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Preface

A unique feature of the normal immune system is that, while being able to mount
responses to virtually all antigens of the environment, it also exhibits tolerance to
its own components, a property that prevents attack of the body’s own tissues. At
times, however, self-tolerance breaks down, and the immune system fails to rec-
ognize self-antigens and mounts a misguided immune attack against its own tis-
sues, which culminates in autoimmune disease. Currently, a growing number of
disorders affecting virtually all organs or tissues of the human body have a proven
or a strongly suspected autoimmune etiology. Their prevalence is worldwide and
their etiology remains under investigation. In the past few years, our understand-
ing of autoimmunity has witnessed important advances. This volume commemo-
rates the 100™ anniversary of the discovery of the first human autoimmune
disease by Julius Donath and Karl Landsteiner in 1904 in Vienna. It comprises a
collection of papers that show some of the ways in which insight into autoimmu-
nity is opening new avenues for understanding their etiology and for designing
novel immunointervention strategies.

The first part of the book is concerned with innate immunity, a branch of
the immune system mainly directed to recognition of invariant molecules of
infectious agents. Most of them are essential for pathogen survival and are con-
served and shared by groups of pathogens. The innate immune system is essen-
tial for the activation of the adaptive immune response, capable of coping with a
high mutation rate and antigen heterogeneity of infectious agents, and generating
a long-lasting immune memory. Addressing its role in induction, progression, and
protection of myocarditis, a disease linked to adenovirus or coxsackievirus that
accounts for approximately 25% of all heart failure in North America, Noel Rose
et al. tackle brilliantly the daunting task of bringing together the many facets of
innate immunity in autoimmunity. They discuss in detail four of the major com-
ponents of the innate response found to contribute to disease susceptibility: the
complement system, natural killer cells, macrophages/dendritic cells, and early-
acting proinflammatory cytokines. Also important in the innate immunity branch
are toll-like receptors (TLRs) present on a variety of cell types. Paul N. Moynagh
reviews the crucial involvement of TLR9 in mediating the immunostimulatory
effects of bacterial DNA, potentially leading to activation of B cells and produc-
tion of autoantibodies independently of T cells. Another example of the interplay
between innate immunity and autoimmunity is discussed in the paper from the
Terry Du Clos laboratory. Here, members of the pentraxin family, a phylogeneti-
cally ancient, highly conserved component of the innate immune system, are
shown to bind microbial determinants and autoantigens, and to have the potential



Vi Preface

to interact with the adaptive immune system through the complement system and
Fcy receptors. In studies of autoimmune type 1 diabetes, an autoimmune disease
caused by T cell-mediated destruction of insulin-producing [ cells in the pancre-
atic islets of Langerhans, Terry L. Delovitch and coworkers show how a subset of
T cells act as regulators of both innate and adaptive immune responses. Since this
cell population seems to be important in maintaining immune homeostasis, a fur-
ther understanding of its role offers promise for the development of novel thera-
pies for the prevention of diabetes.

The second part of this book focuses on genetic susceptibility. While early
studies revealed that human autoimmune diseases require an inherited contribu-
tion, their genetics remains the focus of much investigation. Marta E. Alarcon-
Riquelme discusses how the availability of the human genome sequence is
playing an essential role in unraveling complex disease genetics, and how human
genome scans are providing new discoveries. Most interesting is the observation
that some of the genes identified are shared among various autoimmune diseases.
In a search for factors that promote autoimmunity, Bruce Richardson’s laboratory
is exploring DNA methylation, an important determinant of chromatin structure
that modifies gene expression through localized effects on the nucleosome poly-
mers. Their article elegantly describes how the results can be used to predict func-
tional, biochemical, and genetic alterations in T cells from patients with
idiopathic lupus, and how failure to maintain T cell DNA methylation and chro-
matin structure contributes to human lupus. In myasthenia gravis, an organ-
specific antibody-mediated autoimmune disease characterized by an immune
response against the nicotinic acetylcholine receptor on the neuromuscular junc-
tion, the data described by Ann Kari Lefvert support the notion that the disease
is polygenic, with subgroups of patients having different genetic backgrounds.
Also polygenic is human lupus. C. Yung Yu and coworkers describe the strong
association of complete C4A and C4B deficiencies with human lupus, providing
support for the interpretation that C4A deficiency is a genetic risk factor for this
disease.

Discussed in the third part of this volume are some potential triggers of
autoimmunity that affect different organs. In rheumatic fever, a disease occurring
as a delayed sequel of throat infection by Streptococcus pyogenes in 3—4 % of
untreated children, Jorge Kalil and coworkers clearly show how molecular mim-
icry between streptococcal antigens and human heart tissue leads to rheumatic
heart lesions. In this process, CD4* T lymphocytes are the major effectors of heart
lesions, and several histocompatibility leucocyte antigen (HLA) class II mole-
cules are associated with the disease worldwide, leading to multiple valvular
lesions and/or mitral valve regurgitation. By contrast, in other disorders, no infec-
tious agent has been identified. For example, celiac disease is an intestinal disor-
der caused by an inflammatory T cell response to gluten peptides bound to
HLA-DQ2 or -DQ8, molecules with a preference for peptides that contain nega-
tively charged amino acids. As described in the article from Frits Koning’s labo-
ratory, posttranslational modification of gluten is critical for the generation of a
repertoire of T cell stimulatory peptides, an observation that may be relevant for
other HLA-associated disease. The paper from Michael Hertl’s laboratory dis-
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cusses the pathogenic role of autoantibodies and the potential role of autoreactive
T cells to desmogleins in pemphigus vulgaris. Aiming to develop antigen-specific
immunotherapies, the authors put the emphasis on autoaggressive T cell epitopes
and on a subset of T cells that may be critical in the maintenance/restoration of
tolerance against desmogleins. Also unclear is the trigger involved in myasthenia
gravis pathogenesis. Here, circumstantial evidence suggests a primary role of the
thymus. Having established a model of intrathymic inflammation localized to the
thymic medulla, Arnold I. Levinson et al. attempt to determine how intrathymic
expression of the neuromuscular muscle type of acetylcholine receptors is
involved in immunopathogenesis.

The fourth part of this volume is devoted to targets of autoimmunity. Paola
Migliorini et al. focus on development of autoantibody-mediated nephritis. They
review data indicating that distinct damage mechanisms probably coexist and
play a role in the different phases of poststreptococcal nephritis, Goodpasture’s
syndrome, and systemic lupus nephritis. The contribution from Ansar Ahmed’s
laboratory lucidly addresses the role of hormonal factors in autoimmunity. Their
effects have been demonstrated in many experimental settings. In humans, expo-
sure to estrogens occurs through various sources, including physiological estro-
gens that vary during the lifetimes of women, pharmacological estrogens given
for medical reasons and environmental estrogens, or endocrine-disrupting chem-
icals, (pesticides, plastic products, detergents, industrial by-products, municipal
sewage—contaminated water that contains metabolites of estrogen-based contra-
ceptive drugs). Nevertheless, their effects are complex and remain incompletely
understood. Also important in deciphering autoimmunity are studies of the role
of CD47CD25" regulatory T cells, discussed by Yi-chi M. Kong ef al. in experi-
mental murine autoimmune thyroiditis. Yet, our lack of understanding autoimmu-
nity is perhaps best illustrated by the complexity of immune phenomena
described in multiple sclerosis. This chronic inflammatory disease of the central
nervous system represents one of the most common neurological diseases of
young adults in developed countries. Its hallmarks include focal plaques of white
matter demyelination, presence of autoreactive T cells in the blood of most
patients, and autoreactive T cells and antibodies in the lesions. Arguing that the
autoimmune responses in the affected patients are not invariably detrimental, but
may even be beneficial, the provocative article from Hans Lassmann’s laboratory
challenges the “autoimmune hypothesis” of multiple sclerosis. Future work is
required to provide a better understanding of the pathogenesis of this disease.

What could underlie the loss of tolerance in autoimmunity? As discussed in
the fourth part of this volume, the reason may well relate to crippling of signal-
ing pathways that govern the discriminatory potential of lymphocytes. Our
immune system functions properly only because lymphocytes communicate with
one another constantly. Recognizing molecules that are part of our body as self-
antigens and distinguishing them from those that come from the external envi-
ronment, lymphocytes instruct their relatives to attack invaders or produce growth
factors or antibodies. This high-fidelity recognition is achieved through a network
of intracellular communications wherein lymphocyte receptors are able to sense
the nature of encountered molecules and to generate signals that are appropriately
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delivered to the internal machinery, allowing specific functional responses. As in
other cells, the amount of signals generated is fine-tuned for optimal transmis-
sion, and kinases and phosphatases control most activities. The chapter on B cells
sheds light on the biochemical and molecular aberrations that are responsible for
the aberrant lupus B cell biology. Inactivation of genes encoding B cell signaling
molecules leads to autoimmune phenomena, and crippled signaling pathways are
detectable in the B lymphocytes from patients with systemic autoimmunity.
Focusing on rheumatoid arthritis, Ana M. Blasini and Martin A. Rodriguez sum-
marize how abnormalities in T cell responses seen in patients with systemic
autoimmunity can be related to identifiable signaling abnormalities. In lupus too,
T cells display diverse cellular and cytokine abnormalities. The paper form
George C. Tsokos’s laboratory elegantly describes biochemical abnormalities that
underwrite the diverse T cell abnormalities in lupus. Here, the decreased T cell
receptor—associated { chain in effector T cells is due mostly to increased degra-
dation, rather than to decreased transcription. Lupus T cells also express
increased amounts of the transcriptional repressor CREM that binds IL-2 pro-
moter, thereby limiting its expression. Of further importance is the increased
spontaneous aggregation of lipid rafts on the surface membrane of lupus T cells,
an abnormality that may contribute to the well-established overexcitable T cell
phenotype. Altered signaling in both B and T cells also might account for the
aberrant rates of apoptosis in lupus. Koji Yasutomo argues that the resulting
increased levels of free-circulating chromatin represent a potential source of anti-
gen trigger in systemic autoimmunity.

Finally, the recent advances in the field of autoimmunity have given clini-
cians exciting new tools for diagnosing and treating autoimmune disorders. The
final section of the book discusses state-of-the-art therapeutic intervention strate-
gies. The rationale for B lymphocyte depletion therapy in autoimmune disorders
stems from the paramount role of B cells in autoimmunity. Jonathan Edwards
et al. discuss in detail its potential for clinical applications, the logistics
employed, and the clinical results obtained with anti-CD20 antibody. While the
precise mechanisms of action remain to be elucidated, an alternative to this ther-
apy is based on study of B lymphocyte longevity. Following migration to the
periphery, the selection and survival of B cells are controlled by a variety of sig-
nals. Longevity factors, such as B lymphocyte stimulator (BLyS), also called
BAFF, TALL-1, THANK, or zZTNF4, that support differentiation of selected B
cells into mature long-lived B cells are critical in determining the capacity to
mount protective immune responses and to generate deleterious autoimmune
responses. Their vital role in survival and maturation of B cells is discussed by
William Stohl. In experimental animals, treatment with BLyS/BAFF antagonists
ameliorates disease progression and enhances survival. Since patients with lupus,
rheumatoid arthritis, or systemic sclerosis overexpress this longevity factor, and
because a phase I clinical trial in lupus patients with a neutralizing anti-BLyS
monoclonal antibody has documented the safety and biological activity of this
BLyS antagonist, additional phase I and phase II clinical trials with a variety of BLyS
antagonists are currently under way. Another unifying theme in autoimmune dis-
eases is the involvement of cytokines that play key roles throughout the whole
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course of the disease, from induction to effector functions. Hence, the control
of autoimmunity by cytokine and anti-cytokine treatments represents a potential
immunointervention strategy. The simplest approach, already in practice, is the
specific inhibition of their action. As discussed in detail by Pierre Miossec, the
use of TNFa, inhibitors has provided clear evidence of the direct role of cytokines
in complex inflammatory diseases. Another more physiological approach consists
in stimulating endogenous regulatory mechanisms to restore an adequate bal-
ance. However, as Alan Tyndall and Paul Hasler point out, just as there is no con-
sensual unifying mechanism in autoimmune diseases, there is no single
successful treatment strategy. Most patients with severe autoimmune diseases are
treated with a combination of glucocorticosteroids and immunosuppressive
agents, but some either do not respond or require more toxic drugs to achieve or
maintain clinical remission, and this subgroup poses a serious treatment dilemma.
Rather than total eradication of clonal autoimmunity, hematopoietic stem cell
transplantation techniques aim at resetting an imbalance in the complex immune
network. The authors posit that this emerging alternative could be a viable option
for selected autoimmune diseases patients. Currently, through an international
collaboration, around 700 patients have received such treatment. The experience
gained from the phase I and II clinical studies is sufficiently encouraging to
be exploited in designing phase III randomized comparative trials in the major
diseases.

Other potential immunointervention strategies have not reached the stage of
clinical trials. In autoimmune uveitis, a disease that affects the inner eye of about
2% of the Western population, CD4* T helper, cells recruit inflammatory cells
that can irreversibly destroy photoreceptors and neuronal tissue within the eye,
leading to decreased vision or even blindness. Gerhild Wildner ef al. describe sev-
eral peptides mimicking a retinal autoantigen. Even though some of them are
pathogenic in a rat model of experimental uveitis, they do not induce oral toler-
ance, thus indicating that pathogenic antigens are not obligatory oral tolerogens.
The paper by Marc Monestier and coworker reviews the pathogenesis of athero-
sclerosis, with a particular emphasis on the role of the immune system. They also
discuss studies that have addressed the importance of autoantibodies in this dis-
ease. Although their exact function is still not understood, manipulating humoral
autoimmunity may represent a novel therapeutic or prophylactic approach in ath-
erosclerosis. In their chapter, Silvia S. Pierangeli ef al. review the molecular and
intracellular pathways mediated by anti-phospholipid antibodies in platelets and
endothelial cells that lead to thrombotic events. A better definition of the nature
of the antiphospholipid antibody—target tissue interaction and the mechanism(s)
by which these antibodies cause thrombosis may lead to devising new targeted
treatment modalities. Finally, antigen-specific therapy represents a promising
avenue for treating autoimmune diseases. It involves vaccination with autoanti-
gens in a tolerogenic fashion, i.e., by nasal administration, oral feeding, and DNA
vaccination, thought to induce regulatory T cells that produce anti-inflammatory
cytokines. In the closing chapter, Matthias G. von Herrath and coworker focus on
factors that influence the induction of autoantigen-specific regulatory T cells. In
animal models, vaccination with autoantigens was successful in the prevention of
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autoimmune diseases, such as type 1 autoimmune diabetes and experimental
allergic encephalomyelitis. In contrast, it has been more difficult to see an imme-
diate benefit in human clinical trials.

Thus, the study of autoimmunity has penetrated several fields of medicine,
such as neurology, cardiology, nephrology, endocrinology, gastroenterology, der-
matology, and rheumatology. Integrating autoimmunity concepts with a variety of
disorders, this book aims to provide both researchers and clinicians with a basic
understanding of discoveries tangential to their own areas. As these advances
push back the frontiers of our understanding of autoimmunity, it is likely that fur-
ther studies of these and related pathways will provide means to tease apart some
of the molecular strands involved in the complex interactions that culminate in
autoaggressive immune reactions. Future insight into elucidating autoimmunity
will have an impact on the pursuit of new and better designs of improved diag-
nosis and treatments.

October 2004 Moncef Zouali
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Innate Immunity in Experimental
Autoimmune Myocarditis

Ziya Kaya and Noel R. Rose

1. Introduction

A century has passed since the epic publication by Donath and Landsteiner
(1904) on the pathogenesis of paroxysmal cold hemoglobunaria (PCH). The work
provided the first hint that autoimmunity could be the cause of human disease.
The concept remained fallow for half a century until improved immunologic
methods and a broader view of the basis of the immune response validated the
idea. Landsteiner associated PCH with his concurrent studies of syphilis, leading
to the suggestion that infection may serve as the initiating factor for an autoim-
mune reaction. The idea became embedded in immunologic thought. Yet there are
few firmly established examples of a human autoimmune disease caused by
infection and little information about mechanisms by which infection might insti-
gate such a pathologic autoimmune response. With the goal of elucidating the
likely mechanisms, our group undertook a detailed study of one clear experi-
mental model in mice of an autoimmune disease triggered by a viral infection,
myocarditis (Rose ef al., 1988a).

Myocarditis accounts for approximately 25% of all heart failure in North
America and is especially prevalent among young adults. Although most viral
myocarditis patients recover, a few progress to chronic myocarditis and dilated
cardiomyopathy (DCM), an often-fatal condition and a frequent reason for car-
diac transplantation. The most common cause of myocarditis in the USA is infec-
tion with adenovirus or coxsackievirus. Progressive forms of myocarditis are
characterized by the presence of cardiac myosin—specific autoantibodies (Caforio
et al., 2001). In this chapter, we review recent studies on the role of the innate
immune system in induction, progression, and protection of the disease.

Ziya Kaya and Noel R. Rose + Department of Pathology and Feinstone Department of Molecular
Microbiology and Immunology, The Johns Hopkins Medical Institutions, Baltimore, Maryland 21205.

Molecular Autoimmunity: In commemoration of the 100th anniversary of the first description of
human autoimmune disease, edited by Moncef Zouali. Springer Science+Business Media, Inc.,
New York, 2005.



2 Ziya Kaya and Noel R. Rose
2. Experimental Models of Myocarditis in Mice

There is strong evidence that cardiac myosin is a dominant autoantigen in
virus—induced myocarditis in mice (Neu ef al., 1987a). The disease can be repro-
duced by immunization of susceptible strains of mice with cardiac myosin (Neu
et al., 1987b). Myosin-induced myocarditis can be adoptively transferred by CD4*
T lymphocytes (Smith and Allen, 1991). In addition to T cells, passive administra-
tion of antimyosin monoclonal antibody was found to induce myocarditis in
DBA/2 but not in BALB/c mice because of the presence of myosin or a myosin-like
protein in the extracellular matrix of DBA/2 mice (Liao et al., 1995). Therefore,
both antibody and T cells may contribute to the pathogenesis of inflammatory
myocardial lesions. Gauntt et al. (1995) and Cunningham (2004) investigated the
relationship between coxsackievirus and myosin and suggested that molecular
mimicry between myosin and coxsackieviruses may play a role in myocarditis.
Anti-coxsackievirus-neutralizing antibody produced myocardial inflammation in
mice (Gauntt et al., 1995). On the other hand, Horwitz ef al. (2000) presented evi-
dence that virus-mediated damage to the heart is necessary for the induction of the
autoimmune response, a finding that challenges the idea of molecular mimicry.

Studies to explore the inductive and the effector mechanisms involved in
the development of experimental autoimmune myocarditis (EAM) implicate both
innate and adaptive immune responses. Thus, important roles have been shown
for autoreactive T cells (Smith and Allen, 1991), cardiac-specific autoantibodies
(Neumann et al., 1991; Liao et al., 1995), various cytokines and chemokines
(Afanasyeva and Rose, 2002a; Eriksson et al., 2003a, 2003b; Fairweather et al.,
2003, 2004), natural killer (NK) cells (Fairweather et al., 2001, 2003), and the
complement system (Kaya et al., 2001; Afanasyeva and Rose, 2002b) in the
development of myocarditis.

2.1. Coxsackievirus B3 (CB3)-Induced Autoimmune Myocarditis

Our murine model of autoimmune myocarditis is based on genetic differ-
ences among inbred mouse strains in the immune response to CB3. In certain
mouse strains, CB3-mediated myocarditis resolves into an early phase character-
ized by myocyte damage due to viral cytotoxicity and a late phase that is associ-
ated with the production of heart muscle—specific autoantibodies (Rose ef al.,
1988a). The later phase of CB3-induced heart disease can be mimicked by immu-
nization of mice with purified murine cardiac myosin in the absence of viral
infection, and experimental cardiac myosin—induced myocarditis has immuno-
logic and histopathologic features that resemble postviral heart disease in mice
and myocarditis in humans (Neu ef al., 1987b). Thus, the myocarditis model
offers a unique opportunity to study the factors contributing to the transition from
a viral infection to an autoimmune disease.

2.2. Cardiac Myosin-Induced Autoimmune Myocarditis

Immunization of susceptible mice with cardiac myosin emulsified in com-
plete Freund adjuvant induces myocarditis in mice with a peak of inflammation
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in the heart around day 21 (Afanasyeva et al., 2001b). This inflammation is sim-
ilar to that seen in the CB3-induced autoimmune myocarditis during the chronic
phase. The immunization with cardiac myosin is linked with production of IgG1
autoantibodies to cardiac myosin and autoreactive CD4 T cells (Afanasyeva et al.,
2004).

2.3. Peptide-Induced Myocarditis

Unique epitopes within cardiac myosin have been described to produce
myocarditis. Myocarditis can be induced in BALB/c mice by amino acid residues
736-1032 in cardiac myosin (Liao et al., 1993), by amino acid residues 334-352,
located in the S1 region of mouse cardiac myosin (Donermeyer et al., 1995), or
by acetylated amino acid residues 614—643 of rat cardiac myosin (Pummerer
et al., 1996). Myocarditis can also be induced in Lewis rats by amino acid
residues 1070—1165 of porcine cardiac myosin (Inomata et al., 1995), by amino
acid residues 1107—1186 of the rat myosin heavy chain (Kohno ef al., 2002), and
by acetylated amino acid residues 1539-1555 of rat cardiac myosin alpha-chain
(Wegmann et al., 1994).

3. Susceptibility to Myocarditis

Susceptibility to induction of EAM is dependent on the strain of mice
(Table 1.1) (Fairweather et al., 2003). The MHC class II haplotype (e.g., H-2a in
highly susceptible A/J mice or H-2b in moderately susceptible A.BY mice) is an
important genetic factor for disease susceptibility, but its effects are overshad-
owed by non-MHC traits (Neu ef al., 1987b; Rose ef al., 1988b). Thus, C5S7BL/6
(H-2s) mice are resistant to myosin-induced myocarditis, whereas A.SW mice are
susceptible, even though they share the same H-2s haplotype. The same strains of
mice susceptible to CB3-induced autoimmune myocarditis develop myocarditis
following immunization with cardiac myosin. Susceptibility may be related to
many genetic factors including target organ sensitivity or influences upon the
immune response itself (Guler et al., 2005).

Table 1.1. Susceptibility to Experimental Autoimmune Myocarditis

Myocarditis
Mouse strain Autoantibody titer Prevalence Severity
AJ] -+ - -+
A.BY/SnJ +++ + ++
A.CA/Sn] -+ +++ ++
A.SW/Sn] -+ -+ -+
B10.A/SgSnJ A+ + +
BALB/c +++ +++ +++
C57BL/10] ++ - -
C57BL/6] ++ - —

DBA/2 +++ ++ +++




4 Ziya Kaya and Noel R. Rose
4. Mouse Genotype

To understand the multiple factors involved in the induction and progres-
sion of myocarditis, studies are under way to determine some of the non-H-2
genes that are involved in causing the inflammatory and autoimmune disease
state in myocardium (Table 1.2). Autoimmune heart disease does not occur in
mice lacking the Src family tyrosine kinase p56'* or the tyrosine phosphatase
CD45, which regulates the enzymatic activity of p56'*c (Liu et al., 2000). Mice
lacking CD8 develop significantly more severe disease than their heterozygous
littermates, suggesting that CD8 lymphocytes not only act as cytotoxic effector
cells in autoimmunity but may also regulate disease severity (Penninger et al.,
1993). T cell costimulatory molecule CD28-deficient animals develop signifi-
cantly less severe disease and at lower prevalence than control littermates and
have a defect in (Th2-related) IgG1 autoantibody production (Bachmaier et al.,

Table 1.2. Mouse Genotype—Impact on Prevalence
and Severity of Myocarditis

Myocarditis
Genotype Prevalence Severity
p 5610k7/— _ _
p36I A -
CD457"~ - -
CD45* ++++ ++++
CD4~"- - -
CD8"~ ++++ A
CD287~ + ++
CD28* ++++ ++++
TNF-Rp557" - -
TNF-Rp55* 4+ 4+
hCDA4TG + ++
hCD4/DQ6TG ++++ A
CR1/CR27~ ++ ++
CR1/CR2* ++++ ++++
IFN-gamma™~ +H+++ +H+H++
IFN-gamma* ++++ ++++
ILIR17- + +
ILIR1* ++++ ++++
IL67~ + +
IL6* ++++ ++++
IL12R™~ + +
IL12R* ++++ ++++
TLR4~- + +
TLR4* ++++ ++++
PDI7~ -+ +++
PD1* +++ +++
STAT-4""~ + +

STAT-4* ++++ +++
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1996). On the other hand, blocking the costimulatory molecule CTLA-4
enhanced myocarditis in susceptible A/J mice immunized with cardiac myosin
and allowed induction of disease in resistant C57B16 mice (D. Cihakova ef al.,
unpublished data). Recently, we showed that complement receptor CR1/CR2
knockout mice developed significantly less severe disease, demonstrating a criti-
cal effect of the complement system as one of the key components of the innate
system in induction of the disease. Also, mice lacking CCR2 and CCRS5
(chemokine receptors for MCP-1 and MIP-lalpha) develop less severe disease
(Z. Kaya et al., unpublished data). Both chemokines play critical roles in recruit-
ment of mononuclear cells to the inflammation site. Cytokines exert important
effects in induction, progression, and manifestation of the disease. While IL-
12Rbetal deficiency acting by reducing production of IL-lbeta and IL-18
(Fairweather ef al., 2003), IL-1-1R1 deficiency (Kaya et al., 2001), IL1-1R1 defi-
ciency, and IL-6-deficiency (Eriksson ef al., 2003a) resulted in significantly less
severe inflammation in the heart, IFN-gamma deficiency exacerbates the severity
of myocarditis. Other genes that have been reported to be involved in inflamma-
tory myocarditis include Fas ligand that, when expressed in the heart, led to a
mild inflammatory infiltrate, (Nelson et al., 2000), toll-like receptor 4
(Fairweather ef al., 2001), and STAT-4 (Afanasyeva et al., 2001a). Mice lacking
the negative immunoregulatory receptor PD-1 develop DCM with congestive
heart failure and sudden death (Nishimura et al., 2001). Hearts from PD-1-defi-
cient mice exhibited diffuse deposition of IgG on the surface of myocytes and
antibody in the disease recognized a 33-kDa protein specific to heart tissues. It
has been reported that this protein is troponin I and that DCM can be induced by
treating wild mice with antibodies against troponin I (Okazaki ef al., 2003).

Some structural genes are also involved in hereditary forms of cardiomy-
opathy. Mutations in genes encoding sarcomeric proteins including cardiac
myosin heavy and light chains, cardiac tropomyosin, cardiac troponins, and myosin-
binding protein C have been associated with familial hypertrophic cardiomyopathy
(Leiden, 1997). Mutations in dystrophin, dystrophin-associated glycoproteins,
and actin lead to DCM. Overexpression of calcineurin can, in transgenic mice,
lead to cardiac hypertrophy and DCM. Also, abnormalities of the cytoskeletal
proteins and the role of the coxsackieviral 2A protease in cleavage of dystrophin
lead to DCM (Badorff et al., 2000, 1999).

Thus, the investigation of genes involved in susceptibility to myocarditis
indicates that they are diverse and are related to several different mechanisms of
pathogenesis.

5. Innate Immune System and Myocarditis

The innate immune response to pathogens has become a topic of renewed
interest in recent years. In the past, innate immunity has been considered only to
provide rapid, but incomplete, antimicrobial host defense until the slower, more
definitive acquired immune response develops. However, recent research indi-
cates that innate immunity critically impacts the subsequent development of the
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adaptive immune response. We focus our discussion on four major agents of the
innate immune response: the complement system, NK cells, cytokines and
chemokines. Other important elements of the innate immune response, such as
dendritic cells, mast cells and toll-like receptors have been discussed elsewhere
(Eriksson, 2004; Fairweather et al., 2005; Afanasyeva, Georgakopoulos and Rose,
2004).

5.1. Complement and Myocarditis

The initiation of an adaptive immune response is modulated by humoral
and cellular components of the innate immune system. The importance of com-
plement, as one of the key components of the innate immune system, in mount-
ing an immune response has been shown in a number of different studies (Carroll,
1998; Fearon and Carroll, 2000). An antigen can activate complement through
either the alternative pathway or the classical pathway by interacting with natural
or elicited antibodies. By either pathway, activation of complement leads to the
generation of C3 split products, which in turn bind to complement receptors. In
mice, complement receptor type 1 (CR1, also known as CD35) and type 2 (CR2,
also known as CD21) are predominantly expressed on B cells, a subset of acti-
vated T cells, follicular dendritic cells, and activated granulocytes (Kinoshita
et al., 1988; Kaya et al., 2001).

Interactions between complement components and infectious agents are
important for further initiation of cellular responses and clearance of virus. On
the other hand, complement components may also facilitate viral entry into host
cells. CD55 has been identified as a receptor for entry of cardiovirulent CB3 into
host cells (Kuhn, 1997; Martino et al., 1998). The tyrosine kinase p56'%, which is
activated by cross-linking of the short consensus region 3 of CD55, was found to
be required for efficient viral replication and the development of myocarditis (Liu
et al., 2000). Effective viral replication is clearly necessary for the induction of
myocarditis, but the precise role for complement in the pathogenesis of myocardi-
tis remains unclear.

We have previously demonstrated the importance of the complement sys-
tem in the initiation of EAM (Kaya ef al., 2001). Depletion of C3 during disease
induction prevented the development of autoimmune myocarditis. This effect
could be mediated through any of the known complement receptors, including
CR1, CR2, CR3, CR4, or the complement factor C3a receptor. However, block-
ing the complement receptors CR1 and CR2 and immunizing CR1/CR2 KO
(knockout) mice also reduced myocarditis, demonstrating that the effect of C3
activation is mediated through these receptors. Membrane attack complex (MAC)
formation (C5b-9) was not involved in the pathogenesis of autoimmune
myocarditis in this study because A/J mice, which are deficient in C5, were used
for these experiments. In contrast, C3 depletion during the later effector phase did
not affect the disease severity or prevalence. Early C3 depletion, and CR1 and
CR2 blockade, resulted in significantly decreased TNF-alpha and IL-1 produc-
tion from splenocytes and decreased cardiac myosin—specific autoantibody pro-
duction. CR1/CR2 KO mice also had decreased TNF-alpha production.
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Additionally, IFN-gamma production was reduced and IL-10, an anti-inflamma-
tory cytokine, was increased in CR1/CR2 KO mice. Overall, these findings sug-
gest that C3, acting through the complement receptors CR1 and CR2, plays a
regulatory role in the induction of autoimmune myocarditis and that its action
results in increased activation of both B and T cells plus production of key proin-
flammatory cytokines, such as TNF-alpha and IL-1.

Impaired T cell activation as a result of reduced antigen presentation by
macrophages and B cells may be the main cause for the reduction in myocarditis,
since it is a T cell-dependent disease (Smith and Allen, 1991; Afanasyeva ef al.,
2004). In addition, the complement system can act as an important non-antibody-
mediated pathway for antigen uptake by B cells, efficiently directing antigens
through the complement receptors CR1 and CR2 (Kerekes et al., 1998). C3 dep-
osition on antigen-presenting cells (APCs) lowers the activation threshold of
antigen-specific T cells. Our results also suggest that CR1/CR2 receptors are
necessary for optimal activation of B and T cells, since CR1/CR2 KO mice
showed both lower expression of activation markers on both B and T cells and
decreased amounts of T cell cytokines, such as IL-2, IL-4, and IFN-gamma, after
antigen stimulation. In contrast, IL-10, an anti-inflammatory cytokine important
for limiting inflammation in EAM (Kaya et al., 2002), was significantly increased
in the CR1/CR2 KO mice. These effects on T cells might be indirect through dif-
ferential expression of the coreceptors B7.1 and B7.2 (ligands for CD28 and
CTLA-4 on T cells) in CR1/CR2 KO and CR1/CR2 WT mice after antigen chal-
lenge or induced directly through an unknown mechanism provided by the CR1
and CR2 receptors on the subset of activated T cells. Interestingly, these
CR1/CR2 receptors are limited to a subset of activated CD44high, CD62L T
cells, but are not expressed on naive T cells (Kaya et al., 2005). Recently it was
reported that these receptors are limited to a subset of activated CD4* T cells
(Pratt et al., 2002). The expression of CR1/CR2 on activated T cells in mice is a
finding that could provide fresh insight into the mechanism of the transition from
innate to adaptive immune responses. Even though in few studies these receptors
have been described in humans (Fischer et al., 1991; Delibrias et al., 1992, 1994),
their exact function is unknown. Lately, Pratt ef al. (2002) reported on a critical
role for CR1/CR2 in a mouse model of kidney transplantation. B cells and follic-
ular dendritic cells are known to express CR1/CR2 and their function on both
these cells have been well studied (Fearon and Carroll, 2000). The role of
CRI1/CR2 in Ag-trapping, formation of germinal centers, B cell maturation, and
long-term memory B cell development have been described (Carroll, 1998).

The C5b-9 terminal attack complex of complement (MAC) may also play a
critical role in the pathogenesis of DCM (Zwaka et al., 2002). It was demonstrated
that C5b-9 accumulates in human myocardium in DCM. Its deposition signifi-
cantly correlated with immunoglobulin deposition and myocardial expression of
TNF-alpha. Further, in vitro C5b-9 attack on cardiac myocytes induced nuclear
factor (NF)-kappaB activation as well as transcription, synthesis, and secretion of
TNF-alpha. Thus it was concluded that chronic immunoglobulin-mediated com-
plement activation in the myocardium may contribute in part to the progression of
DCM via C5b-9-induced TNF-alpha expression in cardiac myocytes.
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The role of the complement system in regulating the adaptive immune
response has been demonstrated in a number of other studies. Complement is
known to be important in the effector phase of several autoimmune diseases such
as systemic lupus erythematosus (SLE) in humans (Morgan and Walport, 1991),
type II collagen—induced arthritis in mice (Wang ef al., 1991), and experimental
allergic encephalomyelitis (Davoust ef al., 1999).

5.2. NK Cells and Myocarditis

NK cells represent an important first line of defense because they are acti-
vated immediately after infection and their effector functions are not antigen-
specific. They efficiently limit replication of a number of viruses including CB3
(Godeny and Gauntt, 1987). When APCs detect viral infection of host tissues they
release cytokines and chemokines that attract NK cells to the site of infection
(Godeny and Gauntt, 1986). NK cells rapidly produce cytokines and other prod-
ucts (e.g., IFN-gamma, perforin) before clonal expansion of T cells occurs and
exert a critical function in early immune defense. NK cells and macrophages are
present in the early infiltrate of the heart after CB3 infection, where they effi-
ciently clear virus by releasing perforin to kill infected cells and by stimulating
adaptive immunity via IFN-gamma production (Godeny and Gauntt, 1987). Thus,
NK cells are believed to protect against the development of CB3-induced
myocarditis by limiting viral replication. Recently it was demonstrated that
although BALB/c mice have NK cells but no NK1.1* cells, they can primarily
clear viral infection through the cytolytic activity of CD8" T cells. Depletion of
NKI1.1* cells from resistant C57BL/6 or BALB.B6-CmvIr mice led to signifi-
cantly increased myocarditis levels found in susceptible BALB/c mice.
Furthermore, depletion of CD4*, CD8", or both CD4* and CD8" T cells signifi-
cantly reduced disease in susceptible BALB/c mice, although T cell depletion had
little effect on myocarditis in resistant mice. These results suggest that the role
of NK1.1 cells is more important in the development of myocarditis than other
BALB/c genetic background genes, since the only difference between con-
genic BALB/c and wild type BALB/c mice is the NK cell gene complex region.
The precise mechanisms of NK cells in the pathogenesis of myocarditis is still not
known, but their rapid production of cytokines, such as IFN-gamma, may provide
a clue.

5.3. Cytokines and Myocarditis

Pathogenic mechanisms in myocarditis can be related to specific cytokine
production in a particular animal strain in both induction and progression of
myocarditis. The profile of inflammatory mediators produced at different time
points in the course of myocarditis has critical impact on the development of dis-
ease (Hill and Rose, 2001; Afanasyeva and Rose, 2004). Blocking IL-10 during
the effector phase of myocarditis increased severity and retarded the reduction of
disease, whereas blocking IL-10 during the induction phase had no effect (Kaya
et al., 2002). Cotreating genetically resistant mice with certain cytokines can
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make them susceptible to induction of myocarditis. For example, administration
of either IL-1 or TNF-alpha promoted virus- and myosin-induced myocarditis in
genetically resistant B10.A mice (Lane et al., 1992, 1993). The presence of
myocarditis was associated with increased cardiac myosin—stimulated production
of TNF-alpha (Lane et al., 1993). When A/J mice are infected with CB3 and
treated with an IL-1 receptor antagonist, myocardial injury is diminished
(Neumann et al., 1993). Furthermore, IL-1 receptor type 1—deficient IL-1R17~
mice are protected from development of autoimmune myocarditis after immu-
nization (Eriksson ef al., 2003b). CD4* T cells from immunized IL-1R17~ mice
failed to transfer disease after injection into naive SCID mice. The activation of
IL-1R17~ CD4* T cells by dendritic cells was impaired in IL-1R17~ mice. The
release of TNF-alpha, IL-1, IL-6, and IL-12p70 was reduced in dendritic cells
lacking the IL-1 receptor type 1. Indeed, injection of immature, antigen-loaded IL-
1R1**, but not IL-1R17~, dendritic cells into IL-1R17~ mice fully restored dis-
ease susceptibility. Further, overexpression of IL-1R antagonist in the mouse
heart decreased myocardial inflammation in CB3 myocarditis. Thus, the authors
concluded that IL-1R1 triggering is necessary for efficient activation of dendritic
cells. This is conceivably a requirement for inducing an immune response and
autoimmunity.

Cytokines are critical in controlling T cells responsive to self-antigens,
sometimes by shifting the immune response toward a Thl or a Th2 pattern.
Recent studies suggest that both B and T cells are involved in polarized cytokine
production and CD4*, CD8" T cells, and NK and dendritic cells may also be
involved in production of polarizing cytokines (Salazar-Mather et al., 1998).
The Thl response shifts the cytokine profile toward delayed hypersensitivity,
macrophage activation, and a proinflammatory T cell response associated with
IFN-gamma and IL-12, whereas the Th2 response is associated with B cell
activation and humoral immunity, and IL-4, IL-5, IL-10, and IgE production.
Th1 T cells secrete IL-2 and IFN-gamma that suppresses Th2 responses, whereas
Th2 T cells secrete IL-4 and IL-10 that inhibit Th1 responses. EAM in A/J mice
exhibits a Th2-like phenotype (Afanasyeva et al., 2001b). This was demonstrated
by the histological picture of the heart lesions (eosinophils and giant cells) and
by the humoral immune response (association with IgG1 response with disease
and up-regulation of total IgE). The severity of disease could be reduced by
blocking IL-4 with anti-IL-4 monoclonal antibody. It was associated with a shift
from a Th2-like to a Thl-like phenotype represented by a reduction in CM-spe-
cific IgG1, an increase in CM-specific IgG2a, an abrogation of total IgE
response, a decrease in IL-4, IL-5, IL-13, and an increase in IFN-gamma pro-
duction in vitro.

IL-12 exerts a potent proinflammatory effect by stimulating Th1 responses
(Afanasyeva et al., 2001a). This effect is believed to be mediated primarily
through the activation of STAT4 and subsequent production of IFN-gamma. Both
IL-12Rbetal-deficient mice and STAT4-deficient mice were resistant to the
induction of myocarditis. Treatment with exogenous IL-12 exacerbated disease.
On the other hand, IFN-gamma deficiency was found to enhance EAM and treat-
ment of mice with recombinant IFN-gamma suppressed the development of
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myocarditis. The disease-limiting effects of IFN-gamma may be explained by its
ability to control the expansion of activated T lymphocytes. Thus, spleens from
IFN-gamma-deficient mice immunized with cardiac myosin showed increased
cellularity; greater numbers of CD3*, CD4*, CD8*, and IL-2-producing cells;
reduced early apoptosis; and heightened ability to produce cytokines on stimula-
tion in vitro (Afanasyeva, 2005). In another study, transgenic mice expressing
IFN-gamma in their pancreatic beta cells failed to develop CB3-induced
myocarditis (Horwitz ef al., 2000). The authors proposed that viral infection in
the heart was subdued and cardiac myosin was not released from infected
myocytes. The antiviral effect of IFN-gamma was proposed for the reduced
viremia in the heart of the transgenic mice. This work challenges the concept of
“molecular mimicry” in the CB3-induced autoimmune myocarditis model, and
instead favors the idea of virus-mediated damage causing release of endogenous
antigen.

5.4. Chemokines and Myocarditis

The cytotoxic action of leukocytes is a probable cause of the cardiac
myocyte damage seen in chronic myocarditis and DCM. The migration and tissue
infiltration of leukocytes is regulated by chemotactic cytokines. MCP-1 and
MIP-1alpha are potent chemotactic factors for mononuclear cells. The inflam-
matory infiltrate observed in myocardial lesions in EAM consists of over 60%
macrophages (Mac-17 cells).

Fuse et al. (2001a) reported increased mRNA of MCP-1 in the hearts of
EAM rats from days 15 to 27. Also serum MCP-1 levels of the rats with EAM
were significantly elevated. They found in a clinical study that serum levels of
MCP-1 in patients with acute myocarditis at the time of admission were signif-
icantly elevated compared with those of healthy volunteers and serum MCP-1
levels of eight fatal cases were significantly higher than those cases who sur-
vived (Fuse et al., 2001b). Furthermore, DCM patients with severe left ventric-
ular dysfunction showed a 2.35-fold higher MCP-1 messenger RNA expression
when compared to DCM patients with less severe dysfunction. Positive
immunohistochemical staining for MCP-1 was found in all seven patients with
severe left ventricular dysfunction and was particularly distinct within the car-
diac interstitium and there was a consistent trend toward a higher infiltration of
inflammatory cells in DCM patients with lower ejection fraction (Lehman
et al., 1998). To investigate the role of MCP-1 in myocarditis and cardiomy-
opathy Kolattukudy et al. (1998) created mice expressing the murine MCP-
1(JE) gene under the control of the alpha-cardiac myosin heavy chain promoter.
The mice showed targeted expression of MCP-1 transcripts and protein in the
adult heart muscle and increased MCP-1 levels in the transgenic hearts with
increased leukocyte infiltration into interstitium between cardiomyocytes. The
infiltrate mainly comprised macrophages but not T cells. The presence of MCP-
1 in the transgenic hearts did not induce cytokine production indicative of
leukocyte activation. Echocardiographic analysis of 1-year-old mice that
express MCP-1 in the myocardium and of age-matched controls revealed car-
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diac hypertrophy and dilation, increases in left ventricular mass, and systolic
and diastolic left ventricular internal diameters. A significant decline in M-
mode-shortening fraction showed depressed contractile function. Transgenic
hearts were 65% heavier, and histological analysis showed moderate myocardi-
tis, edema, and some fibrosis.

To further determine if mononuclear cells, chemokines MCP-1 or
MIP-1alpha, and chemokine receptors CCR2 and CCRS5 play a critical role in the
pathogenesis of myocarditis, mononuclear cell activation and migration was
inhibited in a set of studies to see if it would affect disease severity and preva-
lence in EAM. Blockade of MCP-1 or MIP-1alpha with monoclonal antibodies
significantly reduced the severity of myocarditis (Kaya et al., 2005). Similar
results were obtained when CCR2-KO mice were immunized with cardiac
myosin. In CCR2-KO mice not only the disease severity but also the prevalence
of the disease was reduced (Kaya et al., 2005). Experiments with MIP-1 KO and
CCR5-KO are under way. Transfecting the mice before inducing EAM with a
dominant-negative inhibitor of MCP-1 (7ND) gene significantly reduced the dis-
ease severity, decreased production of cardiac myosin-specific autoantibodies,
especially of the IgGl subclass, and resulted in a reduction in cardiac
myosin—induced IL-1, IL-4 and in an increase in IFN-gamma and IL-10 cytokine
production by splenocytes. These cytokines are known to regulate the develop-
ment of autoimmune myocarditis (Kaya et al., 2005). The MCP-1 (7ND) gene
was used successfully in treatment of other diseases like nephritis (Shimizu et al.,
2003), renal fibrosis (Wada et al., 2004), renal injury (Furuichi et al., 2003;
Shimizu et al., 2003), cardiovascular diseases (Egashira, 2003; Kitamoto and
Egashira, 2003), and pulmonary hypertension (Ikeda et al., 2002). Thus, these
experiments may open new pathways to the treatment of immune-mediated dis-
ease.

