypotonic TNE buffer, mixed thoroughly, and centrifuged
at 144,000g for 22 h at 4°C in a 50Ti rotor.

The following day, the virus, contained in a white band about 1 cm from the
bottom of the tube, is collected using a syringe fitted with a 23-ga needle. The
virus-containing bands are pooled in a new centrifuge tube (2–3 mL per tube),
and the tubes are then filled with hypotonic TNE buffer, mixed, and centri-
fuged at 110,000g for 3 h at 5°C. After the centrifugation, the virus pellet is
resuspended in 0.2 mL PBS and incubated for 24 h at 4°C. To increase virus
yields, sonication of the suspension will help separate virus particles and remove
virus adhering to the tube wall. Quantitate the virus by measuring the average
absorbance at wavelength 280 cps A280 and determine amount of virus using
the following equation:

Average A280 × (10/35) = mg virus

Purity is assessed by SDS polyacrylamide gel electrophoresis.

3.2.3. TMEV Plaque Assay

BHK-21 cells are cultured in 35-mm culture dishes to confluency as described
in Subheading 3.2.1. The BHK-21 cells are washed twice with serum-free
DMEM. Dilutions of the virus stock or tissue homogenate are made in serum-
free DMEM, and 0.5 mL of each dilution is added to the BHK-21 cells in
duplicate. The cells are incubated at room temperature for 1 h with occasional
rocking of the dishes. Meanwhile, a 2% solution of noble agar is autoclaved
and maintained at 55°C. A 1:1 solution of the 2% noble agar and 2X DMEM
supplemented with 2% FCS and 2% penicillin/streptomycin is then prepared.

After the 1-h incubation, 6 mL of the 1:1 agar:DMEM solution is added to
each culture dish. The cells are then incubated at 33°C and 5% CO2 for 5–6 d.
The agar is removed from the dish with a lab spatula, and the cells are fixed
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with methanol and stained with a crystal violet solution (0.8 g crystal violet,
100 mL ethanol, 400 mL H2O) for 5 min. The plate is then rinsed in a dish with
water to remove the excess stain. Plaques are counted, and the number of
plaque-forming units (PFUs) is calculated based on the dilution and volume
added to each culture dish.

3.2.4. Construction of TMEV Containing Molecular Mimics
of Myelin Peptides

The complementary DNA (cDNA) for the BeAn genome has been inserted
into pGEM plasmid for molecular manipulations. A ClaI restriction enzyme
site was inserted into the leader sequence of the BeAn genome along with a
deletion of 23 amino acids. Molecular mimic sequences for myelin epitopes as
described in ref. 45 are inserted into the ClaI restriction site. Polymerase chain
reaction mutagenesis was conducted to insert ClaI sites flanking the sequence
into the virus genome. The mimic sequences are 30 amino acids long to restore
the deletion in the leader protein. The mimic sequence is ligated into the ClaI
site in the BeAn cDNA, and DH5 E. coli are transformed with the ligated
product to produce a BeAn cDNA containing the mimic sequence in the cor-
rect orientation.

Next, in vitro transcription of the BeAn cDNA containing the mimic sequence
is driven by an upstream T7 promoter using an Sp6/T7 in vitro transcription kit.
This produces a single positive-stranded RNA. The resulting RNA is trans-
fected into BHK-21 cells in a 60-mm culture dish with DMEM supplemented
with 2% FBS using lipofectin reagent as described by the manufacturer’s pro-
tocol. The transfected cells are incubated overnight at 33°C. Following the
incubation, the medium is removed from the cells, replaced with DMEM con-
taining 2% serum, and incubated for an additional 2–3 d at 33°C until the cells
begin to lyse, indicating virus production.

Virus is isolated from the cells following the procedure described in Sub-
heading 3.2.1.. The virus is amplified beginning with very small volumes until
the virus titer reaches 104 PFU/mL. Larger volumes can be used to produce
recombinant virus for infecting stocks. The viral titer of the recombinant viruses
is determined by plaque assay as described in Subheading 3.2.3.

3.2.5. Induction of TMEV-IDD

Female SJL mice 6–7 wk old are anesthetized with aerosolized isoflurane
and inoculated with either 3 × 107 PFU of wild-type TMEV (BeAn 8386 strain)
infecting stock (produced as described in Subheading 3.2.1.) or recombinant
mimic-expressing viruses (produced as described in Subheading 3.2.4.) in
30 µL in the right cerebral hemisphere by free-hand injection with a 27-ga
needle. Mice are marked to allow for individual evaluation of clinical and
histological disease.
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3.2.6. Clinical Assessment of TMEV-IDD

The clinical disease presentation seen in susceptible mouse strains, such as
SJL, depends on the strain of TMEV used for infection. Following inoculation
with the brain-derived DA strain of virus, mice first develop a flaccid paraly-
sis. Mice recover in approx 2 wk, indicating that this phase of disease is self-
limiting. However, 2–3 wk after infection, mice then develop a spastic paresis
of the hind limbs, which in SJL mice has a chronic disease course, resulting in
severe spastic paralysis (42).

In contrast, infection of SJL mice with the tissue culture-adapted BeAn 8386
strain does not produce clinical evidence of a first-phase disease. Infected mice
begin to show signs of clinical disease between 30 and 40 d post-TMEV infec-
tion and develop a chronic, progressive paralysis with no recovery or remitting
episodes, similar to primary progressive MS. Unlike EAE, clinical signs develop
slowly, with no drastic changes in gait from day to day. Mice are monitored for
disease progression two to three times per week, continuing until 100 d post-
infection. Each mouse is assigned a numerical score between 0 and 5 based on
the severity of their impairment: 0, asymptomatic; 1, mild gait abnormalities;
2, severe gait abnormalities; 3, loss of ability to right self associated with mild
spastic paralysis; 4, spastic paralysis in both hind limbs combined with urinary
incontinence and dehydration; 5, moribund.

Infection with recombinant TMEV containing different molecular mimic
sequences leads to different disease profiles, depending on the epitope
expressed. Mice infected with the leader deletion recombinant virus ClaI-
BeAn do not develop signs of demyelinating autoimmune disease (45). In con-
trast, mice infected with the recombinant PLP139-BeAn virus exhibit earlier
onset and more severe clinical disease, with onset between days 7 and 10 post-
infection (45).

3.2.7. Immunological Aspects of TMEV-IDD

Numerous immunological assays can be performed to determine the speci-
ficity, class, and timing of immune system involvement in disease pathology
following TMEV infection. Support for a CD4+ T-cell-mediated pathogenesis
of TMEV-IDD derives from studies showing that susceptibility strongly corre-
lates with the development of chronic high levels of TMEV- and myelin-spe-
cific delayed-type hypersensitivity (DTH) reactions. DTH to TMEV capsid
epitopes in BeAn-infected, susceptible SJL mice develop within 5–10 d
postinfection, preceding the appearance of clinical signs. These levels remain
high for at least 100 d postinfection (46). VP2 contains the immunodominant
Th1 determinant in TMEV-infected SJL mice as 80–90% of the DTH response
is directed against this virion protein (47).
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The immunodominant myelin epitope in SJL mice is PLP139–151, and responses
to this self-antigen are first observed around 45–50 d postinfection (i.e., 2–3 wk
after clinical disease onset) (37). As disease progresses, epitope spreading
occurs in a hierarchical order, with intramolecular spreading to PLP178–191
and PLP56–70 and intermolecular epitope spreading to MOG92–106 and MBP84–104
occurring during the chronic late phase of TMEV-IDD by day 100 postinfection
(36,37). These responses can be detected by both DTH and splenic T-cell prolif-
erative responses.

PLP139–151 responses can be detected between days 10 and 14 following infec-
tion with PLP139-BeAn (45). This is in contrast to wild-type TMEV-infected
mice, for which myelin responses arise by day 50 postinfection. In addition,
there is evidence for epitope spreading of myelin epitopes PLP178–191 in PLP139-
BeAn-infected mice (45,48).

In addition, cytokines play an important role in TMEV-IDD. The release of
the proinflammatory cytokines interferon-  and lymphotoxin (LT)/tumor ne-
crosis factor-  by both viral and myelin-specific Th1 cells in the CNS leads to
the recruitment and activation of monocytes and macrophages, which cause
myelin destruction by a terminal nonspecific bystander mechanism (39). These
cytokines can be quantitated using enzyme-linked immunosorbent assay, en-
zyme-linked immunospot, and other cytokine measures.

In conclusion, following TMEV infection of the CNS, bystander damage to
myelin is initiated by virus-specific CD4+ Th1 cells, which leads to the release,
processing, and presentation of myelin autoantigens by CNS antigen-present-
ing cells (APCs). This presentation to autoreactive T cells leads, via epitope
spreading, to an autoimmune response directed against CNS myelin, which
perpetuates chronic clinical pathology.

4. Notes
1. General Considerations on the Induction of EAE and TMEV-ID: These protocols

have been developed by numerous laboratories, with some variation between each
protocol. Variation in optimal culture conditions and immunization conditions
are apparent. As such, it is important for each laboratory to optimize the culture
system for their environment and reagents. Thus, listed concentrations may need
to be adjusted.

2. Mouse Strains Used in Active and Adoptive Transfer of EAE (Tables 1 and 2):
Susceptible strains: Varieties of mouse strains are used to study EAE. The most
common are SJL, B10.PL, C57BL/6, C3H, SWR, and the F1 progeny of several
of these parental strains. The importance of pertussis toxin and the type of dis-
ease course (chronic vs R/R) for each of these strains is discussed in Note 3.
Table 1 describes the haplotype and reported encephalitogenic peptides for each
of these susceptible strains.
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Resistant strains: Although many mouse strains are useful in the study of EAE,
not all mouse strains are susceptible to EAE induction. For instance, A/J, C3H/
HeJ, AKR, NZW, and DBA/2 appear to be resistant to EAE after priming with
known myelin antigens (49).

3. For efficient disease induction in some strains, administration of pertussis toxin
is required on days surrounding peptide priming. For this, 200 ng (200 µL of a
1 µg/mL stock in PBS) is administered intraperitoneally on the day of priming
and again the following day. Pertussis should be dissolved at least 24 h prior to
use to prevent death associated with administration of fresh pertussis. Pertussis
toxin is required to initiate EAE in C57BL/6 and B10.PL mice and their F1 prog-
eny, as well as (SJL × BALB/c) F1 mouse strains. Efficient disease induction
in SJL mice requires the use of pertussis toxin only with certain neuroantigens
(e.g., intact MBP and MPB84–104).

4. In addition to induction of disease and clinical disease, several other techniques
have been used to assay the presence and persistence of T-cell responses (and,
importantly, antigen-specific responses) following the development of EAE.
These include DTH (50), proliferation assay (51), immunohistochemistry (52),
and histopathology (Fig. 1). Complete descriptions of these techniques can be
found in the respective citations.

5. The disease course and immune reactivity described in these methods relate to
the BeAn strain of TMEV. The DA strain also induces a demyelinating disease
with some differences in clinical disease and different immune reactivities. In
addition, the GDVII strain of TMEV induces a lethal encephalitis and thus does
not result in a late-onset demyelinating disease.
The mouse strain described in these methods is the SJL mouse, which is suscep-
tible to BeAn strain TMEV-IDD. C57/BL6 are resistant to BeAn strain TMEV-
IDD. BALB/c have varying susceptibility to TMEV-IDD, depending on the
substrain, with BALB/cAnNCr mildly susceptible and BALB/cByJ resistant to
TMEV-IDD.
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Experimental Autoimmune Encephalomyelitis

Praveen Rao and Benjamin M. Segal

Summary
Experimental autoimmune encephalomyelitis (EAE) is an inflammatory demyleinating dis-

ease of the central nervous system that is induced in laboratory animals by the generation of an
immune response against myelin epitopes. It has been used as a prototype of Th1-driven, organ-
specific autoimmunity and as a model for the human disease multiple sclerosis. This chapter
describes two classic protocols for EAE induction (active immunization and adoptive transfer).
Subheading 3.3. describes methods for rating clinical disease in symptomatic animals. Sub-
heading 3.4. includes instructions for the isolation of mononuclear cells from the inflamed
spinal cords from mice with EAE.

Key Words: Active immunization; adoptive transfer; experimental autoimmune encepha-
lomyelitis; myelin basic protein; myelin oligodendrocyte glycoprotein; proteolipid protein.

1. Introduction
Experimental autoimmune encephalomyelitis (EAE) is an inflammatory dis-

ease of the central nervous system (CNS) that is induced in laboratory animals
via the generation of an autoimmune response against the myelin sheath, an
insulating covering around nerve fibers. The typical clinical course is an ascend-
ing paralysis that correlates with inflammation and tissue damage in the thora-
columbar regions of the spinal cord, although the optic nerves and brain
(particularly the subpial white matter and brain stem) are also frequently af-
fected (1). The classic pathological features of EAE are (a) perivascular in-
flammatory infiltrates (composed of lymphocytes, macrophages, and activated
microglia) and (b) adjacent areas of demyelination, characterized by destruction
of myelin with relative preservation of axons. However, there is growing evi-
dence for early axonal transection as well, which might actually correlate more
strongly with long-term disability (2,3).
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EAE is widely used as an animal model of multiple sclerosis (MS) because
of the striking clinical and histopathological similarities shared by the animal
and human diseases. Indeed, many recent advances in MS therapeutics, includ-
ing the introduction of glatiramer acetate and antibodies against very later anti-
gen (VLA)-4, arose from EAE studies (4–7). However, beyond its usefulness as
a model of MS, EAE is arguably the best-defined experimental model of Th1-
driven, organ-specific autoimmunity. Many principles initially observed in
EAE have been extended to other models of autoimmune disease, with tissue
targets as diverse as the joints (collagen-induced arthritis), uvea, thyroid, and
bowel. For example, the roles of CD4+ effector T cells and interleukin (IL)-12p40
monokines during the induction phase, now recognized as critical in all of the
above models, were initially worked out in EAE (8–17).

In early versions of the EAE model, disease was induced using subpial white
matter homogenate, myelin extracts, or whole myelin proteins (such as myelin
basic protein [MBP], proteolipid protein [PLP], and myelin oligodendrocyte
glycoprotein [MOG]) as the immunogen. A wide spectrum of mammals were
found to be susceptible, including mice, rats, pigs, and nonhuman primates
(18). However, as the model has evolved, it has become common practice to
induce the disease in well-defined inbred mouse strains by targeting single
major histocompatibility complex (MHC) class II-restricted myelin epitopes.
A list of the most popular EAE-susceptible murine strains and corresponding
encephalitogenic peptides is provided in Table 1.

From a practical standpoint, murine EAE holds many advantages. With most
of the current protocols, the disease is induced with a high degree of incidence
(80–100%) and reproducibility. Unlike other models of autoimmune disease,
which take months to become manifest, clinical signs begin within 5–16 d of
induction. Furthermore, different clinical courses simulating various subcat-
egories of multiple sclerosis can be triggered based on the particular strain and
autoantigen employed. For example, SJL mice immunized with a peptide of
proteolipid protein (PLP139–151) or injected with PLP139–151-specific T cells
exhibit a relapsing–remitting course reminiscent of the most common form of
MS. By contrast, C57BL/6 mice actively immunized against a peptide of
MOG (MOG35–55) develop a progressive form of EAE characteristic of later
stages of MS.

EAE in the mouse can be triggered either by active immunization or by the
adoptive transfer of myelin-specific CD4+ T-cell lines. Both protocols are
described in detail in the following sections. This is followed by a descrip-
tion of a clinical scale used to rate mice with EAE based on the severity of their
neurological deficits. From an immunological standpoint, the encephalitoge-
nic T-cell response has traditionally been measured by subjecting draining
lymph node cells and/or splenocytes to standard T-cell assays, such as thymi-
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Table 1
Peptides Used to Induce EAE in Susceptible Mouse Strains

Mouse strain Protein Peptide Reference

SJL PLP 139–151 20
MBP 89–101 21
MBP 84–104 22

C57 BL6 MOG 92–106 23
B10.PL MBP 35–47 24

PLP 43–64 25
MBP Ac 1–11 26

SWR PLP 215–232 27
C3H PLP 103–116 28

dine incorporation and interferon- /IL-2 enzyme-linked immunosorbent assays
or enzyme-linked immunospots. In Subheading 3.4., we concentrate on meth-
ods more specific to the EAE model, namely, the isolation and analysis of
CNS-infiltrating leukocytes.

2. Materials
2.1. Active Immunization

1. Freund’s complete adjuvant (FCA) with killed Mycobacterium tuberculosis H37Ra
at 4 mg/mL. Supplement standard FCA (Difco, Detroit, MI; containing 1 mg/mL
M. tuberculosis) or Freund’s incomplete adjuvant (FIA; containing no bacterial
products) with desiccated M. tuberculosis H37Ra (also available from Difco) to
reach the desired concentration.

2. Synthetic myelin peptides (see Tables 1 and 2), at 90% or greater high-perfor-
mance liquid chromatographic purity are obtained in lyophilized form, dissolved
in phosphate-buffered saline (PBS) at high concentration, sterile filtered, and
stored at –80°C.

3. PBS.
4. 1-, 5-, or 10-cc glass syringes.
5. Plastic stopcock.
6. 1-mL plastic syringes.
7. 25- and 27-ga needles.
8. Avertin, for which stock solution (50X) is prepared by dissolving 2,2,2-tribro-

moethanol (Sigma, St. Louis, MO) in tertiary amyl alcohol (5g/6.5 mL). Store at
–20°C in 0.5- to 1-mL aliquots.

9. Pertussis toxin (salt free; List Biological Laboratories, San Jose, CA); sold as a
lyophilized powder. Reconstitute with PBS to a final concentration of 2 µg/mL
and store at 4°C.
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Table 2
Sequences of Encephalitogenic Peptides Used to Induce EAE in Mouse

Peptidea Sequence

PLP 43–64 EKLIETYFSKNYQDYEYLINVI
PLP 103–116 YKTTICGKGLSATV
PLP 139–151b HSLGKWLGHPDKF
PLP 215–232 PGKVCGSNLLSICKTAEF
MBP Ac 1–11 Ac-ASQKRPSQRHG
MBP 89–101 VHFFKNIVTPRTP
MBP 84–104 VHFFKNIVTPRTPPPSQGKGR
MBP 35–47 TGILDSIGRFFSG
MOG 92–106 DEGGYTCFFRDHSYQ

aReferences are provided in Table 1.
bTo increase solubility, the synthetic peptide differs from the native sequence by the

substitution of serine for cysteine at position 140.

10. 8- to 12-wk-old female mice (the most commonly used strains are SJL, C57BL/6,
and B10.PL). Mice should be housed under specific pathogen-free conditions
with routine testing of sentinels for infections, including mouse hepatitis virus.

11. 2-mm ear punch (Roboz, Gaithersburg, MD).

Peptides should be sterile filtered following resuspension. PBS, syringes,
stopcock, and needles must be sterile.

2.2. Lymph Node Cell Culture for Passive Transfer

1. Tissue culture media (TCM) consisting of the following ingredients (all ingredi-
ents should be stored at 4°C except for penicillin/streptomycin and fetal bovine
serum, both of which should be stored at –20°C):

• 500 mL RPMI-1640 with L-glutamine (Gibco BRL, Carlsbad, CA).
• Fetal bovine serum (Gibco BRL), heat denatured at 58°C for 45 min and filter

sterilized prior to use. Add 100 mL.
• 2-Mercaptoethanol (Sigma); prepare stock at 5 × 10–5 M. Add 1 mL.
• 100 mM sodium pyruvate (Gibco BRL). Add 10 mL.
• 10 mM nonessential amino acid solution (Gibco BRL). Add 10 mL.
• Penicillin/streptomycin solution (10,000 U penicillin and 10 mg streptomy-

cin/mL; Gibco BRL). Add 10 mL.
• 1 M HEPES (Gibco BRL). Add 12.5 mL.

2. Sterile Hank’s balanced salt solution (HBSS).
3. Sterile disposable nylon 70-µm cell strainers (BD Falcon, Millville, NJ).
4. 50-mL conical polypropylene centrifuge tubes.
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5. Trypan blue.
6. Hematocytometer.
7. 24-well plates treated for tissue culture.
8. Synthetic myelin peptide (Macromolecular Resources, Fort Collins, CO; see

Tables 1 and 2).

2.3. Spinal Cord Harvest and Isolation of CNS Mononuclear Cells

1. Peristaltic pump (cat. no. 54856-075, VWR Scientific, West Chester, PA).
2. Collagenase (Worthington Biochemical Corp., Lakewood, NJ); prepare stock so-

lution of 8 mg/mL in HBSS or RPMI-1640. Store 5-mL aliquots at –80°C.
3. DNAse I (Sigma); prepare stock solution of 20 mg/mL in PBS. Store 1-mL

aliquots at –20°C.
4. Percoll (Amersham, Piscataway, NJ). Store at 4°C.
5. Sterile 15- and 50-mL polypropylene tubes.

3. Methods
There are two basic approaches for induction of EAE: active immunization

and passive transfer. In active immunization, the entire disease process, from
autoreactive T-cell priming to CNS infiltration and demyelination, takes place
in the same animal. Depending on the mouse strain and myelin epitope, it is
sometimes necessary to inject the recipient with pertussis toxin to attain a high
rate of incidence and to synchronize the course between experimental subjects.
(The mechanism of action of pertussis toxin is unknown, but it is widely believed
that it acts by increasing the permeability of the blood–brain barrier, thereby
expediting migration of effector cells into the brain and spinal cord (19).

Adoptive transfer allows the separation of the induction and effector phase,
which might be advantageous depending on the experimental question posed.
Myelin peptide-primed lymph node cells are reactivated with antigen in vitro
for 96 h prior to disease transfer. The in vitro stimulation step is critical for
successful disease transfer. Presumably, it allows the selective expansion of
myelin-reactive T cells and/or their terminal differentiation into encephalito-
genic effector cells.

3.1. Induction of EAE by Active Immunization

1. Estimate the amount of peptide and FCA needed: Irrespective of the specific model,
we find that immunization of mice with 100 µg of myelin peptide in 100 µL of an
emulsion with FCA is sufficient for the reproducible induction of EAE at high
incidence. Therefore, the total amount of peptide needed in micrograms equals
100 × n, where n is the number of mice to be immunized. Dilute the appropriate
amount of peptide (from stock solution) with sterile PBS to a final concentration
of 2 µg/µL. To prepare the emulsion, FCA is mixed with aqueous peptide solu-
tion in equal parts (v/v). The final volume (in microliters) needed of FCA as well
as peptide solution is 50n.
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2. Prepare the emulsion: Mix FCA and peptide solution by repetitive passage
between two glass syringes connected by a stopcock. The syringes should be
partly submerged in ice. At periodic intervals, test the emulsion by placing a
drop in a Petri dish containing PBS. If the droplet breaks up and comes apart,
continue mixing. If, on the other hand, the droplet remains intact, the emulsion is
ready for injection. Generally, 10–15 min of mixing is sufficient.

3. Load plastic syringes with emulsion: Pump all of the emulsion into one of the
glass syringes. Remove the empty glass syringe from the stopcock and replace it
with a plastic 1-cc syringe. Slowly transfer emulsion to the plastic syringe.
Repeat until all of the emulsion is dispensed into plastic syringes.

4. Anesthetize mice: Dilute stock solution of Avertin in sterile PBS (200 µL into
10 mL, respectively), vortex, and heat to 56°C prior to use. Inject intraperito-
neally at a dose of 250 mg/kg mouse body weight (or approx 0.33 mL for a
mouse weighing 20 g) using a 27-ga needle. Periodically assess the mouse’s level
of consciousness by toe pinch. The animal is properly anesthetized when it fails
to withdraw the limb. Mice should be anesthetized within several minutes of the
injection.

5. Immunize mice: Subcutaneously inject a total of 0.1 cc of emulsion per mouse in
its back. Distribute the immunogen equally among four sites over the flanks.

6. Administer pertussis toxin systemically: Inject pertussis toxin intraperitoneally
or intravenously (300 ng in 0.1 mL PBS per mouse) on days 0 and 2 postimmun-
ization.

7. Identify mice by ear punch.
8. Score mice: Monitor mice on a daily basis starting on day 7 for development of

neurological deficits (see Subheading 3.3. for details).

3.2. Induction of EAE by Passive Transfer (Fig. 1)

1. Immunize donor mice as described in Subheading 3.1., but do not inject pertus-
sis toxin.

2. Sacrifice mice between days 10 and 16 postimmunization.
3. Harvest draining lymph nodes (four axillary and two inguinal) under aseptic con-

ditions and place in HBSS.
4. Prepare a single-cell suspension by pressing the lymph node cells through a cell

strainer or mesh screen with a plunger from a sterile 3- or 5-mL syringe. We use
disposable nylon 70-µm cell strainers, which fit over a 50-mL conical tube. (Alter-
natively, use a 100-mesh screen from Fisher. Clean and flame sterilize the screen
prior to each use.) During the preparation of the suspension, periodically douse
the strainer with 1- to 2-mL aliquots of sterile HBSS to wash adherent cells
through to the 50-mL conical tube. Remove debris and connective tissue with
sterile forceps as they accumulate on the screen.

5. Once the single-cell suspension is finished, centrifuge the 50-mL tube at 300g at
4°C for 7 min.

6. Resuspend the pellet in 20 mL fresh HBSS and spin cells again. Repeat for two
washes.
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Fig. 1. Diagrammatic illustration of the adoptive transfer protocol (described in
Subheading 3.2.).

7. Count viable cells with a hematocytometer using trypan blue exclusion. Expected
yield is 50–70 × 106 cells/mouse.

8. Resuspend cells in TCM and dilute to a final concentration of 4 × 106 cells/mL.
Add myelin peptide at a concentration of 50 µg/mL.

9. Transfer cell suspension to 24-well plates in 2-mL aliquots per well. Incubate at
37°C in a 7.5% CO2 tissue culture incubator.

10. After 96 h of culture, collect the cells in 50-mL tubes with a sterile transfer pipet.
Centrifuge at 300g for 12 min. Discard supernatants and resuspend each pellet in
a relatively small volume of HBSS. Pool cell suspensions together. Centrifuge
again and wash with HBSS twice.

11. Count viable cells by trypan blue exclusion. Cell yield will be 60–80% of the
cells at the start of the culture.

12. Spin cells and resuspend the pellet with PBS to a final concentration of 25 × 106

cells/0.1 cc.
13. Inject 0.2 cc of cell suspension per mouse intraperitoneally or intravenously using

a 1-cc plastic syringe attached to a 25-ga needle.
14. Examine mice on a daily basis starting on day 5 and score for degree of neuro-

logical impairment (see Subheading 3.3.). Animals generally develop clinical
signs between days 5 and 8 after cell transfer.



370 Rao and Segal

3.3. Clinical Assessment of Mice With EAE

1. Observe the mouse as it ambulates on a smooth surface.
2. If there is no obvious limb paresis, hold the mouse by the scruff of the neck and

note whether it spontaneously raises its tail. If the tail does not move or is only
lifted transiently, assess its tone by flicking gently with your index finger.

3. Next, while holding the tail between thumb and index finger, flip the animal on
its back and time how long it takes to assume an upright position. A healthy
mouse will turn itself over immediately. A delay suggests hind-limb weakness.

4. Place the mouse on a wire cage top or metal grid and observe as it crosses from
one side to the other. Pay particular attention to whether the hind limbs slip
between the bars.

5. Score according to the following 5-point scale:

0: Healthy mouse. No signs of neurological dysfunction.
1: Limp tail only. The tail remains flaccid when the mouse is picked up.
2: Hind-limb paresis, but without frank leg dragging. The mouse fails the

backflip test and has a waddling gait. When placed on a wire cage top, the
mouse frequently slips, with one or more limbs falling in between the bars.

3: Partial hind-limb weakness with one or both hind limbs dragging, but some
movement preserved.

4: Complete hind-limb paralysis (depicted in Fig. 2).
5: Moribund. The mouse is paralyzed in both hind limbs and possibly one fore-

limb. Inevitably, there is weight loss. Breathing appears labored.

3.4. Isolation of Mononuclear Cells From Inflamed Spinal Cords

1. Anesthetize mice with Avertin as described in Subheading 3.1., but at double
the dose (500 mg/kg).

2. Perfuse mice with PBS by the intracardiac route using a peristaltic pump set to
low flow and low speed.

3. Remove the entire spinal column by gross dissection.
4. Fill a 10-cc syringe with PBS and attach an 18-ga needle to the tip.
5. Hold the spinal column with forceps and insert the 18-ga needle at the caudal end.
6. Eject the spinal cord into a Petri dish filled with HBSS by applying steady pres-

sure on the plunger.
7. Prepare an “enzyme cocktail” composed of 5 mL collagenase stock solution, 1 mL

DNAse I, and 14 mL HBSS.
8. Transfer the spinal cords to a Petri dish filled with the enzyme cocktail and mince

into small sections with a scalpel.
9. Incubate the dish at 37°C for 45–60 min.

10. Draw the digested material up and down through a large-bore needle several times
to dissociate the CNS cells further into a cell suspension.

11. Prepare a 30/70% Percoll gradient in 15 mL polystyrene tubes (with 4 mL of
each phase per tube). Carefully overlay the cell suspension (4–5 mL suspension
per tube).
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Fig. 2. Photograph of a mouse with EAE. The arrow points to a female SJL mouse
15 d after injection with 50 × 106 PLP139–151 reactive T cells (according to the protocol
described in Subheading 3.2.) At this point, the mouse had reached a clinical score of
4 (see Subheading 3.3.). Neurological signs initially presented as a flaccid tail on day
10 after cell transfer and then evolved into hind-limb paralysis. A naïve, healthy litter-
mate is shown for the sake of comparison.

12. Centrifuge at 1085g for 20 min at room temperature with the brake disengaged.
13. Collect cells from the 30/70% interface and transfer to a 50-mL tube containing

HBSS with 5% fetal bovine serum.
14. Centrifuge at 575g at 4°C for 10 min.
15. Resuspend the pellet in 10 mL HBSS and transfer to a 15-mL tube.
16. Centrifuge at 322g at 4°C for 7 min.
17. Decant the supernatant and resuspend cells in 1–2 mL TCM.
18. Count viable cells by trypan blue exclusion. The cell yield depends on the par-

ticular EAE model and the stage of disease at which mice are sacrificed. How-
ever, a reasonable estimate is 5 × 105 cells/cord (range 3–7 × 105 cells/cord).

19. Isolated cells can now be used for various studies, including flow cytometric
analysis, RNA extraction for reverse transcriptase polymerase chain reaction and
enzyme-linked immunospot assays.
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4. Notes
4.1. Immunization

1. Peptides should be sterile filtered following resuspension in PBS prior to storage.
PBS, syringes, stopcock, and needles must be sterile as well.

2. Prepare 10–25% more emulsion than actually required as some volume is lost to
dead space in the syringe tips and needles. In addition, material is inevitably lost
during the course of mixing and transferring.

3. Vortex FCA rigorously before adding it to the glass syringe. Mycobacterial par-
ticles settle to the bottom of the tube during storage.