6. Conclusions

Autoimmune myocarditis can be induced in susceptible strains of mice by
infection with coxsackievirus B3. The most prominent antibody elicited by the
viral infection reacts with the cardiac isoform of myosin and immunization of
susceptible mice with cardiac myosin replicates the autoimmune disease. A num-
ber of traits determine whether a particular strain of mice is susceptible to auto-
immune myocarditis, but the critical decision is made early after infection during
the innate immune response. Four of the major components of the innate
response have been investigated and found to contribute to susceptibility: the
complement system; NK cells; early-acting proinflammatory cytokines and
chemokines.
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Toll-like Receptor 9 and
Autoimmunity

Paul N. Moynagh

1. Introduction

Most studies that have explored the molecular and cellular basis to the generation
of systemic autoimmune diseases have focused on the role played by the specific
immune system. This is hardly surprising since systemic autoimmune diseases such
as systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) are associ-
ated with the production of autoantibodies. The latter include rheumatoid factor
(RF), an autoantibody that is directed toward normal antibodies, antinuclear anti-
bodies, and antibodies to DNA. However, in the last 2 years the innate immune sys-
tem has jumped to the fore as a key contributor to these diseases. This has been due
mainly to a pioneering report showing the key role played by the innate immune
system in promoting the production of RF in a manner independent of help from T
cells (Leadbetter et al., 2002). This process is facilitated by a member of the toll-
like receptor (TLR) family, namely TLRY. This chapter initially overviews the cru-
cial involvement of TLR9 in mediating the immunostimulatory effects of bacterial
DNA. It then describes a role for TLR9 in recognizing self-DNA leading to the acti-
vation of B cells and production of autoantibodies. The intracellular signaling path-
way employed by TLRO is also discussed and its value as a therapeutic target for the
design of novel strategies for treating autoimmune diseases is emphasized.

2. TLRs as Receptors for Pathogen-Associated Molecules

Human TLRs play crucial roles at the host—pathogen interface due to their
capacity to recognize pathogen-associated molecules. Many of the TLRs have
defined functions in the innate immune system. Thus TLR2 recognizes peptido-
glycan and bacterial lipoprotein from Gram-positive bacteria (Aliprantis et al.,
1999; Takeuchi ef al., 1999), TLR3 mediates responses to double-stranded RNA
(Alexopoulou et al., 2001), TLR4 is involved in recognition of Gram-negative
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lipopolysaccharide (LPS) (Poltorak et al., 1998; Chow et al., 1999; Hoshino et al.,
1999; Qureshi ef al., 1999; Takeuchi et al., 1999), TLRS recognizes bacterial fla-
gellin (Hayashi er al., 2001), TLR7 and TLR8 sense single-stranded RNA
(Diebold et al., 2004; Heil et al., 2004), and TLR9 functions as a receptor for bac-
terial DNA (Hemmii et al., 2000). Some TLRs, such as TLR2 and TLR6, also show
functional cooperativity (Ozinsky et al., 2000). The engagement of TLRs by path-
ogenic components results in induction of specific gene expression profiles that
are suited to ensuring efficient removal and destruction of the invading pathogen.

3. TLR9 and the Immunostimulatory Effects of Bacterial DNA

TLRY acts as a recognition system for bacterial DNA containing unmethy-
lated CpG motifs. Since these motifs are quite rare and predominantly methylated
in vertebrate DNA, TLR9 provides a means to distinguish between self and non-
self. The expression of TLRY in humans is mainly restricted to plasmacytoid den-
dritic cells (Krug et al., 2001) and B cells (Bauer et al., 2001). Its engagement in
dendritic cells by unmethylated bacterial CpG motifs synergizes with CD40 lig-
and to induce high levels of IL-12 that facilitates activation of Thl cells (Krug
et al., 2001). In addition, CpG motifs induce high-level expression of costimula-
tory molecules in plasmacytoid dendritic cells and this ensures strong activation
of allogeneic T cells (Hartmann et al., 1999).

CpG motifs are extremely strong stimulators for B cells, activating them to
enter the G1 phase of the cell cycle (Krieg et al., 1995). Indeed, relatively low con-
centrations of CpG DNA can synergize with the B cell receptor (BCR) and cause
a 10-fold increase in B cell proliferation and antigen-specific antibody secretion.
Furthermore, CpG DNA can produce antiapoptotic effects in B cells. Thus CpG
DNA can inhibit the proapoptotic capacity of BCR ligation in B cell lines (Yi and
Krieg, 1998a) and can promote survival of primary B cells in culture by blocking
their spontaneous apoptosis (Yi et al., 1998a). The ability of CpG DNA to promote
sustained activation of the prosurvival transcription factor NFxB is a major con-
tributor to these antiapoptotic effects (Yi ez al., 1998a, 1999; Yi and Krieg, 1998a).
In addition to enhancing survival and proliferation of B cells and facilitating
increased secretion of antigen-specific antibodies, CpG DNA can also induce the
expression of costimulatory molecules in B cells (Krieg et al., 1995) and thus
increase their efficacy with respect to antigen presentation and T cell activation.
Since the induction of many of these costimulatory molecules is dependent on
NFkB (Medzhitov et al., 1997), this transcription factor emerges as a key player in
mediating the biological effects of CpG DNA. Consequently, the intracellular sig-
naling pathways employed by TLR9 in mediating activation of NFxB in response
to CpG DNA has become the focus for much research.

4. TLR9 and Intracellular signaling

Cells display DNA-binding proteins on their surface, but lack selectivity in
recognizing specific sequences (Krieg et al., 1995). This study also demonstrated
that cell uptake of CpG DNA is required to produce its effects in B cells. While
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the mechanism of uptake is incompletely understood, internalized CpG DNA has
been localized to the endosome and studies suggest that this is the site where
intracellular signaling pathways are initiated by the DNA. Thus agents such as
chloroquine, which interfere with endosomal acidification and/or maturation,
block the signaling pathways (Hacker et al., 1998; Yi and Krieg, 1998b; Bauer
et al., 2001) and immunostimulatory effects (Yi ef al., 1998b) of CpG DNA. In
contrast, other pathogen-associated molecules such as LPS, which are recognized
by specific cell surface receptors, are unaffected by chloroquine (Yi et al.,
1998b). TLR9 was subsequently shown to be the specific receptor for CpG DNA
since the dendritic and B cells of mice genetically deficient in TLR9 are unre-
sponsive to CpG (Hemmi et al., 2000). Furthermore, some evidence suggests that
TLRY is localized to the endosomes where it may be able to physically interact
with the internalized CpG DNA (Hemmii ef al., 2000; Takeshita et al., 2001).

The proximal signaling events subsequent to TLR9 engagement by CpG
have been well characterized. Like most other TLRs, activation of TLR9
recruits the adaptor molecule Myd88 (Medzhitov et al., 1998). Indeed, CpG
DNA, TLRY, and Myd88 colocalize in late endosomes and the initiation of sig-
naling is dependent on endosome maturation (Takeshita ef al., 2001; Ahmad-
Nejad et al., 2002). Myd88 subsequently recruits and activates members of the
IL-1 receptor—associated kinase (IRAK) family (Muzio et al., 1997; Wesche
et al., 1997; Kobayashi et al., 2002; Li et al., 2002; Suzuki et al., 2002). The
IRAK-Myd88 association triggers hyperphosphorylation of IRAK by itself
(Cao et al., 1996) and/or by other additional kinases (Li ef al., 1999), leading
to its dissociation from Myd88 and its interaction with and activation of the
downstream adaptor TNF receptor—associated factor 6 (TRAF-6) (Burns et al.,
2000). The latter is a ubiquitin ligase that activates TGFB-activating kinase
(TAK1) (Ninomiya-Tsuji et al., 1999). Activated TAK1 promotes downstream
activation of the IxB-kinases (IKK), IKKo and IKKf, that form a large multi-
protein complex with a scaffold protein called NEMO (IKKYy). Of the two active
IKK isoforms, IKK[} appears to be the more important for CpG signaling (Chu
et al., 2000). It affects phosphorylation of members of the inhibitory IxB fam-
ily (IxkB-o and IkB-f) that normally sequester NFkB in an inactive form in the
cytosol (Yi and Krieg, 1998a). The phosphorylation of the IkB proteins repre-
sents a signal for polyubiquitination followed by their degradation via the 26 S
proteosome and this allows for translocation of NFxB to the nucleus, where it
activates a plethora of genes encoding proinflammatory proteins and costimu-
latory molecules (Medzhitov ef al., 1997; O’Neill, 2002). Interestingly, the acti-
vation of NFxB is also a requisite for CpG-induced protection of B cells against
apoptosis (Yi and Krieg, 1998a; Yi ef al., 1999). Such activation of NFxB is
sustained in nature and usually associated with prolonged disappearance of the
inhibitory IxkB-[3 protein (Bourke ef al., 2000).

In addition to NFxB activation, CpG motifs can also engage TLR9 to stimu-
late mitogen-activated protein kinase (MAPK) signaling cascades and activate
multiple transcription factors, including AP-1. Thus CpG DNA induces phospho-
rylation of p38 and c-Jun N-terminal kinase (JNK) in B cells (Yi and Krieg,
1998b). Interestingly, while CD40 utilizes many of the same signaling molecules
and activates the same pathways as CpG in B cells (Brady et al., 2000, 2001), the
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activation of MAPKs by CpG is slower in onset but longer in duration (Yi and
Krieg, 1998b). The sustained activation of both NFkB and MAPK pathways by
CpG in B cells suggests that these intracellular pathways are long-lived in
response to CpG and not subject to acute downregulation. Whilst the mechanisms
by which the MAPKs are activated by TLR9 are incompletely understood,
upstream regulators have been identified. Such regulators also play integral roles
in mediating activation of NFxB. Thus TAK1 can activate the MAPKKs MKK3/6
and MKK4, which in turn activate p38 and JNK, respectively (Ninomiya-Tsuji
et al., 1999). The activation of the MAPK pathways by CpG motifs in B cells con-
tributes significantly to their biological responsiveness to CpG since inhibitors of
these pathways block CpG-induced secretion of cytokines by B cells (Yi and
Krieg, 1998b).

The overall effects of CpG DNA on B cells are thus mediated via TLR9
activation of the NFkB and MAPK pathways. As stated previously, TLR9 and
BCR show strong functional synergy in activating B cells. It is worth noting that
a recent report has provided a molecular basis for this synergy by demonstrating
that their signaling pathways converge at the level of NFxB and p38/JNK (Yi
et al., 2003).

5. CpG Sequences in Self-DNA Trigger Autoantibody
Production

For many years vertebrate self-DNA was considered to be immunologically
inert. However, a report in 2002 demonstrated that immune complexes containing
self-DNA activate RF-specific B cells (Leadbetter et al., 2002). This study
employed a genetically engineered mouse strain in which most B cells express a
BCR with low affinity for self-IgG2a. The affinity is insufficient to trigger acti-
vation of the B cells. However, other workers had previously shown that when the
mice are crossed with a strain susceptible to autoimmune diseases, such as RA
and SLE, the self-IgG2a becomes a powerful activator of B cells and stimulates
B cell proliferation and secretion of high levels of circulating RF autoantibodies
(Wang and Shlomchik, 1999). Leadbetter et al. (2002) went on to show that self-
IgG2a accumulates in complexes with self-DNA in the bloodstream of the
autoimmune mice. It is likely that the self-DNA is released during physiological
and/or pathological cell death. In this model the synergy between the signals orig-
inating from BCR activation by self-IgG2a and TLR9 activation by self-DNA is
sufficiently powerful to provoke strong B cell activation. Furthermore, the BCR
is likely to facilitate the uptake of self-DNA and its ultimate delivery to endoso-
mal TLRY (Viglianti et al., 2003). However, as stated previously, TLR9 acts as a
receptor for DNA containing unmethylated CpG motifs, and mammalian DNA
tends to be methylated. This questions the role of TLRY in recognizing self-DNA.
However, mammalian DNA is not exclusively methylated and indeed methylation
is restricted to 70-80% of the CpG motifs (Bird, 1987). The remaining 20-30%
of unmethylated CpG motifs may be responsible for self-DNA activating TLR9.
This notion is supported by two findings. First, DNA methylation status is
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reduced in cells from animals and humans with autoimmune disease (Richardson
et al., 1990). Second, drugs such as azacytidine that inhibit CpG methylation
cause an autoimmune disease with features of lupus (Yung et al., 1995). Krieg
(2002) has put forward an alternative model wherein cross-linking of the BCR
may be sufficiently extensive to reduce the specificity of TLR9 recognition,
allowing its activation by self-DNA (Goeckeritz et al., 1999). Interestingly, Krieg
(2002) also suggests activating immune complexes may result from an earlier loss
of B cell tolerance to DNA-associated self-antigens. This is consistent with the
clinical finding that most autoantibodies in SLE are directed against nuclear anti-
gens that bind DNA (Krieg, 2002). Since high levels of RF against IgG are meas-
ured in patients suffering from RA and SLE, therapeutic potential may lie in
designing novel approaches to control the production of RFs. The key role played
by TLRY in promoting RF production makes this pathway an ideal target for ther-
apeutic intervention.

6. TLR9 as a Target for Regulating RF Production

Since TLR9Y acts as a costimulus for autoreactive B cells, and because endo-
somal maturation and acidification is required for its signaling, a molecular basis
is now at hand to explain the therapeutic effects of chloroquine in systemic
autoimmune diseases. Chloroquine interferes with endosomal acidification and
maturation and blocks all CpG-TLR9 signaling pathways without inhibiting other
B cell activators (Hacker ef al., 1998; Yi and Krieg, 1998b; Yi et al., 1998b; Bauer
et al.,2001). Chloroquine and other similarly acting agents have now been shown
to block immune complex—induced activation of autoreactive B cells (Leadbetter
et al., 2002) and this is likely to underlie the therapeutic efficacy of chloroquine.
This highlights the value of targeting the TLR9 pathway in the design of novel
therapeutics for the treatment of autoimmune diseases. Valuable clues in this
regard may be provided by identifying physiological mechanisms for controlling
the TLR9 pathway. A recent report has shown that continuous self-antigen sig-
naling via the BCR MAPK pathway inhibits CpG DNA—induced plasma cell dif-
ferentiation and controls TLR9-mediated autoantibody production (Rui et al.,
2003). It is also worth noting the presence of a number of endogenous regulators
of TLR signaling pathways. SIGIRR is a membrane protein that negatively regu-
lates TLR signaling (Wald et al., 2003). Myd88S, a splice variant of Myd88,
inhibits Myd88-dependent pathways (Janssens ef al., 2003). IRAK-M is a mem-
ber of the IRAK family and acts as a negative regulator of TLR signaling path-
ways (Kobayashi et al., 2002). Furthermore, the phosphorylation of IRAK-1
during TLR signaling ultimately leads to its degradation by proteosomes and this
may represent a regulatory mechanism by which cells become desensitized after
prolonged activation of TLRs (Yamin and Miller, 1997; Li et al., 2000). Finally,
the antiapoptotic protein A20 acts to terminate signaling pathways triggered by
TLRs (O’Reilly and Moynagh, 2003; Boone et al., 2004; Gon et al., 2004). The exis-
tence of these numerous braking systems on TLR signaling pathways emphasizes
the importance of tightly regulating such pathways. Some of these mechanisms
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may offer future opportunity to develop novel strategies to dampen TLR9 signal-
ing and to control the activity of autoreactive B cells in autoimmune disease.
Interestingly, as stated previously, the temporal activation of TLR9 signaling path-
ways in B cells tends to be sustained and many of the above autoregulatory mech-
anisms may not be at play in these cells. The identification of means to promote
these mechanisms may be of immense value in learning to regulate TLR9 signal-
ing and autoantibody production in B cells.

7. Concluding Remarks

The discovery that TLR9 can promote the production of autoantibodies by
synergistically activating B cells in conjunction with BCR raises the intriguing
possibility that self-DNA is immunostimulatory in a T cell-independent manner.
Furthermore, TLRs can no longer be regarded as recognition systems in the innate
immune system that shows exclusive selectivity for pathogen-associated mole-
cules. TLRY compromises the capacity for absolute distinction between self and
nonself. Our current molecular appreciation of the TLR9 signaling pathway pro-
vides hope for therapeutic manipulation and the design of novel strategies for
treating autoimmune diseases.
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C-Reactive Protein as a Regulator
of Autoimmune Disease

Terry W. Du Clos and Carolyn Mold

1. Introduction

C-reactive protein (CRP) is a phylogenetically ancient, highly conserved compo-
nent of the innate immune system. The pentraxin family, which includes CRP and
serum amyloid P (SAP) component, is represented in all vertebrate species stud-
ied as well as in several invertebrates. Throughout evolution, pentraxins have
retained similar amino acid sequence, structure, and calcium-dependent ligand-
binding sites. CRP was identified and named for its ability to precipitate the
C-polysaccharide of Streptococcus pneumoniae (Tillett and Francis, 1930) to
which it binds through phosphocholine (PC) residues (Volanakis and Kaplan,
1971). CRP and SAP bind to microbial determinants, as well as to potential
autoantigens, and interact with the adaptive immune system through the comple-
ment system and Fcy receptors (FcyR). The general properties of CRP have been
reviewed recently (Du Clos, 2000; Volanakis, 2001; Du Clos and Mold, 2003) and
will only be described briefly here. The focus of the current review will be our
current understanding of the properties of CRP that affect autoimmune disease.

2. Structural Features of CRP

CRP is a pentameric protein composed of five identical subunits in planar
configuration (Thompson et al., 1999) (Figure 3.1). Each CRP subunit contains
a ligand-binding site on one face. Binding to PC and related ligands requires Ca**
ions, which interact with the phosphate moiety of PC. The opposite face of CRP
is responsible for its binding to Clq (Agrawal et al., 2001) and FcyR (Marnell
et al., 1995). The interactions of CRP with complement and with FcyR account
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for many of its biological activities including host defense against infection,
phagocytosis, and regulation of inflammation. The regulation of CRP synthesis as
an acute-phase reactant and the ability of CRP to bind to damaged cells and
nuclear antigens also contribute to its role in autoimmunity.

3. CRP as an Acute-Phase Reactant

A striking feature of CRP and a key to its function is the regulation of its
synthesis (reviewed in Ballou and Kushner, 1992; Volanakis, 2001). CRP is the
prototypic acute-phase reactant in man. CRP synthesis is rapidly induced in hepa-
tocytes by interleukin-6 (IL-6) and other cytokines causing baseline serum levels
of <1 ug/ml to rapidly increase to several hundred micrograms per milliliter after
an acute stimulus. CRP is also rapidly cleared from the circulation and its serum
concentration is a sensitive indicator of inflammation in rheumatic and infectious
diseases (Du Clos, 2000).

Figure 3.1A. C-reactive protein (CRP) is a cyclic pentamer. Space-fill diagram of the ligand-
binding face of CRP showing phosphocholine (PC) interacting with the bound calcium ions and
glutamic acid at position 88 (Thompson et al., 1999).
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Figure 3.1B. Continued Space-fill diagram of the opposite face of CRP showing the region homolo-
gous to the FcyR-binding site on IgG (amino acids 175-185). Several residues in this region affect
CRP binding to FcyR.

More recently even low elevations of CRP have been shown to have pre-
dictive value in assessing cardiovascular risk (Ridker, 2003). Although the use of
CRP as a predictive marker for cardiovascular events has been supported by many
studies, controversy remains as to whether elevated CRP contributes directly to
cardiovascular disease or is merely a very sensitive indicator of inflammation. A
recent study using apolipoprotein E—deficient mice transgenic for human CRP
provided direct evidence that CRP may contribute to the development of aortic
lesions (Paul et al., 2004). CRP binds to lipoproteins, phospholipids, and apop-
totic cells present in atherosclerotic lesions and may interact locally with com-
plement or with macrophages through FcyR (Zwaka et al., 2001).

4. CRP Interaction with Nuclear Antigens

The localization of CRP to sites of tissue injury was recognized early
(Kushner and Kaplan, 1961). CRP-binding sites were believed to be mem-
brane phospholipids on damaged cells. CRP binds to the PC head group of
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phosphatidylcholine in cell membranes damaged by detergent or complement
(Narkates and Volanakis, 1982; Li et al., 1994).

The first indication that CRP also binds to nuclear antigens was the report
by Gitlin et al. (1977) of intense staining for CRP detected by immunofluores-
cence in the nuclei of cells from rheumatoid arthritis synovium. Robey et al.
(1984) later reported localization of fluorescently labeled CRP to the nuclei of
damaged fibroblasts and attributed this to an interaction of CRP with chromatin.
On further investigation, we found that CRP actively localizes to the nuclei of cells
following microinjection (Du Clos et al., 1990) where it binds to small nuclear
ribonucleoprotein (snRNP) particles (Figure 3.2, see color insert) (Du Clos, 1989).
SAP also has a nuclear localization signal, but binds to chromatin rather than to
snRNP in intact cells (Du Clos et al., 1990; Pepys et al., 1994). We further inves-
tigated the binding of CRP to isolated nuclear antigens, and found that CRP binds
through its PC-binding sites to a conserved peptide motif on histones (H1, H2A,
and H2B), isolated chromatin and nucleosomes, and the snRNP proteins, SmD and
the Ul 70K protein (reviewed in Du Clos, 1996). These findings led to studies on
the possible role of CRP in the clearance of nuclear antigens, which are prominent
targets of the autoimmune response in systemic lupus erythematosus (SLE).

5. CRP, SAP, and Nuclear Antigen Clearance

The ability of CRP to promote phagocytosis and clearance of its ligands
and to bind to nuclear antigens suggested a role in removal of potential autoanti-
gens such as chromatin and snRNP. In an initial study, CRP injection did not have
a major effect on the rate of clearance of mononucleosomes from the circulation
of BALB/c mice (Du Clos et al., 1994). However, CRP effects on chromatin
clearance were seen in a later study using H1-stripped chromatin and taking into
account the presence of SAP (Burlingame et al., 1996). SAP binds to DNA, his-
tones, and chromatin (Pepys and Butler, 1987; Hicks et al., 1992). The clearance
of H1-stripped chromatin was markedly slower in mice with high serum SAP lev-
els (BALB/c) compared to mice with low serum SAP levels (C57BL/10).
Induction of an acute-phase response in C57BL/10 mice increased SAP levels
and decreased both the rate of chromatin clearance and the localization of chro-
matin in the kidney. Coinjection of either SAP or CRP with chromatin into
C57BL/10 mice also decreased chromatin clearance. Recently the rate of clear-
ance of long native chromatin was found to be accelerated in SAP™~ mice
(Bickerstaff et al., 1999). These findings suggested that CRP and SAP produce
major changes in the rate and path of chromatin clearance that could affect its
presentation to the immune system.

Many investigators believe that the autoantibody response in SLE is driven
by endogenous nuclear antigens released from dying cells (Walport, 2000). This
hypothesis is based on the characteristics of the autoantibody response to chro-
matin in SLE (Burlingame ef al., 1993, 1994), on the identification of novel epi-
topes on autoantigens exposed on apoptotic cells (Casciola-Rosen et al., 1994),
and on the association of deficiencies in apoptotic cell clearance with the
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development of autoimmunity (Carroll, 2000; Walport, 2000). In addition to their
effects on clearance of chromatin, both CRP and SAP also bind to apoptotic cells
(Gershov et al., 2000; Familian et al., 2001). CRP increases the uptake of apop-
totic cells by macrophages through complement-dependent opsonization
(Gershov et al., 2000), and both CRP and SAP enhance FcyR-dependent phago-
cytosis of apoptotic cells (Mold et al., 2002a). Gershov et al. (2000) reported that
opsonization of apoptotic cells by CRP and complement has anti-inflammatory
effects.

6. CRP Genetics and Autoimmunity

If CRP and SAP play important roles in the clearance of nuclear antigens
then deficiency of these proteins is expected to predispose to autoimmune dis-
ease. There are no known deficiencies of either CRP or SAP in man. However, a
recent study of SLE families has suggested that genetically determined low base-
line levels of CRP might be associated with development of SLE. Two polymor-
phisms at the CRP locus that affected basal levels of CRP were identified. One of
these polymorphisms, associated with reduced CRP expression, was linked with
SLE and antinuclear autoantibody production (Russell et al., 2004).

Other polymorphisms of CRP that affect baseline levels have been
described, but have not thus far been associated with risk of autoimmune disease
(Szalai et al., 2002b; Zee and Ridker, 2002; Brull ef al., 2003). Polymorphisms
of cytokine genes such as IL-6 and IL-1 may also influence levels of CRP in the
blood (Berger et al., 2002; Vickers et al., 2002).

In mouse, unlike in man, SAP is a major acute-phase reactant and CRP is
found only at low levels (Pepys ef al., 1979; Whitehead et al., 1990). Two groups
who independently produced SAP~~ mice by targeted gene deletion have studied
the role of SAP in autoimmunity. In each case a greater percentage of the SAP-
deficient mice produced antinuclear antibodies compared to the SAP** mice, and
for one strain, SAP7~ was associated with nephritis in female animals
(Bickerstaff et al., 1999; Soma et al., 2001).

7. CRP Levels in Human SLE

In addition to genetic effects on CRP synthesis, there is evidence for altered
induction of CRP synthesis in human SLE. A number of studies have concluded
that CRP levels are abnormally low in comparison to other measures of inflam-
mation during flares of SLE (Becker ef al., 1980). Despite these low CRP levels
during the course of SLE, the same patients may produce a vigorous CRP
response to infection, leading to the suggestion that elevated CRP levels in lupus
may be used as an indicator of infection or serositis (Zein et al., 1979; ter Borg
et al., 1990). The reason for the low CRP response during the course of SLE is
unknown, but it has been reported that in contrast to other inflammatory diseases,
in SLE serum CRP and IL-6 levels do not correlate (Gabay et al., 1993).
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8. CRP in Animal Models of Autoimmunity

We, and others, have taken advantage of the low levels of CRP in mouse,
and the ability of human CRP to interact with mouse complement and FcyR to
study human CRP as a therapeutic agent in mouse models of infection and
autoimmunity (Mold et al., 1981, 2000b; Du Clos et al., 1994; Szalai et al.,
2002a, 2003). Several studies have tested CRP as a therapeutic agent in the (NZB
X NZW)F, female mouse model (NZB/W). These mice develop antinuclear anti-
bodies and proteinuria at about 20 weeks of age and then undergo a progressive
increase in proteinuria, which is associated with renal failure, severe glomeru-
lonephritis, and 50% mortality by about 34 weeks of age (Theofilopoulos and
Dixon, 1985). The first study of CRP in the treatment of SLE was made in our
laboratory using NZB/W mice. Our hypothesis was that CRP might provide pro-
tection from immunization with nuclear autoantigens. We injected chromatin into
NZB/W mice to accelerate disease and examined the effect of adding CRP with
the antigen (Du Clos ef al., 1994). Chromatin injection did in fact accelerate dis-
ease, and mice treated with CRP and chromatin survived significantly longer than
mice treated with chromatin alone. Consistent with the hypothesis that CRP could
prevent immunization with chromatin, antibody responses to histones and DNA
were transiently suppressed in the CRP-treated mice. However, antibody
responses to an irrelevant antigen were also transiently suppressed, suggesting a
more general effect of CRP on the immune system.

Szalai et al. (2002a, 2003) have developed mouse strains that express
human CRP as an acute-phase reactant from a transgene, and used these mice to
study the effect of CRP on autoimmune disease. These investigators first exam-
ined experimental autoimmune encephalomyelitis, an induced autoimmune dis-
ease, in CRP transgenic and control mice (Szalai ef al., 2002a). CRP transgenic
mice had delayed onset of disease in response to immunization with an encephal-
itogenic peptide. This effect of CRP was associated with the ability of CRP to
inhibit proliferation and production of inflammatory cytokines and chemokines.
CRP also increased production of the anti-inflammatory cytokine IL-10 in cul-
tures containing antigen-presenting cells, encephalitogenic T cells, and the pep-
tide antigen.

More recently, these investigators have bred the human CRP transgene onto
the NZB/W background and studied the development of SLE (Szalai et al., 2003).
The results confirmed the protective effect of CRP in this SLE model. Despite the
expression of <1 ug/ml of human CRP, CRP transgenic mice developed protein-
uria later and survived longer than controls. The CRP transgenic mice did not
have decreased anti-dsDNA antibodies. CRP transgenic mice had delayed accu-
mulation of immunoglobulin in glomeruli with greater mesangial localization.

We recently initiated a new series of studies using a single injection of a
high concentration of CRP (200 pg/mouse) into NZB/W mice either before or
after the onset of renal disease (Rodriguez et al., 2004). NZB/W mice that
received CRP treatment at 18 weeks of age had a marked delay in the onset of
renal disease and significantly prolonged survival. Untreated NZB/W mice devel-
oped 3+ proteinuria at a median age of 26.5 weeks compared to 42.5 weeks for
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the CRP-treated mice (p < 0.0001). CRP treatment extended survival to a median
age of 49 weeks compared to 36 weeks for untreated NZB/W mice (p < 0.005).
These effects on proteinuria and survival are greater than those observed previ-
ously, and were not associated with differences in anti-dsDNA or antinuclear anti-
bodies in CRP-treated mice. In the same experiment, NZB/W mice that had
developed 4+ proteinuria (> 500 mg/dl) were injected with 200 ug of CRP at
30 weeks of age to determine whether CRP would affect ongoing renal disease.
This late CRP treatment resulted in a rapid decrease in proteinuria within 2 days
of treatment. The mice became completely free of measurable proteinuria and sig-
nificant proteinuria did not return until 12 weeks after CRP treatment.
Interestingly, mice that were treated with CRP at 30 weeks of age again developed
proteinuria at a similar age as the mice treated with CRP at 18 weeks of age and
had a similar median survival age of 46 weeks (p < 0.005 vs. untreated). The abil-
ity of CRP to treat ongoing renal disease in NZB/W mice suggests that the pro-
tective effect of CRP in SLE is independent of nuclear antigen processing.
Further, there is no evidence from the latter studies that CRP inhibits autoanti-
body responses.

The MRL/Ipr mouse is a rapid onset model of autoimmune disease acceler-
ated by homozygosity of the Ipr gene, which encodes a mutant form of the death
receptor Fas. On the autoimmune MRL background, homozygosity of the Ipr gene
causes a more rapid development of SLE. In addition to antinuclear antibodies and
glomerulonephritis, MRL/Ipr mice develop lymphadenopathy and vasculitic skin
lesions (Theofilopoulos and Dixon, 1985). Using the single high dose CRP treat-
ment, we have observed delayed onset of proteinuria in the MRL/Ipr model simi-
lar to the results in NZB/W mice. In MRL/Ipr mice, CRP treatment at 6 weeks of
age also delayed the development of anti-dsDNA antibodies and lymphadenopa-
thy. Injection of CRP after the onset of renal disease reversed proteinuria and pro-
longed survival, but did not affect anti-dsDNA levels.

9. CRP in Immune Complex Nephritis

The most striking effects of CRP in mouse models of SLE were the pre-
vention and reversal of proteinuria in two different mouse strains. The original
hypothesis that CRP can prevent the presentation of nuclear antigens to the
immune system would predict that CRP would be effective before disease
development and that CRP treatment would be associated with decreased
autoantibody responses to these antigens. However, CRP treatment does not
consistently suppress autoantibody levels, and treatment after disease develop-
ment is rapidly effective. These findings suggest that although CRP may alter
processing and presentation of antigens from dead and dying cells, its primary
effect in these SLE models is directed at the inflammatory response in the end
organ, the kidney. To test this idea, we studied the protective effect of CRP in
nephrotoxic nephritis (NTN), a non-autoimmune model of immune com-
plex—mediated glomerulonephritis. To induce NTN, mice are injected with rab-
bit IgG in adjuvant followed 1 week later by rabbit antibody to mouse
glomerular antigens (anti-GBM). The result is the rapid development of pro-
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teinuria, with pathological changes in the glomeruli over a period of several
weeks that include mesangial hypercellularity, inflammatory infiltrates, fibrin
deposition, and crescent formation. The development of these later changes is
dependent on FcyRI and FcyRIII (Tarzi et al., 2003), and in particular the influx
into the lesions of macrophages expressing these FcyR (Tarzi et al., 2002).
Since NTN and lupus nephritis are both immune complex—mediated and FcyR-
dependent (Clynes et al., 1998) inflammatory disecases, we postulated that
any effect of CRP on renal disease in SLE would also be seen in NTN. We did
in fact observe that treatment of mice with CRP at the time of anti-GBM
administration prevented the development of proteinuria and pathologic
changes in the kidneys (Rodriguez et al., 2004). In addition, CRP treatment
9 days after anti-GBM reversed proteinuria and significantly decreased the
pathologic changes in the kidneys within 2 days. These findings support the
hypothesis that it is the anti-inflammatory role of CRP in these diseases that is
of primary importance.

10. CRP in Inflammation

The ability of CRP to suppress acute inflammation has been well docu-
mented in studies using mice transgenic for rabbit CRP developed by Samols
et al. In these mice the level of CRP expression can be regulated by diet. These
investigators have examined several models of inflammation in these mice after
dietary manipulation. In systemic inflammation, mice expressing high levels of
CRP were protected from lethal shock induced by endotoxin (LPS), platelet-
activating factor (PAF), or the combination of tumor necrosis factor (TNF) and
IL-1, but not TNF alone (Xia and Samols, 1997). These results suggest that CRP
may regulate the inflammatory cytokine cascade or the response to it. Transgenic
mice expressing high levels of CRP and challenged by intratracheal administra-
tion of chemotactic agents (C5a, FMLP, leukotriene B,, or IL-8) showed less neu-
trophil influx and less protein in bronchoalveolar lavage than mice expressing low
levels of CRP (Heuertz et al., 1994; Ahmed et al., 1996). The mechanisms of
these effects were not well understood, although a direct inhibitory effect of CRP
on neutrophil chemotaxis was proposed to account for protection from alveolitis
(Heuertz et al., 1999).

11. Identification of FcyR as CRP Receptors

To clarify the mechanism(s) for the diverse activities reported for CRP in
phagocytosis, inflammation, and cytokine responses, it was essential to identify the
receptor for CRP on leukocytes. Multiple investigations over the years by Mortensen
and others had established specific binding of CRP to monocytes, macrophages,
myeloid cell lines, neutrophils, and platelets. In many cases this binding was
inhibited by aggregated IgG, leading to the proposal that CRP interacted with FcyR
(Mortensen and Duszkiewicz, 1977). However, based on the inability of mAb to
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FcyR to inhibit CRP binding, the lack of CRP inhibition of IgG binding, and other
experiments, these same investigators later proposed a unique CRP receptor on
mouse and human monocytes (Zahedi ef al., 1989; Tebo and Mortensen, 1990).

The cloning of individual human FcyR and the development of FcyR™~
mice made possible the identification by our laboratory of FcyRI and FcyRII as
the leukocyte receptors for CRP in both man and mouse. We first determined by
immunoprecipitation and cross-linking that CRP binds to the high-affinity recep-
tor for IgG, FcyRI (Crowell ef al., 1991). This was confirmed using cells trans-
fected with FcyRI (Marnell et al., 1995). However, cells that lacked or displayed
low levels of FcyRI such as neutrophils, platelets, and the K562 cell line all bound
CRP, indicating that there must be a second CRP receptor. We turned our atten-
tion to FcyRIIa, because of a strong correlation between expression of FcyRIla by
various cells and the ability to bind CRP. We demonstrated specific binding of
CRP to COS cells transfected with human FcyRIla. CRP binding to FcyRIla-
transfected COS cells and K562 cells, which express FcyRIIa, was inhibited by
aggregated IgG at nearly identical concentrations (Bharadwaj ef al., 1999). The
identification of FcyRlIIa as a CRP receptor was confirmed by functional studies
showing FcyR-dependent phagocytosis of CRP-opsonized zymosan by human
neutrophils (Bharadwaj et al., 2001). In surface plasmon resonance studies by
Bodman-Smith et al. (2002), using immobilized extracellular domains of FcyRI
and soluble CRP, the binding affinity of CRP for FcyRI was 10-fold higher than
that of IgG. These investigators have also demonstrated phagocytosis of CRP-
opsonized erythrocytes through human FcyRI and FcyRIla in transfected COS
cells (Bodman-Smith et al., 2002, 2004). Other investigators have confirmed
CRP-mediated signaling through FcyRI (Han et al., 2004) and FcyRIla on human
myeloid cell lines (Chi et al., 2002).

To identify CRP receptors in the mouse, we used strains of mice genetically
deficient in FcyR. In short, these studies demonstrated that CRP completely
failed to bind to cells from mice lacking all three FcyRs (Stein ef al., 2000). Mice
lacking only FcyRII bound less CRP than controls and mice lacking FcyRI and
FcyRIII also had decreased binding. There was no evidence that FcyRIII™~ mice
had altered CRP binding and natural killer (NK) cells that express only FcyRIII
did not bind CRP. Moreover, the phagocytosis of CRP-opsonized zymosan by
mouse macrophages was dependent on FcyRI (Mold et al., 2001). Thus, we con-
cluded that in the mouse, as in the human, FcyRI and FcyRII function as the
receptors for CRP. Mouse FcyR differ from human receptors in that FcyRII in
man is found in three forms, two with activating signaling motifs (ITAMs) and
one with an inhibitory signaling motif (ITIM). In the mouse only inhibitory forms
of FcyRIIb are found (Ravetch and Bolland, 2001).

12. Role of FcyR in CRP Effects on Inflammation

The identification of FcyRI and FcyRIIb as the receptors for CRP in the
mouse provided the means to determine whether these receptors were important
for the regulation of the inflammatory response. We injected human CRP into
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normal and FcyR~~ mice and challenged with high-dose LPS (Mold et al., 2002¢)
(Figure 3.3). In normal mice, CRP increased survival following LPS. CRP treat-
ment of normal mice also increased the IL-10 response to LPS, both in vivo and
in bone marrow macrophage cultures. IL-10 is an anti-inflammatory cytokine that
has protective effects in LPS shock. CRP did not protect FcR y-chain™~ mice and
did not enhance the IL-10 response to LPS either in vivo or in macrophage
cultures. We assume that CRP is acting through FcyRI, because CRP binds to this
v-chain-associated receptor (Stein et al., 2000). Mosser et al. have described
enhanced IL-10 synthesis in macrophages cultures stimulated with LPS and IgG
immune complexes (Sutterwala et al., 1998; Gerber and Mosser, 2001).

In addition to IL-10, CRP binding to FcyR may induce synthesis of other
anti-inflammatory cytokines by macrophages. Tilg ef al. (1993) demonstrated
increased IL-1 receptor antagonist (IL-1RA) synthesis in human peripheral blood
monocytes responding to LPS. Cross-linking FcyR is an effective stimulus for
IL1-RA production by monocytes and macrophages, and IL1-RA is a potent
inhibitor of the proinflammatory effects of IL-1 (Arend et al., 1998).

FcyRIIb is a regulatory receptor found on B lymphocytes, monocytes,
macrophages, neutrophils, mast cells, and basophils (Ravetch and Lanier, 2000).
Cross-linking of FcyRIIb results in recruitment of phosphatases that inhibit the
activation pathways of ITAM-containing receptors such as the B cell antigen

Figure 3.3. Model for the role of FcyR in C-reactive protein (CRP)-mediated protection against
endotoxin challenge. Normal mice injected with a lethal dose of LPS were protected by CRP injec-
tion. This protection required the FcR y-chain, used by FcyRI for signaling, and was associated with
an enhanced IL-10 response. CRP induction of IL-10 synthesis through FcyRI is proposed to down-
regulate the inflammatory cytokine response to LPS and protect mice from lethality. CRP increased
lethality as well as the TNF, IL-12, and I1-10 responses in FcyRIIb-deficient mice injected with LPS.
This indicates an important regulatory role for CRP binding to FcyRIIb (Mold et al., 2002c).



C-Reactive Protein as a Regulator of Autoimmune Disease 37

receptor, FcyRI, FcyRIII, and FceRI. Since CRP binds to FcyRIIb, we tested the
role of this receptor in CRP-mediated protection from LPS shock (Mold ef al.,
2002c). Surprisingly, CRP treatment increased the lethality of LPS in FcyRIIb-
deficient mice. This increased lethality was associated with increased production
of the proinflammatory cytokines TNF and IL-12 in mice injected with CRP and
low-dose LPS. CRP did not affect levels of TNF or IL-12 in wild-type mice, indi-
cating a regulatory role for CRP binding to FcyRIIb. Figure 3.3 shows diagram-
matically the two regulatory pathways for CRP in systemic inflammation.

13. Essential Role of IL-10 in Anti-inflammatory Activities
of CRP

IL-10 is a cytokine with potent anti-inflammatory activity (Moore et al.,
2001). IL-10 inhibits the production of inflammatory cytokines by macrophages,
NK cells, and Thl cells and thus prevents excessive damage to the host following
infection or exposure to microbial products such as LPS. The induction of acute-
phase protein synthesis by IL-6 is part of the innate inflammatory response to
microbial determinants. Elevated CRP concentrations will be found at the time
when it is crucial to regulate potentially harmful cytokines such as TNF, IL-12,
IL-1, IL-18, and IFN-y. Thus, the ability of CRP to stimulate IL-10 synthesis may
help control the innate immune response, preventing damage to the host. If this
regulatory pathway is important in autoimmune inflammatory disease, then the
ability of CRP to prevent and reverse nephritis is expected to require IL-10 and
FcyRI. We tested the ability of CRP to protect IL-10-deficient mice in the NTN
model. CRP had no effect in either preventing or reversing proteinuria in IL-
10-deficient mice injected with anti-GBM (Rodriguez et al., 2004). This indi-
cates that the short-term anti-inflammatory activity of CRP may be mediated by
IL-10. Studies are under way to determine whether FcyRI is required for CRP
protection in NTN.

14. Current Perspective on CRP in Autoimmune Disease

CRP is a mediator of the innate immune system, which binds to damaged
cells and nuclear antigens at the cell surface and in the nucleus. When an acute-
phase response is initiated by tissue injury, infection, or inflammation, CRP syn-
thesis is stimulated and serum CRP localizes at the damaged tissue site. CRP also
activates the complement cascade and helps to initiate and direct the adaptive
immune response. Furthermore, CRP is capable of initiating phagocytosis and
modulating cytokine responses through interactions with the FcyR. One function of
these interactions with nuclear antigens is altered clearance of nuclear antigens. In
addition, CRP and complement may increase uptake of dying cells and enhance
TGFf synthesis by macrophages (Gershov et al., 2000). Another important func-
tion of CRP is likely to be the generation of anti-inflammatory cytokines like IL-10
and IL-1RA. This response is dependent on interaction with FcyRI, which is
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expressed at increased levels on phagocytic cells exposed to interferon-y. The tim-
ing of peak CRP synthesis 24—48 hr after an inflammatory stimulus is expected to
coincide with increased receptor expression and to occur at an appropriate time for
regulating the innate cytokine response. The net effect of CRP on inflammatory
responses and autoimmune diseases is to decrease tissue injury.
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1. Introduction

Natural killer T (NKT) cells are a small subset of T cells that regulate both innate
and adaptive immune responses. An NKT cell is defined by the coexpression of
an oy T cell receptor (TCR) and the NK cell markers DX5 and NK1.1. The iden-
tification of an NKT cell specific ligand, a-galactosylceramide (a-GalCer), and
the generation of oi-GalCer-loaded CD1d tetramers has enabled the tracking and
functional analysis of a CD1d-restricted invariant natural killer T (iNKT) cell
subset. iNKT cells represent the majority of the total NKT cell population.
Based upon the expression of cell surface markers and the binding of CD1d-
loaded tetramers, a numerical deficiency of iNKT cells is detectable in both
nonobese diabetic (NOD) mice and humans with autoimmune type 1 diabetes
(T1D). Interestingly, iNKT cells from NOD mice and humans with T1D also
show a functional deficiency in iNKT cells, such as an impaired polarization
toward a Th2-like immune response. Restoring the numerical and/or functional
deficiency of iNKT cells in NOD mice either by treatment with a-GalCer, trans-
genic induction of Val4-Jo18 expression, or transgenic expression of CD1d in
NOD islets under the control of the human insulin promoter confers protection
from T1D in these mice. Recently, considerable progress has been made in
understanding the developmental biology and function of iNKT cells. In this
chapter, we focus on the protective role of iNKT cells against T1D, with an
emphasis on the iNKT cell deficiency, defects in iNKT cell development, and
the mechanisms that may be involved in iNKT cell activation—dependent protec-
tion against T1D.
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2. Type 1 Diabetes

T1D is an autoimmune disease caused by the T cell-mediated destruction
of insulin-producing B cells in the pancreatic islets of Langerhans (Tisch and
McDevitt, 1996; Delovitch and Singh, 1997). T1D pathology begins with the
development of peri-insulitis as a result of recruitment of a heterogeneous popu-
lation of leukocytes comprising T cells, B cells, macrophages (M¢), and dendritic
cells (DCs) to the perivascular region of the islets, which slowly progresses to an
invasive and destructive insulitis (Pankewycz ef al., 1991; Dahlen ef al., 1998;
Hussain et al., 2004). The period of insulitis varies between individuals (years in
humans, months in rodents) before it finally progresses to overt T1D manifested
by hyperglycemia (Delovitch and Singh, 1997; Mathis et al., 2001). Both CD4*
and CD8" T cells are required for islet B cell destruction (Christianson et al.,
1993; Delovitch and Singh, 1997). CD8* T cells function as effector cells but also
require help from CD4* T cells (Christianson et al., 1993; Serreze ef al., 1994;
Wicker et al., 1994). The presence of T cells, B cells, M, and DCs in islets sug-
gests that collaborative actions of these immune cells are required for the destruc-
tion of islet B cells and onset of T1D.