4. Attempt to remove air bubbles before mixing the emulsion by tapping on the side
of the glass syringe after the FCA and peptide solution has been added to the
barrel. Air bubbles can hamper the emulsification process.

5. In the case of SJL mice immunized against PLP139–151, injection of pertussis toxin
is not absolutely necessary for disease induction. Mice will still succumb to EAE,
although at a slightly lower incidence (70–80% as opposed to 90–100%) and in a
less-synchronized manner.

4.2. Adoptive Transfer

6. Mix cells gently immediately before they are transferred to the syringe for in
vivo injection. This will help ensure that a uniform number of cells are injected
per mouse.

7. Cells should be injected slowly to prevent lysis. Prior to withdrawal, leave the
needle in for several seconds after the cells are dispensed. This will help mini-
mize leakage.

8. When designing experiments, be aware of the fact that 20–40% of the cells from
the start will be lost by the end of the 96-h culture. This is because of the death of
T cells that are not specific for the myelin antigen as well as the turnover of other
(non-T-) cell types.

9. If you want to avoid introducing mycobacterial products in the donor mice, it is
possible to generate encephalitogenic T cells from mice that are immunized with
myelin antigen in FIAincomplete Freund’s adjuvant by adding recombinant IL-
12 to the culture (10 pg/mL).

4.3. Clinical Scoring

10. The clinical scale described in Subheading 3.3. is appropriate for mice that expe-
rience the most common course of EAE, namely, ascending paralysis. This course
correlates with predominant spinal cord pathology. Occasionally, a mouse will
develop a cerebellar lesion, manifested by a tilt in its posture and/or gait. We rate
an animal with such a deficit as a 3 (because there is an obvious neurological
sign, immediately apparent, but not severe enough to interfere with essential activi-
ties). As the disease progresses, the mouse may continually lie on its side, unable to
assume an upright stance, or might even exhibit repetitive rolling. Such a mouse
is rated a 4 or 5 regarding whether breathing and/or body weight are affected.
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11. Our practice is to sacrifice mice before they progress to a score of 5.
12. In addition to rating neurological deficits, some investigators weigh mice on a

daily basis and use weight loss as a “surrogate marker” of EAE.

4.4. Isolation of Mononuclear Cells From Inflamed Spinal Cords

13. The enzyme cocktail can be made slightly in advance and kept on ice. It should
be warmed at 37°C immediately prior to use.

14. Percoll solutions should be kept at room temperature.
15. HBSS without calcium and magnesium is preferred for washing as this is believed

to result in higher cell yields.
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Animal Models of Scleroderma

Gabriella Lakos, Shinsuke Takagawa, and John Varga

Summary
Although no single animal model of systemic sclerosis (SSc) faithfully reproduces all fea-

tures of the human disease, certain animal models that display some of the features of SSc are
potentially useful as they may be helpful in gaining a better understanding of the pathogenesis
of SSc as well as developing novel therapeutic interventions. This chapter gives the detailed
description of the two most useful animal models of SSc: bleomycin-induced skin fibrosis and
the sclerodermatous graft-vs-host disease in mice. It provides the methodology of the induction
as well as the repertoire of the different approaches that can be used to investigate the skin
fibrosis in these models, including histopathology, immunohistochemistry, dermal thickness,
hydroxyproline content of the skin, and analysis of dermal cells by flow cytometry.

Key Words: Bleomycin; collagen; flow cytometry; immunohistochemistry; scleroderma;
sclerodermatous graft-vs-host disease; skin fibrosis; skin thickness; transforming growth fac-
tor- .

1. Introduction
1.1. Scleroderma

Scleroderma or systemic sclerosis (SSc) is a chronic acquired connective
tissue disease of unknown etiology and poorly understood pathogenesis. There
are currently no effective treatments, and 5-yr mortality approaches 30% (1).
Like other connective tissue diseases, SSc occurs more frequently in women,
with highest incidence in the third through fifth decades. The striking constel-
lation of autoimmune, vascular, and fibrotic alterations, which develop in vir-
tually all patients, makes SSc unique among connective tissue diseases.

The most frequent initial manifestation is Raynaud phenomenon, represent-
ing reversible vascular injury that may precede other manifestations by years.
With progression of the disease, vascular injury becomes irreversible, with
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digital ischemia and infarctions, telangiectasia in the skin and stomach, and
evidence of widespread microvascular damage most prominent in the pulmo-
nary circulation. Mononuclear cell inflammation occurs early in skin and other
affected organs and is associated with the local production of growth factors
such as transforming growth factor (TGF)- , and chemokines such as mono-
cyte chemotactic protein 1. Most patients show a highly restricted autoimmune
response, with circulating autoantibodies directed against topoisomerase-1 or
kinetochore (centromere). A type 2 (Th2) immune response predominates, with
elevated levels of interleukin (IL)-4, IL-6, and IL-13 and low or absent inter-
feron (IFN)- (2).

With time, progressive fibrosis affects the skin, lungs, heart, and
gastrodigestive tract as well as joints, tendons, and ligaments and medium-size
blood vessels in most visceral organs. In late SSc, lesional tissues show a pau-
city of inflammatory cells; in contrast, a subpopulation of resident fibroblasts
is activated, with elevated production of collagen and other extracellular matrix
components, increased levels of surface integrins, and transdifferentiation into
myofibroblasts. The normal equilibrium between matrix synthesis and matrix
turnover is disrupted, with excessive accumulation of connective tissue, result-
ing in progressive displacement of normal tissue architecture and failure of
affected organs. In Table 1, the major clinical and pathological features of SSc
are contrasted with those seen in the animal models discussed next.

1.2. Animal Models of Scleroderma

Perhaps because of its unique triad of autoimmune/vascular/fibrotic features,
as well as the marked heterogeneity of clinical manifestations from one indi-
vidual to the next, understanding the pathogenesis of SSc presents an enor-
mous challenge. It is not surprising that no single animal model of SSc
faithfully reproduces the human disease. However, there are animal models
that display some of the features of SSc. These models are of enormous poten-
tial utility because they may be helpful in gaining a better understanding of the
pathogenesis of SSc as well as in developing of novel therapeutic interven-
tions. Reviews provided excellent overview of animal models of SSc (3,4).
Here, we focus on the advantages and limitations of selected animal models,
then present methodological considerations.

Most animal models of SSc have been developed in the mouse, a natural
choice in light of the large body of genetic information available. The models
can be divided into those in which disease is induced (by an exogenous sub-
stance such as bleomycin or through manipulation of the immune system) and
those for which disease develops spontaneously through an inherited mutation
or through genetic manipulation. In the first group, the antibiotic and antitu-
mor agent bleomycin (5) is widely used to study fibrosis in a variety of or-
gans of rodents. Administered intratracheally, bleomycin induces pulmonary
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Table 1
Comparison of SSc and Selected Animal Models

Systemic sclerosis Mouse models of scleroderma

Graft-vs-host disease;
BALB/c (recipient) Tsk-1,

Bleomycin-induced; and B10.D2 (donor) B10.D2
C3H mouse strain mouse strains mouse strain

Acquired Acquired Acquired Inherited
(autosomal dominant)

Female No gender No gender No gender
predominance predominance predominance predominance

Generally insidious Skin fibrosis Skin fibrosis Skin fibrosis
progression evolving by 21 d evolving by 21 d detectable by day 7

Early inflammation Early inflammation Early inflammation No inflammation
in lesional tissue in lesional tissue in lesional tissue in lesional tissue

Skin fibrosis Skin fibrosis Skin fibrosis Skin fibrosis

Lung fibrosis Lung fibrosis Lung fibrosis Emphysema

Gastrointestinal tract ? No gastrointestinal ?
fibrosis involvement

Systemic vascular Systemic vascular No vascular No vascular
injury injury  injury  injury

Autoantibodies No autoantibodies No autoantibodies ± Autoantibodies

inflammation, fibroblast accumulation, and fibrosis (6). The histological changes
resemble those seen in the lungs of patients with SSc (7). Susceptibility to lung
fibrosis is strongly influenced by the genetic background of the mouse (8–10).

Injection of bleomycin by the subcutaneous route is associated with early
inflammation, with striking numbers of monocytes accumulating in the lesional
dermis (11–13). The inflammatory infiltrate also contains mast cells and occa-
sional eosinophils (14). After 1–2 wk of daily injections, progressive dermal
fibrosis develops (Fig. 1). At this stage, the lesional dermis is thickened and
relatively acellular, with excessive accumulation of collagen. The indurated
lesion remains highly localized and persists for at least 6 wk after the last
administration of bleomycin. Fibroblasts in the lesional dermis may show
elevated expression of Hsp47, a marker for ongoing collagen synthesis (15),
and sustained activation of the intracellular TGF- /Smad signal transduction
pathway (13). Many fibroblasts stain positive for -smooth muscle actin, indi-
cating their transdifferentiation into smooth muscle-like myofibroblasts (16).
Administration of neutralizing antibody to TGF-  prevents the development of
fibrosis (17).
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Fig. 1. Dermal sclerosis in the bleomycin-induced mouse scleroderma model. C3H
mice were injected daily with (A) PBS or (B) 100 µg/mL bleomycin for 3 wk. Note
extensive dermal thickening; fat layer is replaced by connective tissue.

Another animal model that shows intriguing similarities with SSc is a form
of graft-vs-host disease (GVHD), which can be induced in lethally irradiated
BALB/c mice by transplanting bone marrow or spleen cells from B10.D2 mice
compatible at major, but not minor, histocompatibility loci (18). The recipients
show skin and lung fibrosis by day 21 after bone marrow transplantation, pre-
ceded by infiltration with monocytes and T cells of donor origin and elevated
tissue levels of messenger RNA (mRNA) for TGF- 1 and monocyte chemot-
actic protein 1. The donor cells infiltrating the dermis show evidence of activa-
tion and display H-2 and class A scavenger receptor molecules. Increased
numbers of mast cells and evidence of mast cell activation/degranulation have
also been described (19). In contrast to SSc, there is no evidence of vascular
injury or of autoantibodies.

Tight skin (Tsk1) mice develop fibrosis spontaneously as a result of a stably
inherited genetic alteration. A mutation on chromosome 2 results in an in-frame
duplication of exons 17 through 40 of the fibrillin-1 gene (20). The duplicated
region is inserted between exons 40 and 41, yielding a mutant 450-kDa
fibrillin-1 protein that has two extra TGF- -binding domains. Homozygous
Tsk1 mice die in utero at 8–10 d of gestation, whereas heterozygous mice
develop skin thickening by day 7. Cutaneous fibrosis is associated with marked
collagen accumulation and increased transcription of the 2-chain of type I
collagen gene in dermal fibroblasts (21). In addition to scleroderma, Tsk1/+
mice also develop cardiac fibrosis, but no lung fibrosis; rather, they have
greatly distended lungs with emphysemalike alveolar dilatation. The patho-
genesis of skin and cardiac fibrosis in the Tsk1/+ mouse, and the role of TGF- ,
remain obscure.
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Another animal model of SSc is provided by MRL/lpr mice lacking the
IFN-  receptors (MRL/lpr R–/–). The MRL/lpr mice, widely used as a model
for systemic lupus erythematosus, have a mutation of the gene encoding Fas
and develop glomerulonephritis, vasculitis, and lymphadenopathy associated
with autoantibody production. Because IFN-  is an important antifibrotic sig-
nal, the loss of IFN-  responsiveness in the MRL/lpr R–/– mouse results in
dermal fibrosis and collagen accumulation accompanied by evidence of vascular
injury (J. Oates, S. Takagawa, and J. Varga, unpublished, 2003).

In summary, induced and naturally occurring forms of fibrosis in the mouse
reproduce important clinical or pathological features of SSc, especially dermal
fibrosis. Because the severity, time course, and extent of dermal fibrosis in
these models can be accurately monitored, it provides a useful experimental
“readout.”

2. Materials
2.1. Induction of Scleroderma in Mice by Subcutaneous Injection
of Bleomycin

1. 15 U Bleomycin for injection, USP (Gensia Sicor Pharmaceuticals Inc., Irvine, CA).
2. Phosphate-buffered saline (PBS) at pH 7.4.
3. 1-mL U-100 insulin syringe with 28-ga needle (309309 Becton Dickinson,

Franklin Lakes, NJ).
4. Millex-GP 0.22-µm syringe-driven filter unit (SLGP033RS Millipore Corp.,

Bedford, MA).

2.2. Induction of Sclerodermatous GVHD in Mice
(Bone Marrow Transplantation)

1. 100 µL heparin (10,000 U/mL; Sigma, St. Louis, MO) for injection of each donor
mouse.

2. Iodine solution and 75% ethanol to disinfect skin before collecting bone marrow
and spleen cells.

3. Surgical instruments (strong scissors, fine scissors, forceps).
4. Sterile Petri dishes with medium containing heparin (RPMI-1640, BioWhittaker,

Frederick, MD, with 20 U/mL heparin, Fisher Scientific, Pittsburgh, PA).
5. Sterile 50-mL falcon tubes to collect cells.
6. Autoclaved stainless steel mesh.
7. Gammacel 137Cs source.
8. 27-ga needles.
9. 5-mL syringes preloaded with medium/heparin (item 4).

10. Microisolator cages (Lab Products, Seaford, DE).
11. Autoclaved acidified water (pH 2.5 with acetic acid) and autoclaved chow.
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2.3. Processing Skin for Histological and Immunohistochemical
Analysis

1. Histoprep tissue capsule (15-182-218, Fisher Scientific).
2. 10% formalin (buffered formalde-fresh SF93-4, Fisher Scientific).
3. Ethanol (70, 80, 90, 95, and 100%).
4. Xylene (HC700 HistoPrep xylenes, Fisher Scientific).
5. Paraffin (Paraplast X-tra tissue embedding medium 23-021401, Fisher Scientific).
6. Vacuum incubator.
7. Histoprep mold release (SH70-250D, Fisher Scientific).
8. Histoprep stainless steel base mold (15-182-505, Fisher Scientific).
9. Embedding cassettes (15-182-500, Fisher Scientific).

10. Tissue embedder (Histoembedder 038621439 B, Leica Instruments GmbH,
Nussloch, Germany).

11. Microtome (Biocut 2030, Leica Instruments).
12. Disposable Microtome blades (818, Leica Instruments).
13. Superfrost/Plus microscope slide (12-550-15, Fisher Scientific).
14. Histobond adhesive (23-245692, Fisher Scientific).
15. Water bath.
16. Slide warmer (26020, Lab-Line Instruments Inc., Melrose Park, IL).

2.4. Hematoxylin and Eosin Staining, Determination
of Dermal Thickness

1. Hematoxylin solution (HHS-16 Accustain Harris hematoxylin solution, modi-
fied, Sigma-Aldrich Co., St. Louis, MO).

2. Eosin Y solution (HT-110-1-16 Accustain eosin Y solution, alcoholic, Sigma-
Aldrich).

3. Xylene (HC700 HistoPrep xylenes, Fisher Scientific).
4. Ethanol (100, 95, and 80%).
5. 0.5% acid alcohol solution (1 mL concentrated HCl plus 199 mL 70% ethanol).
6. Ammonia water (1 mL 28% NH4OH plus 199 mL distilled water).
7. Mounting medium (SP15-100 Permount, Fisher Scientific).
8. Staining jars.
9. Coverslips (FISHERfinest premium cover glass 12-544-14, Fisher Scientific).

10. Microscope equipped with digital camera and suitable software to transfer the
photos to the computer (for example, charge coupled device camera and SPOT
Insight, Diagnostic Instruments, Sterling Heights, MI).

11. SPOT Advanced software (Diagnostic Instruments) for image analysis.

2.5. Immunohistochemistry

1. DAKO pen (S2002, DAKO Corp., Carpinteria, CA).
2. Steamer, such as Favor Scenter steamer deluxe (HS2776, Black and Decker,

Towson, MD).
3. DAKO Target Retrieval solution (S1699, DAKO Corp.).
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4. 3% H2O2.
5. TBS-T: 50 mM Tris-HCl, 300 mM NaCl at pH7.8, and 0.1% Tween-20.
6. DAKO Protein Block, serum free (X0909, Dako Corp.).
7. Hematoxylin solution (HHS-16 Accustain Harris hematoxylin solution, modi-

fied, Sigma-Aldrich).
8. Xylene (HC700 HistoPrep xylenes, Fisher Scientific).
9. Ethanol (100, 95, and 80%).

10. 0.5% acid alcohol solution (1 mL concentrated HCl plus 199 mL 70% ethanol).
11. Ammonia water (1 mL 28% NH4OH plus 199 mL distilled water).
12. Mounting medium (SP15-100 Permount, Fisher Scientific).
13. Staining jars.
14. Coverslips (FISHERfinest premium cover glass 12-544-14, Fisher Scientific).

2.6. Digestion of Tissue for Single-Cell Suspension
for Flow Cytometric Analysis

1. PBS at pH 7.4.
2. Dulbecco’s modified Eagle’s medium (15-017-CM, Mediatech (800) Cellgro,

Herndon, VA).
3. HEPES (H-7523, Sigma-Aldrich).
4. Dispase (354235, BD Biosciences, San Diego, CA). Working solution: 50 U/mL.

Store stock solution aliquoted at –70°C. Avoid repeated freezing and thawing.
5. Hyaluronidase (H-3506, Sigma-Aldrich). Working solution: 1000 U/mL. Store

stock solution aliquoted at –70°C. Avoid repeated freezing and thawing.
6. Deoxyribonuclease (D-5025, Sigma-Aldrich). Working solution: 0.01%. Store

stock solution aliquoted at –70°C. Avoid repeated freezing and thawing.
7. Collagenase I (C-9891, Sigma-Aldrich). Working solution: 0.27%. Store stock

solution aliquoted at –70°C. Avoid repeated freezing and thawing.
8. Scalpel, forceps, scissors.
9. 40-µm pore size cell strainer (352340, Becton Dickinson).

10. 50-mL polypropylene conical tubes (352070, Becton Dickinson).
11. Trypan blue dye, hemacytometer.
12. Flow cytometry wash buffer: PBS with 1% bovine serum albumin and 0.05%

sodium azide.

2.7. Determination of Hydroxyproline Content of the Skin

1. 6N HCl (H 0636, Sigma-Aldrich).
2. Chloramine T (C 9887, Sigma-Aldrich).
3. Sodium acetate trihydrate (S 9513, Sigma-Aldrich).
4. NaOH (S 8045, Sigma Aldrich).
5. Isopropanol (2-propanol I 9516, Sigma-Aldrich).
6. 4-(Dimethylamino)benzaldehyde (D 2004, Sigma-Aldrich).
7. Perchloric acid 69.0–72.0% (24,425-2, Sigma-Aldrich).
8. Citric acid monohydrate (C 1909, Sigma-Aldrich).
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9. Glacial acetic acid (A 6283, Sigma-Aldrich).
10. Stock solution: 5 g citric acid, 1.2 mL glacial acetic acid, 12 g sodium acetate

trihydrate, 3.4 g NaOH in 100 mL of deionized water (stable at +4°C for 2 wk).
11. Chloramine-T reagent: Dissolve 1.4 g chloramine-T in 20 mL deionized water,

add 30 mL propanol and 50 mL stock solution (stable at +4°C for 2 wk).
12. Hydroxyproline standards (Trans-4-hydroxy-L-proline H 5534, Sigma-Aldrich).
13. Dimethylaminobenzaldehyde reagent: Dissolve 15 g dimethylaminobenzal-

dehyde in 60 mL isopropanol and slowly add 30 mL of 70% perchloric acid.
Must be freshly prepared under hood.

14. 6-mm dermal biopsy punch (33-36, Miltex Instrument Co. Inc., Bethpage, NY).
15. Glass tubes.
16. Vacuum incubator.
17. 96-well polystyrene plate.
18. Enzyme-linked immunosorbent assay photometer.

3. Methods
3.1. Induction of Scleroderma by Subcutaneous Injection of Bleomycin

Repeated daily subcutaneous injections of bleomycin (0.1–1 mg/mL) induce
dermal sclerosis in various strains of mice. There appears to be some degree of
strain variability in susceptibility to fibrosis; for example, fibrosis develops
after 4 wk in BALB/c mice, but after 3 wk in C3H mice (see Note 1). Fibrosis
remains confined to the injected area (approx 0.5 cm2).

1. Sterilize PBS by filtration through 0.22-µm syringe-driven filter unit. Dissolve
bleomycin in PBS (100 µg/mL) and sterilize by filtration (see Note 2). Sterilized
solutions should be aliquoted and stored at –20°C.

2. Shave the backs of 6-wk-old C3H mice (see Note 3).
3. Using the 28-ga needle, inject 100 µL bleomycin or PBS (as control) subcutane-

ously into the shaved back. Two different spots on the back of the mice can be
shaved and injected to have more lesional tissue for study.

4. Injections at the same site should be carried out daily for up to 3 wk (see Note 4).

3.2. Induction of Sclerodermatous GVHD

1. Mouse strains: The donor/recipient mouse strain pair used to generate scleroder-
matous GVHD is B10.D2 (nSNJ H-2d, Mls-2a, Mls3a) transplanted to BALB/cJ
(H-2d, Mls2a, Mls3a) (both from Jackson Laboratory, Bar Harbor, ME). Male or
female mice can be utilized as donors and recipients at approx 6–8 wk of age.
When male mice from different littermates are placed together, the fighting that
ensues can lead to unwanted injuries with scarring of the skin; therefore, female
mice are generally used as recipients. It is helpful to transplant bone marrow and
spleen from male mice into female mice to track donor cells by polymerase chain
reaction analysis of Y-chromosome sequences. Transplantation with syngeneic
BALB/c bone marrow/spleen cells is always performed (control group).
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2. Donor and recipient mice are allowed to adapt for approx 1 wk after shipping and
are maintained from time of arrival in Microisolator cages (three to five  mice per
cage).

3. Recipient mice are irradiated early on the day of transplantation in groups of 5–8
with 700 cGy using a Gammacel 137Cs source. Increased mortality unrelated to
GvHD occurs at higher doses in BALB/c mice, which are sensitive to ionizing
radiation.

4. A standard protocol for preparation of the transplantation inoculum is used and is
briefly described here (22):

a. Preparation of bone marrow cells (source of hematopoietic precursors for
engraftment). Donor mice are sedated with ketamine and injected intraperi-
toneally with 100 µL of heparin before sacrifice by cervical dislocation.
The skin is disinfected by dipping in iodine solution, then in 75% ethanol.
Using ethanol-cleaned surgical instruments, the lower extremity skin is
stripped away starting at the Achilles tendon with an incision. The leg is re-
leased by disarticulation of the femur from the pelvic socket with heavy
scissors. Fine scissors are then used to strip the soft tissue from femur and
tibia, and the fibula is discarded. The ends of each bone are clipped using
heavy scissors and discarded. Three cleaned bones from each leg (femur, knee
joint, and tibia) are then placed in a sterile Petri dish with media/heparin.
Using 27-ga needles and 5-mL syringes preloaded with media/heparin, bone
marrow is flushed from the bone marrow canal into a 50-mL falcon tube.
Bone marrow cells are resuspended in a final volume of 50 mL media/hep-
arin, washed two times in media/heparin, and counted for total number and
viability using trypan blue dye exclusion. The bone marrow preparation is
kept at room temperature until use. Bone marrow from four to five mice yields
approx 50–150 × 106 bone marrow cells for transplantation. 5-Fluorouracil,
150 µg/mouse, injected intraperitoneally 2 d before collection of bone mar-
row will increase yield. The bone marrow cells must be handled carefully
after 5-fluorouracil mobilization because they appear to be more fragile.

b. Preparation of spleen cells (source of mature T cells to generate GVHD).
Spleen is removed at the same time that leg bones are collected. After minc-
ing the spleen with a sharp scalpel in a sterile Petri dish with media/heparin,
cells are disaggregated by pressing pieces through an autoclaved stainless
steel wire mesh screen over a 50-mL falcon tube. The mesh is washed in
media/heparin, and spleen cells are collected into 50 mL media/heparin. Cells
are then washed two times in media/heparin and counted for total number and
viability. They are also kept at room temperature.

c. Transplantation. Bone marrow and spleen cells are combined to deliver a ratio
of 2:1 bone marrow (2 × 106) and spleen (1 × 106) cells in a volume of 0.2 mL
per mouse (standard dose for generating GVHD). The bone marrow/spleen
preparation is kept at room temperature. The preparation is drawn up repeat-
edly in a 5-cc syringe with an 18-ga needle to disaggregate clots before use.
To have viable transplanted cells, transplantation must occur within 6 h of
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fresh bone marrow/spleen collection. Variability in skin thickening at given
times after transplantation may occur in animals receiving less than the full
transplantation inoculum because they may develop GVHD at a slower rate.
Deaths during the transplantation procedure itself are usually because of
emboli (clotted bone marrow/spleen preparations or air emboli) during tail
vein injections. Deaths at early times (1–2 wk after transplantation) are because
of failure of engraftment. To confirm that the irradiation dose was lethal, irradi-
ated but not transplanted mice are included in each experiment. These mice
typically die between 7 and 10 d postirradiation. Engraftment can be evalu-
ated by examination of spleen in sacrificed animals. Within 4–5 d after trans-
plantation, numerous colonies should be present in spleens of engrafted
animals.

d. Transplanted animals are maintained in Microisolator cages and given auto-
claved acidified water (pH 2.5 with acetic acid) and autoclaved chow. Antibi-
otics are not used in drinking water.

3.3. Processing Skin for Histological and Immunohistochemical
Analysis

1. Euthanize mice. Shave the injected areas. Harvest the injected spot (about 1 cm2)
of the skin. If necessary, label the injection site before harvesting. Place and extend
the tissue on a piece of cardboard paper. This prevents skin curling during the
procedure. Place skin samples into tissue basket.

2. Fix samples in 10% formalin for 6–24 h. For proper fixation, the ratio of formalin
to tissue should be 10:1. Agitation of the specimen with a shaker also enhances
fixation.

3. Wash samples with tap water for 10 min, dehydrate by ascending strain of alco-
hol (70, 80, 90, 95, and 100% twice), and proceed to alcohol-xylene mixture
(50:50%), xylene twice, xylene-paraffin mixture (50:50%), and finally paraffin
twice. Each step requires 2 h (see Note 5).

4. Wet embedding mold with Histoprep mold release agent and pour in melted par-
affin. Stand fixed skin exactly vertical in the mold (preferably in diagonal posi-
tion, with the epidermis upside; see Note 6). Once paraffin starts to solidify, put
the embedding cassette on the top of the mold, pour in more paraffin until the
mold is full, and cool. After solidifying and cooling, take the paraffin block out
of the mold. Paraffin blocks can be stored at room temperature.

5. Cool paraffin blocks on ice for 10–15 min before cutting.
6. Make 5-µm sections (Fig. 2) and float on 35–38°C water bath containing 1%

Histobound adhesive (this facilitates the sections to adhere better to the slides) to
stretch paraffin ribbon (see Note 7).

7. Pick up sections on slides. Make consecutive sections and label the slides by
order. This helps identify structures during immunohistochemical processes. Dry
the sections overnight on a slide warmer or in a 37°C incubator. The slides can be
stored at room temperature.



Animal Models of Scleroderma 387

Fig. 2. Position of the skin sample and blade for sectioning. The microtome blade
(moving from the bottom of the paraffin block to the top) should move from the softer
to the harder layer. Cutting angle should be vertical.

3.4. Hematoxylin and Eosin Staining, Determination
of Dermal Thickness

In bleomycin-treated mice, skin fibrosis appears as thickening of the dermal
layer, with swollen and homogeneous collagen bundles (Fig. 1). The dermis
contains only a few cells (fibroblasts), and the fat layer of the reticular dermis
is replaced with extracellular matrix. In sclerodermatous GVHD, skin is thick-
ened, and increased numbers of inflammatory cells are present at the dermis–
fat interface.

The extent of dermal sclerosis can be measured by several methods. Quanti-
fying the hydroxyproline content of the affected area provides information on
the degree of collagen accumulation. Only semiquantitative information can
be obtained by the collagen-specific Masson’s trichrome or sirius red tissue
staining (23) or by immunohistochemical detection of collagen in the dermis.
The degree of dermal sclerosis can be best estimated by measuring dermal
thickness because it provides information on the production of all types of
extracellular matrices (collagen, fibronectin, proteoglycans). Dermal thickness
should be measured from the epidermal–dermal junction to the dermal–fat
junction (Fig. 3).

1. Deparaffinize sections in xylene for 5 min twice. Blot excess xylene before going
into ethanol.

2. Rehydrate sections in descending ethanol dilutions: 100% twice for 3 min, 95%
twice for 3 min, 80% for 3 min, distilled water for 5 min.
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Fig. 3. Schematic of mouse skin. Dermal thickness should be measured from the
epidermal–dermal junction to the dermal fat junction.

3. Stain them in hematoxylin solution for 5 min.
4. Wash the sections in distilled water. Change water at least twice.
5. Dip the slides into 0.5% acid alcohol solution one or two times (see Note 8).
6. Wash the sections in distilled water. Change water at least twice.
7. Dip the slides into ammonia water for approx 30 s (see Note 9).
8. Wash the sections in distilled water. Change water at least twice.
9. Stain in eosin Y solution for 2 min.

10. Differentiate and dehydrate the sections in ascending ethanol dilutions: 95% for
2 min twice, 100% for 2 min twice.

11. Clear the sections in xylene for 2 min twice.
12. Mount the sections with Permount and let them dry for 24 h.
13. Take a picture at ×100 magnification on the selected area (see Note 10). Store

image as a Joint Photographic Experts Group (Jpeg) file.
14. Subject file to image analysis using SPOT software. Calibrate the software by a

hemacytometer (to determine number of pixels corresponding to a given dis-
tance). Determine dermal thickness at five randomly selected sites in several
microscopic fields.

3.5. Immunohistochemistry

Immunohistochemical analysis, performed on either frozen or formalin-
fixed, paraffin-embedded tissue sections, is suitable for identifying cell types
by their specific antigen expression and investigating the expression of surface
and intracellular molecules such as receptors, transcription factors, and differ-
entiation markers. A large variety of antibodies is commercially available. We
prefer paraffin-embedded sections because the morphological characteristics
are better preserved. Here, we describe a procedure for a paraffin-embedded
section. The type of the secondary antibody and the method of detection are
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determined by the primary antibody. There are many commercially available,
ready-to-use kits that include all of the reagents needed after the incubation
with the primary antibody. These kits make procedures easier and more repro-
ducible.

1. Deparaffinize and rehydrate sections as for hematoxylin and eosin staining.
2. Place slides in a plastic jar filled with antigen retrieval solution.
3. Put jar in boiling steamer and leave 10 min (or as recommended for the particular

primary antibody).
4. Remove jar from steamer and let the slides cool at room temperature for 20 min.
5. Wash slides in distilled water for 2 min twice. Do not let the slides dry during the

whole procedure because this may cause nonspecific reactions.
6. Draw a circle around the sample with DAKO pen. This circle will keep the drops

of antibody and all of the other reagents on the section.
7. Incubate slides with 3% H2O2 for 10 min to block endogenous peroxidase activ-

ity of the tissue when using peroxidase-labeled secondary antibody.
8. Wash slides in TBS-T 2 min twice.
9. Apply blocking reagent and incubate 20 min at room temperature. Blocking

reagent may be diluted serum from the same species as the secondary antibody
or serum-free blocking solution, such as DAKO protein block.