The NOD mouse is an extensively studied animal model of human T1D
(Atkinson and Leiter, 1999). NOD mice spontaneously develop T1D as a result of
immune dysregulation and exhibit immunopathology similar to the human dis-
ease (Delovitch and Singh, 1997). Immune dysregulation in NOD mice occurs as
a result of defective antigen presentation, impaired deletion and/or suppression of
autoreactive T cells (Delovitch and Singh, 1997), and deficiencies in subsets of
regulatory T (Treg) cells including CD4*CD25* T cells (Salomon et al., 2000;
Wu et al., 2002) and CD1d-restricted iNKT cells (Baxter et al., 1997; Yang et al.,
2001; Laloux et al., 2002) (Figure 4.1). Although iNKT cells represent a small T
cell subset, their potent immunoregulatory activity is sufficient to protect NOD
mice from T1D (Hong et al., 2001; Naumov et al., 2001; Sharif et al., 2001; Wang
et al., 2001; Beaudoin ef al., 2002).

3. NKT Cells

An NKT cell is defined by the coexpression of an o TCR and NK cell
markers, such as DX5 and NK1.1 (Gombert ef al., 1996; Hammond et al., 2001;
Yang et al., 2001). NK1.1* NKT cells were originally identified in the mature
CD4-CD8" double-negative (DN) af T cell subpopulation (Godfrey et al., 2000).
Subsequently, CD4+ or CD8" subsets of NKT cells were identified (MacDonald,
2002). The discovery of the NKT cell ligand a-GalCer and the MHC class [-like
molecule CD1d led to the generation of o-GalCer-loaded CDI1d tetramers
(Kawano et al., 1999; Benlagha ef al., 2000; Matsuda et al., 2000), which allowed
investigators to identify the CD1d-restricted iNKT cell subset. iNKT cells express
a specific invariant TCR o gene rearrangement: Val4-Jal8 and VP8.2/2/7 in
mice and Vo24-Jal5 and VP11 in humans (Wilson and Delovitch, 2003).
Although the majority of iNKT cells express NKI1.1, the specific binding of
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iNKT cell-mediated
protection against
T1D

Th1 to Th2 shift

Tolerance

Chemokine/chemokine
receptor regulation

Autoreactive T cells

Figure 4.1. Invariant natural killer T (iNKT) cell activation corrects immune dysregulation and
protects nonobese diabetic (NOD) mice from type 1 diabetes (T1D). Defective antigen presentation
together with suboptimal costimulation by antigen-presenting cell (APC) costimulatory molecules
causes the generation and accumulation of islet  cell autoreactive T cells. Uncontrolled generation
and accumulation of these autoreactive T cells induces islet 3 cell destruction and onset of T1D. Upon
activation by oi-galactosylceramide (o.-GalCer), iNKT cells secrete low levels of Thl cytokine (IFN-y)
and increased levels of Th2 cytokines (IL-4, IL-10) that polarizes the immune response toward a Th2
phenotype. o-GalCer administration to NOD mice also induces tolerance via interaction of iNKT
cells with other cell types and regulation of chemokine/chemokine receptor gene expression. DC, den-
dritic cell; Mo, macrophage; APC, antigen-presenting cell.

a-GalCer-loaded tetramers (Tet") can also identify an NK1.1~ subset of iNKT
cells (Kronenberg and Gapin, 2002). NK1.1 Tet* iNKT cells are immature pre-
cursors to the NK1.1* Tet* iNKT cell subset (Benlagha ef al., 2002; Pellicci et al.,
2002). Upon exit from the thymus into the periphery, the majority of these Tet"
iNKT cells acquire NK1.1 on their surface (Pellicci et al., 2002).

iNKT cells recognize glycolipid antigen when presented in the context of
CD1d (Brigl et al., 2003; Taniguchi et al., 2003). Although iNKT cells react to
endogenous self-ligands (Brigl et al., 2003), a strong stimulator of these cells is
a-GalCer, a glycolipid derived from marine sponge (Fuji ef al., 2000). iNKT cells
represent the majority of the total NKT cell population, and in NOD mice pro-
tection from T1D has been associated specifically with the Tet'NK 1.1~ subset of
NKT cells (Hong et al., 2001; Sharif et al., 2001).

4. Role of iNKT Cells in the Pathogenesis of Type 1 Diabetes

4.1. iNKT Cell Deficiency and T1D

NOD mice exhibit functional and numerical deficiencies of iNKT cells
(Baxter et al., 1997; Hong et al., 2001; Naumov et al., 2001; Sharif et al., 2001;
Yang et al., 2001). The correction of these deficiencies either by o-GalCer-
stimulation (Hong et al., 2001; Naumov ef al., 2001; Sharif ef al., 2001), transgenic



46 Shabbir Hussain et al.

induction of Va14-Jo281 expression (Lehuen ef al., 1998; Laloux et al., 2001),
or transgenic expression of CD1d in NOD islets (Falcone et al., 2004) protects
these mice from T1D. The most severe deficiency in iNKT cell numbers in NOD
mice occurs in the thymus and spleen (Gombert et al., 1996; Baxter et al., 1997,
Poulton et al., 2001). CD1d-restricted NKT cells from NOD mice also show
reduced secretion of IL-4 after TCR cross-linking and a-GalCer-stimulation
(Sharif et al., 2001). Thus, decreased IL-4 secretion by NOD T cells following
TCR cross-linking (Arreaza et al., 1997), coupled with a numerical deficiency of
IL-4-secreting iNKT cells (Hong et al., 2001; Sharif et al., 2001), may be an
important factor that exacerbates T1D onset in NOD mice.

A deficiency in iNKT cells has been demonstrated in humans with T1D. In
twins discordant for T1D, the iNKT cell population defined by the invariant TCR
Vo24JoQ and VP11 expression was shown to be deficient in numbers and pro-
duction of IL-4 in the diabetic twins (Wilson et al., 1998). However, other inves-
tigators (Lee ef al., 2002; Oikawa et al., 2002) have failed to detect an iNKT cell
deficiency in T1D patients. The reason(s) for the discrepancy between these stud-
ies is not known but may result from the different reagents and cell populations
used in the studies. Nonetheless, an increased frequency of iNKT cells in the
peripheral blood of T1D patients is associated with recent T1D onset rather than
established disease (Oikawa et al., 2003). However, a recent study (Berzins ef al.,
2004) found normal or even elevated iNKT cell numbers in peripheral blood of
NOD mice, suggesting that circulating iNKT frequencies may not reflect lym-
phoid tissue deficiencies in iNKT cells. Although the iNKT cell frequency in
peripheral blood may not be a reliable tool for T1D diagnosis, the immunomodu-
latory capacity of iNKT cells may still offer much potential for future therapies.

An iNKT cell deficiency arising from a block in iNKT cell development
after thymectomy on day 3 causes gastritis in (BALB/c x C57BL6) F, mice
(Hammond et al., 1998). This suggests that significant iNKT cell development
occurs early in life to prevent autoimmunity. Previously, an NKT cell deficiency
was reported as early as 3 weeks of age in NOD mice (Gombert ef al., 1996).
Interestingly, our real time PCR analyses of Va14Ja18 expression indicate that
this iNKT cell deficiency may be present even earlier at 1 week of age in an NOD
thymus (our unpublished data), a time point considered to be the immunological
equivalent of a newborn human (Adkins et al., 2004). Our finding raises the pos-
sibility that an iNKT cell deficiency may be present at birth and may predispose
NOD mice to the development of T1D. Precursors in the iNKT cell pathway, e.g.,
CD44% iNKT or DP thymocytes, need to be examined for the expression of
Val4Jal8 TCR to determine the earliest stage at which the iNKT cell deficiency
occurs in an NOD thymus (Gapin et al., 2001; Benlagha et al., 2002).

NOD mice possess a defect in central tolerance, as engraftment of thymic
epithelia from NOD mice into athymic C57BL/6 mice induces insulitis in dia-
betes-resistant C57BL/6 mice (Thomas-Vaslin ef al., 1997). In addition to thymic
epithelia, other unknown factor(s) may also contribute to the iNKT cell defi-
ciency in NOD mice as intrathymic cotransfer of thymic precursors in a 1:1 ratio
from NOD and AKR mice into NOD.Scid mice can restore the frequency of iNKT
cells in an NOD.Scid thymus (Yang et al., 2001). Thus, the factor(s) responsible
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for a defect in central tolerance and an iNKT cell deficiency in the NOD thymus
requires further investigation.

4.2. iNKT Cell Activation Induces Protection against Type 1
Diabetes

The discovery of synthetic glycolipids specific for CD1d-restricted T cells
has greatly increased our understanding of iNKT cell biology and has identified
possible avenues for iNKT cell-targeted therapies. The unique ability of iNKT
cells to secrete immunoregulatory cytokines upon activation has become an
important research area especially in the context of disease models. In addition to
maintaining tumor and infectious immunity (Wilson and Delovitch, 2003), iNKT
cells are important in the regulation of susceptibility to several autoimmune dis-
eases, including systemic lupus erythematosus, rheumatoid arthritis, multiple
sclerosis, and T1D (Taniguchi et al., 2003; Wilson and Delovitch, 2003). Recent
progress in our understanding of iNKT cell activation—induced protection from
T1D has identified several possible mechanisms of protection. These include a
shift in the immune response toward a Th2-like phenotype, iNKT cell/antigen-
presenting cell (APC) interaction—dependent tolerance induction and the regula-
tion of chemokine/chemokine receptor expression and interaction (Hong et al.,
2001; Naumov et al., 2001; Sharif et al., 2001; Beaudoin et al., 2002; Mi et al.,
2003). These mechanisms are illustrated in Figure 4.1, and are discussed below in
light of recent findings.

4.2.1. iINKT Cell Activation Polarizes the Immune Response Toward
a Th2-like Phenotype

We, and others, have previously shown that administration of o-GalCer
using a multi-low-dose treatment protocol can significantly protect NOD mice
from spontaneous and cyclophosphamide-induced T1D (Hong et al., 2001;
Naumov ef al., 2001; Sharif et al., 2001). iNKT cell activation by multi-low-dose
o-GalCer administration preferentially enhances IL-4 and IL-10 production by
NOD spleen cells, while a single dose induces tumor immunity by enhancing a
Thl response (Cui et al., 1997; Toura et al., 1999). We also observed the upreg-
ulation of IL-10 receptor expression by cDNA microarray analyses of a-GalCer-
treated NOD spleen mRNA. While the significance of this elevated IL-10
receptor expression is presently unknown, it may indicate the enhanced utilization
of IL-10 produced in response to ¢-GalCer. Our further investigation of the
relative contribution of IL-4 and IL-10 in protection against T1D conducted
using NOD.IL-47~ and NOD.IL-10~~ mice revealed that NOD.IL-107~, but not
NOD.IL-47~ mice, are protected against T1D following o-GalCer administration,
demonstrating that IL-4 but not IL-10 is required to induce protection (Mi et al.,
2004). These results highlight the important contribution of IL-4 in the iNKT
cell-mediated protection against T1D in NOD mice.

In addition to the antigen dose, the type of antigen administered is also
important to enhance the polarization of an immune response toward a Th2
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phenotype. For instance, compared to oi-GalCer treatment, 3-GalCer (C12) stim-
ulation failed to enhance cell proliferation and cytokine release from iNKT cells
(Ortaldo et al., 2004). Both glycolipids, however, were able to deplete iNKT
cells in vivo. Furthermore, B-GalCer (C12) stimulation did not induce transacti-
vation of other cells, demonstrating the ability of iNKT cells to discriminate
antigens. Interestingly, another glycolipid antigen, designated as OCH, a sphin-
gosine-truncated analog of o-GalCer preferentially induced IL-4 production by
iNKT cells and reduced IFN-y secretion (Miyamoto et al., 2001). This preferen-
tial bias of IL-4 secretion in response to the OCH glycolipid may be beneficial
for the treatment of various autoimmune diseases (Chiba et al., 2004; Oki et al.,
2004; Yamamura et al., 2004).

4.2.2. iINKT Cell-Antigen-Presenting Cell Interaction Induces
Tolerance

Studies have suggested that iNKT cell activation leads to the transactivation
or modulation of other cell types, including T cells, B cells, NK cells, and DCs
(Sharif et al., 2002; Wilson and Delovitch, 2003). As CD1d is expressed on all
types of APCs (Pulendran et al., 1997; Sonoda and Stein-Streilein, 2002), the
effect of transactivation may depend on the APC subset presenting the antigen.
In the iNKT cell-dependent anterior chamber-associated immune deviation
(ACAID) model of tolerance induction, CD1d* spleen marginal zone (MZ)
B cells promote tolerance by enhancing the development of antigen-specific T
cells (Sonoda and Stein-Streilein, 2002). The exact mechanism of iNKT
cell-dependent increase in T development is not known, but may be due to an
increase in IL-10 secretion by activated iNKT cells (Sonoda et al., 2001).

DCs also interact with iNKT cells. Repeated administration of a-GalCer to
NOD mice preferentially induces the accumulation of CD11c¢*CD8oc tolerogenic
DC in the pancreatic-draining lymph nodes (PLNs) of these mice. Furthermore,
PLN-derived DCs from a-GalCer-treated NOD mice respond poorly to LPS-
induced secretion of IL-12, which elicits a Thl-type response (Naumov et al.,
2001). This suggests that accumulation of low IL-12-producing tolerogenic DC in
the PLN of a-GalCer-treated NOD mice may favor the development of a protec-
tive Th2 environment.

4.2.3. iINKT Cell Activation Modulates Cytokine/Cytokine Receptor and
Chemokine/Chemokine Receptor Expression

Chemokines and their receptors play an important role in the pathogenesis
of T1D due to their ability to recruit leukocytes to islets. An increased ratio of
macrophage inflammatory protein-1c, (MIP-10):MIP-1 in the pancreas of NOD
mice relative to diabetes-resistant NOR mice correlates with destructive insulitis
and progression to T1D (Cameron ef al., 2000). MIP-1a is now termed CCL3 and
MIP-1f is termed CCL4 (Zlotnik and Yoshie, 2000). Systemic treatment of NOD
mice with IL-4 decreases the CCL3:CCL4 ratio and protects them from T1D
(Cameron et al., 2000). Interestingly, iNKT cell activation by o-GalCer increases
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both IL-4 production and CCL4 mRNA expression in spleen cells of NOD mice.
Furthermore, antibody neutralization of CCL4 abrogates IL-4-mediated protec-
tion from T1D in these mice (Sharif ef al., 2001; Mi et al., 2003). In vitro studies
indicate that CCL4 recruits CD4*CD25* T cells (Bystry et al., 2001). However,
whether protection from T1D in o-GalCer- and IL-4-treated NOD mice is asso-
ciated with recruitment of CD4*CD25* T cells remains to be determined.

Our cDNA microarray analyses revealed that in contrast to increased CCL4
gene expression, IL-16 mRNA expression was significantly decreased in the
spleen of a-GalCer-treated NOD mice (Mi et al., 2003). IL-16 is a proinflamma-
tory cytokine with chemoattractant activity. Interestingly, neutralization of IL-16
by a mouse anti-human IL-16 antibody protects NOD mice from T1D, and this
effect can be abrogated upon coinjection of anti-IL-16 with an anti-CCL4-
neutralizing antibody treatment (Mi et al., 2003). IL-16 is produced by several
cell types, including CD4* and CD8" T cells, B cells, and DCs (Cruikshank et al.,
2000; Kaser et al., 2000). IL-16 binds to its CD4 receptor and preferentially
recruits CD4" Thl cells (Lynch et al., 2003). The binding of IL-16 to CD4 also
desensitizes the ability of CCL4 to signal through its receptor CCR5 (Mashikian
et al., 1999). Thus, neutralization of IL-16 by an anti-IL-16 antibody may block
this desensitization and enable CCL4 to signal normally to CCRS.

We also found a decreased expression of stromal cell-derived factor-1
(SDF-1) mRNA in the spleens of a-GalCer-treated NOD mice (Mi et al., 2003).
SDF-1 binds to its receptor CXCR4, and thus recruits both T cells and B cells
(Bleul et al., 1996). Neutralization of SDF-1 in NOD mice by administration of
an anti-mouse SDF-1 polyclonal antibody protects them from T1D by decreasing
the number of B cells that migrate to the spleen (Matin et al., 2002). The expres-
sion of CCL21 (6 Ckine), CCR2, CCR3, and CXCR4 are also reduced in the
spleen of a-GalCer-treated NOD mice (Mi ef al., 2003). In contrast, the mRNA
transcripts of CCL4, eotaxin (CCL24), IFN-y-inducible protein 10 (IP10;
CXCL10), and monokine induced by IFN-y (MIG; CXCL9) are increased in the
spleens of a-GalCer-treated NOD mice (Mi et al., 2003). Together, these studies
suggest that iNKT cell activation by o.-GalCer regulates the expression of several
chemokines and chemokine receptors. Elucidation of the mechanism(s) of regu-
lation of chemokines and chemokine receptor expression following o-GalCer
stimulation of iNKT cells requires further experimentation, and may yield new
avenues for therapeutic intervention.

5. Future Directions

Despite considerable efforts, the precise mechanism of iNKT cell-mediated
protection of NOD mice from T1D is still not completely understood. Studies to
date indicate that polarization of an immune response toward a Th2-like pheno-
type may be involved and be accompanied by the o-GalCer-induced recruitment
of tolerogenic DCs to the PLN. While previous studies identified an iNKT cell
deficiency in NOD mice as early as 3 weeks after birth, our more recent findings
indicate that this deficiency may occur during fetal development and be present
at birth. Precursors common to conventional T cells and iNKT cells, e.g., CD44l¥
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iNKT or DP thymocytes, need to be examined for the expression of Vo14Jo18
TCR to determine the precise stage at which the iNKT cell deficiency occurs in
the NOD thymus. Emphasis should also be given to identify the subset of APC
that presents oi-GalCer and stimulates the production of Thl or Th2 cytokines.
Furthermore, identification of the natural self-ligands that regulate iNKT cell
activity in various tissues and the role of iNKT cell activation in maintaining
immune homeostasis offers promise for the development of novel therapies for
the prevention of T1D.
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The Genetics of Human Autoimmune
Diseases

Marta E. Alarcén-Riquelme

1. Introduction

Most diseases, if not all, affecting human populations are determined by genes
and by the surrounding environment. The extent to which genes are important
depends on several factors such as penetrance, genetic interactions, and
gene—environment interactions. Even infectious diseases have an important
genetic component that may determine the extent our immune system can
respond to infection and neutralize it (Lander and Schork, 1994).

Complex diseases are characterized by the requirement of many genes and
environmental factors. Genetically, the genes may be interacting for their effect to
be observed or the genetic effect may be the result of the sum of several genes.
The mutations found in genes involved in complex diseases are usually relatively
common polymorphisms that are not selected against because either they have
been useful during human evolution for unknown reasons or simply because they
do not normally pose any lethal effect as long as the combination with other genes
or the environment does not occur.

Identification of genes for complex diseases is complicated by the fact that the
genes involved may be different in different families or in different ethnic groups
(genetic heterogeneity). Even if the same gene is found to be involved, allelic het-
erogeneity may also play an important role (Terwilliger and Goring, 2000).

The identification of the genes involved in complex diseases is of interest
because it may lead us to the understanding of disease mechanisms. The disease
pathways in which the genes exert their effects may also lead to the discovery of
new therapeutic targets. It may also change our understanding on the interactions
between genes and environment.

Most autoimmune diseases are complex and the view that genetic factors
might predispose to autoimmune disorders has come through several pieces of
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evidence. First, studies done in twins have shown a higher concordance rate in
identical twins than in nonidentical twins (Arnett and Shulman, 1976; Ebers
et al., 1995). Second, studies in families showed a tendency of the diseases to
aggregate in families. A common way in complex disease genetics to “measure”
familial aggregation is to use the A value. Familial aggregation has to be calcu-
lated for a given family relatedness and the one most commonly used is sib ship.
Thus, the A value is the risk of disease in sibs divided by the population preva-
lence of the disease. Even if the A value does not distinguish between genetics
and environment within families, it does give an idea of the genetic contribution
and it is generally assumed that the higher the A value, the larger the genetic
component of the disease. Hence, the identification of the genes and polymor-
phisms involved in that particular disease may be easier (Risch, 1990a,b). This
chapter discusses how the availability of the human genome sequence has played
an essential role in the recent advances in unraveling complex disease genetics,
and how human genome scans have provided some recent new discoveries. Most
interesting is the understanding that some of the genes identified are shared
between the various autoimmune diseases, allowing us to investigate further the
pathogenic mechanisms.

2. Analysis of the Genetics of Complex Diseases

2.1. Linkage Analysis

The advances in genome technology, including arrays and electrophoresis,
and the availability of the human genome sequence have played an essential role
in the recent advances in complex disease genetics. The initial phases of the study
of complex diseases were initiated when microsatellites were identified as
extremely useful polymorphic markers that could be mapped to specific locations
within the genome and used for genetic linkage analysis in families. In order to
perform linkage analysis the collection and recruitment of families was done by
several groups and high-throughput genotyping was begun. Geneticists brought
up several issues at the time regarding the types of families and analyses required,
mainly because of the assumption that complex diseases do not follow an inheri-
tance pattern and methods for linkage analysis were designed, of which nonpara-
metric score methods became the most popular (Lathrop et al., 1984; Lander and
Botstein, 1986; Lander et al., 1987; Lander and Schork, 1994).

Multiplex families, with two or more affected individuals, were recruited,
frequently with two affected sibs. It is important to note that such type of fami-
lies will bias the identification of genes and polymorphic disease alleles to those
showing predominantly a recessive pattern of inheritance. Even if complex dis-
eases do not follow a defined Mendelian inheritance mode, the alleles at disease
genes do (Lander and Schork, 1994).

Methods for the identification of genetic linkage or of association in the
presence of linkage have been widely used. In some cases where recruitment of
the families has included extended pedigrees, parametric methods have been
used. The main difference between nonparametric and parametric methods is the
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requirement in the latter of an inclusion of a set of parameters such as the
estimated disease gene frequency (calculated from the disease prevalence in
the population under study), allele frequencies of the markers to use (that can be
determined from the family material that is used), penetrance values (that can
be set flexibly with high and low prevalence for testing), and the mode of inheritance
(that can also be tested for dominant or recessive). Nonparametric analysis is
model-free in theory. Because it does not use healthy relatives or several genera-
tions of individuals, model-free analysis is less powerful in detecting linkage. The
most common model-free analysis is the sib-pair analysis (Durner et al., 1992;
Greenberg et al., 1998; Abreu et al., 1999; Goedken et al., 2000).

Linkage analysis is used to define, the distance between two markers being
the presence of disease phenotype, one of the markers for which linkage is tested
against. Therefore linkage analysis assumes the probable identification of a dis-
ease locus based on the correlation between genotype and phenotype. It is calcu-
lated using the logarithm of the odds (LOD) score that is considered significant
when the LOD score reaches a value of 3.3. This corresponds to a p value of 4.9
X 1073, representing a 5% chance to obtain a LOD score in a genome scan.
Usually the interval that is detected is very large, reaching 20—30 centiMorgans
(cM) (Ott, 1979, 1989b; Ott and Bhat, 1999).

2.2. Association Analysis

When there is a hypothesis about the genes involved in disease susceptibil-
ity, a candidate gene approach is used. Polymorphisms are identified and ana-
lyzed using two possible types of materials, trio families, that is, families
comprising the patient and the parents. These families are very useful to define
haplotypes. The tests used to analyze association are based on transmission of the
alleles from the parents to the disease-affected offspring, where the nontransmit-
ted alleles are the control alleles. This design is however less powerful than a sim-
ple case-control design, in particular if the most popular test (transmission
disequilibrium test, TDT) is used (Matise, 1995; Todd, 1995). The TDT uses only
alleles transmitted from heterozygous parents. An alternative is the haplotype rel-
ative risk (HRR) test that simply uses alleles transmitted also from homozygous
parents, increasing the power slightly (Ott, 1989a). Multiplex pedigrees can also
be used in association analysis together with the pedigree disequilibrium test
(PDT) (Abecasis et al., 2000). One can also simply randomly choose a nuclear
family from the pedigree to include in the association test and augment the power
of the test in a trio study by including the trios available from multiplex families.

The case-control approach, even with its caveats, is still the most powerful
approach from a statistical point of view. Cases and controls matched by ethnic-
ity, age, and sex are the most common and simple type of approach for the study
of candidate genes through genetic association or for replicating an association
detected in families. The rationale of the approach is based on the fact that gene
alleles are in linkage disequilibrium and that patients share ancestral haplotypes.
The major drawback of such studies is the introduction of false-positive results
(and false negatives) because of population stratification due to population
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admixture. There are several ways of avoiding population stratification, one being
the use of carefully matched close population controls; an alternative is to use a
large number of randomly selected markers across the genome that should not
differ significantly in the allele frequencies between both groups (Cardon and
Bell, 2001; Cardon and Palmer, 2003). Haplotypes can be estimated from geno-
type data in cases and controls, but estimation algorithms usually create nonex-
istent haplotypes, so care should be taken.

2.3. Combining Linkage and Association

Genome scans and linkage analysis are followed by genetic association
analyses of the genes and haplotypes found in the intervals identified. The close
characterization of single-nucleotide polymorphisms (SNPs) across the genome
allows one to choose the best SNPs that will serve as tags and will identify the
haplotypes within a given region of the genome (Cardon and Abecasis, 2003).
With the new high-throughput genotyping methods available, hundreds of SNPs
can be genotyped fairly quickly for thousands of individuals. Therefore, studies
that begin with linkage analysis are now on the phase of identifying the associ-
ated haplotypes and closing the genes within these haplotypes that will become
candidates for disease susceptibility. In some cases these genes have already been
identified.

3. Genetic Analysis in Autoimmunity

3.1. Genome Scans and Linkage Analysis in Autoimmune Diseases

During the last 10 years, several groups have collected multiplex families
of the various autoimmune diseases for genome screening with microsatellites
and linkage analysis. The very first report of linkage analysis came from the field
of type 1 diabetes (T1D) mellitus (Davies et al., 1994) followed by multiple scle-
rosis (MS) (Ebers ef al., 1996), rheumatoid arthritis (RA) (Cornelis et al., 1998),
and systemic lupus erythematosus (SLE) (Gaftney et al., 1998; Moser et al.,
1998). I limit this review to these diseases, adding only Crohn’s disease (CD) and
ulcerative colitis (UC).

3.2. Autoimmune Diabetes (T1D)

As mentioned above, the first genome scan performed with multiplex fam-
ilies was on this disease. It identified 20 potential susceptibility regions of which
the locus for insulin was already known (Davies ef al., 1994). A second genome
scan did not allow replication of most of the regions identified in the first scan
(Concannon et al., 1998). This led to skepticism regarding genome scans, proba-
bly because of the inflated expectations promoted initially by some investigators.

Later on, through careful fine mapping, it was possible to pinpoint a vari-
able number tandem repeat (VNTR) as the causative polymorphism within the
insulin gene that represented the /DDM2 locus. The VNTR was classified in types



The Genetics of Human Autoimmune Diseases 59

I-IIT depending on the size of the repeats. It was also found that class III alleles
could associate with low expression levels of insulin despite the fact that these
alleles have previously shown a protective effect. In Caucasians, the insulin gene
VNTR alleles divide into two discrete size classes. Class I alleles (2663 repeats)
predispose in a recessive way to T1D, while class III alleles (140 to more than 200
repeats) are dominantly protective. The protective effect may be explained by
higher levels of class III VNTR-associated insulin mRNA in thymus such that
elevated levels of preproinsulin protein enhance immune tolerance to preproin-
sulin, a key autoantigen in T1D pathogenesis. The paternal effect (preferential
transmission of a given allele from the father) was observed only when the
father’s untransmitted allele was class III. Therefore, the hypothesis has been that
in individuals carrying the class I VNTR alleles the low expression of proinsulin
in the thymus leads to lack of induction of immune tolerance (Undlien et al.,
1995; Bennett et al., 1996, 1997; Vafiadis ef al., 1997; Ahmed et al., 1999).

A second important region of linkage identified by the genome scans was
at 2q33. Recently, an extremely thorough analysis of the region, including the
genes /COS and CTLA4, was performed. A common allelic variation was found
to be genetically associated not only with T1D but also with Graves’ disease and
autoimmune hyperthyroidism correlated with the presence of a molecule produc-
ing lower levels of a soluble alternative splice form of CTLA4 lacking the
CD80/CDS86 ligand-binding domain, providing an interesting mechanistic expla-
nation of the genetic association with CTLA4 (Nistico et al., 1996; Hill et al.,
2000; Ueda et al., 2003). In short, the insulin gene VNTR and the splice form of
the CTLA4 gene have with certainty been identified as susceptibility genes for
T1D. Various other IDDM loci were detected in the genome scans performed to
date and the genes contributing to the effects are being identified.

3.3. Multiple Sclerosis

Just as with T1D, full-genome scans have been performed for MS (Ebers
et al., 1996). In the initial genome scan, possible loci were detected on chromo-
some 6p21 and 5p and evidence was later provided on 5p with 21 Finnish MS
families (Kuokkanen et al., 1996). A full-genome scan also performed in the
Finnish families identified a region in chromosome 17q22-24 (Kuokkanen ef al.,
1997) also revealed in a genome scan from the UK and in a limited scan in
Scandinavian families and in a whole Nordic linkage analysis. However the 5p
region has not been replicated (Oturai et al., 1999; Akesson ef al., 2002). A new
region was found in chromosome 19q13, in particular the 19q13.1 subregion
when a larger set of Finnish families were stratified for HLA-DR15, known to be
strongly associated with MS (Reunanen et al., 2002), as seen with HLA and sev-
eral other autoimmune diseases (Ligers ef al., 2001; Masterman and Hillert,
2002). An interaction between markers at HLA-DR15 and the CTLA4 gene has
been described in MS (Alizadeh et al., 2003). The CTLA4 gene has been an inter-
esting candidate as linkage has also been found to 2q33, where this gene lies. It
appears that the identification of genes for MS is more difficult than for other
autoimmune diseases. An interesting candidate gene, CD45 (PTPRC) was found
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to have a splice variant associated with MS in German individuals, but this asso-
ciation was not replicated in several other studies (Jacobsen et al., 2002; Gomez-
Lira et al., 2003; Sabouri et al., 2003). In short, the most consistent genomic
region containing a potential gene for MS susceptibility is the 1722 region, but
no gene has been identified to date though some interesting observations have
been done (Nelissen ef al., 2000; Saarela et al., 2002; Chen et al., 2004).

3.4. Rheumatoid Arthritis

Several genome scans have been produced for RA in France (mainly south
European) (Cornelis et al., 1998) and the UK (MacKay ef al., 2002), and two
screens from the NARAC Consortium in the US focused on European Americans
and erosive arthritis (Jawaheer et al., 2001, 2003). As for the other autoimmune
diseases, the HLA region at 6p21 showed the strongest linkage signal in all stud-
ies performed to date. The results from the various scans were rather consistent
for non-HLA regions in spite of the apparent nonreplication observed initially.
The most outstanding novel region that was found in the French genome screen
was located at 18q22 as well as at 3q13. When the first NARAC genome scan
appeared the results were quite different from those identified in the French
screen. The main regions identified were at chromosomes 1, 4, 12, 16, and 17, but
the second NARAC screen identified chromosome 1821 and new loci at 9p22
and 10g21. The combined analysis supported regions from both scans. Regions
most influenced by using the HLA-DRJ alleles as covariates (shared epitope alle-
les such as DRB170401) were in chromosomes 1p, 1q, and 18q (Gregersen et al.,
1987; Jawaheer et al., 2002).

The results of the UK genome scan were rather disappointing as the only
region reaching nominal significance was the HLA while all non-HLA regions
did not. However, the study results got support from the previous NARAC and
French genome screens in six regions. To date, no gene has been identified
through the direct use of the multiplex families, but the NARAC material has
been used in alternative approaches, as will be described further below.

Work performed by Japanese groups has used a completely different
approach and has identified at least three new interesting and potential genes
involved in RA, PADI4, RUNX1, and SLC2244 (OCTN1). The approach consisted
in the analysis of a dense map of SNPs in regions selected for having been found
in human linkage studies or containing interesting candidate genes. The two
regions were in 1p36 and in 5q31, the latter being that of the cytokine gene fam-
ily. The former study identified the PADI4 gene (peptidylarginine deiminase type
4), an enzyme involved in citrullination, a process thought to be defective in RA
where antibodies against citrullinated peptides are major biomarkers of the dis-
ease (Suzuki et al., 2003). Whether PADI4 is the gene for RA is as yet uncertain
as the results have not been replicated (Barton et al., 2004).

The second gene identified by the Japanese groups was after the analysis of
the 5q31 region with a very dense map of SNPs (Tokuhiro et al., 2003). This
analysis identified the SLC2244 gene, an organic cation transporter member of
the OCTN family that was recently found also associated with CD (Peltekova



The Genetics of Human Autoimmune Diseases 61

et al., 2004). The mutation found within the first intron of this gene results in the
disruption of a binding site for the runt-domain family of regulatory proteins
known as RUNX, in particular RUNXI1. A similar disruption was previously iden-
tified in SLE (described below). Thus the Japanese approach led to the discovery
of PADI4, SLC22A44 (OCTN1), and preliminarily RUNX1.

Interestingly, another candidate gene, TNFRII, has been found associated in
familial RA in Europeans but not in sporadic cases (Dieude et al., 2002).
However, clinically, no differences have been described between sporadic and
familial cases of RA. The possibility exists that several genes are responsible for
disease susceptibility in this cytogenetic region.

Most recently, the genotyping of 87 SNPs that were considered functional
(showing amino acid changes) was performed in a case-control design in RA.
This analysis led to the identification of an amino acid change in codon 620 of
the protein tyrosine phosphatase PTPN22, also known as LYP (Begovich et al.,
2004), an enzyme that dephosphorylates and inactivates antigen-induced T cell
activation. The change converted an arginine to tryptophan and disrupted the
binding of the SH3 domain of LYP to the kinase Csk. This variant was found pre-
viously to be associated with T1D (Bottini ef al., 2004).

3.5. Crohn’s Disease and Ulcerative Colitis

As for the other autoimmune diseases, genome scans have been performed
for both CD and UC (Rioux ef al., 2000). The best results have been obtained with
the former while linkages remain elusive for UC. Some of the most important
results were found for chromosomes 5q31-33, 3p, and 6p (Rioux et al., 2001) as
well as for chromosome 12 in a separate scan and in chromosome 16 in a French
study (Lesage et al., 2000). Importantly, the first breakthrough in gene identifi-
cation in autoimmune diseases and complex diseases came from identification of
mutations in the CARD15 gene in CD (Hugot et al., 2001; Ogura et al., 2001).
CARDI5, or NOD2, is a leucine-rich domain-containing protein that has an
inhibitory role and acts as a receptor for intracellular pathogens. Three main vari-
ants were identified in three independent low-frequency haplotypes, thus chal-
lenging the common disease—common variant hypothesis. Weak association of
CARDI5 has been found with UC and epistasis involving 5q31 and CARDI5.

The next region to be studied, 5q31, was recently fine-mapped and as a sur-
prise the results pinned down to two related genes, SLC2244 (OCTNI) and
SLC2245 (OCTN2) (Peltekova et al., 2004). As noted previously, variants of the
SLC22A44 gene were identified in susceptibility to RA. Two mutations were iden-
tified in these genes in CD and it remains uncertain if the main contributor to sus-
ceptibility is SLC2244 or SLC22A45. Recently, it has been observed that OCTN1
is importantly expressed in lymphoid tissues, while OCTNZ is mainly expressed
in kidney and is a proven carnitine transporter involved in carnitine deficiency
(Xuan et al., 2003; Yamada et al., 2004). The mutation found in OCTNI was a
missense substitution, while that identified in OCTN2 was a G-C transversion in
the promoter, leading to changes in gene expression (Peltekova et al., 2004).
However, o gene has been identified for UC.
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3.6. Systemic Lupus Erythematosus

The prototype of systemic autoimmune disease, SLE, has been extensively
studied and four groups have performed genome screenings for various popula-
tions (Gaffney et al., 1998; Moser et al., 1998; Shai et al., 1999; Lindqvist ef al.,
2000). The disease has several features that make the genetic component even
more important than for the other autoimmune diseases. There are animal models
that develop the disease spontanecously. Conversely, the genetic component for
SLE is not dominated by the HLA with the exception of some populations where
HLA DR3 has been implicated. However, DR3 is in linkage disequilibrium with
a null allele of C4, making interpretations difficult (Arnett, 1985; Howard et al.,
1986). One of the genome scans in Caucasians detected the MHC region as an
important susceptibility locus. A similar finding was observed in Caucasian
Swedes, but not in other ethnic groups (Gaffney et al., 1998; Lindqvist et al.,
2000).

The most consistent loci identified for SLE were found in chromosome 1
(1p36, 1923, 1931, and 1q42-44), but the most significant were detected in
chromosomes 2q37, 4p13, 4pl5, and 16q12 (Gaftney et al., 1998; Moser et al.,
1998; Shai et al., 1999; Lindqvist et al., 2000). Other minor loci have been iden-
tified by several groups and replicated as well, but remain with minor effects
(Gaftney et al., 2000; Tsao, 2000). Some of the strongest linkages were found in
families of Icelandic and Swedish origins (Lindqvist et al., 2000). Recently, a
genome screen in Finnish families identified and confirmed loci in 14q and 6q
observed in previous scans (Koskenmies ef al., 2004). Another locus identified
recently in families of Argentine—European origin is on chromosome 17q12
(Johansson et al., 2004). As expected, high degree of heterogeneity has been
found between populations.

The region 123 contains as major candidate genes the low-affinity recep-
tors for the Fc portion of immunoglobulins or FcyR. Earlier studies had been per-
formed on these genes, because their products are involved in immune complex
clearance (Salmon er al., 1996). The main association has been found for
FcyRIIIA, with a clearly functional polymorphism (valine to phenylalanine sub-
stitution) affecting immunoglobulin-binding affinity, but association to FcyRIIA
has also been observed (Seligman ef al., 2001; Zuniga et al., 2001). However, the
functional polymorphism of FcyRIIA (histidine to arginine substitution) has also
been associated. Recently it was proposed that variants in both genes are required
for susceptibility and act functionally as if it would be a compound heterozygos-
ity situation (Magnusson et al., 2004). In other populations, in particular Asians,
the polymorphism found in the FcyRIIB gene that could affect the transmembrane
region (Li et al., 2003) is associated with SLE.

Most of the loci on chromosome 1 have been found also to be quantitative
trait loci in animal models of SLE although importance of the FcG receptors has not
been confirmed in mice. Instead, these genes confer susceptibility in animals defi-
cient for the FcyRIIB crossed with lupus susceptible mice (Bolland et al., 2002).

A breakthrough in SLE has been the identification of variation in the
PDCDI gene coding for the immunoreceptor PD-1, a 50-kDa protein expressed
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on the surface of various early lymphoid tissues and activated T and B cells
(Prokunina et al., 2002). It is involved in inhibition of T cell activation and in
thymic tolerance. It had been previously shown that a knockout model for PD-1
developed a lupus-like disease, and the gene became an important candidate
when linkage was identified to 2q37.3 in sets of Nordic multiplex families with
SLE, where the gene for PD-1, PDCDI, had been mapped (Magnusson et al.,
2000). The variant identified to be associated segregated in a single haplotype and
disrupted the binding site for the runt-related silencer RUNXI, the same identi-
fied later for RA, and even psoriasis (Helms ef al., 2003; Tokuhiro et al., 2003).
Several studies have now replicated the genetic association initially found in
lupus and have also identified association of the same polymorphism with RA
and T1D in Europeans (Nielsen et al., 2003; Lin et al., 2004, 2004; Prokunina
et al., 2004a,b). Association with RA was identified with a second polymorphism
in PDCD] in the Chinese (Lin ef al., 2004).

3.7. Genes Shared between Autoimmune Diseases

The overlap of clinical manifestations, the presence of similar autoantibody
specificities in several diseases, and the common immunologic features suggest
that genetic susceptibility may be shared among various autoimmune diseases as
it was suspected in earlier studies. Now that the genes are beginning to be identi-
fied, it is indeed confirmed that this is the case. For example, a splicing mutation
in CTLA4 has been found associated with T1D as well as with SLE. PDCDI
also has been associated with RA and TID, and, as mentioned previously,
SLC22A4 has been associated both with CD and with RA. The coding and func-
tional variant of PTPN22 was first identified in T1D and then independently dis-
covered in RA. Association was also recently identified with SLE (Kyogoku
et al., 2004). However, the gene most commonly shared among autoimmune dis-
eases has been the HLA DR 1 (Table 5.1). Does this gene modify the clinical pic-
ture of the autoimmune diseases depending on the variation? Why do we identify
several genetic variants being shared among clinically distinct autoimmune dis-
eases? “How does the combination of susceptibility variation lead to disease” is
becoming a question with a higher probability to be answered.

Table 5.1. Genes Shared between Autoimmune Diseases

Genes Diseases
HLADRf1 RA/MS/SLE/T1D
PDCDI SLE/RA/T1D
CTLA4 T1D/SLE
SLC22A44 RA/Crohn’s disease

PTPN22 T1D/RA/SLE
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Failure to Maintain T Cell DNA
Methylation and Chromatin Structure
Contributes to Human Lupus

Donna Ray and Bruce Richardson

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic relapsing autoimmune disease
that predominately affects women, mainly in their childbearing years. The inci-
dence of lupus has been on the rise over the past few decades with an estimated
half to three quarters of a million people having the disease in the USA
(Gladman, 2004). Lupus affects the skin, serous membranes (pleura, pericardium,
and peritoneum), bones, joints, the gastrointestinal system, the cardiovascular
system, the brain, and the clotting system. The clinical manifestations of lupus
vary widely, ranging from mild to severe, and lupus is sometimes fatal.
Pathologically SLE is characterized by tissue damage resulting from antibody and
complement-fixing immune complex deposition as well as abnormalities in T cell
function. A better understanding of the mechanisms causing these immune abnor-
malities may lead to improvements in the therapy of human lupus.

While the specific etiology of SLE remains unknown, genetic and environ-
mental factors contribute significantly to disease development. Associations between
specific major histocompatibility complex (MHC) alleles and the development of
idiopathic lupus are well described (Goldstein and Arnett, 1987), supporting genetic
associations. Similarly, somewhat more than 5% of lupus cases are familial (Tsao
and Grossman, 2001), and a number of loci predisposing to autoimmunity have been
identified in these families. Twin studies show that concordance rates within
monozygotic twins, ranging from 24% to 58%, are significantly higher compared
with 2% to 5% in dizygotic twins (Kyttaris and Tsokos, 2003). However, the depar-
ture from 100% concordance in identical twins indicates a requirement for other fac-
tors for the development of the disease, and may include environmental triggers.
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Many agents have been associated with lupus-like syndromes (Mongey and
Hess, 2002),These include dietary factors, a variety of chemicals, certain metals,
infectious agents, UV radiation, and various drugs. Though many of these factors
may be capable of inducing autoimmune disease, they most likely represent
examples of inciting agents in genetically predisposed individuals (Hess, 1995).