10. Apply primary antibody or negative control. Negative control reagent should be
the same immunoglobulin class and animal species and diluted to the same pro-
tein concentration as the diluted primary antibody. If using monoclonal antibody,
the negative control should be the same immunoglobulin subclass as the primary
antibody.

11. Follow the manufacturer’s instructions up to developing. Use TBS-T for wash-
ing between steps.

12. After color development, proceed with counterstaining with hematoxylin (see
Note 11).

13. Dehydrate sections in ascending ethanol dilutions: (80, 90, and 100% twice for
2 min each) and clear them in xylene for 5 min twice.

14. Mount the sections with Paramount and dry for 24 h.

3.6. Digestion of Skin for Single-Cell Suspension
for Flow Cytometric Analysis

Flow cytometric analysis is a powerful tool for investigation of the number,
composition, and activation state of the cells infiltrating the dermis, as well as
of resident cells. Flow cytometric analysis offers objective information about
thousands (usually 10,000) of cells simultaneously, providing a useful alterna-
tive or additional method for immunohistochemistry. Flow cytometry is suit-
able for detecting cell-specific antigens, activation markers, and receptors by
surface staining and for measuring intracytoplasmic molecules by cytoplasmic
labeling (18). The initial and critical step is to obtain a suspension of a suffi-
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cient number of viable single cells from the dermis. As inflammatory infiltra-
tion is an early event in the bleomycin-induced scleroderma model, infiltrating
cells can be best studied by flow cytometric analysis during the first week.

1. Euthanize mice. Shave the injected area. Harvest lesional tissue (about 0.5–1 cm2

of skin). If necessary, label the injection site before harvesting; a larger piece
exceeding the injected area may contain normal tissue, thus “diluting” the results.

2. Place the harvested skin into PBS (1 mL) containing 50 U/mL dispase in a
microtube. Vortex thoroughly. Incubate at 4°C overnight.

3. Remove the epidermis (see Note 12).
4. Place tissue in a Petri dish, cut it into pieces as small as possible with a scalpel,

and place in 1mL Dulbecco’s modified Eagle’s medium containing 10 mM
HEPES, 0.27% collagenase, 0.01% deoxyribonuclease, and 1000 U/mL hyalu-
ronidase. Vortex thoroughly. Incubate at 37°C for 1 h in a shaker water bath or
vortex microtube every 10 min (see Note 13).

5. Place a 40-µm pore size cell strainer on a 50-mL tube and filter the digested skin
by centrifuging at 500g for 3 min.

6. Wash cells twice in 3 mL of flow cytometry wash buffer and place on ice.
7. Check cell viability by trypan blue staining and count the cells. Usually, 2–4 ×

106 cells can be obtained from 1 cm2 dermis.
8. Process the cells for flow cytometry. Red blood cells present in the suspension

should be lysed by PharM Lyse ammonium chloride lysing reagent (555899, BD
Biosciences) during the staining procedure.

3.7. Determination of Hydroxyproline Content of the Skin

Type I collagen is the major component of the dermal extracellular matrix.
The collagen content of the dermis is a reliable measure of the extent/severity
of skin fibrosis. However, staining of collagen by Masson’s trichrome or sirius
red or immunohistochemical detection of collagen fibers can provide only
qualitative information. As collagens are the only proteins that contain 3- and
4-hydroxyproline molecules (up to 10–15% of their amino acids), the hydroxy-
proline content of a tissue sample is an accurate measure of collagen content.
The amount of hydroxyproline may be normalized by the dry weight of the
sample.

1. Obtain lesional skin tissue by 6-mm diameter punch biopsy. Freeze samples in
liquid nitrogen and store at –80°C until processing.

2. Hydrolyze samples in 2 mL of 6N HCl at 110°C for 18 h in glass tubes.
3. Dry samples under vacuum overnight at 110°C.
4. Dissolve pellets in 1 mL distilled water at room temperature.
5. Make hydroxyproline standards containing 0, 25, 50, 100, and 200 µg/mL hydrox-

yproline.
6. Prepare 1.5-mL microtubes containing 500 µL of chloramine-T reagent.
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7. Add 200 µL of sample or standard, mix thoroughly, and incubate for 20 min at
room temperature.

8. Add 500 µL of dimethylaminobenzaldehyde reagent and incubate at 60°C for
15 min.

9. Transfer 100 µL of final reaction solution into 96-well plate (triplicate measure-
ments for each sample) and read optical density at 557 (550) nm.

10. Create a calibration curve plotting the optical densities of the standards against
their hydroxyproline content and calculate the hydroxyproline content of the
samples.

4. Notes
1. Different strains of mice have different susceptibilities for fibrosis. Several publi-

cations found C3H/HeJ and Balb/c mice were resistant, and C57BL/6 mice were
prone to develop chemical or irradiation induced lung or skin fibrosis (10,24–26).

2. The amount of bleomycin can be given as milligrams or units. The conversion
factor is 1.5–2.0 U/mg.

3. Injections in the same spot. To specify injection site, shave only a small area
(about 1 cm × 1 cm).

4. Some reported similar results by injections on every second day (12).
5. Paraffin should be kept in an incubator (56–58°C) under vacuum. This will pre-

vent bubble trapping in tissues, which may appear as holes in sections.
6. Skin consists of three different layers: epidermis (hard), dermis, and subcutane-

ous tissues (soft), so sectioning the skin is more difficult than for other tissues.
The microtome blade (moving from the bottom of the paraffin block to the top)
should go from softer layer to harder layer. The vertical and diagonal position of
the tissue ensures the appropriate cutting angle. The cutting angle should be ver-
tical; however, the measurement of the dermal thickness is not accurate.

7. In case of problems such as shrinking or shattering the paraffin ribbon during
sectioning, the block should be cooled on ice, or the blade should be changed.
These options solve most of the problems in tissue sectioning. The time that the
paraffin ribbon stays on the bath water and the temperature of the bath are both
critical. If time is too long or the water is too warm, the paraffin ribbon will
spread, and significant artifacts will occur. This results in holes and spaces in the
dermis that preclude accurate measurement of dermal thickness.

8. Usually, one dip is enough. Check sections after one dip and rinsing with dis-
tilled water. Too much time in the acid alcohol may result in faint colors of the
nuclei.

9. Ammonia water turns the purple color of the nuclei to blue. Check sections after
30 s. Repeat the step if necessary.

10. In bleomycin-induced murine scleroderma, the affected area is small, so care
should be taken to identify the exact location.

11. Follow the procedure described in Subheading 3.4. but omit eosin. Increase the
time in the acid alcohol solution to have lighter blue nuclei than in regular hema-
toxylin staining. This helps differentiate the specific staining.
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12. The epidermis can be easily removed by gentle scraping with a scalpel.
13. The incubation time can be varied according to the type and age of animal and

the degree of dermal fibrosis. Digestion is complete when 90% of the small pieces
are disintegrated. Longer incubation times may affect cell viability.
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Rodent Models of Experimental Autoimmune Uveitis

Rajeev K. Agarwal and Rachel R. Caspi

Summary
The model of experimental autoimmune uveitis (EAU) in mice and in rats is described.

EAU targets immunologically privileged retinal antigens and serves as a model of autoimmune
uveitis in humans as well as a model for autoimmunity in a more general sense. EAU is a well-
characterized, robust, and reproducible model that is easily followed and quantitated. It is induc-
ible with synthetic peptides derived from retinal autoantigens in commonly available strains of
rats and mice. The ability to induce EAU in various gene-manipulated, including HLA-
transgenic, mouse strains makes the EAU model suitable for the study of basic mechanisms as
well as in clinically relevant interventions.

Key Words: Autoimmunity; EAU; IRBP; S-Ag; T cells; Th1; Th2; tolerance; uveitis;
uveoretinitis.

1. Introduction
Experimental autoimmune uveitis (EAU) is an organ-specific, T-cell-medi-

ated autoimmune disease that targets the neural retina and related tissues; it is
induced by immunization with retinal antigens (1–3). The pathology of EAU
closely resembles human uveitic diseases of a putative autoimmune nature in
which patients display immunological responses to retinal antigens. Examples
of such diseases, which have similar pathology to EAU and in which patients
frequently have circulating lymphocytes that respond to retinal proteins, are
sympathetic ophthalmia, birdshot retinochoroidopathy, Behcet’s disease, and
others (4,5). In the United States alone, there are approx 70,000 cases of uveitis
per year, and autoimmune uveitis is estimated to account for approx 10% of
severe vision loss.

Although none of the animal models mimics all the features of human dis-
ease, each has distinguishing characteristics reminiscent of different aspects of
clinical uveitis. Even if the retinal antigens that might be involved in human
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uveitis have not been definitively identified, many uveitis patients respond to
the retinal soluble antigen (S-Ag, arrestin) and to a lesser extent to other retinal
antigens.

The EAU model has served as an invaluable tool to evaluate novel immuno-
therapeutic and conventional therapeutic strategies. The EAU model is also
useful for study of basic mechanisms of tolerance and autoimmunity to organ-
specific antigens in immunologically privileged sites (5). Thus, EAU is useful
as a tool for clinical and for basic studies of ocular and organ-specific autoim-
munity.

EAU can be induced in susceptible animals by peripheral immunization with
a number of evolutionarily well-conserved uveitogens (purified protein anti-
gens extracted from the retina or their peptides) in adjuvant or by adoptive
transfer of lymphocytes specific to these antigens (2,5,6). In many cases, the
sequence of these proteins is known, and the pathogenic fragments have been
identified. The majority of the studies have been performed using heterologous
bovine antigens because autologous rat or mouse retinal proteins cannot be
obtained in sufficient quantities. Uveitogenic retinal proteins are molecules
with homologues that can be found as far down the phylogenetic scale as the
invertebrates (7–9). The uveitogenic retinal proteins identified so far are as
follows:

1. S-Ag, arrestin. This 48-kDa intracellular photoreceptor protein is involved in the
phototransduction cascade. It binds to photoactivated-phosphorylated rhodopsin,
thereby apparently preventing the transducin-mediated activation of phosphodi-
esterase (10).

2. Interphotoreceptor retinoid-binding protein (IRBP). This 148-kDa protein is
found in the interphotoreceptor matrix, which helps in transporting vitamin A
derivatives between the photoreceptor and the retinal pigment epithelium. IRBP
is composed of four evolutionary conserved homologous domains, which are
thought to have arisen by gene duplication (8).

3. Rhodopsin and its illuminated form, opsin. This 40-kDa membrane protein is the
rod visual pigment (7). Pathogenicity of this protein appears to be conformation
dependent as rhodopsin is more pathogenic than opsin (11).

4. Recoverin, which is a 23-kDa calcium-binding protein.
5. Phosducin, which is 33-kDa soluble cytosolic photoreceptor protein.

Susceptibility to EAU is genetically controlled. It has been observed that
different species, and strains within species, vary in their susceptibility. Thus,
rats develop EAU after immunization with either S-Ag or IRBP. Guinea pigs
are susceptible to S-Ag, but not to IRBP, and mice develop severe disease with
IRBP, but not with S-Ag.

Within each species, there are susceptible and resistant strains. In mice and
in rats, both major histocompatibility complex (MHC) and non-MHC gene
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control have been implicated (12,13). MHC control is likely connected to the
ability to bind and present uveitogenic epitopes. Non-MHC control is more
complex and controlled by multiple genetic pathways that are not all defined.

One important factor is the type of effector response that a given strain is
genetically programmed to mount. Strains that are dominant Th1 responders tend
to be susceptible, whereas strains that are genetically low Th1 responders (e.g.,
AKR mouse, F344 rat) or overt Th2 responders (e.g., BALB/c mouse) tend to
be resistant (14,15). Furthermore, skewing of the response toward a Th2-like
phenotype, such as by treatment with the regulatory cytokines interleukin (IL)-
4 and IL-10, can ameliorate EAU (16). Another factor is different levels of
expression of retinal antigens in the thymus, provoking efficient central toler-
ance to antigens expressed in “adequate” amounts (17). Other factors, includ-
ing the hypothalamus–pituitary–adrenal axis control and the number of mast
cells in the eye, have also been implicated (18,19). Genetic control of clinical
and experimental uveitis has been reviewed (20).

Although in many clinical diseases and in some autoimmunity models there
is a gender bias of susceptibility, in EAU there does not seem to be an obvious
difference in susceptibility between males and females. However, reduced sus-
ceptibility is seen in pregnant females (21) and in animals harboring an active
infection (R. Caspi et al., unpublished). Both phenomena may be connected to
the cytokine milieu elicited by the physiological state of the individual. Preg-
nant mice were found to have elevated transforming growth factor (TGF)-
levels (21), and infection elicits production of interferon (IFN)- , which has a
protective role in tissue-specific autoimmunity, including EAU (22). There are
no controlled studies of age dependency of susceptibility. We used animals be-
tween ages 6 wk and 8 mo without any noticeable differences in disease develop-
ment (R. Caspi et al., unpublished observations).

EAU in many poorly susceptible strains can be enhanced by treatment with
Bordetella pertussis in the form of heat-killed bacteria or, better yet, as puri-
fied pertussis toxin (PT), concurrent with immunization. This is similar to other
autoimmune disease models, such as experimental autoimmune encephalomy-
elitis. Administration of PT concurrent with uveitogenic immunization permits
expression of disease in resistant strains and enhances it in susceptible strains
(14,23,24). The mechanism has for a long time been thought to involve the open-
ing of the blood–organ barrier by PT (25,26); however, recently we showed that
a dominant effect of PT in EAU is to enhance the Th1 response (14,23). This
effect is at least in part because of maturation of dendritic cells by PT (15) and
is mediated by the B subunit of PT (27). It is important to point out that PT can
have strong inhibitory effects on disease as well if it is present at the time of
cell migration to the target organ because of its inhibitory effects on chemokine
receptor signaling through G protein inhibition (28). Therefore, not only the
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timing of PT administration, but also the amount administered are important
because excess PT administered at the time of immunization will persist into
the effector stage of the disease and inhibit its expression (29).

In mice and in rats, EAU induced with the different uveitogenic proteins or
their peptides appears to share essentially the same immunological mechanisms
and histological features; however, there are species-specific and strain-spe-
cific differences in the course of disease (1,3,5,30,31). The type, number, and
size of lesions serve as a basis for a semiquantitative grading system used to
score disease severity. A degree of familiarity with ocular histology is needed to
grade the disease in a specific fashion. In practice, disease scores assigned by
different observers will not always be identical; however, when performed by
the same person, grading should be consistent.

Although originally developed in the guinea pig, the two major EAU mod-
els in use today are the mouse and the rat. Each has its unique advantages. The
mouse is immunologically well characterized, and many congenic and gene-
manipulated strains are available that permit sophisticated studies of basic
immunological mechanisms. The rat’s larger size permits therapeutic and sur-
gical manipulations that are more difficult to do in the mouse; traditionally, the rat
is the preferred model for endocrine and physiological studies. More specific at-
tributes of EAU in the rat and mouse models are described in Subheading 3. EAU
models in the guinea pig, the rabbit, and the monkey have been reviewed else-
where (1,5,32). The choice of model will therefore depend on the specific needs
of the study.

The methods and descriptions in this chapter deal with the rat and the mouse
models of EAU induced by defined synthetic peptides of retinal antigens. Syn-
thetic peptides were chosen because they can be synthesized in every labora-
tory and do not require access to native retinal antigens from natural or
recombinant sources. Last, Subheading 4. contains general information and
troubleshooting information.

2. Materials
1. Mice (B10.RIII and C57BL/6) (Jackson Laboratories, Bar Harbor, ME).
2. Lewis rats (Charles River Laboratories, Wilmington, MA).
3. Pertussis toxin (cat. no. P-7208, Sigma, St. Louis, MO).
4. IRBP and S-Ag peptides.
5. Dulbecco’s modified Eagle’s medium (DMEM) and RPMI-1640 (Hyclone Labo-

ratories, Logan, UT).
6. L-Glutamine, sodium pyruvate, nonessential amino acids, gentamicin (Invitrogen,

Carlsbad, CA) as medium additives.
7. Fetal bovine serum (FBS; Gemini Bio-Products, Woodland, CA).
8. Freund’s complete adjuvant (FCA) and Mycobacterium tuberculosis (Difco, De-

troit, MI).
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9. 10% glutaraldehyde (Fisher Scientific, Fair Lawn, NJ) solution was prepared in
phosphate-buffered saline (PBS).

10. 10% phosphate-buffered formaldehyde (Fisher Scientific, Fair Lawn, NJ).
11. Ophthalmic dilating solutions: 1% tropicamide (Alcon Laboratories Inc., Fort

Worth, TX) and phenylephrine (Akron Inc., Buffalo Grove, IL) for fundus exami-
nation procedure.

12. Sterile eye-irrigating physiological solution (Ciba Vision Ophthalmics, Atlanta, GA).

3. Methods
3.1. EAU in Rats

The model of EAU, originally established in the guinea pig using homolo-
gous uveal tissue (33–35), was adapted to the rat in 1973 by Wacker and
Kalsow (36) using whole retinal extracts and was subsequently refined by de
Kozak et al. using the retinal S-Ag (37). IRBP was shown to be uveitogenic in
rats (38).

Susceptibility of EAU varies among different rat strains. The strain most
commonly used for EAU studies is the Lewis rat. In the Lewis rat, the disease
is monophasic, which develops characteristically severe uveitis and has served
as a “standard” against which responses of other strains are compared. It appears
that both MHC and non-MHC genes play a role (12); however, because of the
limited availability of congenic and MHC-recombinant rat strains, their rela-
tive effects have not been well separated. Table 1 summarizes the susceptibil-
ity of some common inbred rat strains to EAU induced with the native S-Ag or
IRBP. A more detailed list has been published elsewhere (39,40).

The retinal uveitogenic proteins have historically been defined as such in
the Lewis rat model, the most highly susceptible rat strain known. The normal

Table 1
Susceptibility to EAU of Some Inbred Rat Strainsa

Strain MHC Susceptibility Antigen Reference

Lewis RT1l High S-Ag, IRBP (3,18)
F344 RT1lv1 Low S-Ag, IRBP (3,18,29)

peptide R16
CAR RT1l High S-Ag (3,18)
BN RT1n Lowc S-Ag (5)
PVG RT1c High S-Ag (37)

aPlease see other references for more detailed list (39,40).
bResistance of this strain may vary in different colonies (18).
cResistance is not overcome by PT treatment.
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dose is 30–50 µg of S-Ag or IRBP or 50–100 µg of rhodopsin emulsified in
FCA. Lewis rats do not require PT as part of the immunization protocol to
develop disease, but if used, PT will cause earlier onset and enhanced disease
scores. The immunizing protocol of 30 µg of peptide R16 of bovine IRBP
(Table 2) in FCA normally results in disease onset on day 9 or 10. In contrast,
immunization with 30 µg of S-Ag in FCA usually results in onset between
days 12 and 14. Other strains may require PT as an additional adjuvant. Sub-
cutaneous immunization in the thighs and base of the tail with an emulsion of
S-Ag or IRBP in FCA was as good or better than the footpad route for induc-
tion of disease (41).

Table 2 shows the commonly used epitopes found consistently pathogenic
in the Lewis strain. The peptides that are pathogenic at low doses are consid-
ered to contain a major pathogenic epitope.

3.1.1. Induction of EAU in the Lewis Rat by Active Immunization

The Lewis rat strain is highly susceptible to EAU. (In strains that are less sus-
ceptible, such as the F344, PT must be used as an additional adjuvant, and a higher
dose of antigen is recommended.) Two peptides are recommended as strongly and
consistently uveitogenic in the Lewis rat: peptide R16 of bovine IRBP (residues
1177–1191, sequence ADGSSWEGVGVVPDV) and peptide S35 of human S-Ag
(residues 341–360, sequence GFLGELTSSEVATEVP FRLM). S35 tends to cause
stronger disease, but onset is a day or two later than with R16.

1. Use 6- to 8-wk-old female Lewis rats (preferably housed in specific pathogen-
free environment) with food and water ad libitum. If rats are procured from an
outside vendor, it is best to acclimate them for a few days before immunization.

2. Prepare an emulsion of the chosen peptide: 30 µg of R16 or S35 in FCA (1:1 v/v)
(Support Protocol 3.3.3.) by sonication to provide 30 µg of peptide in 200 µL
per rat. Spin at 900g to remove any air bubbles embedded in the emulsion. A
well-prepared emulsion should have the consistency of thick cream.

3. A 16-ga blunt-end needle is used to draw the emulsion into a 1-mL glass syringe,
preferably with a Luer lock tip (rubber plungers in plastic syringes tend to soften
and stick because of the oil in FCA). Carefully remove any residual air bubbles
trapped in the syringe. Change to a 23-ga needle and subcutaneously inject 100 µL
at the base of the tail and 50 µL in each thigh.

4. At 7–9 d after immunization, start inspecting the eyes with a flashlight for loss of
red reflex (Fig. 1). Grade the disease on a scale of 0 (no disease) to 4 (severe
disease) based on the scoring method in Table 3.

5. Approximately 16 d after immunization (or at least 7 d after onset of the disease),
euthanize the rats. Remove the eyes and process them for histopathology (Sup-
port Protocol 3.3.2.).

6. Examine the hematoxylin- and eosin-stained sections under a microscope and
grade the disease histopathologically following the guidelines listed in Table 4.
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Table 2
Retinal Protein-Derived Peptides Pathogenic for Lewis Ratsa

Nickname Minimal
Source (if any) Positionb Amino acid sequencec  dosed Reference

Bovine S-Ag Peptide N 281–302 (287–297) VPLLANNRERRGIALDGKIKHE 50 µg 50,51

Peptide M 303–320 (303–317) DTNLASSTIIKEGIDKTV 50 µg 52

Bovine IRBP R23 1091–1115 PNNSVSELWTLSQLEGERYGSKKSM 100 nM 53
(280 µg)

R4 1158–1180 HVDDTDLYLTIPTARSVGAADGS 67 µg 54
R14 1169–1191(1182–1190) PTARSVGAADGSSWEGVGVVPDV 0.1 nM 6,55

(0.2 µg)
R16 1177–1191 (1182–1190) ADGSSWEGVGVVPDV 0.1 nM 6

(0.2 µg)

Human S-Ag Peptide 19 181–200 VQHAPLEMGPQPRAEATWQF 25 µg 56
Peptide 35 341–360 (343–356) GFLGELTSSEVATEVPFRLM 5 µg 56,57

Peptide 36 351–370 (356–366) VATEVPFRLMHPQPEDPAKE 50 µg 56,58

Human IRBP H-IRBP 715 521–540 (527–534) YLLTSHRTATAAEEFAFLMQe 0.1 µg 59

aMore detailed list of other peptides pathogenic to Lewis rats can be found elsewhere (39,40).
bParenthetical numbers indicate position of minimal sequence (if known).
cThe minimal pathogenic sequence (if known) is underlined.
dPathogenicity was tested in most cases using PT as an additional adjuvant (1–2 × 1010 heat-killed organisms per rat).
eAn additional epitope may be encoded by the N-terminus (sequence YLLTSHRTATAA).
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Table 3
Clinical Grading of EAU in the Rat

Gradea Criteria

0 No disease; eye is translucent and reflects light (red reflex)

0.5 (trace) Dilated blood vessels in the iris

1 Engorged blood vessels in iris; abnormal pupil contraction

2 Hazy anterior chamber; decreased red reflex

3 Moderately opaque anterior chamber, but pupil still visible; dull
red reflex

4 Opaque anterior chamber and obscured pupil; red reflex absent;
proptosis

aEach higher grade includes the criteria of the preceding one.

Table 4
Scoring EAU Histopathologically in the Rat

Area of retinal
Grade section affected Criteria

0 None No disease; normal retinal architecture

0.5 (trace) <1/4 Mild inflammatory cell infiltration of the retina
with or without photoreceptor damage

1 �1/4 Mild inflammation and/or photoreceptor outer
segment damage

2 �1/4 Mild-to-moderate inflammation and/or lesion
extending to the outer nuclear layer

3 �1/4 Moderate-to-marked inflammation and/or lesion
extending to the inner nuclear layer

4 �1/4 Severe inflammation and/or full-thickness retinal
damage

3.1.2. Induction of EAU in the Lewis Rat by Adoptive Transfer

EAU is a CD4+ T-cell-mediated disease. The full histopathological picture
can be obtained by adoptive transfer of immune lymph node or spleen cells or
long-term CD4+, MHC class II-restricted T-cell lines in the absence of detect-
able titers of serum antibodies (2,42). The cells must be activated with antigen
or mitogen just prior to transfer to mediate disease efficiently, suggesting that
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activation-dependent functions (lymphokine production, expression of adhe-
sion molecules, etc.) are important. The minimal number of cells required to
transfer the disease depends on their source and specificity (2,42,43). The fol-
lowing protocol describes induction of disease using primary cultures of lymph
node cells and peptide antigen.

1. Rats to be used as cell donors are immunized as mentioned in Subheading 3.1.1.
The donor rats are sacrificed 10–12 d postimmunization, and draining lymph
nodes (inguinal and iliac) are harvested and cultured with the immunizing pep-
tide as follows.

2. Keep isolated lymph nodes in RPMI-1640 media containing 1% FBS or rat serum.
Prepare single-cell suspension by crushing the nodes using a plunger from a dis-
posable plastic syringe on a sterile mesh in a Petri dish, with some sterile media
to release the cells.

3. Transfer the cells to a 50-mL centrifuge tube and wash the Petri dish with addi-
tional media. Spin the cells at 300g and discard the supernatant. Resuspend the
pellet in fresh media and repeat the washing procedure one or two times. Resuspend
the final cell pellet in a small volume of RPMI-1640 media containing 1% FBS.

4. Count viable cells using an exclusion dye such as trypan blue.
5. Adjust the cell suspension to 5 × 106 cells/mL by adding complete RPMI media

(Support Protocol 3.3.4.). Add the peptide used for immunization of the cell
donors (R16 or S35) to a final concentration of 5 µg/mL.

6. Distribute 2-mL aliquots into 12-well tissue culture plates and incubate the cul-
ture at 37°C for 3 d in 5% CO2 tissue incubator.

7. After 72 h, collect, wash, and count the cells (as described in Subheading 3.1.2.,
steps 3 and 4). All procedures are preferably done using RPMI-1640 media with
1% serum for maximal cell viability.

8. Inject to 30–50 × 106 cells (in 0.3 to 0.5 mL) intraperitoneally into recipient
Lewis rats.

9. Starting on day 3 after adoptive transfer, inspect the recipients for disease by
examining the eyes with a flashlight for loss of red reflex (Fig. 1) and grade the
disease as described in Table 3.

10. Between 11 and 14 d after adoptive transfer (around 7 d after disease onset),
euthanize the rats, collect the eyes (Support Protocol 3.3.2.) and process them
for histopathological grading of EAU according to Table 4.

3.1.3. Expected Course of Disease

The course of disease in the Lewis rat is typically acute and short. The time
of onset will vary depending on severity of the developing disease, the antigen,
and the antigen dose. S-Ag and its peptides tend to give more severe disease
but a later onset than IRBP and its peptides. For instance, 30 µg of S35 peptide
in FCA without PT results in onset around days 12–14, and a similar dose of
R16 in FCA without PT results in onset around days 10–12. If pertussis is used
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as additional adjuvant, the time of onset will be shortened by 2 d and will
usually be more uniform than without pertussis. The amount of antigen used to
elicit disease can be reduced severalfold if PT is used.

Onset of EAU induced by adoptive transfer is usually on days 4–7 (i.e.,
about a week earlier than for active immunization). The active EAU in the
Lewis rats lasts 1–2 wk, and the disease does not relapse. The rapid onset and
acute course of EAU in the Lewis rat makes it difficult to evaluate therapeutic
intervention during active disease. Alternatively, to look at efferent stage dis-
ease, begin intervention 7 d after immunization, when immune lymphocytes
are already present, or use an adoptive transfer system.

3.1.4. Quantitation

3.1.4.1. CLINICAL

Onset of disease in the albino Lewis rat can be recognized by inspecting the
eyes with the aid of a good flashlight (Fig. 1). The normal eye appears translu-
cent and reflects the light (red reflex). The first sign of uveitis is engorgement
of blood vessels in the iris and an irregular pupil that cannot contract in response
to light (caused by the iris adhering to the lens). Leukocyte infiltration and depo-
sition of fibrin is first seen as dulling of the red reflex, progressing to complete
opacification of the anterior chamber. The eye swells and can protrude from its
socket (proptosis). In very severe cases, hemorrhages in the anterior chamber
and even perforation of the cornea can occur. In the last case, the animal should
be euthanized. We grade clinical EAU on a scale of 0 (no disease) to 4 (severe
disease) using the criteria listed in Table 3.

3.1.4.2. HISTOPATHOLOGY

EAU is defined primarily as a posterior segment disease because the target
antigens reside in the retina. Lewis rats can develop very severe anterior cham-
ber inflammation, which can lead to corneal perforation. Therefore, although
clinical follow-up by anterior chamber inflammation is important and yields
valuable information, the final readout should be recorded by histopathology.
We grade EAU by histopathology based on number and extent of lesions and
use an arbitrary scale of 0 (none) to 4 (maximum severity), in half-point incre-
ments, as shown in Table 4 (40). Typical EAU vs normal histology is shown in
Fig. 3. Although Fig. 3 shows EAU histopathology in the mouse, it is represen-
tative of that seen in the rat.

3.2. EAU in Mice

Mice are highly resistant to EAU induction with S-Ag, but some strains can
develop severe EAU after immunization with IRBP (31). As in rats, age and
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Fig. 1. Clinical appearance of EAU in the Lewis rat by anterior chamber examina-
tion. (A) Normal eye; translucent appearance; pupil and iris blood vessels are clearly
visible, and the vessels are not congested. (B) Uveitic eye; the eye appears larger be-
cause of swelling and proptosis; red reflex is absent, and pupil is obscured.

Fig. 3. Histopathology of EAU in the B10.RIII mouse. (A) No disease (score 0);
note well-preserved photoreceptor cell layer. (B) Mild disease (score 1–2). (C) Mod-
erate disease (score 2–3). (D) Severe disease (score 3–4). EAU in the rat shows essen-
tially the same type of histopathology.
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Table 5
Susceptibility of Different Mouse Strains to IRBP EAUa

Strain H-2 Susceptibilityb Epitope, position, and reference

B10.RIII r Very high SGIPYIISYLHPGNTILHVD (161–180) (46)
B10.A a (I-Ak) High ADKDVVVLTSSRTGGV (201–216) (45)
B10.BR k High Same as B10.A
A/J a (I-Ak) Medium Same as B10.A
C57BL/6 b Medium GPTHLFQPSLVLDMAKVLLD (1–20) (44)
C57BL/10 b Medium Same as C57BL/6

aMore detailed list of other mouse strains can be found elsewhere (39).
bMice were immunized by the split-dose method with 100 µg IRBP in FCA in the footpads and were

given 1 µg of PT intraperitoneally. Eyes were harvested at 5 weeks. Adapted from Caspi et al. (13,22).

sex do not appear to have a major influence on susceptibility to disease. Table 5
lists some common EAU-susceptible mouse strains and IRBP epitopes that have
been found to induce disease in each.