Drug-induced lupus (DIL) is perhaps one of the best examples of an
autoimmune disease caused by an exogenous agent in genetically predisposed
individuals. Over 100 drugs have been implicated in causing DIL (Yung and
Richardson, 1994, 2003). Procainamide and hydralazine, the two drugs most
often associated with DIL, have been studied most extensively. Genetic factors
associated with procainamide- and hydralazine-induced lupus include female
gender, slow acetylator status, and perhaps certain MHC alleles (Yung and
Richardson, 1994). The fact that structurally unrelated drugs can induce a similar
clinical syndrome suggests that more than one mechanism may be involved in the
induction of lupus-like autoimmunity. It is also likely that a single drug may be
acting by more than one mechanism. Nonetheless, the fact that certain drugs can
induce a lupus-like autoimmune disease in genetically predisposed individuals
suggests that DIL may represent a potentially important model for the study of
idiopathic lupus. Understanding the pathogenesis and underlying mechanisms of
DIL may help to elucidate the mechanisms involved in idiopathic SLE.

Our group has provided evidence that inhibition of T cell DNA methylation
may be one of the mechanisms by which procainamide and hydralazine cause DIL,
and used this model to predict mechanisms causing autoimmunity in idiopathic
lupus. Using murine models, we found that T cells treated with the DNA methyla-
tion inhibitor 5-azacytidine (5-azaC) cause a lupus-like disease, that procainamide
and hydralazine are DNA methylation inhibitors, and that T cells treated with pro-
cainamide and hydralazine induce an autoimmune disease identical to that caused
by 5-azaC (Quddus e al., 1993; Yung et al., 1995, 1996, 1997). Subsequent studies
demonstrated that DNA hypomethylation may also contribute to idiopathic human
lupus (Richardson et al., 1990; Deng et al., 2001; Lu et al., 2002).

DNA methylation is an important determinant of chromatin structure, and
modifies gene expression through localized effects on the nucleosome polymers.
Sections 2 and 3 review the relationship between DNA methylation, chromatin
structure, and gene expression, and the role that DNA methylation and chro-
matin structure may play in DIL. We then describe how these results can be used
to predict functional, biochemical, and genetic alterations in T cells from
patients with idiopathic lupus.

2. DNA Methylation, Chromatin Structure, and Gene
Expression

DNA methylation is the only postsynthetic modification of mammalian
DNA. DNA methylation refers to the methylation of deoxycytosine (dC) bases at
the 5 position to form deoxymethylcytosine (d™C) (Adams and Burdon, 1985).
Methylated dC residues are nearly always found in 5’-cytosine guanine-3’ (CG)



Failure to Maintain T Cell DNA Methylation 71

dinucleotides. In mammals most (~70-80%) CG pairs are methylated (Ehrlich
and Wang, 1981). The exceptions occur in regions of DNA rich in CG pairs,
referred to as CpG islands. CpG islands are found in or near promoters of active
genes and account for most of the nonmethylated CG dinucleotides.
Approximately half of human and murine genes have CpG islands (Antequera
and Bird, 1993).

A correlation between DNA methylation and gene expression was first
proposed in the 1970s (Holliday and Pugh, 1975). Since then, numerous reports
have supported this relationship. In general, hypomethylation of CpG islands, as
well as the promoters of those genes lacking CpG islands, correlates with gene
expression, while methylation results in transcriptional suppression (Attwood
et al., 2002). DNA methylation patterns are established during ontogeny and are
involved in suppressing expression of genes unnecessary or potentially detrimen-
tal to the function of the mature cells. Following differentiation, methylation pat-
terns are maintained by replication during mitosis.

DNA methylation is mediated by a family of structurally related enzymes
termed DNA methyltransferases. DNA (cytosine-5-)-methyltransferase 1
(Dnmtl), the first DNA methyltransferase identified, is responsible for replicating
methylation patterns during mitosis (Attwood et al., 2002), a process referred to as
maintenance methylation. Dnmt] associates with proteins binding the replication
fork, including proliferating cell nuclear antigen (PCNA) (Chuang et al., 1997),
where it preferentially recognizes hemimethylated CpG dinucleotides in the newly
synthesized double-stranded (ds) DNA. If the parent strand is methylated, it cat-
alyzes the transfer of a methyl group from S-adenosylmethionine (SAM) to the
unmethylated cytosine residue in the newly synthesized daughter strand, produc-
ing 5-methylcytosine and S-adenosylhomocysteine and replicating methylation
patterns (Figure 6.1). Because of this recognition of hemimethylated DNA, Dnmt]
is referred to as a maintenance methyltransferase (Yoder ef al., 1997).

The methylation of previously unmethylated sequences, such as occurs dur-
ing differentiation, is mediated by DNA methyltransferases 3a and 3b (Dnmt3a
and Dnmt3b, respectively). These enzymes are capable of methylating both
unmethylated and hemimethylated DNA and are referred to as de novo methyl-
transferases (Figure 6.1). DNA methyltransferase 2 (Dnmt2) has been identified
by sequence homology but lacks methyltransferase activity in vitro, and its bio-
logical function remains unknown (Okano et al., 1998a, 1998b).

DNA methylation is important in differentiation, X-chromosome inactiva-
tion, genomic imprinting, and suppression of parasitic DNA (Riggs, 1985;
Stoger ef al., 1993; Bestor, 1998). The importance of DNA methylation in dif-
ferentiation is evidenced by the fact that homozygous deletion of Dnmtl,
Dnmt3a, or Dnmt3b results in death during embryonic development or in the
early neonatal period (Li ef al., 1992; Okano et al., 1999). Several genetic dis-
orders have been attributed to defects in DNA methylation, further attesting to
its importance. Mutations in Dnmt3b are associated with the immunodeficiency,
centromere instability, and facial anomalies (ICF) syndrome, a rare autosomal
recessive disorder (Hansen et al., 1999). Furthermore, Rett syndrome, one of the
most common causes of mental retardation afflicting young girls, is caused by
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Figure 6.1. Maintenance and de novo DNA methylation. In maintenance methylation, DNA
methyltransferase 1 (Dnmtl) binds the replication fork where it recognizes hemimethylated DNA and
catalyzes the transfer of the methyl group from S-adenosylmethionine (SAM) to deoxycytosine in the
newly synthesized DNA strand, producing methylcytosine (m-C) and S-adenosylhomocysteine. In de
novo methylation DNA methyltransferases 3a and 3b (Dnmt3a and Dnmt3b, respectively) symmetri-
cally methylate previously unmethylated regions of DNA by catalyzing a similar transmethylation
reaction.

mutations in the methylcytosine-binding protein MeCP2, discussed below (Amir
et al., 1999). Abnormal methylation patterns have been associated with malig-
nancies as well: hypomethylation of proto-oncogenes and hypermethylation of
tumor suppressor genes may contribute to cellular transformation (Baylin and
Herman, 2000).

Several mechanisms have been proposed by which DNA methylation might
modify gene expression. Early studies demonstrated that the methylation of CG
dinucleotides can prevent the binding of some transcription factors such as AP-2
to their recognition sequences (Comb and Goodman, 1990), and that members of
the methylcytosine-binding protein family may prevent the binding of transcrip-
tion factors by binding the methylated sequences (Yu et al., 2000). Spl is a
transcription factor that may be affected by this mechanism (Clark ef al., 1997).
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More recent studies, though, demonstrate that DNA methylation acts synergisti-
cally with epigenetic processes such as histone deacetylation to modify chromatin
structure and suppress gene transcription. Methylcytosine-binding proteins, such
as MBD1, MBD2, and MeCP2, bind chromatin remodeling complexes contain-
ing histone deacetylases (HDACs), which remove acetyl groups from adjacent
histones, condensing the nearby chromatin into an inactive configuration inac-
cessible to transcription factors (Attwood ef al., 2002). This may be the most
important mechanism by which DNA methylation suppresses gene expression,
and is illustrated in Figure 6.2.

3. DNA Methylation and Drug-Induced Lupus

3.1. DNA Methylation and Autoimmunity

Abnormalities in DNA methylation are implicated in the pathogenesis of
DIL. Our group and others have examined the effects of DNA methylation on
T cell function and gene expression using the DNA methylation inhibitor 5-azaC.
5-Azacytidine is incorporated into newly synthesized DNA, where it covalently
binds DNA methyltransferases during the S-phase cytosine transmethylation
reaction, depleting intracellular pools of the enzymes and demethylating the
daughter cells (Glover and Leyland-Jones, 1987).

Our group reported that cloned and polyclonal human and murine CD4* T
cells become responsive to normally subthreshold stimuli when treated with
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Figure 6.2. DNA methylation and chromatin structure. Chromatin is formed from nucleosome
polymers, each consisting of DNA wrapped twice around a histone core. Transcriptionally permissive
chromatin is characterized by unmethylated DNA and acetylated (0Ac) histone tails. In contrast, tran-
scriptionally nonpermissive chromatin is characterized by methylated DNA, the binding of chromatin
inactivation complexes containing methylcytosine-binding proteins and histone deacetylases
(HDACs), and unacetylated histone tails.
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5-azaC, including self-class II MHC determinants without specific antigens
(Richardson, 1986; Richardson et al., 1986, 1990; Quddus ef al., 1993; Yung
et al., 1995). This autoreactivity has been confirmed in mitogen-stimulated pri-
mary CD4* human T cells (Richardson et al., 1990) and in a panel of cloned
tetanus toxoid—specific CD4* human T cell lines (Richardson, 1986; Richardson
et al., 1992), as well as in mitogen-stimulated and alloreactive primary CD4*
murine T cells (Quddus ef al., 1993), and conalbumin and pigeon cytochrome
c—specific cloned murine CD4" T cells (Yung et al., 1995, 2001). The autoreac-
tivity is due, at least in part, to overexpression of the adhesion molecule LFA-1
(CD11a/CD18) by the 5-azaC-treated cells, since T cells transfected with LFA-1
demonstrate an identical autoreactivity (Richardson et al., 1994; Yung et al.,
1996). 5-Azacytidine appears to increase LFA-1 expression by demethylating
sequences 5" to the CD11a (ITGAL) gene, causing increases in CD11a mRNA
(Richardson et al., 1992; Lu et al., 2002).

Adoptive transfer of T cells made autoreactive by treatment with DNA
methylation inhibitors causes a lupus-like disease in murine models. In initial
studies, unirradiated female DBA/2 mice were injected intravenously with syn-
geneic CD4 T cells made autoreactive with 5-azaC. Mice receiving treated, but
not untreated, T cells, developed hematuria, proteinuria, and red cell casts begin-
ning 7-21 days after each injection and lasting 7-14 days. A proliferative
glomerulonephritis with IgG, IgM, and IgA immune complex deposition, as well
as IgG deposition at the dermal-epidermal junction resembling the lupus band
test, was observed upon histologic analysis. The mice also developed anti-DNA
antibodies (Quddus et al., 1993). These in vivo effects are likely due to the effec-
tor functions expressed by the autoreactive cells, since viable cells are required
for disease induction (Quddus ef al., 1993). However, since the number of poten-
tial effector mechanisms expressed by polyclonal CD4" cells is large, the cloned,
conalbumin-reactive Th2 cell line D10.G4.1 (D10) isolated from AKR mice and
AET7 cells, a cloned Thl line from B10.A mice, were used to test the ability of
demethylated Thl and Th2 cells to induce autoimmunity (Yung et al., 1995,
2001). 5-Azacytidine-treated D10 and AE7 cells both induced anti-dsDNA anti-
bodies in syngeneic recipients. The mice receiving D10 cells also developed
lymphocytic interstitial pneumonitis, an immune complex glomerulonephritis,
liver disease resembling primary biliary cirrhosis, and central nervous system
(CNS) changes resembling CNS lupus (Yung ef al., 1995), while the mice
receiving AE7 cells did not. These differences may be due to functional differ-
ences between the Thl and the Th2 cells or to host genetic differences (Yung
et al., 1995, 2001).

The effector functions of the autoreactive cells were studied in vitro. The
autoreactive T cells promote B cell immunoglobulin secretion and spontaneously
kill autologous or syngeneic macrophages (Mo). For example, polyclonal human
CD4+ T cells treated with DNA methylation inhibitors and cultured with autolo-
gous B lymphocytes induce differentiation of the B cells into IgG-secreting cells,
without the addition of antigen or mitogen, possibly due, in part, to secretion of
cytokines with B cell costimulatory properties (Richardson et al., 1990). More
recently we reported that overexpression of the B cell costimulatory molecule
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CD70 by drug-treated CD4* T cells may also contribute to B cell overstimulation
and subsequent immunoglobulin overproduction (Oelke et al., 2004).
Macrophage killing by the hypomethylated, autoreactive CD4* T cells may
also contribute to the development of autoimmunity. Normally, antigen-presenting
Mg die by apoptosis after activating CD4" T cells (Richardson et al., 1993).
5-Azacytidine-treated, autoreactive CD4" T cells respond to autologous Mo with-
out specific antigen, promiscuously killing the stimulating Mg (Quddus et al.,
1993; Yung et al., 1995). This Mg killing may contribute to lupus-like autoim-
munity by two mechanisms. Mevorach ef al. (1998) reported that i.v. injection of
apoptotic thymocytes induces anti-DNA antibodies in normal mice, suggesting
that overproduction of apoptotic material from the dying Mg may contribute to
the development of anti-DNA antibodies in the hypomethylation model. Others
have reported that mice genetically deficient in any one of a number of molecules
important for clearing apoptotic material will also develop anti-DNA antibodies
and a lupus-like disease (reviewed in Walport, 2000). Since Mg are the cells
responsible for removing apoptotic material, inducing Me apoptosis would
increase release of antigenic apoptotic nucleosome fragments as well as decrease
their clearance, potentially synergizing in the stimulus for anti-DNA antibodies.

3.2. DNA Methylation and Drug-Induced Lupus

The studies summarized above demonstrate that treating normal CD4* T
cells with drugs that inhibit DNA methylation is sufficient to cause a lupus-like
disease. This suggests that some lupus-inducing drugs could be DNA methylation
inhibitors. Since procainamide and hydralazine are the two drugs most strongly
associated with DIL (Yung and Richardson, 1994), we studied the effects of these
drugs on T cell DNA methylation. Treatment of human CD4" T cells with pro-
cainamide, hydralazine, or 5-azaC results in a decrease of total T cell genomic
d™C content as measured by reverse-phase high-performance liquid chromatog-
raphy (HPLC), with 5-azaC being the most potent (Cornacchia et al., 1988). This
demonstrates that both the lupus-inducing drugs are DNA methylation inhibitors.
Subsequent studies demonstrated that procainamide and hydralazine treatment of
human or murine CD4* T cells causes DNA hypomethylation, LFA-1 overex-
pression, and autoreactivity in vitro, and adoptive transfer of the autoreactive
murine cells into syngeneic recipients causes a lupus-like disease identical to
5-azaC-treated T cells (Cornacchia ef al., 1988; Yung ef al., 1997). More recently
we reported that 5-azaC and procainamide demethylate the same sequences in the
human CDI11a promoter (Lu ef al., 2002).

The mechanisms by which these drugs inhibit DNA methylation has been
explored. Procainamide is a competitive inhibitor of some, but not all, nuclear
DNA methyltransferase activity (Scheinbart et al., 1991). In contrast, hydralazine
has no direct effect on DNA methyltransferase enzyme activity, but appears to
prevent activation of DNA methyltransferase genes during mitosis. Treatment of
T cell receptor (TCR)—stimulated or phorbol myristate acetate (PMA)—stimulated
human T cells with hydralazine or a MEK inhibitor decreases ERK phosphoryla-
tion by 70-90%, indicating that hydralazine is a selective ERK (Ras-MAPK)
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signaling pathway inhibitor. Furthermore, inhibiting ERK pathway signaling with
either hydralazine or MEK inhibitors, such as PD98059 or U0126, prevents
upregulation of Dnmtl and Dnmt3a in stimulated T cells by a mechanism analo-
gous to MEK inhibitors. This subsequently leads to a decrease in the levels of
these enzymes, thereby resulting in DNA hypomethylation (Deng et al., 2003).
The possibility that decreased ERK pathway signaling contributes to
hydralazine-induced lupus was further confirmed by demonstrating that murine
T cells treated with U0126, a MEK inhibitor, overexpress LFA-1 and become
autoreactive similar to T cells treated with hydralazine or DNA methyltransferase
inhibitors. Furthermore, injecting U0126-treated T cells into syngeneic mice
induces anti-DNA antibodies similar to T cells treated with hydralazine or pro-
cainamide, further confirming that decreased T cell ERK pathway signaling can
contribute to the development of lupus-like autoimmunity (Deng et al., 2003).

3.3. T Cell Genes Affected by DNA Methylation Inhibitors

To identify methylation-sensitive T cell genes, monoclonal antibody and
oligonucleotide array—based approaches were used to compare gene expression in
untreated and 5-azaC-treated human T cells. More than 100 genes increased expres-
sion following 5-azaC treatment. Genes of potential interest to autoimmunity
include CD11a (Richardson et al., 1992), as noted above, and also perforin (Lu
et al., 2003) and CD70 (Oelke et al., 2004). CD11a is a subunit of the 32-integrin
LFA-1 (CD11a/CD18), which has adhesive and costimulatory functions (Kaplan
et al., 2000). Bisulfite DNA sequencing, a technique used to precisely quantitate
methylated and unmethylated dC bases, was used to determine the methylation sta-
tus of the CD11a promoter and flanking regions in normal T cells, and T cells
treated with DNA methylation inhibitors (Lu et al., 2002). The 1200-bp region 5’ to
the transcription start site was found to demethylate in primary T cells treated with
5-azaC or procainamide, and regional, or “patch,” methylation of the affected
sequences in reporter constructs suppressed CD1 1a promoter function. These find-
ings suggest that methylation is important in suppressing CD1la expression.
Importantly, as noted above, overexpressing LFA-1 by transfection of human and
murine CD4* T cells causes MHC-specific T cell autoreactivity that is identical to
the autoreactivity caused by DNA methylation inhibitors (Yung et al., 1996).
Furthermore, adoptive transfer of LFA-1-transfected murine CD4* T cells causes a
lupus-like disease resembling that caused by DNA methylation inhibitors (Yung
et al., 1996). These results indicate an important role for T cell LFA-1 overexpres-
sion in autoreactivity in vitro and autoimmunity in vivo.

Perforin is a cytotoxic molecule normally expressed in NK cells and a sub-
set of cytotoxic CD8* T cells. However, CD4* T cells treated with 5-azaC aber-
rantly express perforin, and perforin expression is increased in CD8" T cells
treated with 5-azaC. Bisulfite sequencing of the perforin promoter and upstream
enhancer indicates that the methylation status of the region linking the enhancer
and promoter correlates with perforin expression, and that methylation of this
region suppresses promoter function in reporter constructs. Interestingly,
hypomethylation of this region may alter chromatin structure around the
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enhancer, because demethylation of this region in CD8" T cells correlates with
hypersensitivity of the enhancer to DNasel digestion (Lu ef al., 2003). Finally,
perforin contributes to macrophage killing by 5-azaC-treated T cells, suggesting
a potential role in autoimmunity (Lu ef al., 2003).

CD70, a costimulatory ligand for B cell CD27, is a member of the tumor
necrosis factor (TNF) family that is expressed on activated CD4* T cells (Lens
et al., 1998). We recently reported that CD4+ T cells treated with 5-azaC, pro-
cainamide, hydralazine, and ERK pathway inhibitors overexpress CD70 and over-
stimulate B cell IgG production, and that the increased IgG synthesis is abrogated
by anti-CD70 (Oeclke et al., 2004), suggesting another mechanism by which
demethylated T cells might contribute to autoantibody production.

Together, these studies demonstrate that DNA methylation inhibitors
including hydralazine and procainamide can increase T cell expression of LFA-1,
perforin, and CD70, and that the drug-treated cells can cause a lupus-like disease
in vivo. Autoreactivity, caused by LFA-1 overexpression, together with
macrophage killing mediated in part by aberrant perforin overexpression and
increased B cell costimulatory signals mediated in part from CD70 overexpres-
sion, together could contribute to the development of autoantibodies in DIL. We
therefore determined if similar changes in T cell DNA methylation and gene
expression also occur in patients with idiopathic lupus.

4. Aberrant T Cell DNA Methylation, Gene Expression,
and Cellular Function in Idiopathic Lupus

4.1. DNA Methylation

Initial studies compared total genomic d™C content in T cells from patients
with inactive and active lupus with controls using reverse-phase HPLC. These
studies demonstrated that T cells from patients with active lupus have decreased
genomic d™C levels as well as decreased levels of DNA methyltransferase activ-
ity. Intracellular pools of SAM and S-adenosylhomocysteine, both regulators of
transmethylation reactions, were normal (Richardson et al., 1990). Subsequent
studies demonstrated decreased Dnmtl mRNA levels, implicating decreased
maintenance DNA methylation in the DNA hypomethylation (Richardson
et al., 1990; Deng et al., 2001). Dnmt3a, but not Dnmt3b, transcripts were
also decreased in lupus T cells (C. Deng and B. Richardson, unpublished data).
Mechanisms contributing to the decreased DNA methyltransferase expression
and consequent DNA hypomethylation were sought.

Others have reported that signaling is abnormal in lupus T cells (Kammer
et al., 2002), and our group reported that Dnmt1 and Dnmt3a levels are regulated
in part by the JNK and ERK pathways (Deng et al., 2003). Furthermore, inhibit-
ing either ERK or JNK signaling in proliferating cells demethylates DNA (Deng
et al., 1998). We therefore examined JNK and ERK pathway signaling in lupus
T cells. INK pathway signaling was found to be intact. ERK pathway signaling,
however, is decreased in T cells from patients with active lupus, with levels of
Dnmtl mRNA decreased to the same degree as in T cells treated with ERK



78 Donna Ray and Bruce Richardson

pathway inhibitors (Deng et al., 2001). Since hydralazine and MEK inhibitors
decrease Dnmt1 and Dnmt3a expression, demethylate DNA, and because T cells
treated with these drugs induce autoimmunity (Deng et al., 2003), decreased
T cell ERK pathway signaling may contribute to DNA hypomethylation and
autoimmunity in idiopathic lupus by similar mechanisms.

4.2. Gene Expression and Cellular Function

As noted above, CD1 1a, perforin, and CD70 have been identified as methy-
lation-sensitive T cell genes that may contribute to the pathogenesis of DIL.
Evidence for overexpression of these genes was therefore sought in T cells from
lupus patients.

A subset of T cells was found to express high levels of LFA-1 in lupus
patients compared with controls, which included normal individuals, patients with
active infections, and patients with multiple sclerosis (Richardson et al., 1992). The
degree of overexpression correlated directly with clinical disease activity. In addi-
tion, the cells overexpressing LFA-1 were found to be autoreactive and sponta-
neously lysed autologous, but not allogeneic, macrophages, similar to T cells treated
with DNA hypomethylating agents (Richardson ef al., 1992). Bisulfite sequencing
of the CD11a promoter and flanking regions in T cells from active lupus patients
showed that the sequences demethylated are the same as those demethylated in
T cells treated with 5-azaC and procainamide (Lu et al., 2002). Figure 6.3 compares
the effects of 5-azaC and lupus on CD11a promoter methylation in T cells.

Perforin is also overexpressed in lupus T cells. CD4* T cells from patients
with active, but not inactive, lupus aberrantly express perforin, and the abnormal
expression is related to demethylation of the same sequences suppressing perforin
transcription in primary CD4* T cells, which are demethylated by DNA methyla-
tion inhibitors (Kaplan et al., 2004) (Figure 6.4). Furthermore, the perforin
inhibitor concanamycin A blocks autologous monocyte killing by CD4* lupus
T cells, suggesting that aberrant perforin expression in CD4* lupus T cells may
contribute to autoreactive monocyte/macrophage killing (Kaplan et al., 2004).

CD70 was recently found to be overexpressed in lupus T cells as well. CD4*
SLE T cells overexpress CD70 and stimulate B cell IgG production, similar to
T cells treated with DNA methylation inhibitors (Oelke et al., 2004), or transfected
with CD70 (Kobata et al., 1995). The abnormal T cell-dependent IgG secretion
that characterizes lupus B cells is inhibited by anti-CD70 (Liossis and Tsokos,
1999), as predicted by the in vitro model. Preliminary work has shown that DNA
methylation inhibitors demethylate a region ~500 bp 5 to the CD70 transcription
start site and that CD4" T cells from patients with active lupus exhibit hypomethy-
lation in the same region (Q. Lu and B. Richardson, unpublished data).

Together, these studies demonstrate that lupus T cells aberrantly overex-
press LFA-1, perforin, and CD70, that the same genes are overexpressed in the
hypomethylation model, and that the same sequences are demethylated as in
T cells treated with DNA methyltransferase or ERK pathway inhibitors. These
observations strongly suggest that similar mechanisms may be contributing to
overexpression of these genes in the DNA hypomethylation model and in lupus.
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Figure 6.3. CDl1a promoter methylation. (A) T cell DNA was isolated from four to six healthy
donors, treated with sodium bisulfite, and the indicated region amplified in overlapping fragments.
Five cloned fragments from each section were then sequenced from each donor, and the fraction
methylated for each CpG pair averaged across the five cloned and sequenced fragments. The average
fraction methylated is shown on the y-axis, and the location of each CG pair is shown on the x-axis,
numbered relative to the transcription start site at 0. The region from the beginning (-1950) to
bp —1262 represents the mean of five fragments from each of four donors, the region from —1261 to —68
the mean of five fragments from each of six donors, and the region from —68 to the end the mean of
five fragments from each of four donors. A region containing A/u elements is denoted by the hori-
zontal line. (B). T cells were isolated from three healthy donors, stimulated with PHA, treated with
S-azacytidine (5-azaC), DNA isolated, and bisulfite sequencing performed as in panel A. PHA stim-
ulation alone had no effect on the methylation pattern (not shown). (C) T cell DNA from six patients
with active (SLE Disease Activity Index (SLEDAI) > 6) lupus was analyzed as in panel A. The methy-
lation pattern resembles that seen in the 5-azaC-treated cells. Patients with inactive lupus did not have
demethylation of this region (not shown).
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Figure 6.4. Perforin promoter methylation. (A) The methylation of the perforin promoter was
determined as in Figure 6.3A, using CD4* T cells from six to seven healthy donors, and amplified in
two fragments. The y-axis represents the average methylation of five cloned and sequenced fragments
from each segment amplified from each of the six to seven donors. The x-axis represents each CG pair
in the region shown, numbered relative to the transcription start site. (B) CD4* T cells from three
healthy donors were stimulated with PHA, treated with 5-azacytidine (5-azaC), and methylation deter-
mined as in Figure 6.3B. The results thus represent the mean of 15 determinations per point. Again,
PHA stimulation alone had no effect on the methylation pattern (not shown). (C) T cell DNA from
four patients with active (SLE Disease Activity Index (SLEDAI) 8-12) lupus was analyzed as in
Figure 6.3C. The methylation is decreased and the pattern resembles that seen in the 5-azaC-treated
cells. Again, patients with inactive lupus did not have demethylation of this region (not shown).

5. Conclusions

The studies summarized in this chapter demonstrate that the failure to
maintain DNA methylation patterns in mature CD4* T cells causes aberrant
expression of several methylation-sensitive genes, including LFA-1, perforin,
CD70, and likely others, and that their overexpression alters T cell function,
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promoting autoreactivity, monocyte/macrophage killing, and B cell overstimula-
tion. Furthermore, T cells experimentally demethylated with DNA methyltrans-
ferase or ERK signaling pathway inhibitors cause a lupus-like disease in murine
models. Procainamide and hydralazine are DNA methylation inhibitors and cause
a lupus-like disease in genetically susceptible individuals. Patients with idiopathic
lupus have hypomethylated DNA, overexpress the same genes due to the same
changes in DNA methylation patterns as in the methylation inhibition model, and
demonstrate identical changes in CD4" T cell function including autoreactive,
perforin-mediated monocyte killing and B cell overstimulation. Thus, similar
changes in DNA methylation and chromatin structure likely contribute to the
pathogenesis of autoimmunity in the DNA hypomethylation model as in idio-
pathic lupus. The DNA hypomethylation model may also provide an approach to
predict additional aberrantly expressed genes in human lupus T cells, since
CDl 1a, perforin, and CD70 were predicted by this model. Finally, these studies
also suggest that environmental agents may act by mechanisms analogous to
those seen in DIL, triggering changes in chromatin structure and affecting gene
expression through signaling inhibition or direct DNA methyltransferase inhibi-
tion. Clearly, there is a fundamental role for a failure to maintain DNA methyla-
tion patterns and chromatin structure in this disease.
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1. Introduction

For over half a century low serum complement C4 concentrations have been rec-
ognized as a manifestation of systemic lupus erythematosus (SLE). However, the
role of C4 in human SLE remains elusive. This is partly because of the unusually
complex C4 genetics with frequent variations in gene number, gene size, protein
isoforms, and expression levels. In this chapter we describe the strong association
of complete C4A and C4B deficiencies and human SLE, and discuss the possible
role of homozygous and partial deficiencies of C4A, which are present in 32-55%
of SLE patients. Accumulated evidence provides support for the interpretation that
C4A deficiency is a genetic risk factor for SLE. To explain the differences in SLE
prevalence and disease severity among different ethnic groups, however, more
elaborate analyses are needed to characterize the C44 and C4B gene dosages,
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RP-C4-CYP21-TNX (RCCX) modular variations, and quantitative and qualitative
diversities of C4A and C4B proteins in SLE patients and controls.

2. Diversities of Complement Components C4A and C4B
in Human Populations

The human complement component C4 represents an extraordinary para-
digm of innate immune diversity (Yu ef al., 2003). There are two classes of pro-
teins: the acidic C4A (hence the “A” designation) and the basic C4B (hence the
“B” designation). In each class there are multiple polymorphic variants with dif-
ferent frequencies among human populations. The plasma or serum protein lev-
els of total C4 vary widely (between about 100 and 800 mg/L) among different
individuals (Porter, 1983).

The genetics of human C4 is complex. The C4 gene is located at the class
III region of the major histocompatibility complex (MHC). There may be one,
two, three, or four copies of C4 genes in an MHC and two to seven copies of C4
genes with different combinations of long and short C44 and C4B genes have
been found in diploid genomes from different subjects (Yang et al., 1999;
Blanchong et al., 2000; Chung et al., 2002a). In about half of the Caucasian pop-
ulations, there are four copies of C4 genes in an individual’s diploid genome
(gene dosage). Approximately 40% of normal Caucasians have a heterozygous
deficiency of either C4A or C4B. In contrast, about one third of Caucasians have
five or six C4 genes. This increase in gene dosage results in increased plasma pro-
tein levels of C4A, C4B, or both (Yang et al., 2003). Such genetic diversity of
human C44 and C4B genes is one of the major determinants for the quantitative
and qualitative variations of the C4A and C4B proteins that may be the result of
the selection pressure imposed by the variety of microbes and parasites. A defi-
ciency of C4A or C4B increases the likelihood or severity of viral and bacterial
infections, and the susceptibility to autoimmune diseases.

2.1. Dichotomy in Gene Sizes, Polygenes, and RCCX
Module Variants

There are two forms of C4 genes: the long gene is 20.6 kb and the short gene
is 14.2 kb in size. In Caucasians, 76—77% of the C4 genes are long and 23-24%
are short (Blanchong ef al., 2000; Yang et al., 2003). Such gene size variation is
attributable to the integration of a 6.36-kb endogenous retrovirus, HERV-K(C4),
into intron 9 of the long gene (Dangel et al., 1994; Mack et al., 2004). Multiple
mutations in HERV-K(C4) probably had knocked out most of its retroviral activi-
ties. The configuration of HERV-K(C4) is opposite to that of C4. Therefore, an
antisense HERV-K(C4) sequence will be produced whenever a C4 transcript is
synthesized from a long gene. The selection advantage for the coexistence of both
long and short C4 genes in human populations is uncertain. However, the long
gene has become the predominant form among different human races.

The duplication of C4 genes in the MHC is discretely modular, which
includes Ser/Thr nuclear protein kinase gene RPI or RP2 at the 5’ end, steroid
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21-hydroxylase gene CYP2IA or CYP2IB, and extracellular matrix protein
tenascin-X gene TNXA or TNXB at the 3’ end. A duplicated RCCX module is
either 32.7 kb or 26.2 kb in size, and usually contains a nonfunctional CYP21A4
with multiple point mutations, followed by gene fragments TNXA4 and RP2, and a
functional C44 or C4B gene that is either long or short (Figure 7.1, panel A)
(Shen et al., 1994). The multiplication of RCCX modules can be clearly depicted
by Southern blot analysis of Pmel-digested genomic DNA resolved by pulsed
field gel electrophoresis, or by Tagl RFLP (Chung ef al., 2002b).

2.2. Diversity of Human C4A and C4B Proteins

About 40 polymorphic protein variants of human C4 have been detected,
based on gross differences in electric charge and serologic variations. The most
widely used method for C4 phenotyping is immunofixation of EDTA-plasma pro-
teins resolved by high-voltage agarose gel electrophoresis (Figure 7.1C). The
most common C4A and C4B allotypes are C4A3 and C4B1, respectively. Other
common allotypes for C4A include A2, A4, and A6, and for C4B, B2, B3, and
B5. These allotypes exhibit different frequencies among different races or ethnic
groups. For example, in the Ohio population, C4B2 has a frequency of 9.4% in
Caucasians, but 33.6% in Asian Chinese (Yang et al., 2003; Yang, 2004).

The C4A and C4B isotypes are mainly defined by four specific amino acid
residues at positions 1101, 1102, 1105 and 1106, located at the C4d region (Yu
et al., 1988). The C4B isotypic residues LSPVIH catalyze the formation of a
covalent ester bond between the thioester carbonyl group of activated C4B
(C4Bb) and a hydroxyl group from substrates. This transesterification reaction is
rapid. However, due to hydrolysis, the half-life of the C4Bb thioester bond is rel-
atively short, less than 1 s (Isenman and Young, 1986; Dodds et al., 1996;).
Hence, C4B is important for the propagation of the classical and the mannose-
binding lectin (MBL) complement activation pathways, culminating in the rapid
and focal formation of the membrane attack complex against microbes.

The C4A isotypic residues PCPVLD probably modulate the reactivity of
the thioester bond from the activated C4A (C4Ab) molecule to efficiently form a
covalent amide bond with substrates. While the reaction rate of activated C4A
toward its targets is about four times slower than that of activated C4B, the iso-
typic residues also confer on C4Ab a relatively longer half-life against hydrolysis
(~10 s) (Sepp et al., 1993) and a higher affinity for complement receptor CR1
(Gatenby et al., 1990; Gibb ef al., 1993; Reilly and Mold, 1997). Therefore, it is
thought that C4A is important in the solubilization of immune aggregates,
immunoclearance, and opsonization.

The 3-dimensional structure of a human C4d polypeptide from C4A has
been solved by X-ray crystallography (van den Elsen ef al., 2002). The isotypic
residues of C4A are found facing the thioester residues located on the convex side
of a barrel-shaped structure. The major determinants of the Rodgers or Chido
blood group antigens, which are VDLL for Rgl and ADLR for Chl, respectively,
at positions 1188—1191 (Yu et al., 1988), are located at the concave surface on the
opposite side of the isotype thioester residues (van den Elsen ef al., 2002).
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A. The MHC complement gene cluster and RCCX length variants
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The deposition of activated C4 (C4b) or C3 (C3b) on host cell surfaces is
probably a by-product of the complement activation, which is rendered
nonharmful through the action of complement regulatory proteins together with
factor I that degrades the activated C4b or C3b by proteolysis. The end products
for such reactions are the covalent linkage of C4d or C3d on erythrocytes, lym-
phocytes, macrophages, dendritic cells, platelets, and endothelial cells of the vas-
cular system (Isenman and Young, 1986; Atkinson et al., 1988; Giles et al., 1991;
Taylor et al., 2002). The surface deposition of C4d is a consistent marker for acute
and chronic renal allograft rejections associated with the humoral immune
response (Feucht, 2003). It was also observed that there was a substantial increase
in C4d deposition on the surface of red cells from SLE patients (Giles et al.,
1991). Therefore, it appears that the quantitative variation of C4d deposition on
cell surfaces is a relevant biomarker for allograft rejection or for SLE disease
activity (Manzi ef al., 2004). A fundamental question to be addressed is whether
the C4d deposition on host cell surfaces has any physiological or immunological
consequences.

2.3. Genetic Determinants of C4 Plasma/Serum Protein Levels

A recent population study showed that in healthy Caucasians residing in
Hungary, the serum C4A and C4B levels not only strongly associate with the cor-
responding gene dosage as expected, but also with the gene size of C44 and C4B.
Short (S) C4 genes tend to yield higher serum protein levels than long (L) C4
genes. For example, among the individuals with four C4 genes in a genome, those
with homozygous LS/LS expressed serum C4 protein levels about 40% higher
than those with homozygous LL/LL. Remarkably, African Americans have sig-
nificantly higher frequency of short C4 genes (42% versus 23.9% in Whites;
p < 10711 (Blanchong et al., 2000; Yang et al., 2003; Yang, 2004), and the mean
serum total C4 levels in Blacks is 40% higher than that of Whites. Most of the

-
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Figure 7.1. Complex diversity of complement C4. (Panel A) The MHC complement gene cluster
with quadrimodular (Q), trimodular (T), bimodular (B), and monomodular (M) RCCX length vari-
ants. The neighboring genes duplicated together with C4 in modular fashion are serine/threonine
nuclear kinase gene RP (or STK19), cytochrome P450 steroid 21-hydroxylase gene CYP21, and the
extracellular matrix protein tenascin gene 7NX. The size of an additional RCCX module with a long
(L) C4 gene is 32.7 kb, and for an additional duplicated RCCX module with a short (S) C4 gene is
26.3 kb. (Panel B) Pulsed field gel eletrophoresis (PFGE) of Pmel-digested genomic DNA from 12
individuals to elucidate the presence of RCCX length variants. Lanes 1-4 are from subjects with
homozygous LLL, LL, mono-L, and mono-S RCCX modules, respectively. Lanes 5—12 are from sub-
jects with heterozygous RCCX structures. (Panel C) Allotyping of human complement C4. EDTA-
plasma samples from 15 human subjects were resolved by high-voltage agarose gel electrophoresis,
processed by immunofixation using goat antiserum against human C4 and stained. The acidic C4A
allotypes migrate faster than the basic C4B. A vertical arrow indicates the direction of electrophoretic
migration. Notice the absence of C4A protein in /anes 1 and 3, the absence of C4B protein in lanes 4
and 6, and the differential band intensities of C4A and C4B in lanes 2, 5, and 8-15 (modified from
Blanchong ef al., 2000; Chung et al., 2002b; Yu ef al., 2003).
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short C4 genes code for C4B proteins (Yang ef al., 2003). Thus, not unexpectedly,
in Blacks serum C4B protein levels are higher than C4A levels (Moulds ef al.,
1991; Yang, 2004).

An unexpected finding is that the serum C4 levels also show a positive cor-
relation with the body mass index, particularly in females (Gabrielsson et al.,
2003; Yang et al., 2003). Many complement proteins including C4 are produced
in adipose tissue. It is found that omental adipose tissue from both males and
females synthesizes large quantities of C4 transcripts. Intriguingly, the serum C4
protein levels in females, but not in males, correlate with subcutaneous adipose
tissue and total adipose depots, suggesting a sex difference in the extrahepatic
biosynthesis of complement C4 (Gabrielsson ef al., 2003). It is therefore of inter-
est to investigate whether the production of C4 in female adipose tissue would
play a role on the gender differences of autoimmune diseases (Whitacre, 2001).

3. Complete Deficiencies of C4A and C4B in SLE
and Immune Complex Diseases

To date, complete complement C4 deficiency has been firmly established
in 26 members of 18 families (Yang ef al., 2004a). Fourteen of them (nine females
and five males) were diagnosed with SLE according to the ACR criteria (Tan
et al., 1982). Of the remaining 12, seven had a lupus-like disorder such as photo-
sensitive skin lesions and four had kidney diseases such as mesangioproliferative
glomerulonephritis (GN), recurrent hematuria, membranous nephropathy, or
Hencoh—Schoélein purpura with end-stage kidney failure (Lhotta et al.,
2004a,b; Yang et al., 2004b). Only one subject remained relatively healthy. The
age of SLE disease onset/diagnosis among the C4-deficient subjects varied from
2 to 41 years. Four C4 deficient patients died between 2 and 25 years of age.
Common manifestations of C4 deficiency are photosensitivity, severe skin
lesions, digital erythema, Raynaud’s phenomenon, arthritis, anti-Ro/SSA,
rheumatoid factor, and recurrent bacterial or viral infections (Hauptmann et al.,
1986).

3.1. Molecular Basis of Complete C4 Deficiency

Fifteen different HLA haplotypes have been found in the C4-deficient
patients. Homozygosities in HLA haplotypes were present in 73% of the com-
plete C4 deficiency subjects. Altogether the molecular basis for 12 complete C4
deficiency patients have been elucidated. Three different RCCX structures are
present. They are mono-L with a single C44 mutant gene, bimodular LS with
mutant C44 and mutant C4B genes, and bimodular SS with two almost identical
mutant C4B genes (Figure 7.2). There are two hotspots of deleterious mutations:
one is located at exon 13 and the other is within a 2.6-kb genomic region span-
ning exons 20-29. The 2-bp insertion at codon 1213 from exon 29 has a fre-
quency of 5-6% in Caucasian SLE patients, which is significantly higher than
that in controls (1-2%) (Barta et al., 1993; Sullivan et al., 1999).
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Figure 7.2. A comparison of frequencies of homozygous (panel A) and partial (panel B) C4A defi-
ciency in SLE patients and matched controls in various ethnic groups/races. A dotted line marks the
frequency of partial C4A deficiency in the French SLE patient population, which is even lower than
that in the control (healthy) population in Anglo-Saxons (arrows). The data underscore the importance
of using race- and ethnic-group matched-controls for data analysis. Partial C4A deficiency is the phe-
notype that showed a lower plasma or serum C4A than C4B protein levels. The higher C4B protein
levels are a combination of higher gene copy number and/or more short genes for C4B than for C44
(modified from Yang et al., 2004a).

3.2. Impairment of Immune Response in C4-Deficient Patients

An early study of the immunologic parameters in a Caucasian SLE patient
with heterozygous HLA 42 B12 Dw2/A2 Bwl5 Dw8 and complete C4 deficiency
revealed a depressed primary immune response after immunization with bacterio-
phage $X174, abnormal immunologic memory, and failure to switch from IgM to
IgG during secondary immune response. Persistent lymphopenia and reduction in
lymphocyte response to mitogen stimulation was also documented (Jackson ef al.,
1979). In addition, the zymosan opsonization and the neutrophil chemotaxis activ-
ities by the C4-deficient serum were markedly impaired, when compared with those
from healthy controls (Clark and Klebanoff, 1978). Failures in IgG or IgA class
switching were also observed in two complete C4 deficiency patients recently, one
with HLA A24 Cw7 B38 DR13 and the other with HLA 430 B18 DR7. In addition,
impairment in the immune response against hepatitis B surface antigen vaccine was
observed in a patient with HLA 430 B18 DR7 (Yang ef al., 2004b).

On the other hand, in two C4-deficient Moroccan siblings who had
homozygous HLA haplotype A1/ B35 Cw4 DRI, lupus-like disease, and persist-
ent pulmonary infections were observed. Laboratory tests showed diminished
opsonization and bactericidal activities by the C4-deficient sera. However, in
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other aspects the humoral and cellular immunity appeared normal (Mascart-
Lemone et al., 1983). Such differences in the phenotypic manifestations under-
score the relevance of genetic backgrounds and racial differences in immunity.
It is worthwhile to point out that the autoimmune diseases associated with
complete C4 deficiency often appear to be systemic in nature, characterized
by the presence of circulating autoantibodies and a dysfunctional Th, -type
immune response. In keeping with this line of observation, none of the complete
C4-deficient patients had been diagnosed to have organ-specific autoimmune
diseases such as type 1 diabetes or multiple sclerosis.

4. Deficiencies of C4A or C4B in Human SLE

4.1. Low Complement Activity and C4 Protein Concentrations in SLE

It has been known for over half a century that SLE patients manifest reduced
complement hemolytic activity (CH50) (Vaughan et al., 1951; Elliot and
Mathieson, 1953). Reduced serum or plasma levels of complement Clq, C4, and
C3 have been consistently observed in lupus patients, particularly those with lupus
nephritis (Lewis ef al., 1971; Cameron et al., 1976, Hebert et al., 1991). Serial
analysis of serologic factors in SLE revealed that in many patients lower C4 levels
occurred before the depression of other complement components. After the induc-
tion of remission, C4 had a tendency to return to normal levels more slowly than
C3 (Gewurz et al., 1968; Kohler and Ten Bensel, 1969). The persistence of low C4
levels in many lupus nephritis patients before relapses and after remissions sug-
gests the presence of a genetic factor as a cause for low C4 protein levels.

4.2. Homozygous or “Partial” Deficiency of C4A in SLE across
Multiple Ethnic Groups

In the early 1980s, Bachelor’s group in London (UK) and Dawkins’ group in
Perth (Australia) reported the association of C4 null alleles (C4QO0) or partial defi-
ciency of C4A and/or C4B with human SLE (Christiansen et al., 1983; Fielder et al.,
1983). Since then the associations of C4AQ0 or C4BQO0 with SLE have been exam-
ined extensively in many ethnic groups that are summarized as follows (Figure 7.2).

Historically, an apparently heterozygous or partial C4A deficiency was
determined by the presence of lower C4A protein concentrations or band intensi-
ties than those of C4B proteins in phenotypic experiments such as C4 allotyping.
The interpretation for such a phenomenon is the higher expression levels of C4B
than C4A, which are the combined results of higher C4B gene dosages and short
C4B genes. A genuine heterozygous C4A deficiency is defined as the presence of
only one intact or functional C44 gene in a diploid genome. However, most pub-
lished literature on C4 genetics in the past 20 years did not distinguish an appar-
ent or partial deficiency from a heterozygous deficiency. (Fielder et al., 1983;
Christiansen ef al., 1983; Dunckley et al., 1987; Zhao et al., 1989; Hartung et al.,
1992; Petri et al., 1993; Fan et al., 1993; for complete references, please see Yang
et al., 2004a).
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Caucasians: The most intensively studied patient groups are Europeans
and American Caucasians. In the healthy controls, the Nordics and Anglo-Saxons
have C4AQO0 frequencies of 0.141 and 0.169, respectively. In the SLE popula-
tions, the C4AQO allelic frequencies are 0.315 for the Nordics and 0.319 for
Anglo-Saxons. The frequencies of homozygous C4AQ0 were 7.5-8% in the
patient groups, and 0.5-2.93% in the control groups. Partial deficiency of C4A
had a frequency of 47% in northern European, British, or Australian SLE
patients, and 22.4-32.7% in the control groups. With more than half of SLE
patients possessing a homozygous or partial deficiency, C4A deficiency appears
to be one of the most common genetic risk factors for SLE in these ethnic groups.

A slightly lower C4AQO allelic frequency, but a highly significant differ-
ence, was observed in Germans and Swiss, and in Caucasians residing in North
America. The C4AQO0 allelic frequencies are between 0.236 and 0.264 for the
patient groups, and 0.108 and 0.12 for the control groups. Homozygous and par-
tial C4A deficiencies were present at 3.45-5.01% and 40.2-42.9%, respectively,
in the western European SLE patient populations; and 0% and 21.7-24%, respec-
tively, in the control populations (Figure 7.2, panels A and B).

The French probably have the lowest frequencies of C4AQO in both patient
and control groups. However, the allelic frequency of C4AQO in SLE is still sig-
nificantly different from that in the French healthy controls. It is of interest that
the C4AQO allelic frequency is only 0.037 in the French control population, and
0.169 in the French SLE patients. The latter is very close to the C4AQO allelic
frequency in the healthy controls of Anglo-Saxons (0.169) and Nordics (0.141).
In other words, 31.8% of the French SLE patients have a homozygous or a par-
tial C4A deficiency. Such phenotype frequency in the French lupus patients is
even lower than that of healthy controls in Anglo-Saxons (33.2%). Such phe-
nomenon underscores the importance of applying matched controls with the
appropriate ethnic groups for data analyses (Figure 7.2, panel B).

African Americans: The C4AQO allelic frequencies in African American
SLE patients and controls were slightly higher but still close to those in the
French groups. The allelic frequency of C4AQ0 was 0.192 in the Black SLE
patients and 0.07 in the matched controls (y* = 43.8, p = 3.7 X 1071). About 35%
of the African American SLE patients had a homozygous or a partial C4A defi-
ciency, compared with 14.1% in matched controls.

Orientals: For Chinese, Korean, and Japanese, the SLE patients had
C4AQO allelic frequencies of 0.293, compared with 0.123 in the corresponding
control populations. In total, 54.5% of the Oriental SLE patients have partial or
homozygous C4A deficiencies, which is >2 times higher than that of the matched
controls (24.5%).

4.3. Deficiency of C4B in SLE Patients from Spanish, Mexican,
and Australian Aborigines

While C4AQO is significantly associated with SLE, a difference in the
C4BQO allelic frequencies between SLE patients and healthy controls was not
observed in northern and western Europeans, African Americans, and most
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Orientals. In contrast, the reverse situation is true for Spanish (De Juan et al.,
1993; Naves ef al., 1998), Mexican (Reveille et al., 1995; Reveille et al., 1998),
and Australian Aborigine (Ranford et al., 1987; Christiansen et al., 1991) SLE
patients. In these ethnic groups a significant increase in frequencies of C4B, but
not C4A, deficiency, was found in the SLE patient populations. Such a phenom-
enon would suggest a delicate shift of the physiologic roles of C4A and C4B
among different ethnic groups or genetic backgrounds, or that a difference in the
genetic milieu, such as racial backgrounds, could change the dependence on C4A
or C4B in the emergence of autoimmunity.

4.4. Partial Deficiencies versus Polygenic Variations of C4A
and C4B

In the past, higher plasma protein levels of C4B than of C4A was usually
interpreted as a partial or apparent heterozygous deficiency of C4A caused by the
presence of a “silent allele” for C44, or by a C44 gene deletion. Such apparent
or partial C4A or C4B deficiency actually reflects an unequal expression of C44
and C4B genes, which is mainly caused by polygenic and gene size variations.
Unequal C44 and C4B gene number is likely in an individual whenever (a) a
monomodular or trimomodular RCCX structure is present, or (b) a bimodular
structure has a homoexpression of either C4A or C4B proteins. Higher expression
levels are observed for short C4 genes, which more frequently code for C4B pro-
teins. Therefore, it is essential to conduct a concurrent genotypic analysis to
determine the number and size of C44 and C4B genes present in the patients, and
phenotypic analysis to elucidate the C4A and C4B allotypes and protein levels.

5. Concluding Remarks and Perspectives

Complete deficiencies of C4A and C4B are among the strongest genetic
risk factors associated with SLE or lupus-like diseases, across all HLA haplo-
types and racial backgrounds. However, the age of disease onset and the disease
severity vary substantially among the C4-deficient subjects, which underscores
the importance of other genetic and environmental factors contributing to disease
pathogenesis and progression. In contrast to the rarity of complete C4A and C4B
deficiencies, partial and homozygous deficiencies of C4A are present in 32—55%
of SLE patients from all races studied except Spanish, Mexican, and Australian
Aborigines who had increased frequencies of C4B deficiency instead of C4A
deficiency. This phenomenon underscores the relevance of C4A and C4B proteins
in the fine control of autoimmunity. Different racial genetic backgrounds could
change the thresholds and the requirement of C4A or C4B protein levels in
immune tolerance and immune regulation. An important unanswered issue is the
identification of a specific receptor or a chaperone that would link C4A and/or
C4B proteins to the regulation of systemic autoimmunity.

In many lupus patients serum or plasma C4 levels fluctuate widely.
Sometimes such fluctuations correlate with disease activity, especially in lupus
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nephritis. Consumption of C4 and activation of the complement pathways are
involved in complement-mediated tissue injuries during the disease flares.
Therefore, while a deficiency of C4A or C4B appears to be a genetic susceptibil-
ity factor for SLE (Atkinson and Schneider, 1999; Tsao, 2003; Yang et al., 2003),
in about half of the lupus patients who have no apparent complement C4A or C4B
deficiency, higher basal levels of C4A and/or C4B could instead increase their
disease severity and vital organ involvement.

Another important aspect that has not been accurately addressed is the
polygenic and gene size variations of C44 and C4B in the disease susceptibility
and disease progression of SLE. A systematic analysis of C44 and C4B gene
dosage and gene size, protein polymorphism and functional diversity, different
basal plasma protein levels in various ethnic groups, and possible sex differences
in extrahepatic tissue expression such as those in subcutancous adipose tissue
would refine our knowledge of the roles of C4A and C4B in the disease process.

After the establishment of the role(s) of heterozygous and/or homozygous
deficiency of either C4A or C4B in SLE, a great challenge lies in how to use this
information to help patients by developing more effective treatments or even a
potential cure. In reality, the gap between knowledge and treatment is still great,
and sustained multidisciplinary efforts will be needed to reach these ultimate
goals. Perhaps innovative strategies for therapeutic interventions could include
manipulation C4A and/or C4B protein expression in patients. Examples might
include direct delivery of nonimmunogenic C4A or C4B proteins, creation of
autologous or chimeric hepatocytes or adipocytes with high expression capability
of C4A or C4B proteins, and prolongation of half-life of activated C4 proteins by
site-directed mutagenesis of C4 or by manipulating specific complement regula-
tory proteins through soluble competitors (Weisman et al., 1990; Morgan and
Harris, 1999), inhibitory RNA or specific antibodies. Characterization of the
immunologic and physiologic functions of C4A and C4B polymorphic variants
will be fundamental to provide insights for development of therapeutic strategies.
This research would be facilitated by the development of nonhuman primate and
transgenic mouse models to validate research hypothesis and to allow pharmaco-
logic testing of new therapies.
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Non-MHC Genetic Polymorphisms
with Functional Importance for
Human Myasthenia Gravis

Ann Kari Lefvert

1. Introduction

Myasthenia gravis (MG) is commonly regarded as the prototype of an organ-specific
antibody-mediated autoimmune disease. It is characterized by an immune response
against the nicotinic acetylcholine receptor on the neuromuscular junction. The
symptoms, weakness and increased fatigability, are caused by direct blockade and
a reduction of the number of functional receptors on the neuromuscular junction by
autoantibodies (Drachman, 1994). The disease can be transmitted from mother to the
newborn child by antibodies that pass through the placenta (Lefvert and Osterman,
1983) and by serum antibodies to experimental animals. There is a statistical but not
very impressive correlation between autoantibody concentration and disease sever-
ity. Moreover, acetylcholine receptor antibodies are found in several conditions not
accompanied by neuromuscular symptoms, including some thymomas (Aarli ef al.,
1981), healthy first-degree relatives (Lefvert et al., 1985), monoclonal gam-
mopathies (Eng et al., 1987), and primary biliary cirrhosis (Sundewall et al., 1985).
It is intriguing that the healthy twins in two pairs of monozygotic twins discordant
for MG had autoantibodies that were similar in concentration and subtype to those
of their myasthenic sisters. IgG preparations from both the healthy and the myas-
thenic twins were equally effective in inducing experimental myasthenia in mice. The
autoantigen-specific T cell reactivity was, however, greater in the myasthenia twins
than in their healthy sisters (Kakoulidou et al., 2004). Another challenging observa-
tion was that treatment of patients with anti-CD4" antibodies resulted in long-lasting
remission and abolished T cell autoreactivity, without decreasing autoantibody con-
centration (Ahlberg et al., 1994). Such findings clearly challenge the concept of a
simple cause-and-effect relationship between autoantibodies and disease.
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Recent reports suggest that inflammatory mechanisms may play a more direct
role in the development of the disease. First, transgenic mice that express IFN-y at
the neuromuscular junction develop a myasthenia-like disease (Danling et al.,
1995). IL-1o and IL-1 are present together with postsynaptic components in inner-
vated mature muscle fibers (Askanas et al., 1998). Second, there is an inflammatory
reaction at the end plate and mononuclear cell infiltration in the skeletal muscles of
some patients, especially those with thymomas (Maselli ef al., 1991). In all, these
findings suggest that mechanisms other than the autoantibodies and especially
T cells and proinflammatory reactions might be of importance in MG.

The concordance rate for MG in identical twins is around 30%, suggesting
that part of the pathogenesis of MG is determined by genetic factors. However,
the reported positive associations with HLA class I and II are weak, with average
odds ratios (ORs) of about 2:3. This suggests the contribution of other genetic
factors and to elucidate this, several candidate genes have been examined
(Garchon, 2003). The congenital myasthenic syndromes are clearly associated to
mutations/variations in the genes for the acetylcholine receptor subunits on chro-
mosome 2, and variations in the a-subunit gene is associated also with acquired
autoimmune MG (Djabiri et al., 1997). IgCH Gm allotype genes located in the
variable region of the Ig heavy-chain loci have been suggested to confer suscep-
tibility for MG (Smith et al., 1984). There are a few studies of the genes of the
T cell receptor (TCR) chains, showing overexpression of selected TCR V[ gene
families (Mantegazza et al., 1990; Gigliotti et al., 1996) and association to TCR
Vo and Ca alleles (Oksenberg ef al., 1989). The functional implications of the
polymorphisms reported in these limited studies and their importance for the dis-
ease manifestations are unclear.

Our own studies concern the polymorphisms of the genes coding for proin-
flammatory and anti-inflammatory cytokines, costimulatory T cell factors and the
[2-adrenergic receptor, and their functional effects on immune activation in MG.
The reason for studying these candidate genes was to delineate additional mecha-
nisms, beside the role of autoantibodies against the acetylcholine receptor, that con-
tribute to disease manifestations. Proinflammatory and anti-inflammatory cytokines,
such as IL-1, TNF, IL-4, IL-6, and IL-10, influence T cell and/or B cell activation.
The T cell costimulatory factors CD28 and CTLA-4, together with their ligands
CD80 and CD86, balance the activation of T cells and thus the immune reaction. The
[2-adrenergic receptor represents a link between the sympathetic nervous system
and the immune system. Since 32 receptors are present on cells of the immune sys-
tem as well as on skeletal muscle cells, and regulate many of their functions, there is
a possibility that these immune reactions might act to modulate the disease.

2. Proinflammatory and Anti-inflammatory Cytokines in MG

2.1. Association of MG to the High Secretory Alleles of TNF-a

TNF-@, the HLA-A1, B8, DR3, 8.1 ancestral haplotype contains the genes
for TNF (including TNF-o and lymphotoxin o and B) that are tandemly arranged
in the central region of the HLA class III region. This location and the potent
proinflammatory and immunomodulatory functions of TNF-o have prompted
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speculations about its implication in the etiology of MHC-associated diseases.
TNF-a is a true pleiotropic cytokine. Transgenesis indicates the biosynthesis of
TNF-a in the thymus of normal mice, suggesting its role in the development/reg-
ulation of the immune response (Emilie ef al., 1991). The TNF-¢-308 A2 allele
is a high secretory variant.

Our study of the Swedish Caucasian MG population showed that the fre-
quency of TNF-a-308 A2/A2 genotype was increased (OR = 5.65) while the
frequency of genotype A1/A1 was decreased (OR = 0.31) in patients compared to
that of healthy individuals (Huang ef al., 1999b). This association was determined
by studying female patients with an early disease onset and thymic hyperplasia.
The frequency of the TNF-a A2 allele in patients with thymic hyperplasia was
increased as compared to patients with thymomas and healthy individuals. The
association of TNF-o0 A2 and MG was stronger in patients with early onset than
in those with late onset of the disease. It also was stronger in female than in male
patients. There was no difference among patients with different levels of serum
autoantibodies.

Since TNF-0-308 A2 is strongly linked with HLA-A1, B8, the similarity of
the association of TNF-0-308 A2 with MG to that of HLA-B8 was investigated.
The results suggest that associations of HLA-B8 and TNF-o-308 A2 are stronger
than HLA-DR3 in MG. MG may be primarily associated to TNF-o, rather than to
HLA-class I or II.

2.2. Functional Implications of the Association with the TNF-a-308
A2 Allele

TNF-o is necessary for the development of experimental autoimmune
MG. Deficiency of the lymphotoxin gene, closely linked to the TNF-o. gene,
completely abolished experimental autoimmune MG in mice (Goluszko ef al.,
2001). Antibodies to TNF-o. are now currently used for the treatment of
rheumatoid arthritis. We have recently used this method to treat a severely
ill patient with MG, who did not tolerate immunosuppressive agents. This
patient showed a moderate clinical response and a rather pronounced decrease
of the concentration of autoantibodies (Kakoulidou M, Bjelak S. Giscombe R,
Pirskanen R, Lefvert AK, manuscript in preparation).

2.3. Association of MG to the high secretory Allele of IL-18

IL-1 ﬁ IL-1P is an important proinflammatory cytokine. The IL-1 receptor
antagonist (IL-1Ra) is a high-affinity antagonist that controls the activity exerted
by IL-1 and the balance between IL-1 and IL-1Ra is important in both normal and
disease states. /L-1 and IL-1Ra genes have been mapped to the long arm of chro-
mosome 2.

A biallelic polymorphism within the /L-1 gene, a Taql restriction fragment
length polymorphism (RFLP) in exon 5, influences the production of IL-1J
protein. The 13.4-kb allele, usually referred to as A2, is a “high secretory” allele.
A penta-allelic polymorphism in the /L-/Ra gene intron 2 is caused by variable
numbers of an 86-bp tandem repeat (VNTR). Individuals with different copy
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numbers of this repeat sequence have corresponding numbers of protein-binding
sites. Allele 2 of /L-1Ra is associated with autoimmune diseases such as multiple
sclerosis, inflammatory bowel disease, and systemic lupus erythematosus and
might be related to enhanced production of IL-1Ra (Dinarello, 2002).

Our study of a Swedish Caucasian MG population demonstrated an
increased frequency of the genotype IL-13A42/42 (OR = 4.63, p = 0.01) and the
allele A2 and a concomitant decrease of allele A1 (Huang ef al., 1998b).

Interesting results emerged when carriage of IL-13 A2 was studied in rela-
tion to that of HLA-BS8. The percentage of IL-13 A2 carriage in patients not car-
rying HLA-B8 was significantly higher than that in healthy individuals (OR =
2.8, p = 0.008). The frequency of genotype A2/A2 was even higher in HLA-BS-
negative MG patients (OR = 5.3, p = 0.03), while that of A1/A1 was lower (OR
=0.36, p = 0.008).

The IL-1B A2 carriage was then studied in relation to /L-1Ra allele 2. MG
patients who were noncarriers of /L-1Ra A2 carried more frequently /L-1f allele 2
than healthy individuals (OR = 3.09, p = 0.003). Thus, the risk for development
of MG was associated to /L-13A42. For those homozygous for A2/A2, the risk was
even higher, indicating an allele dosage effect on the initiation and development
of MG. IL-13 Tagl RFLP on chromosome 2 provides a new genetic marker for
MG patients. A recent study confirmed an association of MG to /L-1 ¢ variants in
Italian patients (Sciacca et al., 2002).

2.4. Functional Implications of the Association with the IL-13 Taql
RFLP A2 Allele

IL-1B~" mice do not develop experimental MG and our animal experiments
support the important role of IL-1fB. Mice lacking IL-1B have a much-reduced
incidence and disease severity of experimental MG induced by the acetylcholine
receptor. None of 16 IL-137~ mice died from disease, as compared to 4/17 of the
wild-type mice. The number of mice with muscle weakness was 3/13 (23%),
compared to 11/17 (65%) of the wild-type mice. In the knockout mice, both the
T and the B cell responses to the acetylcholine receptor used for immunization
were greatly reduced. (Huang et al., 2001). Finally, since a peptide with blocking
effect on the IL-1 receptor I is now used for therapy of rheumatoid arthritis, this
approach might be applied to human MG.

IL-1o and IL-1PB are present together with postsynaptic components in
innervated mature muscle fibers (Askanas et al., 1998). Cytokines such as [FN-y
and IL-2 directly influence the neuromuscular transmission, and patients with
MG have mononuclear cell infiltration of skeletal muscle and of the neuromus-
cular junction (Maselli et al., 1991). A MG-like syndrome occurs in transgenic
mice expressing IFN-y in the neuromuscular junction (Gu et al., 1995). Taken
together, we speculate that subtype(s) of MG associated with gene(s) located in
the IL-1 gene family might exhibit pathological mechanisms different from those
active in subtype(s) associated with MHC genes. In IL-1 associated subtype(s) of
MG, IL-1 might affect the neuromuscular junction directly. Alternatively, IL-1
has multiple biologic effects and can augment both cellular and humoral immuno-
logical responses, resulting in autoantibody production in MG patients.
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2.5. Lack of Associations of MG to Genetic Variants of IL-4 and IL-6

Interleukin-4 (IL-4) is an important cofactor in the maturation of B cells. The
human /L-4 gene on chromosome 5 contains a dinucleotide repeat microsatellite
(4R1) in the second intron and a variable number of tandem repeat (VNTR) poly-
morphisms located in the third intron of the /L-4 gene. IL-6 has also been impli-
cated as a B cell stimulatory factor. The gene contains a biallelic polymorphism at
—174 in the promoter region and a polymorphism in the 3’ flanking AT-rich region.
In the Swedish MG population there was no difference in these polymorphic sites
between patients and healthy individuals (Huang ef al., 1999a,d).

2.6. IL-10 Is Associated to MG with High Autoantibody Levels

Interleukin-10 (IL-10) displays a broad spectrum of biological activities
including immunosuppressive, anti-inflammatory, and B cell-stimulating proper-
ties (Lalani et al., 1997). IL-10 downregulates the expression of MHC class II
molecules and costimulatory factors such as intercellular adhesion molecules and
CD80 and CD86. IL-10 exerts its anti-inflammatory function by inhibiting the
synthesis of the proinflammatory cytokines TNF-o, IL-1o and IL-1p.

The IL-10 gene (/L10) is situated on chromosome 1. There are several poly-
morphisms within the /L10. At position —1082 a biallelic polymorphism is associ-
ated with IL-10 production by stimulated peripheral blood mononuclear cells
(PBMCs). The presence of the G allele correlates with higher IL-10 secretion (Turner
et al., 1997). There are two CA repeats located in the promoter region of /L10.

The biallelic polymorphism and the two CA repeat microsatellites located in
the promoter region of the /210 gene were analyzed in Swedish MG patients (Huang
et al., 1999c¢). The prevalence of a “high secretor” phenotype of IL-10 (IL10-1082
G/G) was higher in healthy individuals carrying the IL-1[ Tagl polymorphism allele
2 (“high secretor” phenotype) than in healthy individuals lacking this allele. This bal-
ance between proinflammatory (/L-1f) and anti-inflammatory cytokine (/L10)
genes was not present in MG patients. This emphasizes that the balances between IL-
1 and IL-10 are important, and that genetic variations influencing these balances may
deregulate the inflammatory reactions, thus providing the initiative event at the neu-
romuscular junction for triggering an autoantibody response.

The 12 alleles of /IL10.G found in our populations were named after the
length of PCR products. The frequency of allele 134 was increased in patients,
mainly in those with the highest levels of serum autoantibodies (Huang et al.,
1999¢). The same association is seen in patients with SLE and with Wegener’s
granulomatosis, indicating that this particular variant facilitates autoantibody
production (Zhou et al., 2002). The mechanism involved is not clear, but might,
at least in part, depend on increased IL-10 secretion (Zheng et al., 2001).

3. The P2-Adrenergic Receptor in MG

B2-adrenergic receptor (2-AR) is a G protein—coupled receptor present
on PBMCs, striated muscle cells, and cardiomyocytes. It represents a link
between the immune and the sympathetic nervous systems. Patients with MG
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have autoantibodies against both B1- and B2-AR (Xu et al., 1998). The density
of B2-AR on peripheral muscle mononuclear cells is decreased. This decrease
may be caused by autoantibodies against the P2-AR that have an agonist action
and downregulate the expression of the receptor (Xu et al., 1997). Activation of
the B2-AR by agonists suppresses IL-2 receptor expression, inhibits Thl lym-
phocyte proliferation, and downregulates the production of Thl cytokines
(Feldman et al., 1987).

The gene encoding B2-AR is present on chromosome 5 at q31-32. Three
single-nucleotide polymorphisms (SNPs) at amino acid positions 16, 27, and 164
are related to receptor functions. In addition, SNPs at the promoter region at posi-
tions —20, —47, —367, and —468 affect the expression of the receptor.

We found an increased prevalence of homozygosity for Argl6 in patients with
generalized MG (Xu et al., 2000). This association was present in patients with early
and late disease onset, and in patients with generalized disease, but not in patients
with only ocular symptoms. It is of special interest that the two groups of patients
with early and late onset had similar associations, but different MHC haplotypes
(Hjelmstrom ef al., 1995), suggesting that the SNP at amino acid position 16 consti-
tutes an additional predisposition genetic factor. The frequencies of polymorphisms
at amino acid positions 27 and 164 were similar in patients and healthy individuals.
When analyzing subgroups of patients, homozygosity for Glu27 was negatively
associated with the presence of antibodies against the f2-adrenergic receptor and to
disease severity. One explanation might be that, in contrast to those carrying GIn27,
individuals homozygous for Glu27 do not express the receptor in a fully mature
form. The Glu27 receptor might be less immunogenic (Green ef al., 1994).

The distribution of four SNPs in the promoter of the f2-AR gene at posi-
tions —20, —47, =367, and —468 was not directly associated with MG. After strat-
ification, certain B2-adrenergic receptor SNPs were associated with thymomas.
Four point mutations, —20C, —47C, -367C, —468G, significantly decrease
reporter gene expression compared with —20T, —47T, —367T, and —468C, respec-
tively (Scott ef al., 1999). The frequencies of the alleles —20T, —47T, —367T, and
—468C in patients with thymomas were increased (Zhao X, Gharizadeh B, Wang
XB, Ghaderi M, Pirskanen R, Nyren P, Garcon HJ, Lefvert AK, manuscript in
preparation). In contrast, there was no difference between patients with other
thymic histopathological changes when compared to healthy individuals. The
functional effects of Argl6 as well as the —20T, —47T, —367T, and —468C muta-
tions remain obscure. The latter genotype is associated to a higher rate of tran-
scription and should thus lead to adequate expression of CTLA-4.

4. The T Cell Receptor Cofactor CTLA-4 in MG

4.1. Association to MG with Thymoma and Increased Activation
of the Immune System

CTLA-4 is an essential component of the immune system present on T cells,
B cells, monocytes, and many other cells. It serves as a negative regulator for
T cell activation. Animals deficient for the gene coding for CTLA-4 (Ctla-4) show
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amassive T cell lymphoproliferative disorder with increased numbers of activated
T cells and elevated basal levels of serum immunoglobulins, resulting in autoim-
mune-like tissue destruction (Waterhouse et al., 1995). Defect in expression/func-
tion of CTLA-4 should thus result in an abnormal T cell activation and an
exaggerated inflammatory/immune response. Ctla-4 variants that are associated
to decreased expression/function have been described in many autoimmune dis-
orders, including MG (Huang ef al., 1998a; Kristiansen ef al., 2000). The gene is
located on human chromosome 2q33. Genetic variants of Ctla-4 includes an
(AT)n microsatellite within the 3" untranslated region of exon 3 (3’UTR) at posi-
tion +642, SNPs in the promoter region at position —318(C/T), position —
1772(C/T) and position —1661(A/G), and a SNP(A/G) in the coding sequence 1
(CDS1) at position +49. These variants are in linkage disequilibrium and will be
discussed together below.

Analysis of the length of the (AT)n microsatellite in the 3’"UTR revealed the
existence of a total of 16 alleles, with sizes ranging from 86 to 128 bp. (Huang
et al., 1998a). There was no difference in the allelic distribution between healthy
individuals and MG patients. The most common genotypes were 86/86 bp, fol-
lowed by 104/104 bp, present in 56.1% and 14.6% of patients, respectively. When
MG patients were subgrouped according to thymic histopathology, the frequency
of the shortest allele, 86 bp, was decreased in patients with thymomas compared
to those with hyperplasia and normal thymic histopathology (OR = 0.27, p < 0.05).
The SNP at position +49 (A/G) in CDS1 showed aberrant distribution of the
G allele in patients with thymomas. The G allele and the GG genotype were
associated with thymomas when compared to patients with normal and hyperplas-
tic thymic histopathology (OR = 3.52, p <0.01 and OR = 8.44, p < 0.01, respec-
tively). The distribution of the C/T promoter —318 variant was the same in patients
and healthy individuals (Wang et al., 2002a). The frequency of the TC-1772 geno-
type was higher in MG patients with thymomas and the frequencies of the G-1661
allele and the GG-1661 genotype were lower in patients. There were linkage dise-
quilibria between each SNP at position —1772, —1661, and —318 in the promoter,
and at position +49 in Crla-4 (Wang XB, Mao H, Kakoulidou M, Pirskanen R,
Giscombe R, Lefvert AK, manuscript in preparation).

4.2. Functional Correlates to the Genetic Variants of Ctla-4

The (AT)n repeats in cytokine genes are generally related to mRNA stabil-
ity, i.e. the longer alleles are unstable and, hence, the expression of Ctla-4 protein
is reduced. Our investigation showed an association to the length of the (AT)n
with both spontaneous and antigen-induced T cell activation (Huang et al., 2000),
as measured by assessing telomerase activity, serum sIL-2Ra, and thymidine
incorporation. There was a positive correlation between the length of the (AT)n
and the CD28-mediated T cell activation. A follow-up study showed a decreased
mRNA stability of the longer (AT)n as a probable cause of T cell activation, and
it was evident that patients with MG had an aberrant expression of CTLA-4, lead-
ing to decreased expression on T cells and poor upregulation of the protein upon
stimulation (Wang et al., 2002b). Sera from patients also contained high levels of
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soluble CTLA-4 (sCTLA-4). This soluble form is produced by alternative splic-
ing and is a functional molecule with ligand-binding activities (Oaks et al., 2000),
but little is known concerning its significance and function in autoimmune dis-
eases. In MG, the concentration of SCTLA-4 was generally higher than in healthy
individuals. This was especially pronounced in patients with thymomas (Wang
et al., 2002b). Our preliminary investigations show that in the absence of inflam-
matory reaction, SCTLA-4 as well as other soluble T cell costimulatory molecules
and their ligands are sensitive markers for immune activation.

4.3. The C/T SNP at -318

A SNP at 318 in the Ctla-4 promoter region is associated with certain
autoimmune diseases, but not with MG or MG subgroups. Since the —318 SNP
occurs in a potential regulatory region, it is conceivable that the C/T transition
may affect the expression of Ctla-4. We could indeed show that the —318 T allele
is associated with a higher promoter activity than the —318 C allele (Wang et al.,
2002c).

4.4. The A/G SNP in CDS1

There were no differences in the +49 A/G SNP in CDS1 between patients
and healthy individuals. The frequencies of allele G and genotype G/G were
increased in patients with thymoma when compared to patients with normal and
hyperplastic thymic histopathology. Patients with the G/G genotype also had
signs of immune activation manifested as higher levels of serum IL-1f and higher
percentage of CD28" T lymphocytes. There was a strong linkage between the
86-bp allele in the 3’-UTR and the +49 allele in CDS1. Our results suggest that
the SNP at position +49 in CDS1 might be associated with MG manifestations.
It is of interest that carriage of the G allele reduces the inhibitory function of
CTLA-4 and, thus, contributes to the pathogenesis of Graves’ disease (Kouki
et al., 2000).

4.5. Promoter SNPs -1772 (C/T) and —1661 (A/G)

Two SNPs in the promoter region of the Ctla-4 gene at positions —1772
(C/T) and —1661 (A/G) were analyzed in patients with MG. The frequency of the
CT-1772 genotype was higher in MG patients, especially in those with thymomas,
compared to healthy individuals. The frequencies of the G-1661 allele and the
GG-1661 genotype were lower in patients. There were linkage disequilibria
between each SNP at position —1772, —1661, and —318 in the promoter, and at
position +49 in CDS1. These two SNPs changed the transcription factor—binding
site sequences. The T — C-1772 mutation deleted the NF-1-binding site while the
A — G-1661 mutation created a ¢/EBPB-binding site. Thus, these two SNPs in
the promoter of Ctla-4 result in inefficient transcription and may constitute a dis-
ease susceptibility factor (Wang XB, Mao H, Kakoulidou M, Pirskanen R,
Giscombe R, Lefvert AK, manuscript in preparation).
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4.6. CTLA-4 and Thymomas

Patients with thymomas constitute a distinct clinical entity in which the dis-
ease usually is severe, starts in middle age, and is as common in men as in
women. Associations of MHC genes are different from those in patients with
hyperplasia or normal thymic histology (Carlsson et al., 1990; Spurkland et al.,
1991). The patients frequently have autoantibodies against muscle proteins and
mononuclear cell infiltrations in the skeletal muscles. In this regard, it is of note
that mice deficient for CTLA-4 have a massive lymphocyte infiltration in skele-
tal muscles. CD28 and CTLA-4 and their ligands are expressed in the thymus and
may have a role in the induction of T cell tolerance (Degermann et al., 1994). The
deficient mice exhibit abnormal composition of thymocytes, consisting of higher
percentages of single positive T cells and lower percentages of double positive
CD4*'CD8" T cells. Insufficient expression of CTLA-4 in the thymus due to
certain genetic variants may decrease the avidity in the interactions between
immature thymocytes and antigen-presenting cells, resulting in maturation of
self-reactive T cells (Cibotti ez al., 1997). Higher percentages of longer alleles
of Ctla-4 in persons who develop MG and thymoma could affect thymic selec-
tion, thus triggering an autoimmune response. For example, abnormal thymic
selection exists in the thymus from MG patients (Truffault et al., 1997). This
association between Ctla-4 and MG with thymoma further confirms the hypoth-
esis that the pathogenesis of MG in patients with thymoma appears to be different
from that in other subgroups.

4.7. Ctla-4 (AT)n Is Associated to ADCC

A possible additional mechanism for the pathogenic action of acetylcholine
receptor antibodies might be antibody-dependent cell-mediated cytotoxicity
(ADCC). Using a cell line expressing nicotinic acetylcholine receptor as target
cells, we could demonstrate increased ADCC mediated by sera from MG patients
(Xu et al., 1999). Sera from MG patients with thymomas induced a higher cyto-
toxic effect than those from other patients. Sera from thymoma patients who had
extended (AT)n repeats in the Ctla-4 gene mediated especially high cytotoxicity.
ADCC mediated by acetylcholine receptor antibodies may thus be another possi-
ble pathogenic mechanism that could operate in MG patients, especially in those
with thymomas.

5. Conclusions

MG is considered a prototype of autoantibody-mediated autoimmune dis-
ease. There are, however, several indications that this disorder also is influenced
by other immune mechanisms. We have thus analyzed the contribution of proin-
flammatory and anti-inflammatory cytokines, the f2-adrenergic receptor, and the
T cell costimulatory molecule CTLA-4, and have described genetic variants with
possible functional implications for MG. One important result of this study is that
MG can be divided into subgroups, according to the genetic associations. The
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functional implications of these associations are different, suggesting that the
development/perpetuation of MG can be achieved by quite different immune
mechanisms.

One subgroup includes patients with the high secretory allele A2 of TNF-
0-308, which usually also carry HLA-B8, DR3. Our studies suggest that the asso-
ciation to TNF-o is indeed of primary importance, as supported by the resistance
of mice lacking TNF-a to experimental MG. Recently, blockade of TNF-o has
been shown to have beneficial effects on human MG. Another subgroup includes
patients carrying the high secretory IL-13Taql RFLP A2 allele. Half of them were
also carriers of allele A2 of TNF-0-308, showing that these subgroups overlap.
Deficiency of IL-1[3 renders mice resistant to experimental MG. The therapeutic
potential of IL-1 receptor—blocking agents has not yet been explored. Patients
with thymomas clearly constitute a complete separate entity. They have no HLA-
association, but rather strong associations to several variants of the Ctla-4, includ-
ing the increased length of (AT)n in the 3’UTR, the G allele in CDS1 at position
+49 and the C allele at —1772 in the promoter region. The common effect of all
these variants is a reduced expression of CTLA-4 and, thus, a disturbed balance
between activation and suppression of the T cell response. This is quite consistent
with the clinical picture of severe disease and high autoantibody levels in thy-
moma patients, who also have associations to the f2-adrenergic receptor gene
polymorphisms with unknown functional correlates. The associations to the vari-
ants of the IL10 gene are more difficult to interpret, since the functional corre-
lates are largely unknown. An important result might be that MG patients lack
the naturally occurring balance between the high secretory variants of IL-1f3 and
IL-10, which are present in healthy individuals but not in MG patients. This sug-
gests that the balance between proinflammatory and anti-inflammatory cytokines
is important and that genetic variants that influence these components may perturb
the balance. To summarize, our findings support the notion that MG is a polygenic
disease, with subgroups of patients having quite different genetic backgrounds.
In future, this might lead to better design of treatments, aimed at influencing the
activity and/or expression of certain cytokines, T cell costimulatory factors or
the f2-adrenergic system.
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Rheumatic Heart Disease: Molecular
Basis of Autoimmune Reactions
Leading to Valvular Lesions

Luiza Guilherme, Kellen C. Faé, and Jorge Kalil

1. Introduction

Rheumatic fever (RF) occurs as a delayed sequel of throat infection by
Streptococcus pyogenes, affecting 3—4% of untreated children. The clinical signs
and symptoms of RF are the same throughout the world. In the 1950s Jones estab-
lished the major criteria for diagnosing initial attacks of RF, which comprised pol-
yarthritis, carditis, and chorea. These criteria remain useful to date, despite small
periodic changes. Arthritis is one of the earliest and most common features of the
disease, present in 60-80% of patients. It usually affects the peripheral large
joints; small joints and the axial skeleton are rarely involved. Knees, ankles,
elbows, and wrists are most frequently affected. The arthritis is usually migratory
and very painful. Carditis, the most serious manifestation of the disease, occurs
4-8 weeks (or later) after throat group A streptococcal (GAS) infection in
30-45% of individuals with RF, and usually presents as a pancarditis.
Endocarditis is the most serious sequela and frequently leads to rheumatic heart
disease (RHD). Valvular lesions and mitral and aortic regurgitation are the most
common events caused by valvulitis leading to chronic RHD that still remains a
major public health problem in developing countries.

Sydenham’s chorea is characterized by involuntary movements, specially of
the face and limbs, muscular weakness, and disturbances of speech, gait, and vol-
untary movements. Children usually exhibit concomitant psychological dysfunc-
tion, specially obsessive—compulsive disorder, increased emotional lability,
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hyperactivity, irritability, and age-regressed behavior. It is usually a delayed man-
ifestation, and is often the sole manifestation of acute rheumatic fever (ARF).
Other manifestations such as subcutaneous nodules and erythema marginatum
can also occur during RF episodes and are characterized by nodules on the sur-
face of joints and skin lesions, respectively.

In this chapter we first describe the etiopathogenic agent and then discuss
the susceptibility genetic markers involved in the development of RF/RHD. The
molecular basis of autoimmunity in RE/RHD is assessed by studies of molecu-
lar mimicry between streptococcal antigens and human tissue proteins mediated
by B and T cell responses of human peripheral blood and T cell clones infil-
trating heart lesions from RHD patients as well as in animal models. T cell
receptor (TCR) analysis and cytokine production by mononuclear cells from
peripheral blood and heart-infiltrating cells from RF/RHD patients are also
presented.

2. The Etiopathogenic Agent: Streptococcus pyogenes

Studies conducted by Rebecca Lancefield (1941) classified streptococci
groups by serology based on their cell wall polysaccharides (groups A, B, C, F,
and G). Streptococcus pyogenes belongs to group A streptococci. Its cell wall is
composed of N-acetyl B D-glucosamine linked to a polymeric rhamnose back-
bone. Group A streptococci contain M, T, and R surface proteins and lipoteichoic
acid (LTA), involved in bacterial adherence to throat epithelial cells. The M pro-
tein, which extends from the cell wall, is composed of two polypeptide chains
with approximately 450 amino acid residues, in an alpha-helical coiled-coil con-
figuration. The amino-terminal portion is composed of two regions named A and
B that contain repetitive amino acid residues (Figure 9.1). Antigenic variations on
the 11 first amino acid residues located on the A repeat region define the 120 dif-
ferent serotypes identified to date. Some of them have been consistently found to
be more frequently associated with RF, whereas others are more often associated
with acute glomerulonephritis. The N-terminal B region has high homology
between the serotypes described. The C-terminal half is conserved, and contains
multiple repeat regions (Fishetti, 1991).

3. Genetic Susceptibility

RF and RHD are genetically controlled with universal frequencies of
3—4% of untreated children that present a throat infection by group A strepto-
cocci. Several genetic markers were studied but only associations with HLA
class II antigens were consistently found. HLA class II genes are located in
human chromosome 6, and are often associated with susceptibility to autoim-
mune diseases. Association with different HLA class II antigens and RF/RHD
has been found in several populations. Figure 9.2 showed the distribution of the
HLA alleles associated with the disease in different countries. The differences
in the populations studied are probably due to the ability of the HLA class II
molecules to present strain-specific streptococcal epitopes present in the more
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Figure 9.1. Representation of the major cell wall components of Streptococcus pyogenes. The struc-
ture of S. pyogenes, a Gram-positive bacterium, is formed by an outer hyaluronic acid capsule and the
cell wall composed of N-acetyl B D-glucosamine linked to a polymeric rhamnose backbone. The
external part of the cell wall contains surface adhesion proteins, such as M, T, and R proteins. Only
M protein is shown here. This protein has a fibrillar a-helical coil-coiled structure with approximately
450 amino acids residues that are distributed in four repeat regions A and B in the N-terminal portion,
and C and D in the C-terminal portion. The N-terminal region is polymorphic and the 11 first amino
acids residues define the different serotypes of the bacteria. The A and B repeats share structural
homologies with alpha-helical coiled-coil human proteins. The C-terminal region is conserved
between the serotypes.

than 100 known streptococcal serotypes, some of which have peculiar geo-
graphic distribution.

Among the HLA class II alleles found, HLA-DR7 was the allele most con-
sistently associated with the disease (Guilherme et al., 1991; Ozkan et al., 1993;
Weidebach et al., 1994; Guédez et al., 1999; Visentainer et al., 2000; Stanevicha
et al., 2003). The association of DR7 with DQB1°0302 and DQB*0401-2 alleles
seems to be associated with the development of multiple valvular lesions (MVLs)
and mitral valve regurgitation (MVR) respectively, in RHD patients from Latvia
(Stanevicha et al., 2003). The association of DR7 with different DQ-A alleles
(DQA*0102 and DQA"0401) are also associated with MVR in RHD patients from
Egypt (Guédez et al., 1999) (Figure 9.1).

HLA-DRS53, another HLA class II molecule, is in linkage disequilibrium
with HLA-DR4, -DR7, and -DR9. In two studies the HLA-DR7 and -DR53 alle-
les were found to be in strong association with RF/RHD among mulatto Brazilian
patients (Guilherme et al., 1991; Weidebach et al., 1994). HLA-DR4 and -DR9
were found to be associated with RF in American Caucasians, Arabian patients,
and in Indians from Kashmir (Ayoub, 1984; Rajapakse et al., 1987; Bhat et al.,
1997). Other class II antigens as DR1, DR2, DR3, and DR6 were also found to
be associated with RF/RHD in other populations (Figure 9.2) (Anastasiou-Nana
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Figure 9.2. Distribution of HLA class II molecules associated with the development of RF/RHD in
different populations. Several class II alleles were found in the populations studied and are indicated.
HLADR?7 was the most consistently allele associated with the disease (bold), and when associated
with some DQB1 or DQAL alleles, seems to be involved in the development of multiple valvular
lesions (MVLs) or mitral valve regurgitation (MVR) in rheumatic heart disease (RHD) patients.

et al., 1986; Jhinghan et al., 1986; Monplaisir ef al., 1986; Maharaj ef al., 1987,
Taneja ef al., 1989; Reddy et al., 1990).

In Japanese RHD patients, susceptibility to the disease seems to be in part
controlled by the HLA-DQA gene or by genes in linkage disequilibrium with
HLA-DQA"0104, DQB1°05031 (Koyanagi et al., 1996). The alleles HLA-
DQA0501 and DQB*0301 in linkage disequilibrium with DRB1°1601 (DR2)
were associated with RHD in a Mexican Mestizo population (Hernandez-Pacheco
et al., 2003).

As mentioned above, the different HLA molecules associated with the dis-
ease are probably involved in the antigen presentation of streptococcal peptides
as well as autoantigens to the T lymphocytes by molecular mimicry mechanism.

In addition, the description of genetic polymorphism in cytokines and other
molecules directly involved in the control of immune responses will certainly further
improve our current knowledge of the genes involved in RF/RHD susceptibility.