The epitopes of the IRBP molecule pathogenic for the H-2b, H-2r, and H-2k

haplotypes have been identified (44–46). In the B10.A mouse (Kk, Ak, Ek, Dd),
MHC control of susceptibility has been tentatively mapped to the I-A region,
with modifying influences from the I-E region (13). In addition to a susceptible
H-2 haplotype, which can bind and present the uveitogenic epitopes, the strain
must also have a “permissive” background to express disease. Studies with
MHC-congenic mice showed that a nonpermissive background can completely
prevent expression of disease in mice with a “susceptible” H-2. Known sus-
ceptible H-2 haplotypes include H2r, H-2k, H-2a (shares class II subregion with
H-2k), H-2b, H-2q, and H-2d. The last two, initially thought to be resistant, can
in fact be shown to be EAU susceptible when IFN-  is neutralized or knocked
out (22 and R. Grajewski and R. Caspi, unpublished, 2003).

The most susceptible mouse strain currently known is B10.RIII (H-2r). Unlike
other mouse strains, this strain does not require PT to develop disease by active
immunization either with IRBP or with its major pathogenic epitope, residues
161–180 of human IRBP. B10.RIII does, however, require PT if the murine
sequence of peptide 161–180 is used. This is likely because of thymic elimina-
tion of high-affinity T cells reacting with the endogenous version of peptide
161–180 (46a). In less-susceptible mouse strains, such as B10.A or C57BL/6,
a higher dose of IRBP (50–150 µg) or of the peptide appropriate for the haplo-
type in FCA is injected subcutaneously concurrent with PT (0.5 µg) given in-
traperitoneally.
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One of the strengths of the mouse model of EAU is the ready availability of
many gene-manipulated mouse strains. Knockouts and transgenics for various
immunologically relevant genes have been, and continue to be, instrumental in
unraveling the basic mechanisms in uveitis. EAU can be induced with human
IRBP residues 1–20 in mice of the H-2b haplotype, which is expressed by the
C57BL/6 and 129 strains, that typically serves for production of transgenics
and knockouts (44).

It is also important to mention here one newly established model, the “human-
ized” EAU model in HLA class II transgenic mice. Uveitic diseases in humans
show strong associations with specific HLA class I or class II alleles, which
vary depending on the disease and the population studied. The genetic associa-
tions in uveitis have recently been reviewed (20). MHC association strongly
supports a role for antigen presentation by HLA molecules in the etiology of
uveitis. HLA class I and II transgenic mice afford a model to study these effects.
Both HLA class I (A29) and class II transgenic (DR3, DR4, DR2, DQ6, DQ8)
mice have been used to study uveitis. HLA A29 transgenics develop a sponta-
neous uveitis (47), whereas the various class II transgenic mice develop EAU
after immunization with IRBP (48). Importantly, HLA-DR3 transgenic
mice develop severe uveitis after immunization with S-Ag, which is thought
to be involved in human uveitis but is not uveitogenic in wild-type mice.
These humanized models support an etiological role for retinal antigens,
which are uveitogenic in animals, in human uveitis and validate use of the
EAU model for the study of human disease.

3.2.1. Induction of EAU in the B10.RIII Mouse by Immunization

The following protocol is given for B10.RIII mice, the most susceptible
mouse strain currently known. Human IRBP peptide 161–180 is used. This
peptide does not require PT as part of the immunization protocol, although PT
will promote more severe disease and an earlier onset (23). A variation of the
protocol is given for use in C57BL/6 mice.

1. Use 6- to 8-wk-old female B10.RIII mice (H2r), preferably housed under specific
pathogen-free conditions with food and water available ad libitum. If purchased
from an outside vendor, let acclimate to animal facility for a few days before
immunization.

2. Emulsify IRBP peptide 161–180 (see sequence in Table 5) in FCA (1:1 v/v) by
sonication to provide 10–25 µg peptide in 0.2 mL emulsion per mouse. Severity of
disease obtained will depend on the amount of peptide used (23). Spin at 900g to
remove air bubbles trapped in the emulsion. A well-prepared emulsion has the
consistency of thick cream.

3. Use a 16-ga blunt-end needle to draw the emulsion in a 1-mL glass syringe
with a Luer lock tip (rubber plungers in plastic syringes tend to soften and stick
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because of the oil in FCA). Carefully remove any air bubbles trapped in the
syringe. Change to a 23-ga needle and inject each mouse subcutaneously with
0.2 mL emulsion, dividing the dose among the two thighs (50 µL each) and
base of the tail (100 µL).

4. At 12 d postimmunization, monitor the eyes of these mice for disease induction by
inspecting the fundus under a binocular microscope (Support Protocol 3.3.1.).
Grade the animals on a scale of 0 (no disease) to 4 (severe disease) using the crite-
ria described in Table 6.

5. Approximately 21 d after immunization (or 7 d after the disease onset), euthanize
the mice and remove eyes for histopathology (Support Protocol 3.3.2.).

6. Examine the hematoxylin- and eosin-stained sections under a microscope and
grade the disease histopathologically following the guidelines in Table 7.

3.2.2. Alternative Protocol: Induction of EAU in the C57BL/6 Mouse
by Immunization

1. Use 6- to 8-wk-old female C57BL/6 mice (H2b), preferably housed under spe-
cific pathogen-free conditions with food and water available ad libitum. If pur-
chased from an outside vendor, let acclimate to animal facility for a few days
before immunization.

2. Emulsify human IRBP peptide 1–20 (see sequence in Table 5) in FCA (1:1 v/v)
by sonication to provide 200–300 µg peptide in 0.2 mL emulsion per mouse.
Severity of disease obtained will depend on the amount of peptide used (44).
Spin at 900g to remove air bubbles trapped in the emulsion. A well-prepared
emulsion has the consistency of thick cream.

3. Prepare PT as adjuvant. Pertussis bacteria are not as potent as the purified toxin.
If reconstituting a lyophilized preparation, bring up in PBS to 1 mg/mL or another
convenient concentration with 1% mouse serum. The serum serves to prevent

Table 6
Clinical Scoring of EAU in the Mouse

Grade Criteria

0 No change

0.5 (trace) Few (1–2) very small, peripheral focal lesions; minimal vasculitis/
vitritis

1 Mild vasculitis; <5 small focal lesions; �1 linear lesion

2 Multiple (>5) chorioretinal lesions and/or infiltrations; severe
vasculitis (large size, thick wall, infiltrations); few linear lesions (<5)

3 Pattern of linear lesions; large confluent lesions; subretinal
neovascularization; retinal hemorrhages; papilledema

4 Large retinal detachment; retinal atrophy
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adsorption of the PT to plastic and glass tubes, pipets, and syringes. The stock
solution can be kept at 4°C for up to 1 mo. For injection, prepare solution of 5 µg/
mL just before use by diluting 1:20 in PBS with 1% syngeneic serum (0.1 mL
will result in a dose of 0.5 µg).

4. Proceed as described in Subheading 3.2.1. for the B10.RIII mouse, starting from
step 3.

3.2.3. Induction of EAU in B10.RIII or C57BL/6 Mice by Adoptive
Transfer

Adoptive transfer of primed uveitogenic effector cells, just like in rats, can
induce EAU in mice. Primary cultures from immunized donors, as described in
the protocol in this section, can be used as a source of effector cells. Alterna-
tively, long-term antigen-specific T-cell lines, which are typically CD4+ cells
of the Th1 phenotype, can be derived from draining lymph node cells of IRBP-
or peptide-immunized mice (46).

1. Immunize donor mice as described in Subheading 3.2.1. and 3.2.2. using pep-
tide 161–180 of human IRBP for B10.RIII mice and peptide 1–20 of human IRBP
for C57BL/6 mice, respectively.

2. After 10–14 d, harvest draining lymph nodes (inguinal and iliac) as well as
spleens from donor mice.

3. Place isolated lymph nodes and spleens in DMEM media containing 1% FBS or
mouse serum. Prepare a single-cell suspension (lymph nodes and spleen) by dis-
rupting the spleens and the lymph nodes using a sterile rubber plunger from a

Table 7
Grading EAU Histopathologically in the Mouse

Grade Criteria

0 No change

0.5 (trace) Mild inflammatory cell infiltration; no tissue damage

1 Infiltration; retinal folds and focal retinal detachments; few small
granulomas in choroid and retina, perivasculitis

2 Moderate infiltration; retinal folds, detachments, and focal photo
receptor cell damage; small-to-medium-size granulomas, perivas
culitis, and vasculitis

3 Medium-to-heavy infiltration; extensive retinal folding with
detachments, moderate photoreceptor cell damage; medium-size
granulomatous lesions; subretinal neovascularization

4 Heavy infiltration; diffuse retinal detachment with serous exudate
and subretinal bleeding; extensive photoreceptor cell damage;
large granulomatous lesions; subretinal neovascularization
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disposable plastic syringe on a sterile mesh in a Petri dish with some sterile media
to release the cells.

4. Pool the suspensions of lymph node cells and of splenocytes and transfer to 50-mL
centrifuge tubes. Wash the cells by centrifuging at 300g. Discard the supernatant
and resuspend the pellet in fresh media. Repeat the washing one or two times.
Resuspend the final cell pellet in a small volume of DMEM media containing 1%
serum to maintain maximal viability of the cells.

5. Take a small aliquot and count the viable cells using a vital dye such as trypan
blue.

6. Adjust the cell concentration to 10 × 106 live cells/mL in complete DMEM media
(Support Protocol 3.3.4.) containing 20–25 µg/mL of the immunizing peptide.
Optionally, including 5 ng/mL of IL-12 in the culture will result in a more highly
Th1-polarized population that will transfer disease with fewer cells (44).

7. Distribute 150-mL aliquots into 175-cm2 tissue culture flasks and incubate for 3 d
in a humidified 37°C tissue incubator with 10% CO2.

8. Important: After 24 h and again after 48 h of culture, bring the nonadherent cells
into suspension by gently rocking the flasks and transfer the entire suspension to
a new flask of the same size. This gets rid of excess (adherent) macrophages that
produce inhibitory factors.

9. After 72 h of culture, collect, wash, and count the viable cells. There usually are
many dead cells in the culture at this point. Purifying the cells by centrifugation
over Ficoll (Lympholyte M, Accurate Biochemicals, Westbury, NY) can help
obtain a more pure population of live cells and facilitate counting. Suspend the
counted cells in DMEM media with 1% normal serum.

10. Inject cells intraperitoneally into syngeneic recipients in a volume of 0.5 mL or
less. For B10.RIII mice, inject 30–50 × 106 cells. For recipient C57BL/6 mice,
inject 50–100 × 106 cells. If IL-12 was used during culture, this number may be
reduced.

11. Starting 4 d after adoptive transfer, inspect the recipients for disease induction by
fundus examination (see Support Protocol 3.3.1.).

12. Between 12 and 14 d after adoptive transfer (at least 7 d after disease onset),
euthanize the mice, collect the eyes, and process the eyes for histopathology.
Score the eyes according to the criteria listed in Table 7.

3.2.4. Expected Course of Disease

The severity and clinical course of EAU induced with peptide 161–180 in
B10.RIII mice is typically monophasic, resembling that for the Lewis rat, and
lasts for 2–3 wk. High-intensity immunization results in an acute form of dis-
ease, with onset as early as day 8 or 9, and widespread photoreceptor damage,
whereas a lower intensity immunization will result in milder disease with
progressively later onset (23). In other strains (e.g., B10.A) it is possible to
observe relapsing disease after a low-to-intermediate intensity protocol (49).
As in the Lewis rat, the rapid onset and acute course of EAU induced with
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peptide 161–180 in B10.RIII mice makes it difficult to evaluate therapeutic
intervention during active disease. Alternatively, to look at efferent stage dis-
ease, begin intervention 7 d after immunization, when immune lymphocytes
are already present, or use an adoptive transfer system.

3.2.5. Quantitation

3.2.5.1. CLINICAL

Unlike rats, in susceptible strains of mice (B10 background), black pigmen-
tation of the eyes and an often mild involvement of the anterior chamber pre-
clude detection of disease by anterior chamber examination. However, in
pigmented strains, it is possible to observe changes in the fundus of the eye
under a binocular microscope after dilating the pupil (Support Protocol 3.3.1.)
(Fig. 2). Visualization of the fundus is possible if the anterior chamber does
not become infiltrated with cells or after the infiltrate clears (usually within a
few days after onset). The nature, number, and severity of the lesions are used
as criteria for clinical scoring on a scale of 0 (no change) to 4 (severe disease)
(Table 6).

3.2.5.2. HISTOPATHOLOGY

Histological grading is the final readout of the disease and is performed on
methacrylate-embedded tissue sections (Support Protocol 3.3.2.). Disease is
scored on a scale of 0 (no disease) to 4 (maximum disease) in half-point incre-
ments according to a semiquantitative system described in ref. 31. Examples
of various grades of pathology are shown in Fig. 3.

3.3. Support Protocols

3.3.1. Funduscopic Examination

Funduscopic examination can be used to detect and evaluate EAU in pig-
mented animals, provided that the anterior segment of the eye remains clear. In
this procedure, the retina of the eye is examined through the dilated pupil under
a microscope. Funduscopy is a good tool for determining the onset and clinical
grading of disease in pigmented animals, but not in albinos. The following
materials are used:

1. Ophthalmic dilating solutions: 1% tropicamide and phenylephrine.
2. Sterile physiological solution (either normal saline, PBS, or artificial tears).
3. Binocular microscope with coaxial illumination.
4. Microscope coverslip.

Anesthetize the animals and dilate the pupil with one to two drops of dilat-
ing solution. It takes several minutes for the medication to take effect. Place a
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drop of sterile physiological solution and a microscope coverslip on the cornea
to equalize refraction. Manipulate the head of the mouse under the microscope
to inspect as far up the sides of the retina as possible. Look for engorged blood
vessels, constricted blood vessels (“cuffing”), white linear lesions, subretinal
hemorrhages, and retinal detachment. Typical appearance of a uveitic fundus
is shown in Fig. 2. If you have difficulty in grading the disease, please see
Subheadings 4.1. and 4.2. for some possible reasons and solutions.

3.3.2. Handling of Eyes for Histopathology

Eyes should be collected within 15 min of euthanasia; otherwise, autolysis
may preclude correct evaluation of the results. Enucleation in rats should be
performed by carefully dissecting the globe from the periocular tissues and the
optic nerve without applying pressure on the globe to avoid maceration of deli-
cate ocular tissues, which become even more fragile when inflamed. In mice
for enucleation, the eye should be made to protrude by applying pressure on
the skull and plucked free of the tissue with a curved forceps.

Freshly enucleated eyes are fixed in 4% phosphate-buffered glutaraldehyde
for 1 h and then transferred into 10% phosphate-buffered formaldehyde at least
overnight or until processing. The brief fixation in 4% glutaraldehyde prevents
artifactual detachment of the retina from the choroid. However, leaving the
eyes in glutaraldehyde for too long will cause excessive hardening of the lens,

Fig. 2. Clinical appearance of EAU in the B10.A mouse by funduscopic exam. (A)
Normal eye; note blood vessels radiating from the optic nerve head. (B) Uveitic eye;
note retinal detachment obscuring the optic nerve head and numerous white linear
lesions.
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which will make sectioning difficult. The grading is conveniently done on
methacrylate- or paraffin-embedded tissue sections cut up to 8 µ thick and
stained with hematoxylin and eosin. To arrive at the final grading, several
sections cut through the pupillary–optic nerve axis should be examined for
each eye.