4. Molecular Mimicry and RF/RHD

RF/RHD is the most convincing example of molecular mimicry in human
pathological autoimmunity, in light of the cross-reactions between streptococcal
antigens and human tissue proteins. The M protein is the most important antigenic
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structure of the bacterium and shares structural homologies with alpha-helical
coiled-coil human proteins such as cardiac myosin, tropomyosin, keratin, laminin,
vimentin, and several valvular proteins. RF is mediated by both humoral and cel-
lular immune responses. However, it is important to note that the data described
in the last 20 years by us and others allow us to define RHD as a T cell-mediated
disease.

4.1. The Humoral Immune Response

The presence of heart-reactive antibodies was known for more than 50
years. Several studies analyzed sera from both animals immunized with strepto-
coccal antigens and RF/RHD patients and demonstrate the presence of cross-
reactive antibodies to streptococcal antigens (membrane, cell wall, M protein, and
soluble proteins) and human proteins. Monoclonal antibodies produced against
streptococcal antigens confirmed these results. Among the human proteins, car-
diac myosin is the most studied and seems to be the major cross-reactive antigen
(reviewed by Cunningham, 2000).

4.2. The Cellular Immune Response

Focus on the cellular branch of immune response began in the early 1970s.
In light of the important role played by T cells in RF, a number of studies have
been performed using tonsils and human peripheral blood. Increased numbers of
CD4* T cells have been observed (Bhatnagar ef al., 1987). The cytotoxic activity
of CD8* T cells from normal peripheral blood toward immortalized human heart
cells was also described (Dale ef al., 1981).

The predominance of CD4" T cells in rheumatic heart lesions was the first
evidence of T cells involvement in RHD lesions (Raizada ef al., 1983). The func-
tional role of these infiltrating T cells was first described by us. We isolated these
cells from heart lesions of severe RHD patients and established T cell clones.
These T cell clones recognized M protein peptides and heart tissue—derived pro-
teins. Our results indicated three M5 immunodominant regions (residues 1-25,
81-103, and 163-177) that cross-reacted with several heart protein fractions,
mainly those derived from valvular tissue with molecular weights of 95-150, 43—
and 30-43 kDa (Guilherme et al., 1995) (Figure 9.3). The three M5 immun-
odominant epitopes and the heart tissue proteins were also recognized by periph-
eral T cells from severe RHD patients (Guilherme et al., 2001). Through an
analysis of the T cell repertoire, these results showed the significance of molecu-
lar mimicry between beta hemolytic streptococci and heart tissue, leading to local
tissue damage in RHD.

The M protein immunodominant regions recognized by human heart—infil-
trating T cells aligned with mice myosin/M5 protein cross-reactive T cell epitopes
(NT4/5/6, B1B2, B2 epitopes) (Figure 9.3) (reviewed by Cunningham, 2000).
The M5(81-96) epitope — included in the M5(81-103), an immunodominant
region recognized by human intralesional T cells — was preferentially recognized
by peripheral cells from HLA-DR7*DR53* patients with severe RHD (Guilherme
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etal.,2001). These data suggest a role for HLA class Il molecules DR7 and DR53
in presenting the streptococcal immunodominant peptide to the TCR and show
the significance of the susceptibility of DR7* RHD patients to developing severe
RHD in Brazilian patients and probably in other populations in which this class
II molecule is also associated with disease and with the development of valvular
lesions (Figure 9.2).

4.3. Humoral and Cellular Inmune Responses Interface
in RF/RHD

The role of cross-reactive antibodies in the development of RHD was
only recently established by several studies conducted by the Cunningham
group. They showed that cross-reactive antibodies could bind to the endothe-
lial surface, leading to inflammation, cellular infiltration, and valve scarring
(reviewed by Cunningham, 2000). After binding of cross-reactive antibodies to
the valvular endothelium, the ensued upregulation of the adhesion molecule
VCAM-1 facilitates cellular infiltration (Roberts ef al., 2001). Once strepto-
coccal primed CD4* T cells infiltrate the heart, they react with heart tissue pro-
teins by molecular mimicry and with the aid of specific cytokines
a delayed-type hypersensitivity (DTH) reaction takes place and leads to heart
lesions.

4.4. T Cell Receptor Usage

TCR is a component of the trimolecular complex (MHC, antigenic peptide,
and TCR) involved in the activation of cellular immune responses. T cell activa-
tion and antigen recognition depend on T cell repertoire. There are 24 V3, 13 JB3,
31Vo, and 61 Jo known families. They vary in length and in amino acid sequence.
The analysis of these variable regions can detect antigen-driven T cell expansions
involved in autoimmune responses.

Since the M protein plays an important role in the host antistreptococcal
immune response, a putative superantigenic property was investigated by some
researchers in the 1990s. A superantigenic effect of streptococcal M5 protein
preparations (pepsin-cleaved fragment, pepM5) for normal human T cells
expressing some TCR-V[ families was found (Kotb et al., 1990; Tomai ef al.,
1990; Watanabe-Ohnishi et al., 1994). However, the superantigenic effect was in
fact due to contamination with pyrogenic exotoxins that themselves had a potent
superantigen effect (Li ef al., 1997).

To probe oligoclonal VB-chain expansions, we analyzed TCR-V usage
in the peripheral blood and heart-infiltrating T cell lines from severe RHD
patients. Our results showed the expansion of several VP families with oligo-
clonal profiles in heart-infiltrating T cell lines, favoring the absence of super-
antigenicity of M proteins in RHD patients. When we compared the profile of
T cells from the myocardium and valvular tissue we found only a few oligo-
clonal V3 expansions shared by mitral valve and left atrium—derived T cell lines
in the same individual. However, Jf segments usage and the nucleotide sequences
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of complementarity-determining regions (CDR3) suggested that different anti-
genic peptides could be predominantly recognized in the mitral valve and the
myocardium (Guilherme et al., 2000).

5. Cytokines

During throat infection by S. pyogenes, several streptococcal peptides are
generated by antigen-presenting cells (APCs). These peptides, mainly from the
M protein (Figure 9.3), are associated with HLA class Il molecules (Figure 9.2) and,
when presented to T cells, are able to trigger an inflammatory immune response.
Since cytokines are likely to be important second signals following an infection
triggering effective immune response in most individuals and probably a delete-
rious response in autoimmune disease, the cytokine production by mononuclear
cells from RF/RHD patients was studied by several groups.

The increased production of proinflammatory cytokines (TNFao, IL-1, and
IL-2) was observed in activated peripheral blood, tonsillar mononuclear cells, and
also in the plasma of RF/RHD patients (Miller et al., 1989; Morris et al., 1993;
Narin et al., 1995). During the acute phase of RHD, the production of IL-1,
TNFa, and IL-2 in heart lesions was correlated with progression of the Aschoff
nodule (Fraser et al., 1997).

Recently, we showed that intralesional mononuclear cells from heart lesions
predominantly secrete IFN-y and TNFa in both ARF and chronic RHD patients;
however, only small numbers of IL-4-secreting cells in the valvular tissue were
detected. In vitro analysis using heart tissue intralesional T cell lines stimulated
with streptococcal M5 antigens confirmed these results. So, we showed the exis-
tence of predominant Thl type cytokines produced mainly by CD4* T cells infil-
trating valve tissues, suggesting that Th1 type cytokines could mediate the severe
RHD valve lesions. The ability of myocardial infiltrating cells to produce regula-
tory cytokines such as IL-10 and IL-4 indicated that the presence of regulatory
cells may have a role in the mildness of myocardial damage in RHD. In contrast,
the small numbers of IL-4-secreting cells in the valvular tissue probably contribute
to the progression and maintenance of valvular lesions (Guilherme et al., 2004).

6. Animal Models

Different protocols to induce rheumatic lesions in animal models have been
attempted for over 60 years. M protein is the major antigen of streptococci and,
as described above, the N-terminal portion seems to be directly related to the
cross-reactions with heart tissue proteins that lead to RHD lesions by molecular
mimicry. Although several animal models of myocarditis have been described in
mice (Huber et al., 1996; reviewed by Cunningham, 2000), only recently was it
possible to reproduce the valvulitis with Aschoff bodies in the Lewis rat. In this
model the injection of M6 recombinant protein induced myocarditis and inflam-
matory valvular heart lesions. A lymph node CD4* T cell line obtained from an
immunized rat recognized M6 recombinant protein and cardiac myosin (Quinn
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et al.,2001). Beta chain cardiac myosin composed of light meromyosin fragment
(LMM) and subfragment S2 also was capable of inducing myocarditis and/or
valvulitis in the Lewis rat (Galvin ef al., 2002). In addition, the cardiac myosin S2
(amino acids 1052-1076) epitope was able to induce severe autoimmune
myocarditis associated with an upregulation of inflammatory cytokine production
in Lewis rats (Li ef al., 2004). The availability of these experimental models of
myocarditis and valvulitis induced by streptococcal antigens and cardiac myosin
will certainly contribute toward a better understanding of the pathogenesis of
RHD and could prove useful for the development of vaccines.

7. Conclusions

The knowledge of the pathogenesis of RF/RHD makes it is possible to
delineate a new picture of the disease that involves the remarkable points. First,
molecular mimicry mechanism between streptococcal antigens and human tis-
sues, mainly heart tissue, leads to rheumatic heart lesions in RHD patients.
Second, CD4* T lymphocytes are the major effectors of heart lesions. Third, sev-
eral streptococcal immunodominant peptides generate cross-recognition of sev-
eral heart tissue—derived proteins. Fourth, several HLA class II molecules are
associated with the disease worldwide, and HLA-DR7/DR53, combined with
some HLA-DQ molecules, seem to be associated with the development of MVLs
and/or MVR in RHD patients. Fifth, Thl type cytokines seem to be predominant
in heart lesions and the small numbers of mononuclear cells able to produce 1L-4
(a regulatory cytokine) may account for the more severe tissue destruction in
valves seen in RHD.
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Autoimmunity against Desmogleins
in Pemphigus Vulgaris

Christian Veldman and Michael Hertl

1. Introduction

Pemphigus vulgaris (PV) is an autoimmune disease of the skin caused by
autoantibodies (autoAbs) against desmoglein 3 (Dsg3), a component of the inter-
cellular adhesion structure of epidermal keratinocytes (Amagai et al., 1991;
Bedane et al., 1996), leading to a loss of adhesion between keratinocytes.
Several forms of pemphigus have been classified depending on the level of the
intraepidermal split formation (Lever, 1953; Huilgol and Black, 1995; Hertl,
2000). In the PV group, the blisters are located just above the basal layer whereas
in the pemphigus foliaceus (PF) group, the blisters occur within the upper layers
of the epidermis (Bedane ef al., 1996). In many PV patients, the disease is dis-
abling and often becomes devastating due to extensive blisters of skin and
mucosa. The serum levels of anti-Dsg3 Abs correlate with the severity of disease.
Current immunotherapy includes systemic administration of glucocorticoids and
immunosuppressive agents such as azathioprine, cyclophospamide, mycopheno-
late mofetil, methotrexate and immunoadsorption or plasmapheresis. These
treatments are not antigen (Ag)-specific and bear the risk of various side effects
that may lead to complications during the course of therapy. In this chapter, the
pathogenic role of autoAbs and the potential role of autoreactive T cells in
the regulation of antibody production is discussed. Emphasis is put on the epi-
tope recognition of autoaggressive T cells and the characterization of a subset of
T cells that may be critical in the maintenance/restoration of tolerance against
desmogleins. This information may be useful for the development of Ag-specific
immunotherapies of PV.

Christian Veldman and Michael Hertl + Department of Dermatology, University of Erlangen-
Niirnberg, 91052 Erlangen, Germany.

Molecular Autoimmunity: In commemoration of the 100th anniversary of the first description of
human autoimmune disease, edited by Moncef Zouali. Springer Science+Business Media, Inc.,
New York, 2005.
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2. Clinical Phenotype of Pemphigus Vulgaris

PV is a relatively rare disorder that primarily affects individuals in the 3" to 5%
decade without gender preference (Huilgol and Black, 1995; Nousari and Anhalt,
1999). Clinically, PV is characterized by flaccid blisters/erosions of the mucous mem-
branes and the skin. In the majority of patients, the oral mucosa is primarily affected
but other mucous membranes may be involved as well. Initial blisters rapidly rupture,
leading to painful chronic lesions that may affect the larynx and the pharynx in addi-
tion to the oral mucosa. Once the disease progresses, skin lesions may occur at any site
of the integument, but there is a preferential involvement of the trunk. Due to exten-
sive blistering of skin and mucosa, the prognosis of PV used to be fatal before intro-
duction of glucocorticoids as the major therapeutic strategy. The natural course of the
disease is progressive, with death occurring within a few years of onset due to sepsis.

Neonatal pemphigus may occur due to the diaplacentar transfer of anti-Dsg3
IgG4 from mothers with PV to their unborn children. After birth, the newborns
exhibit crusty erosions of the skin with the histopathological findings of PV. Once
circulating autoAbs are degraded, these skin lesions disappear after a few months.

3. Epidemiology of Pemphigus and Association with HLA
Class Il Alleles

PV is the most common form of pemphigus, but is still a rare disease, the
incidence varying from 0.1 to 0.5 per 100,000 and being higher among Jewish
patients (Ahmed et al., 1990). Several epidemiological studies in Jewish (Ahmed
et al., 1990), non-Jewish (Ahmed et al., 1991), and Japanese PV patients demon-
strated that the HLA-DRB170402 and HLA-DRB1"1401 alleles are highly preva-
lent in PV. Sinha et al. (1988) demonstrated that the DR14 susceptibility is
strongly associated with a rare DQB allele (DQR1°0503), identifying this DQ
allele as a major susceptibility factor for PV.

4. Pathogenesis of Pemphigus

The molecular basis for intraepithelial blister formation is the loss of adhe-
sion between keratinocytes, called acantholysis, which is caused by autoAbs
directed against intercellular adhesion structures of epidermal keratinocytes.
AutoAb production in PV is polyclonal and most autoAbs are of the IgG4 sub-
class in PV patients with active disease (Bhol ef al., 1995; Tremeau-Martinage
et al., 1995; Spaeth et al., 2001). Patients in remission have mainly autoAbs of
the IgG1 subtype, while healthy relatives of PV patients and healthy carriers of
PV-prevalent HLA class II alleles have low levels of IgG1 autoAbs (Brandsen
et al., 1997; Kricheli et al., 2000; Spéeth et al., 2001). Evidence for the patho-
genicity of these circulating autoAb is provided by the observation that (a) the
activity of PV correlates with autoAb titers, (b) newborns of mothers with active
PV temporarily exhibit blisters due to the diaplacentar transfer of maternal
autoAb, and (¢) pemphigus-like lesions are induced in neonatal mice by transfer
of IgG from PV patients (reviewed in Hertl, 2000) (Figure 10.1).
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Figure 10.1. Hypothetical model for the immune pathogenesis of pemphigus. AutoAbs against
demoglein 1 (Dsgl) and Dsg3 have been shown to induce loss of keratinocyte adhesion in pemphi-
gus vulgaris (PV). Ab production by B cells depends on the help of Thl cells for IgG1 and of Th2
cells for IgG4, IgA, and IgE autoAbs (solid lines). Autoreactive Thl and Th2 cells recognize epi-
topes of the extracellular portion of Dsgl and Dsg3 mainly in the context of the PV-associated HLA
class II alleles HLA-DRB170402 and DQB1°0503. Regulatory T cells suppress autoreactive Th cells
in a cytokine-dependent manner. CD8" cytotoxic T (Tcl) cells have been identified in patients with
PV; their function is unclear (dotted line). Upon binding of the autoAbs to demosomal target anti-
gens, tumor necrosis factor (TNF) and interleukin-1 (IL-1) are released from epidermal ker-
atinocytes, presumably enhancing the process of loss of desmosomal adhesion that results in blister
formation.

5. Autoantibody Reactivity against Desmogleins

PV is caused by autoAbs against the extracellular domain (ECD) of Dsg3,
a desmosomal adhesion molecule present on epidermal keratinocytes. Although
Dsg3 is the major antigen targeted by autoAb in PV, recent studies showed that
PV patients also have frequently autoAbs reacting against Dsgl and against
desmocollins, other transmembranous components of desmosomes (Emery ef al.,
1995). Recently, a novel human desmosomal cadherin, Dsg4, sharing 41% iden-
tity with Dsgl and 50% with Dsg3 was identified (Whittock and Bower, 2003).
Moreover, serum Abs from a subset of patients with PV were shown to be also
reactive with Dsg4 (Kljuic et al., 2003). Although the pathogenic relevance of
anti-Dsg4 Ab is not fully elucidated their occurrence seems to be associated with
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Abs against Dsgl in mucocutaneous PV and PF (Nishifuji et al., 2004). Two
potential new target antigens belonging to the group of cholinergic receptors were
identified. Pemphaxin is an annexin homolog that binds acetylcholine (Nguyen
et al., 2000a). The second acetylcholine receptor targeted by serum IgG from PV
patients is 9 acetylcholine receptor, which is also present on keratinocytes
(Nguyen et al., 2000b). The precise role that autoAbs against acetylcholine recep-
tors play in the pathogenesis of PV needs to be elucidated (Table 10.1).

Classical PV presents primarily with mucosal lesions and is associated with
IgG against Dsg3 (Amagai et al., 1991). In contrast, sera of PV patients with
mucocutaneous lesions contain higher levels of IgG4 than of IgG1 against Dsg3
and Dsgl, the autoantigen of PF. The epitope(s) of Dsgl recognized by PV sera
are located in the NH2-terminal region and are conformationally sensitive
(Emery et al., 1995; Kowalczyk et al., 1995). An explanation for the association
of characteristic autoAb profiles with distinct clinical variants of PV is provided
by the differential expression pattern of Dsgl and Dsg3 in cornified and non-
cornified stratified epithelia (Shimizu et al., 1995). In the skin, Dsgl is expressed
in the upper epidermal layer, i.e., the granular layer, while Dsg3 is expressed pre-
dominantly in the suprabasilar epidermal layer (Amagai et al., 1996). In non-
cornified stratified epithelia, such as the oral mucosa, Dsg3 is expressed
throughout the epidermal layer while Dsgl is poorly expressed. Dsg3 is thus a
crucial target antigen for the development of oral and, to a lesser extent, of cuta-
neous lesions in PV. In contrast, autoAb against Dsgl in PF do not cause mucosal
blisters. The concert of anti-Dsgl and -Dsg3 autoAbs leads to the formation of
both mucosal and cutaneous blisters.

The transfer of IgG from PV patients with active PV into newborn mice
causes acantholysis, while circulating IgG from PV patients in remission and
HLA-matched normals does not (Anhalt, 1982; Amagai et al., 1991). Amagai
et al. (1994) showed that the preabsorption of PV-IgG by recombinant Dsg3 pro-
tein removed all of the pathogenic autoAb, indicating that Dsg3 autoAbs are rel-
evant for blister formation in PV. The specificity of the IgG response to Dsg3 has
been extensively studied using peptides encompassing the entire ECD of Dsg3

Table 10.1. Autoantigens of Pemphigus Vulgaris

Target antigen Reference
Desmoglein 3* Amagai et al. (1991)
Desmoglein 1° Emery et al. (1995)

Kowalczyk et al. (1995)
Ding et al. (1998)

Desmoglein 4° Kljuic et al. (2003)
Nishifuji et al. (2004)

Pemphaxin® Nguyen et al. (2000a)

Acetylcholine receptor® Nguyen et al. (2000b)

2Pathogenic antigen; “potentially pathogenic antigen; °pathogenic role is unknown.



Autoimmunity against Desmogleins in Pemphigus Vulgaris 131

(Bhol et al., 1995, Sekiguchi et al., 2000). IgG affinity-purified from PV sera on
the N-terminal ECD1-2 of Dsg3 causes suprabasilar acantholysis, the typical his-
tologic finding of PV. In contrast, IgG affinity-purified on a recombinant protein
representing the ECD3-5 of Dsg3 did not induce acantholysis upon injection into
neonatal mice (Amagai et al., 1992). IgG1 and IgG4 from patients with active PV
recognize epitopes in the ECD1 and ECD2. Additional in vitro data indicate that
IgG4 directed against the ECD2, and to a lesser extent, against the ECD1 causes
acantholysis (Bhol et al., 1995) (Figure 10.2). In summary, the observations
strongly suggest that IgG4 against the ECD2 of Dsg3 is presumably the main
acantholytic Ab while IgG4 against the ECD1 may act as a facilitator or enhancer
of this process. A recent study demonstrated that PV sera also recognize intracel-
lular epitopes of Dsg3 (Ohata et al., 2001). The significance of this finding is yet
unclear.

Several studies suggest that binding of PV IgG to epidermal keratinocytes
induces a rapid and transient [Ca**] flux that may result in an altered Ab-transmitted
signaling, leading to loss of cell adhesion (Seishima et al., 1995). Acantholysis
may be induced by proteases such as plasminogen activator upon binding of
autoAbs to keratinocytes (Hashimoto et al., 1983). Recent studies suggest that
phospholipase C plays an important role in transmembrane signaling, leading to
cell—cell detachment exerted by pemphigus IgG binding to the cell surface (Esaki
et al., 1995).

A recent study by Amagai et al. (2000b) has shed additional light on the
association of anti-Dsg1/Dsg3 autoAb with the clinical phenotype. They showed
that the toxin of bullous impetigo is a protease that selectively degrades Dsgl
leading to subcorneal split formation, which is also characteristic for PE. This
finding supports the idea that anti-Dsgl are exclusively responsible for the
pathology of PF lesions.

aa25-88 aa163-403
B cell epitopes{ 2350-79 2a200-229
NH, ECD1 ECD2 ECD3 ECD4 ECD5 ICD COOH
aa78-94  aa189-205 aa342-358 aa483-499
T cell epitopes{ aa%6-112 aa205-221 aa376-392
aa250-266

Figure 10.2. T and B cell epitopes of desmoglein 3 (Dsg3), the autoantigen of pemphigus vulgaris
(PV). Shown is a diagram of the extracellular portion of Dsg3, which consists of five domains
(ECD1-ECDS5) and an intracellular domain. B cell epitopes (top) have been identified in the ECD1
and ECD2 domains (aa50—79 and aa200-229, Bhol ef al., 1995; aa25-88, Sekiguchi et al., 2001) and
in the middle region (Sekiguchi et al., 2001). Recent evidence suggests that B cell epitopes are also
located on the intracellular portion of Dsg3. T cell epitopes of Dsg3 (bottom) have been identified all
over the extracellular domain. Similar to the B cell epitopes, the major T cell epitopes are clustered
around the NH, terminus (ECD1, ECD2) of the Dsg3 ectodomain (Veldman et al., 2004a).
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6. Autoreactive T Lymphocytes in Pemphigus

Current concepts strongly suggest that autoreactive T cells play a crucial
role in the initiation and perpetuation of both Ab- and cell-mediated autoimmune
diseases. Autoreactive T cells may provide critical help for B cells to continuously
produce pathogenic autoAbs in PV. Involvement of CD4* T lymphocytes in the
pathogenesis of PV has been suggested by the aforementioned strong association
of PV with HLA-DRB1°0402 and HLA-DQB1*0503 (Sinha et al., 1988; Ahmed
et al., 1990; Hertl and Riechers, 1999). Using an ELISPOT assay, anti-Dsg3
autoAbs secreted by autoreactve B cells were detected upon in vitro stimulation
of peripheral lymphocytes from PV patients with Dsg3 (Nishifuji et al., 2000). In
contrast, activation of autoreactive B cells was virtually absent upon depletion of
the peripheral lymphocytes from CD4" T cells (Nishifuji et al., 2000). In addition,
adoptive in vivo transfer of splenocytes from Dsg3~~ mice immunized with Dsg3
into Dsg3** Rag2~~ mice led to the induction of Dsg3-specific autoAbs accom-
panied by mucosal erosions characteristic for PV. Transfer of either Dsg3-reactive
T or B cells into Dsg3** Rag2~~ mice did not lead to autoAb production and a
PV phenotype, demonstrating that the interaction of both Dsg3-reactive T and B
cells were required to induce autoAb production (Tsunoda et al., 2002).

The majority of peripheral T cell lines and clones generated from several
patients with PV expressed a CD4* memory phenotype (Hertl et al., 1998).
Peripheral CD4* T cell responses to the extracellular domain of Dsg3 were iden-
tified in PV patients by several independent investigations (Wucherpfennig et al.,
1995; Lin et al., 1997; Hertl et al., 1998). Their phenotype, cytokine profile,
immunogenetic restriction, and epitope specificity varied. Both Dsg3-reactive
Thl (Hertl et al., 1998) and Th2 (Lin et al., 1997) cells were identified that
recognized portions of the extracellular domain of Dsg3 in the context of PV-
associated HLA class II alleles. By ELISPOT assay, autoreactive Th1/Th2 cells
were detectable at similar frequencies in acute onset PV (Eming et al., 2000). To
clarify this issue, a recent study sought to quantitate peripheral Dsg3-responsive
Thl and Th2 cells in PV patients and healthy controls by the MACS cytokine
secretion assay (Veldman et al., 2003). Both Dsg3-autoreactive Th1 and Th2 cells
were isolated from patients with acute onset, chronic active, and remittent PV. The
appearance of Dsg3-reactive Th2 was constant at the different disease stages,
while Dsg3-reactive Thl cells were detected at a significantly higher frequency in
chronic active PV. A synergistic interplay of autoreactive Th1 and Th2 cells seems
to be critical for promoting IgG1 and IgG4 secretion by Dsg3-reactive B cells in
the pathogenesis of PV. This is supported by the finding that neither the frequency
of Dsg3-reactive Th2 cells in PV patients nor that of Thl cells in Dsg3-reactive
healthy donors was directly related to the titers or the presence of Dsg3-specific
IgG autoAbs, respectively. Noteworthy, the titers of serum autoAbs against Dsg3
correlated best with the ratio of autoreactive Th1/Th2 cells, suggesting that both
Th1 and Th2 cells may be critically involved in the regulation of autoAb produc-
tion. Thus, both autoreactive Th1 and Th2 cells may be involved in the regulation
of the production of pathogenic autoAbs by B cells in PV since sera of patients
with PV contain Thl-regulated IgGl and Th2-regulated IgG4, IgA, and IgE
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autoAbs directed against Dsg3 (Bhol ef al., 1995; Spaeth et al., 2001). Ongoing
in vitro coculture studies with autoreactive Th cells and B cells will hopefully
help to clarify the role that these Th subsets play in the maintenance of autoim-
munity versus tolerance against Dsg3 (Figure 10.1).

CDS8* T cells that are responsive to Dsg3 were occasionally detected in
patients with active PV (unpublished observation). They uniformly secreted IL-2
and IFN-y but not IL-4 or IL-5 upon in vitro stimulation with Dsg3. Their func-
tion has not yet been thoroughly characterized.

A recent study demonstrated that T cell recognition of Dsg3 was restricted
by the PV-associated HLA class II alleles DRB1°0402 and DQB1°0503. We
found that only antigen-presenting cells (APCs) expressing HLA-DRB170402
and HLA-DQB1*0503 were capable of presenting Dsg3 to autoreactive Th1 and
Th2 clones, and that their proliferative response was blocked by anti-DR and anti-
DQ Abs, respectively (Veldman et al., 2003). Therefore, HLA-DRB1*0402 and
HLA-DQB170503 appear to be the major HLA class II alleles involved in restric-
tion of the T cell responses against Dsg3 peptides, a finding in line with previous
studies that identified DRB1*0402 as a restriction element for the presentation of
Dsg3-derived peptides (Lin et al., 1997; Hertl et al., 1998b; Riechers et al.,
1999). Noteworthy, selected Dsg3-reactive T cell clones (TCCs) also were
restricted by non-PV-associated HLA class II alleles; however, all of these alleles
were homologous to DRB1*0402 with regard to peptide-binding motifs (Hertl
et al., 1998b; Riechers ef al., 1999) and shared a negative charge at the critical
peptide-binding site position 70 of the variable 31-chain. The importance of these
distinct peptide-binding motifs of the aforementioned HLA class II alleles is sup-
ported by the identification of Dsg3 peptides that carry a positive charge at posi-
tion 4 that may be critical for binding to the negatively charged P4 pockets of
DRB170402 (DRB70 and 71) and DQB1°0503 (DQR57) (Wucherpfennig et al.,
1995).

Of particular interest was the detection of Dsg3-reactive Thl cells in
healthy individuals (Hertl et al., 1998), specifically those who carried the
PV-associated HLA class II alleles DRB170402 and HLA-DQB1"0503 (Veldman
et al., 2003). In addition, Dsg3-reactive Thl clones derived from these Dsg3-
reactive healthy donors were indeed restricted by HLA-DRB1°0402 and
-DQB170503, respectively. This finding strongly suggests that T cell recognition
of Dsg3 in PV patients and healthy individuals depends on the presentation of
Dsg3 peptides by distinct HLA class II alleles independent from the development
of PV.

Epitopes of Dsg3 that are recognized by autoreactive CD4* T cells have
been identified utilizing long-term TCCs (reviewed in Riechers et al., 1999).
Wucherpfennig et al. (1995) proposed several candidate peptides of Dsg3 based
on their potential binding motifs with DRB1*0402. In fact, three peptides of the
extracellular domain of Dsg3 induced a proliferative in vitro response of periph-
eral lymphocytes from PV patients. Our group identified additional Dsg3 pep-
tides that were homologous to these peptides (Hertl et al., 1998; Riechers et al.,
1999; Veldman et al., 2004a). The finding that autoreactive T cells from PV
patients and normals recognize identical epitopes of Dsg3 supports the hypothesis
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that PV is the consequence of a loss of tolerance at the B cell level, rather than at
the T cell level (Veldman et al., 2004a).

7. Regulatory T Lymphocytes in Pemphigus

There is now compelling evidence that CD4* T cells, specialized in sup-
pressing immune responses, play a critical role in immune regulation. Three
major populations of T regulatory (Treg) cells have been identified based on their
distinct phenotype (CD4"CD25%) or cytokine secretion patterns (Trl and Th3
cells). While the CD4*CD25* subset mediates suppression in a non-Ag-specific
manner, the later Tr cell types may act in an Ag-specific way. Tr1 cells can be dis-
tinguished from Th3 cells because the former preferentially exert their regulatory
effects via production of IL-10 (Roncarolo et al., 2001), while Th3 cells prefer-
entially secrete the immunosuppressive cytokine TGF-P. Trl cells exist naturally
in the human mucosa and maintain intestinal homeostasis against bacterial
pathogens (Khoo ef al., 1997) and parasites (Satoguina et al., 2002) via the pro-
duction of IL-10 and TGF-p. Similarly, MHC-autoreactive Tr1-like TCCs isolated
from the peripheral blood of healthy donors suppressed antigen-specific T cell
responses by the secreting IL-10 and TGF-f (Kitani ez al., 2000).

In a recent study, we assessed whether the presence or absence of Dsg3-
specific Trl cells in Dsg3-responsive healthy donors and PV patients, respectively,
may account for the development of tolerance versus autoimmunity against Dsg3.
In fact, Dsg3-reactive IL-10-secreting Tr1 cells were identified in 80% of healthy
carriers of PV-associated HLA class II alleles and in only 17% of PV patients
whose cells suppressed the proliferative response of Dsg3-reactive Th cells. The
Dsg3-specific Trl cells secreted IL-10, TGF-, and IL-5 upon Ag stimulation,
proliferated in response to IL-2, but not to Dsg3 or mitogenic stimuli, and inhib-
ited the proliferative response of Dsg3- and TT-responsive Th clones in both
Ag-specific (Dsg3) and cell number—dependent manners. Moreover, their inhibitory
effect was blocked by Ab against IL-10, TGF-f, and by paraformaldehyde fixa-
tion. These observations strongly suggest that (a) Dsg3-responsive Trl cells pre-
dominate in healthy individuals, (b) their growth requires the presence of 1L-2,
and (c) they exert Dsg3-dependent inhibitory function by the secretion of IL-10
and TGF-f. These findings suggest that Dsg3-specific Tr may be involved in
the maintenance of peripheral tolerance to Dsg3 in healthy individuals and in the
restoration of tolerance against Dsg3 in PV patients.

There is evidence that Tr1 cells may indeed act in an Ag-specific manner. In
nickel (Ni) allergy, nonallergic subjects carry Ni-specific T cells that fulfill the cri-
teria of Tr1 cells based on their cytokine profile (higher IL-10, IL-5, IFN-y, and low
IL-4 levels) and their ability to suppress the proliferative response of Ni-activated
Thl cells (Cavani ef al., 2000) and may thus be critically involved in the downreg-
ulation of Ni-specific Th cell responses in vivo. IL-10* Tr cells also were detected
in patients allergic to bee venom upon specific immunotherapy with phospholi-
pase A, which suppressed the proliferative response of allergen-specific Th cells
(Akdis et al., 1998). Moreover, the expression of IL-10 increased during specific
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immunotherapy with phospholipase A, suggesting that the protective effect of
this regimen was directly correlated to the presence of IL-10* allergen—specific
Tr cells.

8. Passive Animal Models of Pemphigus Vulgaris

The most impressive evidence for the central role of Dsg3 in intraepidermal
adhesion was provided by Koch et al. (1997). They genetically engineered mice
with a targeted disruption of the Dsg3 gene. These mice were normal at birth, but
developed a runting phenotype later on. They presented with oral erosions/blisters,
leading to the observed weight loss due to the inhibited food uptake, and developed
cutaneous blisters only when the skin was traumatized. Noteworthy, the Dsg3~~
mice developed telogen hair loss. This finding provided strong support to the idea
that anti-Dsg3 autoAb induce mucosal, but not cutaneous lesions, in PV.

Using the Dsg3~~ mouse model, Mahoney et al. (1999) dissected the rela-
tionship between the epidermal distribution of Dsg3 and Dsgl, and the patho-
genic role of circulating autoAbs targeting these structures. The role of Dsg3 in
limiting blister formation in PF was demonstrated by injecting Dsg1-reactive IgG
into Dsg3** and Dsg3~~ mice. Upon transfer of PF IgG, Dsg3** mice developed
small cutaneous blisters, while the Dsg3~~ mice developed gross blisters on the
skin and mucous membranes strongly expressing Dsg3, but little Dsgl (Shirakata
et al., 1998). These data also account for the observation that PV patients with
anti-Dsg3 autoAbs only have exclusively oral lesions. Since blocking of both
Dsgl and Dsg3 is necessary to inhibit desmosomal adhesion in the skin, once
anti-Dsgl Ab are present, skin lesions occur (Ding et al., 1997).

9. Active Animal Model of Pemphigus Vulgaris

Amagai et al. (2000a) have taken advantage of the availability of Dsg3~~
mice to establish an active in vivo model of PV. Dsg3™~ mice immunized with
recombinant mouse Dsg3 produced anti-Dsg3 Abs. Their splenocytes were then
transferred into immunodeficient Rag™~ mice that expressed Dsg3. The recipient
mice produced anti-Dsg3 autoAbs and developed erosions of the mucous mem-
branes with typical histological findings of PV. In addition, the mice showed tel-
ogen hair loss, as seen in Dsg3”~ mice. This first active in vivo model of
pemphigus will be useful for understanding how autoimmunity develops in PV
and for evaluating therapeutic strategies aimed at specifically interfering with the
T cell-dependent autoAb production by autoreactive B cells.

10. Conclusions

Pemphigus encompasses a group of life-threatening autoimmune blistering
disorders characterized by intraepithelial blister formation. The molecular basis
for intraepithelial blister formation is the loss of adhesion between keratinocytes,
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called acantholysis, caused by autoAbs against intercellular adhesion structures
of epidermal keratinocytes. Clinically, PV is characterized by extensive bullae
and erosions of the mucous membranes and also of the skin (if anti-Dsgl
autoAbs are present). Evidence for the pathogenicity of these circulating autoAbs
is provided by several observations, including the finding that pemphigus-like
lesions are induced in neonatal mice by transfer of Dsg3-specific IgG.
Involvement of Th cells in the pathogenesis of PV has been suggested by several
epidemiological studies showing that HLA-DRB1*0402 is associated with PV in
Jewish and HLA-DQB1°0503 in non-Jewish populations. Both Dsg3-reactive
Thl and Th2 cells were identified in PV patients, and appear to recognize
epitopes of the ECD of Dsg3 in association with HLA-DRB1*0402 and HLA-
DQB170503. Noteworthy, autoreactive Th cells recognizing identical epitopes of
the Dsg3 ectodomain were also identified in healthy individuals expressing the
PV-associated HLA class II alleles. These findings suggest that PV is the conse-
quence of a loss of self-tolerance against Dsg3 at the B cell level and that active
immune regulation may be operative in Dsg3-responsive healthy individuals.
Since autoreactive Th cells specific for identical Dsg3 epitopes were detected
both in patients and in healthy donors, this tolerance loss probably is not the con-
sequence of deletion or immune deviation of autoreactive T cells. In addition,
our observations strongly suggest that immunological tolerance against Dsg3
may be mediated by Dsg3-specific type 1 Tr cells that mediate suppression by
the release of the immunosuppressive cytokines IL-10 and TGF-f. These find-
ings provide a sound explanation for the existence of B cell tolerance to Dsg3 in
healthy individuals carrying autoaggressive T cells reactive to Dsg3 epitopes
identical to those recognized by T cells from the PV patients. Thus, Dsg3-respon-
sive Tr1 cells may represent an ideal tool to therapeutically restore Dsg3-specific
immune tolerance in PV.
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The Molecular Basis of Celiac
Disease

Liesbeth Spaenij-Dekking and Frits Koning

1. Introduction

Celiac disease (CD) is an intestinal disorder caused by an inflammatory T cell
response to gluten peptides bound to histocompatibility leucocyte antigen (HLA)-
DQ2 or HLA-DQS8. Both these HLA molecules have a preference for peptides that
contain negatively charged amino acids. Gluten is a heterogeneous mixture of pro-
teins comprising alpha-, gamma-, and omega-gliadins and low molecular weight
(LWM)- and high molecular weight (HMW)-glutenins. None of these molecules
contains significant amounts of negatively charged amino acids, raising the question
of how gluten-derived peptides can bind to HLA-DQ2 and/or -DQ8. This paradox
was solved when it became clear that, in the small intestine, glutamine residues in
gluten can be modified by the enzyme tissue transglutaminase (tTG). The conversion
of glutamine to glutamic acid introduces negative charges in gluten peptides at sites
that are critical for binding to HLA-DQ2 or -DQ8. It is now clear that gluten con-
tains a multitude of peptides that can be modified by tTG, bind to HLA-DQ2/8, and
induce T cell responses. Similar peptides are found in barley, rye, and oats, raising
the question of why so few HLA-DQ2-and/or HLA-DQS8-positive individuals
develop CD. Yet, CD is presently the best-understood HLA-associated disease. The
observation that posttranslational modification of gluten is critical for the generation
of a repertoire of T cell stimulatory peptides may be relevant for other HLA-associ-
ated diseases as well. Moreover, unraveling the mechanisms that underlie the devel-
opment of CD may have important implications for our understanding of these other
diseases. In this chapter, we describe a number of key observations that have been
made in recent years and discuss the potential for the development of improved diag-
nosis, safer foods, and novel therapies for patients.
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2. T Cell Recognition of Gluten Peptides

It is well established that CD is almost exclusively associated with HLA-
DQ2 and -DQ8. While approximately 95% of the patients are HLA-DQ2-positive,
the remainder are usually HLA-DQ8-positive (Marsh, 1992). Moreover, Lundin
et al. (1993) found that HLA-DQ2- and HLA-DQS8-restricted, gluten-specific
T cells are present in the small intestine of CD patients. These findings indicated
that these DQ molecules have unique peptide-binding properties that set them
apart from other HLA class II molecules. Several studies have investigated the
peptide-binding properties of HLA-DQ2 (Table 11.1) (Kwok ef al., 1996; van de
Wal et al., 1996; Vartdal et al., 1996; Godkin et al., 1997). HLA-DQ2 was found
to selectively bind peptides with large hydrophobic residues at positions pl and
P9, a negatively charged amino acid at positions p4 and/or p7, and a proline
residue or a negatively charged amino acid at position p6 (Table 11.1). Similarly,
HLA-DQS8 was found to have a preference for anchor residues with a negative
charge. These results were striking because negatively charged amino acids are
very rare in gluten molecules.

Gluten is widely used in the food industry. It is an important source of nitro-
gen and amino acids; it is cheap and possesses unique elastic properties that facil-
itate the preparation of dough with good baking properties. Gluten consists of a
mixture of proteins, including the alpha-, gamma-, and omega-gliadins and
LMW- and HMW-glutenins. Since all these gluten gene families contain many
alleles, up to 100 different gluten molecules can be found in a single wheat vari-
ety. Gluten molecules are very rich in glutamine (~30%), proline (~20%), and the
bulky hydrophobic amino acids leucine, phenylalanine, and tyrosine, a composi-
tion that is tightly linked to both the unique baking properties of gluten and its
harmful properties (see below). Similar molecules are found in barley, rye, and to
a lesser extent, in oats.

This extensive heterogeneity and complexity of gluten has complicated
approaches taken to identify T cell stimulatory gluten peptides. In one approach,
T cell stimulatory gluten peptides were purified from a crude mixture of
pepsin/(chymo)trypsin-treated gluten by repeated rpHPLC separations (Sjostrom
et al., 1998; van de Wal et al., 1998a; Vader et al., 2002a). Gluten-specific T cells
were used to identify HPLC fractions that contained T cell stimulatory capacity,
and the T cell stimulatory peptides were finally characterized by tandem mass

Table 11.1. Peptide-Binding Motifs for HLA-DQ2

Position in the binding groove

HLA-haplotype 1 2 3 4 5 6 7 8 9
DR3DQ2 FWYILV®  — — DEVLI — PAE DE —  FYLWI
DR7DQ2 FWYILV — noP DEVLI — PAE DE —  FYLWI

2Represented are the amino acids that are favored at the positions indicated. Amino acids are indicated by the single
letter code.
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spectrometry. In another approach, recombinant gliadin molecules were gener-
ated that were found to stimulate gluten-specific T cells (Arentz-Hansen et al.,
2000). As the amino acid sequence of these recombinant gliadins was known, this
allowed the rapid identification of the T cell stimulatory sequences. In a third
approach Vader ef al. (2002a) screened gluten-specific T cells against a panel of
250 randomly chosen synthetic gluten peptides and found reactivity against three
of them. Finally, algorithms have been designed to identify sequences in gluten
molecules with T cell stimulatory properties, as discussed below (Vader et al.,
2002b). Together, these studies have revealed that distinct T cell stimulatory
sequences can be found in many gluten molecules (Table 11.2).

Early in these studies it became clear that gluten modification by the
enzyme tTG plays an important role in the generation of T cell stimulatory gluten
peptides. It was already well established that CD patients make autoantibodies
that can be used as disease markers. In 1997 it was found that these autoantibod-
ies are directed to the enzyme tTG (Dieterich et al., 1997), a ubiquitous enzyme
found in all organs and known to be released upon cellular damage and to cross-
link proteins in order to control tissue damage. This cross-linking occurs by form-
ing a covalent bond between a glutamine in one protein and the amino group of a
lysine in another. In the absence of a lysine residue, however, the enzyme reac-
tivity can result in deamidation, the conversion of a glutamine residue into the
negatively charged glutamic acid. Given the preference of HLA-DQ2 and HLA-
DQ8 for negative charges and the abundance of glutamine residues in gluten it
was logical to determine if tissue tranglutaminase would be involved in the gen-
eration of T cell stimulatory gluten peptides. We tested this possibility with an
HLA-DQ8-restricted gliadin peptide recognized by DQS8-restricted T cells (van
de Wal et al., 1998a, Table 11.3). In the nine amino acid core of this gliadin pep-
tide, no negatively charged amino acids were present. However, the peptide con-
tained four glutamine residues, including two at positions 1 and 9, sites where

Table 11.2. Characteristics of a Selected Group of T Cell Stimulatory Gluten Peptides

Gluten peptide Sequence Protein source Binding to*:

DR3 DR7

DQ2 DQ2 DQ8
Glia-02 PQPQLPYPQ o-Gliadin + +/— -
Glia-09 PFPQPQLPY o-Gliadin + - -
Glia-020 FRPQQPYPQ  o-Gliadin + - -
Glu-5 QLPQQPQQF Unknown +/— - -
Glia-y2 FPQQPQQPF v-Gliadin + - -
Glia-yl PQQSFPQQQ  7-Gliadin + + -
Glia-y30 IIQPQQPAQ v-Gliadin + + -
Glt-156 FSQQQQSPF LMW-glutenin + + -
Glia-a QGSFQPSQQ o-Gliadin - - +
Glt QGYYPTSPQ HMW-glutenin - - +

2+ = high binding affinity; +/— = intermediate binding affinity; — = no binding affinity.
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Table 11.3. T Cell Stimulatory Gluten Peptides and Homologs in the
Hordeins of Barley, the Secalins of Rye, and the Avenins of Oats

T cell stimulatory

Gluten peptides® Homologous peptides Sequence capacity
Glia-02 PQPQLPYPQ +
Hor-02 PQPQQPFPQ +
Sec-02 PQPQQPFPQ +
Glia-09 PFPQPQLPY +
Hor-a9 PFPQPQQPF +
Sec-019 PFPQPQQPF +
Av-094 PYPEQQEPF +
Av-098 PYPEQQQPF +
Glia-020 FRPQQPYPQ +
Hor-020 FPPQQPFPQ -
Glia-yl PQQSFPQQQ +
Hor-yl PQQAFPQQP -
Sec-yl PQQSFPQQP +
Glia-y2 FPQQPQQPF +
Av-y2A FVQQQQQPF =
Av-128 FVQQQQPFV +

*Glia = gliadin-derived; Hor = hordein-derived; Sec = secalin-derived; Av = avenin-derived.

HLA-DQS8 prefers negatively charged residues. Strikingly, tTG was found to
selectively modify this peptide through conversion of the glutamine residues at
the p1 and p9 positions into glutamic acid (van de Wal et al., 1998b). As the result
of this modification, a 100-fold less of the peptide was required for optimal T cell
stimulation. Similarly, others identified an HLA-DQ2-restricted gliadin peptide
and found that this peptide was only recognized after deamidation of particular Q
residues, either as a result of chemical modification or treatment with tTG
(Molberg et al., 1998; Sjostrom et al., 1998). In subsequent studies, a large num-
ber of gluten peptides have been identified that can stimulate T cells of CD
patients (Arentz-Hansen et al., 2000, 2002; van de Wal et al., 2000; Vader et al.,
2002a,b). It was also observed that some of those peptides cluster in regions that
are resistant to degradation by enzymes in the gastrointestinal tract, resulting in
highly immunogenic multivalent gluten fragments (Shan et al., 2002).
Importantly, it also became clear that T cell responses to more than one gluten
peptide are found in all patients. All of them give rise to the secretion of inflam-
matory cytokines, and are likely involved in the disease process (Vader et al.,
2002a).

Most of the peptides identified to date require modification by tTG before
they can bind to HLA-DQ2 and stimulate T cells. Thus, modification of gluten by
tTG plays an important role in the generation of an extensive repertoire of T cell
stimulatory gluten peptides. It should be noted, however, that several gluten pep-
tides do not require tTG modification for T cell recognition (van de Wal., 2000;
Vader et al., 2002a), indicating that native gluten can also induce T cell reactivity.
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It should also be pointed out that gluten might also act through the innate arm
of the immune system. Recent studies indicate that activation of the innate immune
system by gliadin strongly enhances the gluten-specific T cell response (Maiuri
et al.,2003). The actual mechanism through which gluten exerts this effect, however,
remains to be determined.

3. The Specificity of tTG Is Linked to Gluten Toxicity

A striking feature of gluten modification by tTG is that only particular
glutamine residues are modified. In the HLA-DQS8-restricted gliadin peptide,
for example, four glutamine residues are present, but tTG only modifies those
at the pl and p9 positions, but not those at the p5 and p8 positions (van de Wal
et al., 1998b). Replacement of these latter glutamine residues by glutamic acid,
however, completely abrogates the T cell stimulatory properties of this peptide
(van de Wal et al., 1998b). Similarly, in other gluten peptides only those gluta-
mine residues are modified that are important for the generation of potent T cell
stimulatory peptides (Arentz-Hansen et al., 2000; Vader et al., 2002a,b). The
selective modification of gluten peptides by tTG is thus tightly linked to gluten
toxicity.

An analysis of the modification of large series of gluten peptides by tTG
indicated that the spacing between glutamine and proline residues in gluten pep-
tides has a major influence on the modification pattern (Vader et al., 2002b). In
the sequences QP and QXXP, Q is not a target for tTG. In contrast, in the
sequences QXP, QXXF, and QXPEF, Q is deamidated by tTG (Vader et al., 2002b).
These observations are highly significant since glutamine and proline are the two
most abundant amino acids in gluten and the above mentioned sequences are very
frequently found in gluten molecules. Consequently, this observation was used for
the design of an algorithm that predicts peptides that are recognized by gluten-
specific T cells of patients (Vader et al., 2002b). In this algorithm, two factors
were taken into consideration: the specificity of tTG and the previously defined
HLA-DQ2-specific peptide-binding motif that favors peptides with a negative
charge at positions 4 and 7 in the bound peptide. As in the sequences QXP and
QXPY the Q residues are the target of tTG, an algorithm incorporating these
motifs was constructed (XXXQXPQXPY) and used to search the gluten database
in which it selected 14 peptides. Seven of these peptides were indeed found to
have potent T cell stimulatory capacity. As the gluten database contains thousands
of potential epitopes, this algorithm displayed a very high predictive value.

4. Additional T Cell Stimulatory Peptides in Barley, Rye,
and Oats

To date, T cell stimulatory peptides have been identified in the alpha- and
gamma-gliadins as well as in the LMW- and HMW-glutenins (Molberg et al.,
1998, 2003; van de Wal et al., 1998a,b; Arentz-Hansen et al., 2000, 2002; Vader
et al., 2002a,b, 2003a). With the exception of the omega-gliadins, all types of
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gluten molecules thus appear harmful for consumption by CD patients. Other
cereals can also be harmful for CD patients, in particular barley and rye, while
oats is often considered safe. We have therefore investigated the presence of
potential T cell stimulatory peptides in these cereals. Database searches with the
predictive algorithm XXXQXPQXPY readily identified peptides in the hordeins
of barley and in the secalins of rye, including the T cell stimulatory peptide
QQPFQQPQQPFPQ (underlined residues are modified by tTG) that is also pres-
ent in gluten (Vader ef al., 2002b). In contrast, this algorithm failed to score hits
in the avenins of oats (Vader et al., 2002b). Subsequently, we performed an exten-
sive search in hordein, secalin, and avenin databases to identify additional gluten
homologs. This resulted in the identification of alpha- and gamma-gliadin homologs
in hordeins, secalins, and avenins (Table 11.3; Vader et al., 2003a). Upon syn-
thesis, several of these peptides, although not identical to their counterparts in
gluten, did stimulate polyclonal and monoclonal T cells from CD patients (Vader
et al., 2003a). Reactivity was found to hordein-, secalin- and avenin-derived pep-
tides (Table 11.3; Vader et al., 2003a). These results indicate that gluten-specific
T cells can also be stimulated by peptides found in other cereals. Consequently,
the toxicity of these cereals can, to a large extent, be explained by cross-reactivity
toward homologous peptides found in the gluten-like molecules in cereals (Vader
et al., 2003a). Finally, although some T cell stimulatory peptides evidently are
present in the avenins of oats, many more of such peptides are found in the gluten
and gluten-like molecules in wheat, barley, and rye. The relative safety of oats for
CD patients may thus directly correlate with the relatively low abundance of
T cell stimulatory peptides in oats. Nevertheless, patients that are intolerant to oats
have recently been identified, indicating that oats is harmful for a small subset of
patients (Lundin ef al., 2003).

5. The HLA Gene Dose Effect Is Linked to the Level of Gluten
Presentation

Two types of HLA-DQ2 molecules are known. While the DQ2 molecule
associated with the DR3 haplotype predisposes to CD, that associated with
DR7 does not (Sollid ef al., 1989). Yet, both molecules have almost identical
peptide-binding properties and would thus be expected to present gluten pep-
tides to T cells (van de Wal ef al., 1997). An extensive analysis of the peptide-
binding properties of DR7DQ2, however, revealed that this molecule can only
bind and present a small subset of gluten peptides (Vader et al., 2003b). This
is due to a subtle difference in the binding groove of DR7DQ2 that prohibits
the presence of a proline at position 3 in the bound peptides (Table 11.1; van
de Wal et al., 1997). In contrast, DR3DQ2 does tolerate a proline at position
3, and since this residue is invariably found in T cell stimulatory gluten pep-
tides, DR3DQ2 can present a far larger repertoire of such peptides compared
to DR7DQ2 (Table 11.1; Vader et al., 2003b). This result implies the existence
of a threshold: a low level of gluten presentation does not lead to disease devel-
opment while the presentation of a greater number of gluten peptides does.
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This result converges with the previous observation of the existence of a strong
HLA gene dose effect (Mearin et al., 1983). Individuals with a double dose of
HLA-DQ2 have an approximately 5-fold greater chance of developing CD
compared to individuals with a single dose. This gene dose effect is also
reflected in the magnitude of the gluten-specific T cells response, further indi-
cating that the level of gluten presentation plays a decisive role in disease
development (Vader ef al., 2003b).

6. Generation of Safer Foods for Patients

The identification of gluten peptides with T cell stimulatory properties
allows the development of tests that can screen food for the presence of such pep-
tides. For this purpose we have generated monoclonal antibodies to T cell stimu-
latory peptides from alpha- and gamma-gliadins (Spaenij-Dekking et al., 2004).
Moreover, we are in the process of generating monoclonal antibodies to T cell
stimulatory peptides from LMW- and HMW-glutenins. The alpha- and gamma-
gliadin-directed antibodies are highly specific for sequences in gluten molecules.
A competition assay has been developed with these antibodies that can simulta-
neously measure the presence of multiple gluten components (Spaenij-Dekking
et al., 2004). As this assay is the first to detect T cell stimulatory peptides and as
it can measure both intact gluten proteins and fragments thereof, it offers signif-
icant advantages over assays that merely measure gluten content.

We have also tested the possibility to detoxify gluten by introducing amino
acid substitutions at positions critical for HLA-DQ?2 binding or T cell recognition.
First, we analyzed natural variants of a LMW-glutenin peptide. While some of
these variants possess T cell stimulatory properties, others do not. As the only dif-
ference between these peptides was a proline to leucine substitution at position 8
of the peptide this indicated that this substitution was sufficient to abrogate the
T cell stimulatory properties of the glutenin peptide (Vader et al., 2003a). Similarly,
a proline to glutamine substitution in an alpha-gliadin peptide had a severe impact
on the T cell stimulatory properties (Vader ef al., 2003a). A subsequent analysis
of codon usage in gluten revealed that single base-pair substitutions in gluten
genes would suffice to introduce the proline to leucine and proline to glutamine
substitutions in gluten proteins (Vader et al., 2003a). These results indicate that
genetic modification of gluten may aid in the development of safer foods for CD
patients.

7. A Hypothesis for Disease Development

In an oversimplified view CD results from interactions between a large
number of potentially harmful peptides in gluten with HLA-DQ molecules. The
more HLA-DQ molecules are available, the more gluten peptides can be bound,
the larger the chance that a gluten-specific T cell response is initiated. After ini-
tiation, HLA-DQ expression is upregulated, an inflammatory response and tissue
damage occurs, leading to the release and activation of tTG, which, in turn,
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Figure 11.1. Release of intracellular tissue transglutaminase results in an amplification of the
gluten-specific T cell response through the generation of gluten peptides that have higher HLA-DQ
binding affinity. APC = antigen-presenting cell; tTG = tissue transglutaminase; HLA-DQ2(8) =
human leucocyte antigen-DQ2 or -DQS.

enhances gluten modification. Subsequently, increased formation of HLA-DQ2
gluten complexes will trigger further T cell responses, more inflammation, more
tissue damage, setting in motion a vicious circle that can no longer be stopped,
except by gluten withdrawal (Figure 11.1).

8. Future Research and Perspectives

We now have detailed insight into the nature of the gluten-specific T cell
response in overt disease. It is unclear, however, what triggers the disease. Nor is
it known why the large majority of HLA-DQ2-and/or HLA-DQS8-positive indi-
viduals do not develop the disease in spite of the fact that they continuously gen-
erate immunogenic HLA-gluten complexes in their intestine. It seems likely that
this will occasionally trigger T cell responses. Apparently, whereas most individ-
uals can control these responses, other progress to disease development. There is
now strong evidence that, in addition to HLA-DQ, other genetic factors also play
arole. Identification of those genes and unraveling of their mode of action repre-
sent important research goals for the coming years. Additionally, the influence of
environmental factors cannot be ruled out. In this respect, it is important to point
out that inflammation in the small intestine will lead to an upregulation of HLA-
DQ molecules and this may lower the threshold for the development of a gluten-
specific response.

As pointed out above, the current knowledge may lead to the development
of safer food products for CD patients. Additionally, efforts aiming to develop
drugs to prevent peptide binding to HLA-DQ and/or to inhibit the activity of tTG
may lead to alternative treatment protocols.
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Intrathymic Expression

of Neuromuscular
Acetylcholine Receptors

and the Immunopathogenesis
of Myasthenia Gravis

Arnold I. Levinson, Yi Zheng, Glen Gaulton,
and Decheng Song

1. Introduction

Myasthenia gravis (MG) is a disease characterized by weakness of striated mus-
cles. The weakness is due to impaired neuromuscular transmission resulting from
a reduction in the number of receptors for the neurotransmitter, acetylcholine
(ACh), at the postsynaptic myoneural junction. This reduction is mediated by
the action of anti-acetylcholine receptor (anti-AChR) antibodies (reviewed in
Levinson et al., 1987). MG is a prototypic autoimmune disease; the immune
effector mechanisms and autoantigenic target have been delineated (Patrick and
Lindstrom, 1973; Almon et al., 1974; Toyka et al., 1975; Engel et al., 1977,
Drachman et al., 1978; Levinson et al., 1987). However, the events that lead to
the abrogation of self-tolerance to the neuromuscular acetylcholine receptors
(nAChRs) remain a mystery. The thymus gland has long been considered to hold
the key to solving this mystery, although the nature of its involvement remains to
be elucidated (Wekerle et al., 1978). Several lines of evidence support this view
(reviewed in Levinson and Wheatley, 1995). The studies described herein relate our

Arnold I. Levinson and Yi Zheng -+ Allergy and Immunology Section, University of
Pennsylvania School of Medicine, 421Curie Boulevard, Philadelphia, Pennsylvania. Glen
Gaulton + Department of Laboratory Medicine and Pathology, University of Pennsylvania School
of Medicine, 421Curie Boulevard, Philadelphia, Pennsylvania. Decheng Song - Allergy
and Immunology Section, University of Pennsylvania School of Medicine, 421Curie Boulevard,
Philadelphia, Pennsylvania.

Molecular Autoimmunity: In commemoration of the 100th anniversary of the first description of
human autoimmune disease, edited by Moncef Zouali. Springer Science+Business Media, Inc.,
New York, 2005.

151



152 Arnold I. Levinson et al.

efforts to determine how intrathymic expression of the AChRs is involved in the
immunopathogenesis of MG. We review our work characterizing the expression of
nAChRs in the thymus and advance a new hypothesis that accounts for the
intrathymic expression of this autoantigen in disease pathogenesis.

2. Evidence Supporting the Role of the Thymus in MG
Pathogenesis

Attention was originally focused on a potential pathogenic role of the thy-
mus following the recognition of striking pathologic changes in this organ at the
time of autopsy. A pattern of germinal center (GC) hyperplasia is observed in the
thymus of 70% of patients with early onset of MG (before the age of 40 years)
(reviewed in Shiono et al., 2003). Another 10% of MG patients’ thymi display
thymomas, i.e., tumors of epithelial cell origin (reviewed in Marx et al., 2003).
The architecture of the hyperplastic thymi is generally preserved with well-
demarcated cortical and medullary regions. However, the medulla is crowded by
numerous GCs that display the architectural features and cellular constituents of
GCs seen in the secondary follicles of peripheral lymph nodes from healthy sub-
jects. The GCs extend into thymic medullary perivascular spaces. By contrast, the
thymic architecture is severely altered in patients with thymoma. Normal-appearing
thymocytes are admixed with neoplastic epithelial cells with the loss of a distinct
corticomedullary demarcation. Thymoma lymphocytes show the immunopheno-
typic properties of normal immature cortical thymocytes.

Clinical evidence pertaining to the pathogenic role for the thymus in MG is
derived from the apparent beneficial role of thymectomy on this disease (Olanow
et al., 1987; Genkins et al., 1993). Although the first controlled trial is still in
the planning stages, thymectomy continues to be a first-line therapy, particularly
in young patients with thymic hyperplasia. Thymectomy is typically followed
by a gradual fall in anti-AChR antibodies. However, it is not known if the fall
in autoantibody titer is linked to the clinical improvement or what additional
mechanisms may be in play.

Functional studies of thymus cell suspensions obtained from MG patients
have also provided clues to the nature of thymic involvement in the pathogenesis
of MG. Whereas B cells and plasma cells are rare intramedullary inhabitants of
normal thymi, the numbers of B cells and spontaneous immunoglobulin-secreting
cells are increased in cell suspensions of hyperplastic MG thymus versus control
thymus (subjects undergoing elective cardiothoracic surgery). This finding has
been interpreted to mean that such B cells have undergone in vivo activation
(Levinson et al., 1981; Zweiman et al., 1989; Levinson et al., 1990). Single-cell
suspensions prepared from MG thymi with GC hyperplasia secrete anti-AChR
antibodies (Newsom-Davis ef al., 1981; Fuji et al., 1986; Lisak et al., 1986).
However, the B cell repertoire in the hyperplastic MG thymus may reflect sys-
temic as well as local immune events since thymic B cells specific for influenza
and tetanus toxoid have also been detected (Newsom-Davis et al., 1981; Lisak
et al., 1986). The latter have only been found when patients are booster-immunized
to tetanus toxoid 3—4 weeks before thymectomy (Lisak ef al., 1986). Such anti-
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AChR antibodies are not produced by cells recovered from the thymomas of MG
patients (Shiono et al., 2003). By contrast, these tumors appear to be sources of
anti-IL-12 and anti-interferon-o. antibodies. These autoantibodies are found in the
serum of a majority of MG patients with thymomas and in a lesser number of
patients with late onset MG without thymomas (Shiono et al., 2003). Their role
in the pathogenesis of these subsets of MG patients has not been determined.

nAChR-reactive human T cells bearing a helper/inducer phenotype have
also been detected in and propagated as long-term lines and clones from MG but
not from normal thymus (Melms et al., 1988; Sommer ef al., 1990). These autore-
active T cells are found in greater numbers in the thymus than in the blood of the
same MG patient (Sommer et al., 1990). However, it is not clear if AChR-reactive
T cells isolated from MG thymus are sensitized in situ or in the periphery with
subsequent intrathymic localization, since migration of immunocompetent T cells
into the thymus is known to occur (Naparstek et al., 1982, 1993; Michie et al.,
1988; Hirokawa et al., 1989; Agus et al., 1991; Gossman et al., 1991; Jamieson
et al., 1991; King et al., 1992; Westermann et al., 1996).

3. Expression of Neuromuscular AChRs by Thymic Cells

The focus of our more recent studies has been on expression of the
autoantigen AChR in the thymus and the potential role it plays in MG pathogen-
esis. Reports that a neuromuscular type of AChR was expressed on cells resident
in the thymus spawned the hypothesis more than 25 years ago that this organ rep-
resents a potentially important site for initiating or perpetuating the autoimmune
response in MG (Wekerle et al., 1978). This idea runs counter to current dogma,
which defines the pivotal role played by thymic self-proteins, particularly those
expressed on epithelial cells, in the induction of self-tolerance (Klein and
Kyewski, 2000).

nAChRs are expressed in two major forms (reviewed in Levinson, 2001).
The so-called mature or junctional form is expressed on innervated muscles and
the immature or fetal form is expressed on noninnervated tissue. At the mature
(innervated) myoneural junction, nAChRs comprise four subunits labeled o, 3, J,
and €. Two alpha subunits and one each of the other subunits are assembled, like
the whalebone in a corset, to form an asymmetric hourglass channel spanning the
membrane. Two alternatively spliced alpha subunit isoforms have been character-
ized: P3A™ and P3A*. The larger P3A* isoform, which includes an additional
sequence of 25 amino acids between exons 3 and 4, is found only in humans and
other primates. In fetal muscle, as in adult denervated muscle or nonjunctional
membrane, a ¥ subunit replaces the € subunit found on nAChRo at mature, inner-
vated muscle endplates.

Most of the attention on thymic nAChRs was formerly focused on the alpha
subunit (nAChRo) since it contains the disease-relevant B and T cell epitopes
(Hohlfeld et al., 1987; Fuji and Lindstrom, 1988; Oshima et al., 1990; Zhang
et al., 1990). Expression of this subunit was reported on an array of thymic cells
including epithelial cells (Engel et al., 1977), thymocytes (Fuchs et al., 1980),
and myoid cells (Kao and Drachman, 1978; Wekerle et al., 1978; Schluep et al.,
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1987). Until recently, myoid cells were viewed as the principal AChR-expressing
cells in the thymus (Schluep et al., 1987). These cells phenotypically resemble
skeletal muscle cells. They are found in the medulla of both normal and MG thy-
mus. They are found adjacent to GCs in patients with thymic hyperplasia and are
not present in MG thymomas (reviewed in Marx et al., 2003).

Given the uncertainty with which resident thymus cell types express this
autoantigen, others, and we, took a molecular approach to study this question. We
were particularly intrigued by the possibility that neuromuscular AChRs were
expressed on thymic epithelial cells (TECs). Using reverse transcription—-PCR
(RT-PCR), we initially reported that AChRo. mRNA was expressed in normal
mouse (Wheatley ef al.,, 1992, 1993) and normal human and MG thymus
(Wheatley et al., 1993). We also reported that AChRa. mRNA was expressed on
transformed murine thymic cortical and medullary epithelial cell lines and thymic
dendritic cell lines (Wheatley ef al., 1992, 1993). We provided evidence for the
first time that mRNAs encoding both the P3A* and P3A~ nAChRa isoforms were
expressed in normal and MG thymus, and in normal human TECs (Wheatley
et al., 1993; Zheng et al., 1998, 1999). We also reported that the nucleotide
sequences of these isoforms were identical to their counterparts expressed at the
myoneural junction and provided evidence for the expression of a third, albeit
minor, AChRo isoform. Others subsequently reported that AChRao protein as well
as mRNA was expressed on human TECs (Wakkach et al., 1996).

The RT-PCR studies have engendered considerable debate about the
expression of other nAChR subunits on thymic cells and whether they are
expressed as components of intact receptors. Some of the reported discrepancies
may reflect differences in the ages of the thymus donors and differences in the
design of the RT-PCRs. A distillation of these studies suggests that the € and
mRNAs are expressed in most normal and MG thymus specimens with variable
expression of 8 and v subunits (Naveneetham et al., 2001; Bruno et al., 2004).
Myoid cells appear to be the principal cell type expressing the y subunit.
Expression of the AChR subunits appears to be concentrated in the thymic
medullary compartment. At the protein level, intact receptors, particularly of the
fetal form, have been identified on myoid cells, but not on TECs. Likewise, based
on in vitro studies functional receptors appear to be expressed on thymic myoid
cells but not on TECs (Naveneetham ef al., 2001; Shiono et al., 2003).

We expanded our studies to address additional features of AChR expression
in the thymus in an effort to gain a better understanding of how intrathymic
expression of this autoantigen might be linked to the development of disease. We
found that the smaller P3A~ isoform was present in 5-fold excess in both control
and MG thymus, and a 2.5-fold excess in a normal human TEC line, relative to
the larger P3A* isoform (Figure 12.1) (Zheng et al., 1998, 1999). This represents
a different relationship between the expression of these isoforms than previously
described in both healthy and MG muscle, where they were found to be expressed
equivalently at the mRNA level (Beeson ef al., 1990). These results indicate that
the expression of the P3A~ and P3A" isoforms is differentially regulated in thy-
mus and muscle compartments. The mechanisms accounting for this discrepancy
remain to be determined.
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Figure 12.1. Relative expression of AChRo P3A™ and P3A* isoforms in thymus and a nontrans-
fered human thymus epithelial cell (TEC) line. Compilation of data from experiments using 14 myas-
thenia gravis (MG) thymi, 7 control thymi, and 4 separate TECs. The signals for the P3A™ and P3A*
bands on Southern blots were quantitated on a phosphorimager. The P3A7/P3A* ratios are shown.
Expression of P3A~ exceeded that of P3A* by a factor of 5.5 + 0.9 (mean + SEM) in control thymus,
4.7 £ 0.05 in MG thymus, and 2.8 = 0.2 in TEC. (Copyright, Clin. Immunol., 91:1999.)

We also observed that P3A™ mRNA expression was 2.5-fold greater in MG
thymus than in control thymus (Figure 12.2A). Similarly, expression of the larger
P3 A" isoform was 2.8-fold greater in MG thymus than in control thymus (Zheng
et al., 1998, 1999). These results parallel findings in skeletal muscle where
mRNA expression was found to be greater in MG muscle than in control muscle
(Guyon et al., 1993). The mechanisms accounting for the increased expression of
AChRa in MG versus control thymus are unknown. This difference may reflect

25

p<0.05 Control thymus

Il MG thymus

Ratio of thymic AChRo/AChRo. standard

P3A~ P3AT

Figure 12.2A. Semiquantitative reverse transcription—-PCR (RT-PCR). Compilation of results from
thymus specimens of 7 control subjects and 14 myasthenia gravis (MG) patients. The signal intensity
of the AChRa bands is normalized to that of the standard by calculating the ratio of thymic
AChRa/AChRa standard. The expression of P3A~ and P3A* isoforms in MG thymi is 2.5- and 2.8-
fold greater, respectively, than that in control thymi. (Copyright, Clin. Immunol., 91:1999.)



156 Arnold I. Levinson et al.

the antecedent action of local environmental factors including anti-ACHRo anti-
bodies and cytokines.

Indeed, the hyperplastic thymus in MG is characterized by increased epithe-
lial cell production of IL-1 and IL-6 (Cohen-Kaminsky ez al., 1991; Emilie ef al.,
1991). Since there is evidence that cytokines elaborated by normal TEC have
autocrine function (Galy and Spits, 1991), it seemed plausible that these
cytokines or perhaps others produced by cells in the thymus might regulate TEC
expression of AChR. Therefore, we sought to determine if IL-1, IL-4, IL-6, or
interferon-y (IFN-y) altered the expression of nAChRoe mRNA by a nontrans-
formed human TEC line. The cytokines had no effect whereas IFN-y increased
expression of P3A~ and P3* isoforms by factors of 2.7 and 2.8, respectively
(Figure 12.2B) (Zheng et al., 1998, 1999).

Thymic myoid cells and medullary epithelial cells constitutively express
MHC class I antigens. By contrast, MHC class II antigens are not expressed by
myoid ells in sifu and appear to be expressed in sparse amounts by rare thymic
medullary epithelial cells. These observations have raised questions about the poten-
tial of these cell types to prime AChR-specific helper T cells in situ (Shiono ef al.,
2003). Of note, IFN-y upregulates the in vitro expression of MHC class II antigens
on TECs (Berrih-Aknin ef al., 1985; Galy and Spits, 1991). The dual effect of IFN-
v on AChRo and MHC 1I antigens raises the possibility that this cytokine, and/or
perhaps others, alters expression of thymic AChRa. in vivo in a manner that leads to

2.5 p<0.05 Control |l IFN-y

Ratio of thymic AChRa/AChRa standard

P3A~ p3at

Figure 12.2B. Semiquantitative reverse transcription—PCR (RT-PCR) compilation of results from
six thymus epithelial cell (TEC) experiments depicting the effect of IF N-y on expression of AChRo
isoforms in TEC. To determine the effect of IFN-y on the expression of AChRa P3A™ and P3A* iso-
forms, we compared the normalized signal intensities of the isoforms (ratio of thymic AChRa/AChRa.
standard) detected in untreated and IFN-y-treated TEC cultures. Expression of P3A™ mRNA was sig-
nificantly greater in IFN-y-treated (2.19 + 0.75, mean + SEM) than in untreated cultures (0.89 + 0.36,
p < 0.05, Student’s r-test). Likewise, expression of P3A* mRNA was significantly greater in
IFN-y-treated (0.9 + 0.31) than in untreated cultures (0.36 = 0.15, p < 0.05). (Copyright, Clin.
Immunol., 91:1999.)
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the development or perpetuation of MG. Understanding how this might happen
requires a brief review of the thymus’ role in the development of T cell tolerance and
a consideration of how the thymus could serve as a site of immune activation.

4. The Thymus and Central Immune Tolerance

The thymus plays a fundamental role in the generation of the peripheral T
cell repertoire (Sprent et al., 1988; Blackman et al., 1990; Kisielow and Boehmer,
1990; Adelstein et al., 1991; Iwabuchi et al., 1992; Bonomo and Matzinger, 1993;
Hugo et al., 1994; Ochen et al., 1994; Hoffman et al., 1995; Alam et al., 1996;
Anderson et al., 1996; Klein and Kyewski, 2000). It is generally believed that thy-
mocytes with low-affinity receptors for self are positively selected for export to the
peripheral lymphoid tissues where they comprise the T cell repertoire that recog-
nizes exogenous antigens (Kisielow and Boehmer, 1990; Anderson et al., 1996).
In contrast, T cell tolerance to self derives largely from the process of central dele-
tion/inactivation, wherein developing thymocytes with high-affinity receptors for
self-peptide undergo apoptosis or anergy. Although there is widespread agreement
that presentation of self-peptides by cortical epithelial cells is necessary for posi-
tive selection (Kisielow and Boehmer, 1990; Alam et al., 1996; Anderson et al.,
1996) there is still controversy over the identity of the thymic antigen-presenting
cells (APCs) involved in negative selection. Indeed, there is evidence supporting
roles for thymic medullary epithelial cells and bone marrow—derived macrophages
and dendritic cells in this process (Blackman et al., 1990; Kisiclow and Boehmer,
1990; Bonomo and Matzinger, 1993; Hugo ef al., 1994; Hoffman et al., 1995).
However, central deletion is not complete even though a broad array of self-pep-
tides is “promiscuously” expressed on medullary TECs (Klein and Kyewski,
2000). Self-reactive T cells appear to escape from the thymus in small numbers,
perhaps due to the fact that limiting levels of self-antigens limit the efficiency of
tolerance induction (Adelstein et al., 1991; Iwabuchi et al., 1992; Ochen et al.,
1994). However, such self-reactive T cells are thought to be rendered unresponsive
because of their anergic or ignorant status, i.e., they never encounter self-antigens
in the periphery in a manner that leads to immune activation, or they are sup-
pressed by regulatory T cells (Shevach, 2000).

5. The Thymus and T Cell Trafficking

The thymus is generally not considered to be a sight of immune activation.
Based on the classic studies of Gowans, traffic of lymphocytes was unidirectional,
i.e., out of the thymus into the blood and peripheral lymphoid organs (Gowans and
Knight, 1964). However, there is evidence that small numbers of peripheral
immunocompetent T cells migrate to the thymus, entering via the medulla
(Naparstek et al., 1982, 1993; Michie ef al., 1988; Agus et al., 1991). Most of the
thymic immigrants are T cells activated in the peripheral immune system with an
even smaller contribution made by resting T cells (Michie et al., 1988; Agus et al.,
1991; Naparstek et al., 1993). It is not known if the rate or number of thymic
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immigrants is increased by an inflammatory reaction in the thymus. Likewise, it is
not known if self-reactive T cell immigrants are activated if they encounter their
specific antigens in the thymus. Thymus T cell immigrants specific for the lym-
phocytic choriomeningitis virus (LCMV) clear infectious foci from the thymus
(Hirokawa et al., 1989; Gossmann et al., 1991; King et al., 1992). Therefore,
peripheral T cells can be activated when they engage specific foreign antigens in
the thymus. When self-reactive T cells encounter their antigens in other compart-
ments in the presence of required costimulatory signals, they can be activated to
express their differentiation program (Mondino ef al., 1996). One mechanism that
leads to a milieu that promotes the abrogation of tolerance peripherally is infec-
tion. Local infection can lead to the upregulation of MHC antigens and costimu-
latory molecules on cells that express low levels of self-antigens and, thereby, to
activation of autoreactive T cells (Mondino ef al., 1996).

6. Development of an Experimental Model to Examine
Peripheral T Cell Entry and Activation in the Thymus

Delineation of the molecular events, particularly in the thymus, that trigger
MG has been hampered by the lack of a model system. Thymic pathology is not a
feature of experimental models of MG in rodents (Meinl ef al., 1991). Although
such models have provided insight into the pathogenesis of MG (reviewed in
Christadoss et al., 2000), they have not served to elucidate the role played by the
thymus. In recent studies, we have addressed this problem with the aid of a new
experimental model that investigates potential intrathymic events that initiate
human MG (Levinson et al., 2003). The salient feature of the experimental model
is the establishment of an inflammatory reaction in the thymic medulla, the thymic
entry site of immigrant peripheral T cells. We generated molecular variants of the
well-characterized thymotrophic Gross murine leukemia virus (G-MLV), GD17,
which had previously been shown to exclusively infect medullary thymic epithe-
lium following intrathymic injection in naive mice. The variants were constructed
to allow for acceptance of a broad array of genes of interest. Thymotropic MLV
vectors were created by ligating a 425-bp fragment containing the U3 region of
GD-17 into the LTR backbone of the well-defined M-MLV vector LXSH.

The vectors used in our studies are presented in linear form in Figure 12.4.
The parental LXSH vector includes a 5 M-MSV LTR, the psi packaging site and
5" gag region, the hygromycin resistance gene under control of the SV40 pro-
moter, and the 3" LTR of M-MLV. For our experimental protocol, we modified
this vector by insertion of the Lac z gene (LBSHG). We utilized LBSHG and
LXSHG as our experimental and control vectors, respectively. As was true for
GD17, we found that these vectors also target expression of encoded genes to the
thymic medullary epithelium.

BALB/c mice were immunized to B-galactosidase (3-gal) and then injected
intrathymically (i.t.) with the -gal-encoding vector LBSHG or the control vector
LXSHG. Hematoxylin- and eosin-stained sections of thymus obtained 4 days
after i.t. injection of LBSHG, but not LXSHG, showed obliteration of the corti-
cal/medullary architecture with marked cellular expansion of the medulla. To
determine whether this local inflammatory reaction nonspecifically augmented
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LTR LTR
v U3y RyUS
M-MSV ? Isv4o| HyGro |—| M-MLV |LXSH
v Hpa1
M-MSV T Isv4o| HyGro |—|GD17|M-MLV|LXSHG
Hpa1

LacZ |—|sv4o| HyGro |—|GD17|M-MLV|LBSHG

Figure 12.3. Schematic diagram of MLV-based vectors. The vectors used in these studies are pre-
sented in linear form. The parental LXSH vector includes the 5* M-MCV LTR, the psi packaging site
and the 5’ ga region, the hygromycin resistance gene under the control of the SV40 promoter, and the
3’ LTR of M-MLV. Vectors are modified by insertion of either GD-17 U3 and/or LacZ. (Copyright,
Ann. NY Acad. Sci., 998:2003).

Upregulation of MHC class I,

Thymus >
......... costimulatory molecules, and
............. nAChRo
o
o®
.\
nAChRo-reactive Peripheral compartment

CD4* T cells escape
central deletion

Figure 12.4. A new hypothesis bearing on the intrathymic pathogenesis of myasthenia gravis (MG).
The hypothesis (see text for details) describes events leading to the activation of peripheral AChRo-
specific CD4* T following their entry into the thymic medulla. (Copyright. Ann. NY Acad. Sci.,
998:2003).

the entry of peripheral T cells into the thymus, -gal-immunized mice were
injected i.v. with a population of CFSE-labeled CD4* T cells specific for an unre-
lated antigen 4 days after i.t. injection of LBSHG or LXSHG. The CD4* T cells
were derived from a transgenic mouse bearing a T cell receptor that recognized
an influenza hemagglutinin peptide (provided by Dr. Andrew Caton, Wistar
Institute, Philadelphia,Pennsylvania). Animals that received LBSHG had 4.2-fold
more CFSE-labeled CD4* thymic immigrants than animals that received the con-
trol vector.

This model provides us with an opportunity to test a new hypothesis bear-
ing on the intrathymic pathogenesis of MG (Figure 12.4). The hypothesis states
that an inflammatory reaction to an unrelated antigen within the medulla of the
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Table 12.1. Rationale for Intrathymic Pathogenesis Hypothesis

nAChRo-reactive CD4* T cells can be found in the blood of healthy donors as well as MG patients

nAChRa-reactive T and B cells are recovered from MG thymus but not “control” thymus

nAChRa is constitutively expressed on thymic myoid cells and thymic epithelial cells

nAChRo. mRNA and MHC class II protein expression on human thymic epithelial cells is
upregulated by interferon-y

Peripheral T cells traffic to thymus where they enter the medulla

thymus promotes the entry of peripheral AChRo-reactive CD4* T cells that had
escaped central deletion. These cells enter the thymus in the medullary compart-
ment where they encounter AChRa peptides expressed by APCs. The concomi-
tant intrathymic inflammatory reaction creates a milieu that favors activation of
these autoreactive T cells, i.e., upregulation of MHC class II antigens and cos-
timulatory molecules on APCs, and perhaps upregulation of AChR expression on
TECs. In this scenario, AChR-expressing thymic medullary epithelial cells in
addition to local professional APCs might serve as the agents of T cell priming.
Presentation of AChRa epitopes to the CD4* thymic immigrants would lead to
their activation, help for locally stimulated o AChR-reactive B cells, the produc-
tion of anti-AChR antibodies, and GCs, and the development of MG. The ration-
ale for this hypothesis is outlined in Table 12.1.

7. Conclusions

There is a large body of circumstantial evidence highlighting a primary role
of the thymus in the pathogenesis of MG. Nevertheless, the etiologic link remains
to be forged. We are reexamining the hypothesis that AChR expressed in the thy-
mus drives the pathogenic autoimmune response. To this end, we have established
a model of intrathymic inflammation that is localized to the thymic medulla and
demonstrated that this inflammatory process promotes the nonspecific entry of
peripheral CD4* T cells into the thymus. Using this model, we are in the process
of determining whether (a) AChR-reactive CD4" T cell homing to the thymus is
augmented by a concurrent intrathymic inflammatory response to an unrelated
antigen, and (b) AChR-reactive T cell immigrants undergo activation following
their engagement of autoantigen in this inflammatory milieu, provide help for the
production of anti-AChR antibodies by immigrant autoreactive B cells, and
thereby promote the development of a myasthenic syndrome.
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Autoantibodies and Nephritis:
Different Roads May Lead to Rome

Paola Migliorini, Consuelo Anzilotti, Laura Caponi,
and Federico Pratesi

1. Introduction

Two major hypotheses may explain the development of autoantibody-mediated
nephritis: the deposition of circulating immune complexes (CICs) or the in situ
formation of immune complexes (ICs) (Figure 13.1). In the first, CICs form
whenever an antibody encounters and binds its target antigen in the circula-
tion. Under normal conditions CICs can be rapidly cleared: erythrocytes bind
CICs through a mechanism involving complement receptor 1 (CR1) on the sur-
face of erythrocytes and the complement proteins Clq, C4b, C3b, and C3bl,
all of which are found on the ICs that activate the complement system. This
mechanism allows the erythrocytes to shuttle ICs through the circulation until
they reach the liver or the spleen, at which point the ICs are transferred to the
monocyte phagocytic system and removed from circulation. When CICs are
produced in excessive amounts or have certain characteristics (small size,
slight antigen excess), clearance mechanisms may become saturated or ineffi-
cient (Davies et al., 2002; Birmingham et al., 2003). In such cases, CICs may
deposit in certain tissues where the anatomical and hydrodynamic conditions
are favorable; for example, in the kidney, CICs tend to form deposits in the
mesangial and subendothelial areas. In the second hypothesis, in situ ICs form
when circulating autoantibodies derived from autoreactive B cell clones react
with a tissue self-antigen or with a circulating self-antigen bound to the kid-
ney (planted antigens).
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The identification of nephritogenic antibodies is difficult because sera
from patients with autoimmune disorders and nephritis contain multiple types
of autoantibodies, but only some of them are potentially pathogenic.
Moreover, autoantibodies are often able to react with several antigens, but not
all of them may be relevant to kidney injury. In many disorders, however, the
formation of renal immune deposits is not entirely explained, and new data are
continuously emerging to challenge interpretations hitherto considered firm
and conclusive.

If deposition of CICs and in situ formation of ICs represent the ends of a
spectrum of two possible mechanisms for the development of nephritis, different
classes/types of glomerulonephritis can be categorized along this spectrum. In
this chapter we describe poststreptococcal nephritis as a representative example
of CIC-mediated nephritis, and Goodpasture’s syndrome as a disease mediated by
antibodies specific for a renal antigen. Systemic lupus nephritis is described as an
example of nephritis where different damage mechanisms probably coexist and
play a role in the different phases of the disease.

2. Acute Poststreptococcal Glomerulonephritis

Acute poststreptococcal glomerulonephritis (APSGN) is the most common
postinfectious renal disease following group A streptococci (GAS) infection, and
the first form of glomerular disease in which immunological mechanisms were
suspected to play a role. In fact, its evolution is characterized by a serum sick-
ness—like latent period followed by hypocomplementemia and nephritis
(Nordstrand et al., 1999). Researchers originally believed that the pathogenic
mechanism underlying APSGN was the renal deposition of CICs. This theory was
consistent with the clinical picture: the elevated serum levels of IgG and IgM in
a high percentage of patients; the pattern of CIC levels, which are high during the
acute phase and usually return to normal within 6-9 months after the attack, but
linger in patients with persisting hematuria and proteinuria (Lin, 1982); and the
finding of extracellular streptococcal antigens typical of nephritogenic strains in
the patients’ CICs (Friedman et al., 1984). However, various findings in recent
decades have shed doubt on this hypothesis. For example, increased CIC titers
have also been found in the sera of patients with other types of streptococcal dis-
ease. In APSGN patients, streptococcal antigens are present in CICs, but not in
ICs eluted from kidney biopsies; the latter are endogenous complexes containing
IgG that have probably been modified enzymatically by a streptococcal product
(MclIntosh et al., 1978; Rodriguez-Iturbe et al., 1980). The glomerular deposition
of preformed ICs would cause complement activation by the classical pathway,
but the presence of properdin in the kidney and the fact that C3 deposition pre-
cedes that of IgG indicate that complement activation occurs before IgG is
deposited, possibly by the alternative pathway.

At present, the prevailing theory is that deposition in the glomeruli of a
streptococcal antigen common to nephritogenic strains induces an inflammatory
process by activating complement in situ, followed by C3 deposition, immune
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response activation, tissue destruction, IgG deposition, and amplification of the
inflammatory reaction (Nordstrand et al., 1999). IgG deposition may be caused
by autoantibodies to glomerular epitopes (e.g., cryptic epitopes exposed after tis-
sue damage or epitopes that cross-react with streptococcal antigens, i.e., molecu-
lar mimicry), CICs, and/or antibodies to already planted streptococcal antigens.
Accordingly, several streptococcal products have been suggested as possible
nephritogenic agents, with different mechanisms of action. (i) M proteins (surface
molecules that confer resistance to phagocytosis) may be antigenically cross-
reactive with the glomerular basement membrane (GBM) and directly bind its
constituents (Glurich et al., 1991); some M-like proteins can act like Fc receptors
(FcR) and strains carrying these FcR-like M proteins can induce circulating anti-
IgG antibodies, thus contributing to IC formation in APSGN (Burova et al.,
2003). (ii) Preabsorbing antigen (PA-Ag), a streptococcal antigen able to activate
the complement cascade via the alternative pathway, can induce the deposition of
C3 (without IgG) in the glomeruli of rabbits (Yoshizawa et al., 1997). (iii)
Streptococcal pyrogenic esotoxin B (Spe-B), an extracellular plasmin-binding
protein secreted by nephritis-associated GAS, has been found only in kidney
biopsies from APSGN patients; it could contribute to the disease pathogenesis
either behaving like a planted antigen or blocking the inactivation of plasmin, as
SpeB-bound plasmin is not inactivated by o.,-antiplasmin (Cu et al., 1998). (iv)
Streptokinase is a 46-kDa extracellular protein that plays a role in the streptococ-
cal invasion of tissues due to its ability to convert plasminogen to plasmin. In a
mouse model its presence was necessary for APSGN induction by a GAS nephri-
tis isolate and it was detected in the glomeruli as early as 4 days after infection.
Its ability to target the glomeruli seems to be restricted to nephritogenic strains,
and streptokinase from nephritis isolates binds more tightly to human glomeruli
than non-nephritis-associated streptokinases. Here again the deposited protein
could play a role in the initiation of the disease process, and ICs might be
involved in the later stages of the disease (Nordstrand et al., 1998). (v) Nephritis-
associated plasmin receptor (NAPIr) with glycolytic activity (streptococcal glyc-
eraldehyde-3-phosphate dehydrogenase) has been found in glomeruli from
kidney biopsies of APSGN patients, but not in controls. It could contribute to the
pathogenesis of the disease by maintaining activated plasmin in the glomeruli and
playing a role in complement activation (Yoshizawa et al., 2004). (vi) During
nephritogenic GAS infection, neuraminidase is produced and neuraminidase-
treated leukocytes accumulate preferentially in the kidney. Furthermore, neu-
raminidase could induce changes in IgG molecules, and render them
immunogenic (McIntosh et al., 1978; Marin et al., 1997). (vii) Streptococcal eno-
lase is a recently discovered cross-reactive antigen located on the surface of GAS.
It may play an important role in the initiation of autoimmune diseases linked to
streptococcal infection. There is a cross-reactivity between streptococcal enolase
and human enolase, and patients with acute rheumatic fever have higher levels of
antibodies that react with human and bacterial enolase than those with strepto-
coccal pharyngitis or healthy subjects (Fontan ef al., 2000), suggesting that strep-
tococcal enolase may induce autoantibodies via molecular mimicry. In fact,
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a-enolase is a target of autoantibodies in several autoimmune disorders with renal
involvement, such as systemic lupus erythematosus (SLE) and mixed cryoglobu-
linemia (MC) (Pratesi et al., 2000).