It should be remembered that, in this type of visual scoring, there is always
an element of subjectivity. Therefore, it is important that the results be read in
a masked fashion, preferably always by the same person. Whenever possible,
both eyes should be evaluated for the disease as disease may be unilateral. If it
becomes experimentally necessary to take only one eye, always collect the
same eye to average out this random variation. Please see Subheading 4.3. for
some potential problems and solutions.

3.3.3. Freund’s Complete Adjuvant (FCA)

Using a porcelain mortar and pestle, 100 mg heat-killed M. tuberculosis (strain
H37Ra) is crushed into a fine powder. Mix with 70 mL of FCA (1.0 mg/mL of
M. tuberculosis). Store at 4°C until used. The suspension must be thoroughly
mixed before each use as the mycobacterial particles settle quickly to the bot-
tom.

3.3.4. Complete Medium for Cell Culture (RPMI-1640 or DMEM)

1. 500-mL bottle of RPMI-1640 or DMEM.
2. 50 mL FBS (10% final).
3. 5 mL 200 mM L-glutamine (2 mM final).
4. 5 mL 100 mM sodium pyruvate (1 mM final).
5. 5 mL 10 mM nonessential amino acids (0.1 mM final).
6. 0.5 mL 50 mg/mL gentamicin (50 µg/mL final).
7. 0.05 mL 0.5 M 2-mercaptoethanol (5 µM final).

Filter though 0.2-µm filter and store up to 4 wk at 4°C.

4. Notes
1. Although the EAU model is very robust, problems can arise with the technique at

a number of levels. If no disease is obtained, the following questions should be
considered (some may seem trivial or obvious, but we have encountered all of
them):

a. Has the antigen been uveitogenic in previous experiment? If this is a new
synthesis, a synthesis error might have changed the pathogenic epitope.

b. Has a sufficient dose of antigen been used?
c. Has the adjuvant been prepared correctly: use of enough mycobacteria, mixed

before sampling (mycobacteria may have settled), use of a well-prepared
(thick) emulsion?
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d. Has the correct strain and substrain of mouse or rat been used? Substrains of
the same strain, and even the same strain from a different vendor, may vary in
their susceptibility.

e. Are the animals in poor health, stressed, or harboring an infection? Mice that
are unhealthy, chronically stressed (have elevated corticosteroid levels), or
actively infected (high levels of circulating interferon) will frequently fail to
develop disease.

f. Have the mice developed abscesses at the site of immunization (reaction to
the mycobacteria in FCA) and been promptly treated by the facility veterinar-
ian with a nonsteroidal anti-inflammatory agent such as ibuprofen? These
agents may inhibit induction of disease.

Susceptibility varies with strain. For some commonly used mouse strains immu-
nized with IRBP, hierarchy of susceptibility is B10.RIII > B10.A = B10.BR >
C57BL/10 > C57BL/6 � 129.
Chronic exposure to strong light can damage photoreceptor cells and cause reti-
nal degeneration. Albino animals are especially sensitive to this because of lack
of pigment in their eyes. For this reason, it is important to protect animals that
will be used in EAU experiments from strong light because the resulting retinal
damage may confound correct EAU assessment. This includes frequent and pro-
longed funduscopies.
Some common laboratory mouse strains carry the rd (retinal degeneration) muta-
tion and congenitally lack photoreceptor cells. These strains of course are not
appropriate for EAU studies as they do not possess the target tissue. Strains car-
rying the rd gene include FVB/N, CBA, SLJ/J, PL/J, and most C3H substrains.
However, F1 hybrids of these strains with a sighted strain such as B10.RIII or
C57BL/6 will be sighted. As determined by crosses between sighted strains, a
hybrid’s susceptibility is usually intermediate between the two parental strains.
If a strain other than B10.RIII or a B10.RIII hybrid with a less-susceptible strain
is used, PT may be needed. It is important to bring up lyophilized PT in a solution
containing serum as carrier and to keep the reconstituted stock of PT for no longer
than 1 mo. PT solution that has deteriorated will fail to support disease induction.
Because different commercial lots of PT may vary in potency, each lot should be
titrated for optimal disease-promoting activity. Depending on the lot and the
manufacturer, this will usually be between 0.4 and 1 mg for mice and approxi-
mately double that for rats.
When anesthetizing animals for any reason, including funduscopy, it is impor-
tant to keep in mind that anesthetized animals sleep with their eyes open and do
not blink. Therefore, if animals are going to be asleep for more than just a few
minutes, it is necessary to place an ointment on the eyes to prevent drying of the
cornea. Drying of the eyes will inevitably result in exposure keratitis, which will
cause corneal opacification and will make follow-up of clinical disease difficult
or impossible.

2. Funduscopy is best done under general anesthesia. With some practice, fundus-
copy can be performed on nonanesthetized animals, but if disease is borderline or



EAU: Rat and Mouse 415

severity scores are to be assigned, it advisable to anesthetize the mouse lightly
prior to funduscopy to facilitate a more thorough inspection. Note that the dilat-
ing drops cause temporary opacification of the lens within 5–10 min after appli-
cation, so it is important to complete the funduscopy within that time frame.

3. When cutting the embedded eye tissue, it is important to make sure that the cut is
made through the pupillary–optic nerve plane. If the inflammation is mild, pathol-
ogy is often most apparent around the optic nerve head. Therefore, if sections are
cut more laterally, it can be missed. Especially in mild cases, specimens positive
on funduscopy may appear to be negative on histology because of the fact that
pathology is focal, and the sectioning may have missed it. Therefore, it is impor-
tant to prepare and examine several nonconsecutive sections.
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Autoimmune Depigmentation Following Sensitization
to Melanoma Antigens

Arthur A. Hurwitz and Qingyong Ji

Summary
Generating an antitumor immune response can be thought of as eliciting an immune response

to cells derived from self-tissue. As such, tumor immunity may result in autoimmunity. Mela-
noma patients undergoing immunotherapy often develop a form of autoimmune depigmenta-
tion referred to as vitiligo, in which T cells with antigenic specificity for pigmentation antigens
destroy normal melanocytes. The models described in this chapter can be used to study immu-
nity to melanoma antigens. These models employ a well-characterized pigmentation antigen
relevant to melanoma and a common transplantable murine melanoma cell line. As more sophis-
ticated approaches to cancer therapy are developed, models such as these may be key in under-
standing how immunity to self-antigens can be manipulated to elicit tumor immunity.

Key Words: Autoimmunity; depigmentation; melanoma; murine model; T cells; tumor
immunity; tyrosinase-related protein 2 (TRP-2); vitiligo.

1. Introduction
Immunotherapy of patients with melanoma has often been associated with

an autoimmune depigmentation referred to as vitiligo. This autoimmune syn-
drome is presumed to be the result of T-cell reactivity directed against pigmen-
tation antigens coexpressed by melanoma cells and melanocytes (1–4). In some
mouse models of melanoma, notably the C57BL/6-derived B16 model, a simi-
lar depigmentation occurs following vaccination with cell-based vaccines,
therapy based on DNA, or peptide-based therapy (5–12). These models all sug-
gest that a highly potent antitumor response may be associated with autoim-
mune depigmentation, although some vaccines may not be sufficiently potent
to elicit autoimmunity (13).
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This chapter describes two approaches to elicit autoimmune depigmentation
in mice. The first model employs B16 tumor cells genetically modified to
express the proinflammatory cytokine granulocyte-macrophage colony-
stimulating factor (GM-CSF). Sensitization of syngeneic mice with this vac-
cine, in combination with anti-CTLA-4, results in vitiligo-like depigmentation
in approx 70% of mice. The second model takes advantage of a defined epitope
contained within the melanogenic enzyme, tyrosinase-related protein 2 (TRP-
2). TRP-2180–188 is an H-2 Kb-restricted, immunodominant epitope. Mice sen-
sitized to the synthetic peptide emulsified in complete Freund’s adjuvant
(CFA), in combination with anti-CTLA-4, develop small areas of depigmenta-
tion. In both models, depigmentation is dependent on CD8+ T cells, but not
CD4+ T cells. These two models provide the opportunity to study autoimmu-
nity to antigens relevant to cancer.

2. Materials
1. B16 tumor cells (American Type Culture Collection) cultured in Dulbecco’s

modified Eagle’s medium with 10% fetal calf serum.
2. Purified anti-CTLA-4 antibody (BD Pharmingen or American Type Culture Col-

lection).
3. C57BL/6 mice (Jackson Laboratories or NCI).
4. TRP-2180–188 peptide (New England Peptide).
5. CFA (Fisher Scientific).
6. Heat-killed Mycobacterium tuberculosis H37Ra (Difco/Fisher Scientific).
7. 1-cc syringes.
8. 23-, 25-, 18-, and 21-ga 1-in. needles.
9. Emulsifying needle (18-ga) and glass syringes or homogenizer.

10. Oster clippers with no. 40 blades.
11. Irradiator (cesium source or X-ray).
12. Ruler or caliper.

3. Methods
The methods in this subheading describe the use of the vaccine based on

GM-CSF-expressing B16 cells (Subheading 3.1.) and TRP-2 peptide (Sub-
heading 3.2.) to induce depigmentation in C57BL/6 mice. Also described is a
grading system for monitoring depigmentation (Subheading 3.3.).

3.1. Sensitization to the B16 Cell-Based Vaccine

The B16 melanoma is a C57BL/6-derived pigmenting melanoma with sev-
eral variant sublines. The F0 subline is considered parental. The F10 subline is
often used for experimental metastasis models following intravenous challenge.
The BL6 variant is the most aggressive and also forms pulmonary metastases
after intravenous challenge. The GM-CSF-expressing variant (GM-B16) needs
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to be prepared by gene transfer or can be obtained from other investigators.
The production of GM-CSF can be confirmed and estimated by commercially
available enzyme-linked immunosorbent assay kits and should be in the range
of 5–20 ng/mL for 1 × 106 cells/24 h. The efficacy of lower or higher values
has not been determined. Prior to injection, cells should be handled using asep-
tic techniques.

1. On day 0, lift GM-B16 cells from cell culture dishes using trypsin and wash three
times in serum-free medium or saline to remove excess fetal calf serum and
trypsin.

2. Resuspend the cells at a density of 1 × 107 cells/mL and place tube on ice.
3. Irradiate cells using a dosage of 12,000 rad, maintaining cells on ice.
4. Load cells into 1-cc syringe capped with a 23-ga needle.
5. Inject 0.1 mL of cell solution into the shaved dorsal surface of mice. Between

injections, invert syringe to maintain constant cell density.
6. On day 1, inject mice intraperitoneally with 100 µg of anti-CTLA-4 antibody.
7. Repeat steps 1–6 twice every 3 d (starting days 3 and 6). Subsequent subcutane-

ous injection of cells can be performed in adjacent areas. The cell vaccine per-
sists for 3–6 d at the site of injection.

8. Two weeks after antibody injection, begin monitoring for depigmentation of hairs
(Protocol 3.3.).

3.2. Sensitization to TRP-2180–188 Peptide

1. Prepare aqueous peptide solution at a 1.5 mg/mL. Peptide should first be solubi-
lized in dimethyl sulfoxide at an approximate concentration of 10 mg/mL. This
solution can then be diluted with phosphate-buffered saline to a final concentra-
tion of 1.5 mg/mL.

2. Separately, prepare the CFA solution using CFA supplemented with M. tubercu-
losis H37RA to a final concentration of 8 mg/mL. This solution is very viscous
and should be distributed with a wide-bore pipet tip.

3. Mix an equal volume of CFA and antigen in a 50-mL conical tube and transfer
the solution to two appropriate size glass syringes using 18-ga needles. Remove the
needles and attach the emulsifying needle to one of the syringes. Fill the emulsify-
ing needle with the antigen/adjuvant solution and then cap the opposite end of the
emulsifying needle with the other glass syringe. Taking care to avoid air in the
needle at this point eliminates the problem of having air in the emulsion when
sensitizing mice later.

4. Emulsify the mixture by transferring the solution between the two syringes. This
process can take from 5 to 15 min. The solution should change from an ivory-
colored solution to a white color. The efficiency of emulsification can be tested
by expelling a small amount of the emulsion onto the surface of a water-filled
beaker. If emulsification is complete, there will be minimal spreading of the solu-
tion, and it will have a consistency like marshmallow Fluff®.
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5. When the solution is completely emulsified, it can be transferred into 1-cc syringes.
Either glass or plastic can be used for injection. If plastic syringes are used, care
should be taken when attaching the syringe to the emulsifying needle because
most 1-cc syringes are not Luer lock compatible. In addition, care should be taken
to avoid getting the emulsion on the tip of the syringe as the oily residue can
cause the needle to slip off the syringe during injections. A 21-ga needle should
be used for adjuvant injection.

6. An alternative way to make the emulsion is to use a tissue homogenizer. This
approach is usually faster, and there is less loss of the emulsion. The syringes
need to be loaded carefully to avoid getting air bubbles in the emulsion. To avoid
the presence of air bubbles, the loaded syringe can be spun inverted using a low-
speed centrifuge. The inverted syringe is placed in an open-ended 15-mL conical
tube placed in a 50-mL conical tube (see Fig. 1). After spinning (<500 rpm), the
air can be expelled from the syringe. A 21-ga needle should be used for adjuvant
injection.

7. Each mouse should be injected with 200 µL of antigen emulsion at two sites,
preferably on contralateral sides, on the shaved, dorsolateral surface. Extreme
care should be taken while injecting mice. If there is little animal handling expe-
rience, it is suggested to anesthetize the mice using either an inhaled or injectable
anesthetic.

8. Two days after sensitization to the TRP-2 peptide, mice should be treated with
anti-CTLA-4. As described in Subheading 3.1., this requires three 100-µg injec-

Fig. 1. Preparation of syringe with emulsified adjuvant: A 1-cc tuberculin syringe
is inverted and placed into a cut 15-mL conical tube. This combination is placed in a
50-mL conical tube, and the complex is spun at 1000 rpm for 6 min.
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Fig. 2. Vitiligolike depigmentation in mice. Mice were sensitized to (A,B) TRP-2
180–188, (C,D) GM-CSF-expressing B16 tumor cells in combination with anti-CTLA-
4. Depigmentation usually begins at the site of vaccination and sometimes extends to
distal areas of the surface in mice vaccinated with the B16 vaccine.

tions given at 3-d intervals. This injection can be administered either intraperito-
neally or intravenously.

9. In this model, depigmentation begins to appear within 4 wk of injection. As such,
depigmentation should be monitored beginning 3 wk after sensitization.

As a safety note, extreme care should be taken when handling FAC solu-
tions and emulsion. Although the M. tuberculosis is not pathogenic, it can cause
an individual to seroconvert.

3.3. Scoring Depigmentation of Hairs in Mice
In general, depigmentation appears within 4 wk of sensitization to either the

B16 vaccine or the TRP-2 peptide. Thus, it is advisable to begin monitoring the
mice within 2–3 wk after sensitization. The depigmentation usually appears
adjacent to the site of sensitization (Fig. 2A,B). The area of depigmentation is
always larger in mice sensitized to the B16 vaccine (Fig. 2C,D) and can be
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measured using a ruler or caliper. An example of depigmentation has been
published (11). The following grading system is used:

0 = no depigmentation
1 = small, random areas of depigmentation
2 = area of depigmentation less than 5 mm
3 = area of depigmentation between 5 and 20 mm
4 = area of depigmentation greater than 20 mm

Mice can be monitored for up to 8 wk. In the B16 vaccine model, depigmen-
tation is progressive for the entire period. In the TRP-2 sensitization model, the
area of depigmentation (without manipulation) usually does not exceed 20 mm.
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