Thus, after having been considered a prototypic CIC-mediated form of
glomerulonephritis, the autoimmune nature of APSGN has been challenged by
several findings; rather than the pathogenetic mechanism underlying APSGN,
CICs could represent an epiphenomenon in GAS infection.

3. Goodpasture’s Syndrome

Goodpasture’s syndrome, a prototypical autoantibody-mediated disease, is
associated with antibodies specific for constituents of the GBM. The term
Goodpasture’s syndrome is applied to hemorrhagic lung involvement in the pres-
ence of anti-GBM antibodies. The term “anti-GBM disease” is now used to refer
to the nephritic syndromes associated with the presence of these autoantibodies.
Anti-GBM antibodies deposit linearly along the GBM and tubular basement mem-
brane, but complement components are detected in only one third of the cases. The
antibodies that form linear deposits on the glomerular and tubular basement mem-
branes are essentially specific for the noncollagenous domains (NC1s) of collagen
type I'V. Ubiquitary components of collagen IV are alpha 1 and 2 chains; in the kid-
ney, lung, eye, ear, and choroids plexus alpha 3, 4, 5, and 6 chains are also
expressed. Anti-GBM antibodies react with the alpha 3 NC1 domain, specifically
with the conformational epitopes formed by adjacent molecules, which are cryp-
tic in intact GBM (Borza and Hudson, 2003). Some sera also contain antibodies
that are reactive with alpha 2, 4, and 6 chains (Dehan ef al., 1996) or with the
amino-terminal portion of alpha 3 (Ryan ef al., 1998). Sera from patients with
anti-GBM disease react with purified collagen IV or with recombinant alpha 3
chains, and a higher titer of antibodies is more frequent in patients with lung
involvement. The severity of renal involvement, however, is not always propor-
tional to the amount of circulating antibodies (Yamamoto and Wilson, 1987). Anti-
GBM antibodies are characterized by a very high affinity for antigens, a high
association rate, and a low dissociation rate. Therefore, these antibodies bind rap-
idly and remain bound to GBM, a property that probably explains the fulminant
nature of the disease and its resistance to therapy (Rutgers et al., 2000).

The experimental model for Goodpasture’s disease is experimental autoim-
mune glomerulonephritis (EAG), which can be induced in animals by immuniza-
tion with GBM extracts or collagen type IV. EAG is characterized by circulating
and deposited anti-GBM antibodies, accompanied by focal necrotizing glomeru-
lonephritis with crescent formation. The observation that complement compo-
nents are detectable in glomerular lesions and that the experimentally induced
disease is milder in mice deficient in C3 or C4 (Sheerin ef al., 1997) suggests that
complement can contribute to tissue damage. However, higher amounts of anti-
GBM antibodies induce renal damage even in the absence of complement. In
contrast, mice are completely protected from disease in the absence of the y chain
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of the FcRs. After administration of anti-GBM antibodies, linear deposits of com-
plement and immunoglobulins are observed in mice knockout for the y-chain of
the FcRs, but no hypercellularity and inflammatory infiltrates can be detected
(Park et al., 1998). On the contrary, mice lacking FcyRIIb on the nonpermissive
H-2° haplotype develop pulmonary hemorrhage and crescentic glomerulonephri-
tis with a “ribbon deposition” pattern of ICs in their glomeruli in response to
immunization with bovine collagen type IV (Nakamura et al., 2000).

The role of T cells in the induction of anti-GBM disease is less clear.
Initially, the therapeutic effects of cyclosporin A on anti-GBM antibody produc-
tion and proteinuria in BN rats with EAG suggested that T cell help is required
(Reynolds ef al., 1991). Such a role has then been demonstrated in bursectomized
chicks that, upon immunization with heterologous GBM, developed nephritis in
the absence of autoantibodies. Oral tolerization of Wistar Kyoto rats (Reynolds
and Pusey, 2001) and mice (Kalluri et al., 1997) leads to a significant reduction
in circulating IgG2a but not IgGl, suggesting a downregulation of the Thl
response. Moreover, in rats that have been orally tolerized there is a dose-dependent
reduction in the proliferative response of the splenic T cells to GBM antigens
in vitro. Its in vivo counterpart probably is a significant reduction in the severity
of the disease. In addition to indirect effects, a direct role of T cells in the induc-
tion of glomerular injury has also been investigated. In Wistar rats, rapidly pro-
gressive crescentic glomerulonephritis was elicited by a single immunization
with denatured mouse collagen type IV alpha 3 chain NC1 (Wu et al., 2001) or
with a peptide encompassing the amino acids 28—40 (Wu et al., 2004). Anti-GBM
antibodies eluted from nephritic kidneys do not bind this epitope and the typical
linear deposits appear days after proteinuria and the histological signs of cres-
centic glomerulonephritis. These data, combined with the observation that T cells
from immunized animals transfer the disease (Wu et al., 2002), suggest that anti-
GBM antibodies are not the cause of the disease in this model, but are rather the
consequence of T cell-mediated glomerular injury.

4. Lupus Nephritis

Systemic lupus (SLE) is an autoimmune disease characterized by several
autoantibodies directed against intracellular antigens. Kidney involvement is frequent
and indeed constitutes one of the primary causes of morbidity and mortality. It is
generally agreed that antibodies are the principal agents at work in lupus nephri-
tis, forming immune deposits by different mechanisms, more than one of which
may be involved. Their central role in causing renal damage has been convinc-
ingly demonstrated in a genetically manipulated autoimmune mouse strain. MRL/
Ipr-Ipr mice lacking Ig heavy chain Jh genes, and therefore lacking B cells and
autoantibodies, do not develop glomerular, tubular, or interstitial damage, even in
the presence of the [pr mutation (Shlomchik et al., 1994). While not excluding the
contribution of T cells, soluble mediators, and B cell functions other than anti-
body formation (Chan et al., 1999; Tipping and Holdsworth, 2003), antibodies
have been demonstrated to be a key factor in the pathogenesis of nephritis. Three
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mechanisms may lead to their targeting to the kidney: deposition of CICs, bind-
ing of antibodies to antigens previously complexed to glomerular structures, and
binding of antibodies to intrinsic glomerular antigens.

Given the close relationship between lupus and anti-DNA antibodies, the
latter immunoglobulins have been proposed to cause renal damage by the three
mechanisms described above. As far as CIC deposition is concerned, experi-
mental studies have yielded conflicting results: circulating DNA seemed to be
rapidly cleared from the circulation (Emlen and Mannik, 1984), and, intravenous
administration of preformed DNA—anti-DNA ICs to normal mice led only to a
transient deposition in glomeruli without inflammation. Moreover, convincing
evidence for the presence of DNA—anti-DNA complexes in the circulation of SLE
patients is still lacking. Therefore, other pathogenetic factors in addition to CIC
deposition are presumably at work. In fact, the DNA that circulates in the plasma
of SLE patients is contained in nucleosomes (Rumore and Steinman, 1990), par-
ticles composed of DNA linked to histones and nonhistonic proteins. Since
nucleosomes are exposed in clusters together with other internal antigens on the
cell surface during apoptosis, they may act as antigenic stimuli. The histone com-
ponents have a cationic charge, which allows them to bind to the glomerulus by
interacting with its negatively charged components, mainly heparan sulphate in
the basement membrane. Thus, nucleosomes can mediate the binding of circulat-
ing anti-DNA antibodies to glomeruli (Berden ef al., 1999). The results of a num-
ber of studies in both murine and human lupus support this scenario.
Nucleosomes have been found in immune deposits of nephritic kidneys in human
SLE (van Bruggen et al., 1997a), and there is corroborative evidence for a link
between antinucleosome antibodies and lupus nephritis. Antinucleosome anti-
bodies have been eluted from nephritic kidneys of lupus-prone mice, where they
are produced in the early disease stages, even before anti-DNA antibodies are
produced (Amoura et al., 1994). When hybridomas synthesizing antinuclear anti-
bodies of different specificities were inoculated to normal mice, anti-DNA and
antinucleosomal antibodies, but not antihistone antibodies, deposited in the GBM
(van Bruggen et al., 1997b).

In addition to DNA, anti-DNA antibodies can cross-react with a large num-
ber of intracellular and extracellular molecules, and this polyreactivity could play
an important role in conferring a pathogenetic potential, allowing them to bind
intrinsic renal antigens (Madaio and Shlomchik, 1996). This was demonstrated by
the presence of anti-DNA antibodies in the eluates from nephritic kidneys in
human SLE and in murine models. The immunoglobulins deposited in the kidney
consist mainly of IgG, often able to bind several targets such as DNA, polynu-
cleotides, ribonucleoproteins, and gp70 (Pankewycz et al., 1987). Similarly, elu-
ates obtained from nephritic SLE kidneys were found to contain polyreactive
antibodies. In addition to anti-DNA antibodies, some of the specificities highly
enriched in the kidneys were anti-Cl1q and anti-Sm antibodies (Mannik et al.,
2003).

The ability of anti-DNA antibodies to bind intrinsic renal antigens has been
extensively investigated. In early studies, polyclonal or monoclonal anti-DNA
antibodies were infused into isolated kidneys or injected into normal mice
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(Madaio et al., 1987; Raz et al., 1989), resulting in glomerular deposition, and, in
some cases, in renal damage (Ehrenstein et al., 1995). In fact, not all SLE patients
with high anti-DNA antibody titers have clinically significant nephritis, while
SLE patients low titers of anti-DNA antibodies may exhibit overt nephritis.
Therefore it appears likely that some but not all anti-DNA antibodies have a
nephritogenic potential.

More recently, a number of glomerular antigens targeted by anti-DNA anti-
bodies have been isolated and characterized. Laminin, a constituent of the GBM,
is an extracellular protein composed of several chains that regulates the kidney’s
filtering efficiency. Anti-laminin antibodies also display anti-DNA binding activ-
ity (Foster et al., 1993) and anti-DNA antibodies cross-react with laminin
(Sabbaga et al., 1989). Spontaneously produced autoantibodies directed toward
laminin were found in MRL/Ipr-Ipr mice (Foster et al., 1993) and in the Graft ver-
sus Host Disease (GvHD), another experimental model of lupus (Peutz-Kootstra
et al., 2000). In GvHD mice, the glomerular expression of laminin chains alters as
the disease progresses, and concomitant modifications of the fine specificity of
antilaminin antibodies have been observed. Other proteins located in the kidney
may constitute antigenic targets of nephritogenic antibodies in lupus nephritis.
Murine monoclonal anti-DNA antibodies with nephritic potential (Mostoslavsky
et al., 2001) demonstrate binding ability against o-actinin, a structural protein
expressed in the cytoplasm but also on the cell membrane of various glomerular
cells, especially podocytes (Deocharan ef al., 2002). Furthermore, it has been sug-
gested that cross-reactivity with o-actinin is a property of anti-DNA antibodies
isolated from SLE patients with active nephritis (Mason et al., 2004). Since mice
lacking oi-actinin 4 (the isoform most frequently expressed in the kidney) develop
severe nephritis (Kos et al., 2003) and because high titers of anti-o-actinin anti-
bodies are present in the sera and in renal eluates of mice with nephritis
(Deocharan et al., 2002), it is conceivable that alterations of this protein may lead
to nephritis. In addition to ¢-actinin and laminin, other intrinsic glomerular anti-
gens may be recognized by anti-DNA antibodies, but further studies are needed to
ascertain the role of these antibodies in the pathogenesis of lupus nephritis.

Once the immune deposits are formed in the glomeruli, autoantibodies, for
example, anti-C1q antibodies, may enhance the IC renal disease (Trouw et al.,
2004). It is known that anti-C1q antibodies are associated with active SLE and in
particular with active nephritis (Siegert ef al., 1991). However, administration of
anti-C1q antibodies is followed by glomerular deposition, but neither significant
albuminuria nor proliferative lesions are detected in the injected animals (Trouw
et al., 2003b). Experiments in Rag2~~ mice confirm that autologous immunoglob-
ulins are needed for the renal deposition of anti-C1q antibodies, indicating that
they can form in situ ICs reacting with preexisting immune deposits (Trouw et al.,
2003a). Taken together, these data suggest that while anti-dsDNA antibodies,
which are polyreactive and able to bind renal or planted antigens, may directly ini-
tiate the formation of renal immune deposits, anti-C1q antibodies may amplify
a preexisting damage. It should be stressed that anti-C1q antibodies may also
contribute to the development of nephritis by lowering the levels of C1q and thus
impairing its protective role.
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Pathogenic antibodies may cause tissue damage by activating complement,
by recruiting effector cells via FcRs or, more directly, by penetrating into living
cells. First, the complement activation induced by antigen—antibody complexes
may impair glomerular structures through the membrane attack complex, and by
means of mediators recruited by chemotactic components produced during acti-
vation of the cascade. While complement is a mediator of inflammation, it also
plays a role in IC clearance by binding to CR1 receptors, as was demonstrated in
a study using preformed DNA—anti-DNA ICs (Craig et al., 2000). Therefore, any
impairment of this clearance ability—whether acquired or genetically determined—
can amplify the pathogenetic potential of ICs. Likewise, a deficiency in one of the
components of the classical complement pathway constitutes an important sus-
ceptibility factor for SLE. Recently, a more extended protective role has been pos-
tulated for the complement system, because C1q plays a fundamental role in the
clearance of apoptotic cells, a mechanism that may explain the occurrence of
glomerulonephritis in C1g-deficient mice (Botto and Walport, 2002).

Second, the binding of antibodies to FcRs located on various cell types may
have a wide range of consequences, resulting in either an effector function for
human FcyRI, FcyRlIla, and FcyRIII or in a downmodulation of the immune
response, when FcyRIIb is recruited. The effector functions include antibody-
dependent cell cytotoxicity, phagocytosis and release of inflammatory mediators,
and probably also internalization of antigens for processing (Takai, 2002;
Reefman et al., 2003). The ability of preformed ICs to elicit inflammation in
C3-and C4-deficient mice supports the theory that FcRs are key mediators of the
inflammatory reaction (Sylvestre et al., 1996). The importance of FcRs in nephri-
tis has been clearly demonstrated in (NZB X NZW) F, lupus-prone mice lacking
the Fcy chain (Clynes et al., 1998). These mice lack FcyRI and FcyRIII, which are
necessary for the clearance of nonsoluble ICs, but nevertheless express the
inhibitory FcyRIIb. Like the parental strain, they develop autoantibodies, but their
nephritis is delayed and milder. ICs and complement are deposited in the kidney
without any sign of inflammation, indicating that Fc binding of IC, rather than
complement fixation, contributes to the development of nephritis. Moreover, the
ratio of inhibitor versus activating Fcy receptors in the kidney conditions the
response elicited by the ICs that are deposited. This ratio is regulated by several
factors, including the cytokines present in the microenvironment (Ravetch, 2002).
Among the activating Fcy receptors, FcyRIla is the most frequent isoform in
inflammatory cells and it is only present in humans. Mice transgenic for this
receptor seem to be particularly sensitive to antibody-mediated inflammation,
and one of the clinical manifestations is glomerulonephritis with IC deposition
(Tan Sardjono et al., 2003). Conversely, FcyRIIb~~ mice develop inflammation
with crescent glomerulonephritis and other characteristics of Goodpasture’s
syndrome (Nakamura et al., 2000). The fact that double-deficient FcyRI/III
mice are protected from nephrotoxic nephritis suggests that both high-affinity
FcyRI and low-affinity FcyRIII are significant mediators of nephritis (Tarzi et al.,
2003). In the search for a polymorphism that confers disease susceptibility,
genes encoding FcRs were investigated in SLE patients and epidemiological
studies were performed in different populations. Two alleles of FcylIRa that
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encode receptors with different affinities have been found. A higher frequency
of the allele encoding the lower affinity receptor (possibly responsible for a
delayed clearance of ICs) has been reported in various studies (Salmon et al.,
1996; Michel et al., 2000), but it did not confer a higher risk for nephritis
(Karassa et al., 2002).

Third, autoantibodies, and in particular anti-DNA antibodies, may also pen-
etrate living cells. It is known that they can bind different antigens, including cell
surface molecules (Raz et al., 1993; Puccetti ef al., 1995). For example, riboso-
mal P proteins, one of the antigens bound by some anti-DNA antibodies (Caponi
et al., 2002), have been found on the surface of various cell types, including
endothelial cells, fibroblasts, hepatocytes, and astrocytes (Reichlin, 1996; Sun
et al., 1996). Similarly, a subset of anti-DNA antibodies bind o-enolase, another
protein that is expressed also on the cell surface (Pratesi ef al., 2000). The bind-
ing to particular membrane proteins may mediate antibody internalization, and,
when internalized, the antibody may still bind to intracellular targets.

The observation that antibodies directed against intracellular antigens may
be able to penetrate into the cell has recently found confirmation and attracted
renewed attention, because it could explain the perturbation seen in the physio-
logical functions of the cells (Madaio and Yanase, 1998; Putterman, 2004). One
of the cell surface receptors that mediate binding and internalization of anti-DNA
antibodies is brush border myosin 1 (Yanase et al., 1997), a protein widely
expressed in tissues. Its binding seems to induce a vesicle-mediated transport of
the antibody into the cell. Once internalized, the antibody may interact with other
potential targets. For example, antibodies with double specificities for DNA and
the enzyme DNase may interfere with its activity, making the cells resistant to
apoptotic stimuli (Madaio et al., 1996).

It is generally held that the loss of tolerance to nuclear antigens such as
dsDNA and nucleosomes can be a central step in the pathogenesis of lupus
nephritis. However, severe glomerulonephritis with proteinuria can be present
even in the absence of antinuclear antibodies, anti-dsDNA, and antinucleosome
antibodies, suggesting that breaking tolerance to chromatin and dsDNA is not
required for the pathogenesis of lupus nephritis (Waters et al., 2004). This raises the
possibility that other autoantibodies are able to cause glomerulonephritis in SLE.

5. Other Nephritogenic Autoantibodies

Among the non-anti-DNA autoantibodies involved in kidney damage, those
directed to o-enolase have recently been shown to be associated with nephritis.
They are detectable in 27% of SLE patients (70% of them have active nephritis)
(Pratesi et al., 2000), in 30% of mixed cryoglobulinemia patients with renal
involvement (Sabbatini ef al., 1997), in 40% of ANCA-positive vasculitis patients
(Moodie et al., 1993), in 69% of patients with the primary form of the membra-
nous nephritis, and in 58% of patients with secondary membranous nephritis
(Wakui ef al., 1999). Taken together, these data suggest that antibodies specific
for a-enolase may play a role in nephritis.
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Alpha-enolase is a ubiquitous glycolytic enzyme. Although it is expressed in
virtually all tissues, the kidney and the thymus contain the highest amount of the
enzyme. It is present in the cytoplasm, but in a variety of cells it is also expressed on
the membrane, where it acts as a member of the plasminogen receptors family (Miles
et al., 1991; Moscato et al., 2000). In normal kidney, ai-enolase is highly expressed
in tubuli and almost undetectable in glomeruli. In SLE and MC nephritic kidneys,
the enzyme is overexpressed in tubuli and present in active inflammatory lesions. In
SLE, enolase is also detectable in different sites of the glomeruli (mesangium,
glomerular, and parietal epithelium, and especially in the crescents) (Migliorini
et al., 2002). It is not clear how enolase expression is regulated in the kidney and how
inflammatory stimuli lead to its overexpression. As o-enolase is ubiquitous, it is
possible that anti-enolase antibodies form CICs, but the high amounts of enzyme
in the kidney also allow in situ formation of complexes. In this regard, membrane
expression of enolase is of utmost importance, because antienolase antibodies
could directly cause glomerular and tubular injury by complement fixation.
Autoantibodies may also interfere with enolase function as plasminogen receptor.

Plasminogen receptors are a heterogeneous group of proteins with carboxy-
terminal lysines, characterized by a low affinity for plasminogen, a high density,
and a ubiquitous distribution on different cell types. Plasminogen activation to
plasmin takes place on fibrin surfaces or on cell membranes, where plasmin has
increased fibrinolytic activity and is protected from inactivation. Fibrin deposits
are abundant in nephritis and represent a marker of poor prognosis. The role of
the fibrinolytic pathway in renal disorders has been analyzed in mice deficient in
plasminogen, or in tissue plasminogen activator, or in urokinase-like plasminogen
activator (Kitching et al., 1997). The proliferative glomerulonephritis due to
in situ formation of ICs is more severe in mice deficient in fibrinolysis, as com-
pared to wild-type mice. Thus, a downregulation of the fibrinolytic activity that
impairs fibrin clearance may worsen glomerular inflammatory lesions. Recently,
an anti-enolase monoclonal antibody was shown to be able to inhibit plasmin gen-
eration on the surface of cells (Lopez-Alemany et al., 2003). Moreover, anti-enolase
antibodies able to inhibit plasminogen binding to ci-enolase have been detected in
patients with SLE or MC and active nephritis (Moscato et al., 2000). The role of
autoantibodies endowed with such a property in the induction and perpetuation
of renal damage remains under investigation. It could help unraveling the patho-
genic mechanisms underlying tissue damage.

6. Conclusions

Our understanding of antibody-mediated renal damage has not changed dras-
tically in recent years. However, within this framework a lot of new data emerged
to change our way of looking at “old” diseases. For example, APSGN, which in the
past has been regarded as a typical CIC-mediated disease, may also show ICs
formed in situ. In Goodpasture’s syndrome, once considered to be the classical
model of autoantibody-mediated disease, it is now realized that nephritogenic
T cells play an important role. Complement, formerly thought to be a pathogenic
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factor in nephritis, is now believed to be crucial for the protection of immune-medi-
ated renal injury. At the same time, components of the fibrinolytic system play a
role as autoantibody targets in renal damage, and a disregulation of this pathway
may be a mechanism in different renal diseases.

Furthermore, new hypotheses are emerging to explain how the immune sys-
tem interacts with the external world. One of them suggests that a great deal more
is involved than the mere discrimination between self and nonself: the immune
system is able to handle all elements, even endogenous ones, that pose a potential
danger to the host (Matzinger, 1994). Thus, tissues themselves play a central role:
when healthy, they may induce tolerance and when distressed, they may stimulate
immunity.

In this view, autoimmunity can be regarded as a defect in the “cross-talk”
between the immune system and the body tissues, a perspective that opens up fas-
cinating new avenues for research on the mechanisms that regulate the expression
of renal antigens in health and disease.
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and Lupus
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1. Introduction

To maintain immune homeostasis, the immune system must actively and rigor-
ously impose restraints on the induction of damaging immune responses to self-
antigens. Under normal circumstances, effective mechanisms exist to either
eliminate or silence dangerous autoreactive cells. Failure to do so will likely result
in the genesis of autoimmune diseases. To date, the cause(s) of autoimmune dis-
eases is not known, but several key factors have been identified that promote the
onset and/or affect the course of autoimmune diseases. These include genetic,
infectious, environmental, and hormonal factors. Autoimmune diseases can
afflict almost any tissue type, and it is likely that there may be differing or dis-
parate triggering and/or pathologic mechanisms in the induction of autoimmune
lesions in diverse tissues. This situation may be comparable to cancer, where
oncopathogenic events differ among various types of cancers. Each autoimmune
disease ought to be treated independently and generalizations must be treated
with caution. Given the diversity of autoimmune diseases, it is not surprising that
even though genetic factors are vital for the induction of autoimmune disease,
there has been no identification of a genetic defect that is common to all autoim-
mune diseases. Interestingly, an overwhelmingly common feature of most
autoimmune diseases is that women are more susceptible to these disorders com-
pared to men (Ansar Ahmed et al., 1999; Ansar Ahmed, 2000). It is noteworthy
that the degree of susceptibility of women to different autoimmune diseases
varies. Diseases such as systemic lupus erythematosus (SLE), Sjogren’s syn-
drome, thyroiditis, and scleroderma principally occur in women and demonstrate
a very high female-to-male susceptibility ratio (Whitacre, 2001). Diseases such
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as rheumatoid arthritis, myasthenia gravis, and multiple sclerosis (MS) also occur
predominantly in women, albeit the female-to-male susceptibility ratio is lower
when compared to that of SLE and thyroiditis. In a minority of autoimmune
diseases (such as diabetes and ulcerative colitis), both women and men appear to be
equally susceptible. An epidemiological study that sought to determine the preva-
lence of 24 established autoimmune diseases estimated that 1 in 31 Americans are
afflicted with 1 of these 24 autoimmune diseases (Jacobson et al., 1997). The preva-
lence of autoimmune diseases likely would have been much higher had several
more diseases with possible autoimmune components been included. Significantly,
most diseases in this survey were more common in women, leading to an estimated
risk 2.7 times higher than that in men to acquire an autoimmune disease.

Most autoimmune diseases occur predominantly in female animals com-
pared to males. Female (NZB X NZW)F, mice (B/W) manifest lupus disease
months earlier than males. These classic findings have been established for many
experimental autoimmune diseases and have been extensively reviewed (Ansar
Ahmed et al., 1999; Ansar Ahmed, 2000).

The precise reason(s) underlying the marked gender differences in suscep-
tibility to autoimmune diseases is a subject of intense investigation. Possible
explanations for the gender differences include: the effects of sex hormones, reg-
ulation by sex chromosomal genes, and microchimerism. Much work has been
done with regard to the effects of sex hormones in autoimmune diseases. Studies
in a number of animal models of autoimmune diseases make a strong case for the
role of sex hormones in autoimmune diseases. This chapter highlights the impor-
tance of sex factors, especially estrogens, in autoimmune diseases. Studies on the
effects of estrogens on immunity and autoimmunity are of increasing biomedical
importance, especially considering that human exposure to estrogens occurs
through various sources. These include: natural estrogens (173-estradiol) that
vary during the lifetimes of women, from low levels in prepubertal life to high
levels during estrus and during pregnancy; exogenous estrogens given for med-
ical reasons [e.g., diethylstilbestrol (DES), hormone replacement therapy,
estrogen-based oral contraceptives]; and environmental estrogens (or endocrine-
disrupting chemicals) that are omnipresent in the environment (pesticides, plastic
products, detergents, industrial by-products, municipal sewage—contaminated
water that contains metabolites of estrogen-based contraceptive drugs). It is pos-
sible that an individual may be exposed to all of these main sources of estrogenic
compounds. It is conceivable that these combined estrogens may more profoundly
modulate the immune system of individuals.

2. Estrogen and Lupus: Human and Animal Studies

It is beyond the scope of this chapter to discuss the role of estrogens in all
autoimmune diseases. Therefore, we focus primarily on estrogen effects on lupus,
since the effects of this hormone have been noted in humans and in murine mod-
els of lupus. SLE patients have autoantibodies against many self-antigens includ-
ing double-stranded DNA (dsDNA), red blood cells, platelets, leukocytes, and
clotting factors, which leads to the formation of immune complexes. The deposi-
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tion of these immune complexes triggers inflammation, culminating in wide-
spread tissue damage (Abdou et al., 1981). Gender is a strong risk factor for SLE
since this disease primarily affects women in the reproductive years and the
female-to-male susceptibility ratio can be as high as 13:1 (Rider and Abdou,
2001). SLE has been associated with situations where levels of gonadal hormones
are changing such as during pregnancy, postpartum period, menopause, and dur-
ing estrogen administration. The first onset of the disease is unlikely to occur
before puberty or after menopause. Pregnancy has been associated with flares of
lupus (Wilder, 1998). SLE disease activity fluctuates with the menstrual cycle
(Bruce and Laskin, 1997) and lessens after menopause (Mok et al., 1999). The
flares of lupus have been reported to increase during in vitro fertilization when
levels of female hormones, particularly estrogen, are clinically manipulated
(Guballa et al., 2000). Further, although not unequivocal, exogenous estrogen
administration such as oral contraceptives and the use of HRT (Petri, 2001) have
been reported to affect the disease course. Female lupus patients tend to have
increased 160-hydroxyesterone and estriol, as well as increased oxidation at C-17
position compared to controls (Lahita, 1999). The precise contribution of altered
sex hormone metabolism to lupus, although provocative, is not clear.

Estrogen has been associated with B cell activation and T cell dysregulation.
For example, direct exposure of peripheral blood mononuclear cells (PBMCs) from
lupus patients to 17B-estradiol induced the secretion of anti-dsDNA antibodies and
enhanced the secretion of immunoglobulins (Kanda et al., 1999). In similar cul-
tures of PBMCs from healthy donors, estrogen enhanced immunoglobulin levels
but did not induce anti-dsDNA autoantibodies, thereby suggesting that estrogen
has differential effects in SLE and normal individuals. This estrogen-induced
increase in autoantibodies to dsDNA and secretion of immunoglobulins may be
related to IL-10, since estrogen was found to increase IL-10 secretion by mono-
cytes, and anti-IL-10 partially blocked the increase in B cell secretion of autoanti-
bodies and immunoglobulins (Kanda et al., 1999). Interestingly, aberrant T cell
activation was evident in lupus T cells when cultured in the presence of estrogen.
T cells from female lupus patients had a dose-dependent increase in calcineurin
steady-state mRNA levels and an increase in phosphatase activity. In contrast to the
estrogen effects on T cells from female SLE patients, estrogen had no effect on cal-
cineurin in T cells from normal females, normal males, or lupus males (Rider and
Abdou, 2001). This suggests that estrogen has differential effects depending upon
the source of target T cells. These effects of estrogen are mediated through the
estrogen receptor (ER), since culturing of female SLE T cells in the presence of an
ER antagonist blocks the estrogen-induced increase in calcineurin and phosphatase
activity. Additionally, differences in the response of lupus T cells to estrogen
have been noted. Estrogen increased CD40L mRNA and the amount of CD40L
expression on T cells from SLE patients, but not on T cells from normal individu-
als. It is conceivable that the estrogen-dependent increases in CD40L expression
could hyperstimulate SLE T cells and may contribute to the pathogenesis of SLE
(Rider et al., 2001).

Much evidence supporting the role of sex hormones in lupus has come
from studies in B/W mice, where mere alterations in the levels of sex hormones
can have profound effects on the disease. For example, relatively resistant male
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B/W mice (that have a delayed onset of the disease) can be made susceptible by
the administration of estrogens or depletion of male hormones (by orchiectomy
or administration of anti-androgens) (Ansar Ahmed et al., 1999). Conversely,
susceptible female B/W mice can be made relatively resistant to the disease by the
administration of androgens or the estrogen antagonist, tamoxifen (Ansar Ahmed
et al., 1999). In yet another model of lupus, MRL/lpr mice, which develop an
aggressive disease together with lymphadenopathy, estrogen was shown to be a
potent accelerator of lupus (Carlsten et al., 1990). Estrogen treatment of MRL/lpr
mice resulted in the appearance of forbidden autoreactive clones in the liver
(Okuyama et al., 1992). These cells include o TCRtermediate Y33+ or VB8*
T cells that are often deleted in the thymus.

Studies in our laboratory have shown that 173-estradiol treatment of non-
autoimmune mice (e.g., C57BL/6) induce autoantibodies against dsDNA and
phospholipids, which are common in lupus (Ansar Ahmed ef al., 1999; Ansar
Ahmed, 2000). This is an important conceptual finding that implies that estrogen
can override B cell tolerance to induce autoimmunity even in normal mice.
Similarly, others have also shown that 173-estradiol can break B cell tolerance
in non-autoimmune BALB/c mice transgenic for the heavy-chain of patho-
genic anti-DNA antibodies. 17B-estradiol can induce high-affinity autoantibodies
against DNA as well as immune complex glomerulonephritis (Grimaldi et al.,
2001). Hybridomas generated from estrogen-treated mice express high-affinity,
unmutated anti-DNA antibodies. This indicates that naive B cells that are nor-
mally deleted or anergized are rescued from tolerance induction (Bynoe et al.,
2000). Further, like 17B-estradiol, the synthetic estrogen DES has also been
shown to induce autoantibodies in both normal and lupus-prone mice (Forsberg,
2000; Yurino et al., 2004).

Recently, a new class of estrogens called environmental estrogens (or
endocrine-disrupting chemicals) has been identified in the environment
(Sonnenschein and Soto, 1998). These compounds are generally considered to
be weak estrogens, yet they can disrupt the endocrine system through many
mechanisms including hormone mimicry, blocking or altering hormonal binding
to receptors, binding to ERs (or conceivably other receptors) to alter gene regu-
lation, and/or altering the metabolism of natural estrogen. A current concern is
whether environmental estrogens can affect autoimmune diseases. Experimental
evidence suggests that this may be likely. For example, studies using the well-
documented environmental estrogen, Bisphenol-A (BPA), which is present in
resins, plastics, dental sealants, adhesives, flame retardants, and optical lens
materials suggest that it can promote autoimmunity. Administration of BPA to
lupus-prone B/W mice resulted in increased autoantibody secretion by B-1 cells
(CD5*, IgMhi, B220™, IL-5R*) (Yurino et al., 2004). Direct in vitro exposure of
B-1 cells to BPA induced IgM autoantibodies to a level that was comparable to
that noticed in cultures exposed to DES or estradiol. These effects were more
pronounced in B-1 cells from aged mice (8—12 months of age) compared to
young mice (1 month of age). This supports the argument that environmental
estrogens may affect autoimmune diseases.
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3. Mechanisms of Estrogen Effects on the Immune System

3.1. Estrogen Exerts Its Biological Effects on Cells by Both
Estrogen Receptor-Dependent and -Independent Mechanisms

A concise description of ERs and their interactions with DNA is helpful
to appreciate the molecular mode of action of estrogens and to understand the
diversity of potential effects of estrogens on the immune system. Estrogen
exerts its biological functions on target tissues by both ER-dependent and
ER-independent mechanisms. Estrogen binds to two specific, but distinct rece-
ptors, ERo and ER, which belong to the nuclear hormone receptor family. ERs
are ligand-activated transcription factors and are located both intracellularly
and presumably on the cell surface. Heat shock proteins, such as hsp90, bind to
unliganded ERs to maintain the receptors in an inactive but functionally pre-
pared state for ligand binding (Pratt and Toft, 1997). Each type of ER appears
to be differentially expressed in various tissues. It is conceivable that the dif-
ferences in the relative expression of ERs in different tissues may result in the
selective actions of estrogen in the immune system. ERo. and ERP comprise
several domains: A/B domain (located near the NH, terminus), C domain
(DNA-binding domain), D domain (hinge region), and E/F domain (ligand-
binding domain, COOH terminal) (Figure 14.1A). ERo. and ERP share an
amino acid homology of 97% in the DNA-binding domain, while they have a
homology of only 60% in the ligand-binding domain. This suggests that two
ERs can interact with the same genes but bind differentially to ligands (Kuiper
et al., 1997). ERa has two transactivation functional regions: activation factor-
1 (AF-1) in the DNA-binding domain and AF-2 in the ligand-binding domain.
These regions synergize with each other and provide the response to estrogen.
ERp also has an AF-1 region but most of its activity comes from AF-2
(Mclnerney et al., 1998). The hinge region contains a nuclear localization
signal and links the C domain to the multifunctional carboxyl-terminus E/F
domain. The hormone-dependent AF-2 region in the E/F domain is important in
ligand-dependent transcriptional activity and in interaction with coactivators.
Further, this region is responsible for ligand-dependent activation by nuclear
receptors, interactions with heat shock protein (hsp), nuclear translocation, and
transactivation of target genes (Meier, 1997). Differential binding of ERs to
transcriptional cofactors (coactivators, corepressors, and coregulators) will
likely have a profound impact on transcription of estrogen-responsive genes.
The coactivator proteins steroid receptor coactivator-1 (SRC-1) and transcrip-
tional intermediary factor-2 (GRIP1/TIF2) enhance gene expression by remod-
eling chromatin and allowing interactions with the basal transcription
machinery (Cavailles et al., 1995; Henttu ef al., 1997; Johansson et al., 1999).
In contrast, corepressors and coregulators inhibit gene activation or turn off the
activated genes. For example, coregulatory factors RIP140 and SHP compete
with SRC-1 coactivator proteins such as TIF2 for AF-2 regions and may recruit
deacetylases to estrogen target genes.
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Figure 14.1A: The Structure of the Estrogen Receptor. The estrogen receptor is composed of
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Lymphoid and nonlymphoid cells in both mice and humans possess ERs
(Ansar Ahmed, 2000; Weihua ef al., 2003). ERa. is expressed on nearly all lym-
phocyte subsets from the thymus and thymic stromal cells. The double-positive
CD4*CD8" thymocytes and thymic stromal cells express ERB (Mor et al., 2001).
Studies in many laboratories are under way to identify the type of ERs in distinct
cells of the immune system. ERa. is obligatory for functional development of the
thymus, since ERo-deficient mice have hypoplasia of the thymus and T cell
developmental impediments such as a decrease in numbers of mature CD4"CD8~
thymocytes (Erlandsson et al., 2003). The expression of ERP is essential for
estrogen-mediated thymic cortex atrophy. In SLE patients, monocytes, T cells,
and B cells express transcripts of ER (Suenaga et al., 2001). Reverse transcrip-
tion and polymerase chain amplification indicate that ERo. and ER mRNA are
expressed in human T cells (Rider and Abdou, 2001).

ERp and ER« are essential for regulating B cell responses, splenic size, and
cytokine responses (Erlandsson ef al., 2003). Much of the data supporting this are
derived from mice lacking ERo and/or ERB genes. ERa-deficient mice have
decreased splenic size, while ER-deficient mice exhibit splenomegaly, thus sug-
gesting that ERs are important in maintaining normal spleen size (Erlandsson
et al., 2003). Complete B lymphopoesis in the bone marrow and spleen was only
observed in wild-type mice with intact ERo. and ERJ, when compared to ERo
and ERB-deficient mice given estrogen. The ERo-deficient mice given estrogen
had fewer B cell subpopulations in the bone marrow, whereas wild-type mice
given estrogen had decreased early hematopoietic B cell progenitors and a shift
toward a mature B cell subpopulation. ER¢. is mainly responsible for regulating
estrogen-induced B cell changes and immunoglobulin secretion. The loss of ER3
resulted in hyperplasia in the bone marrow, increased B cell numbers in the blood,
and lymphadenopathy (Shim et al., 2003). The expression of ERs is also impor-
tant for T helper cell activities. ERa, but not ER, is essential for enhanced estro-
gen-induced Th1 cell responses such as increased IFNYy secretion (Maret et al.,
2003).

Recent investigations have shown that estrogen-responsive genes can be acti-
vated by a variety of mechanisms (Nilsson and Gustafsson, 2002), which are
depicted in Figure 14.1B4-2. First, in the classical pathway (Figure 14.1), the bind-
ing of the ER to estrogen results in a conformational change involving dimerization

Figure 14.1. Continued Classical Estrogen Receptor Pathway. The binding of estrogen recep-
tor to estrogen results in a conformational change in the receptor. This estrogen-estrogen receptor
complex is then translocated to the nucleus. This complex will specifically bind to the estrogen
response elements (ERE) in the promoter of target genes and affect their transcription. Figure 14.1C:
Ligand-Independent Pathway. Estrogen receptors can be activated even in the absence of their usual
ligand, estrogen. For example, estrogen receptors can be phosphorylated and activated following sig-
naling mediated by growth factors, Epidermal Growth Factor (EGF) and other molecules. The acti-
vated estrogen receptor can bind to ERE to affect the transcription of target genes. Figure 14.1D:
Ligand-dependent, but Estrogen Receptor Element (ERE)-independent Pathway. Estrogen receptors
can “cross-talk” with other transcriptional molecules. For example, estrogen-estrogen receptor com-
plex can bind to Jun and Fos, that are in turn bound to AP-1 site. The coactivators recruited by
Jun/Fos bind to the estrogen receptors and affect the transcription of genes.
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and release of the ER from heat shock proteins. This conformational change of
the ER involves exposing a hydrophobic surface in the AF-2 region of the ERs,
allowing the coactivator proteins to bind. Transcription of the target gene is medi-
ated by binding of the DNA-binding domain of the ER to an estrogen response
element (ERE) that is present in the promoter of estrogen-responsive genes. Once
bound to an ERE, the ER dimer interacts with coactivators to promote chromatin
remodeling and recruits other transcription factors. This results in the upregula-
tion or downregulation of target gene expression. Interestingly, both ERo and
ERP can exist intracellularly as homodimers or heterodimers (Levin, 2002). The
different transcriptional activities of homodimers or heterodimers formed by ERo
and ER may explain the selective actions of estrogen on different cell types and
genes (Katzenellenbogen, 1996). Although these ERs are both expressed in tis-
sues and form functional heterodimers, when coexpressed, ERJ inhibits the tran-
scriptional activity of ERo at saturating hormone levels (Matthews and
Gustafsson, 2003). Thus, overall estrogen responsiveness may be determined by
the ERa versus ER ratio in cells where both receptors are expressed.

Second, in a ligand-independent pathway, ERs can be activated in the
absence of their usual ligand, estrogen (Figure 14.1C). ERs can be activated
by many nonestrogenic physiological molecules, such as growth factors (EGF,
IGF-1), cell cycle proteins, and protein kinases. EGF-mediated signaling involv-
ing the MAP kinase pathway can activate ERs by phosphorylation. The activated
ER can then bind to EREs to affect gene transcription (Bunone ef al., 1996). ERs
can also be phosphorylated by cyclins (Rogatsky et al., 1999), general regulators
such as protein kinase C (PKC) (Lahooti et al., 1998), or protein kinase A (PKA)
(Bunone et al., 1996).

Third, in the ERE-independent pathway, ERs can “cross-talk” with other
transcription molecules (Figure 14.1D). For example, estrogen-activated ER com-
plexes can physically interact with key transcription molecules including fos-jun
complexes, NF-kB, and GC box-bound SP-1 to modulate the transcription of tar-
get genes (Kushner et al., 2000). Both ERo and ERP when complexed with estro-
gen bind to Jun and Fos located on the AP-1 site. The coactivator (p160) recruited
by Jun/Fos binds to the ERs and triggers increased transcription of the target
gene. In addition, the interaction between ERo. and c-Rel prevents NF-kB from
binding to the IL-6 promoter and inhibits protein expression of IL-6 (Ray ef al.,
1997). ERo also interacts with the transcription factor Sp-1, regardless of the
presence or absence of estrogen (Porter et al., 1997).

Fourth, in the nongenomic pathway, also called the cell surface ER signal-
ing pathway, estrogen can induce rapid signaling by binding to ERs on the cell
surface that reside in cell membrane domains named caveolae (Levin, 2002).
Estrogen treatment stimulates the protein synthesis of caveolae structural coat
protein, caveolin-1, which facilitates ER translocation to the cell membrane
(Razandi et al., 2002). The estrogen—ER complex in the caveolae may participate
in signaling by activating G proteins. The activation of G proteins leads to rapid
and specific signaling through activation of phosphoinositol 3-kinase/Akt (PI3K)
and MAPK pathways resulting in rapid gene transcription and biological effects
implying that this pathway does not involve ER-dependent genomic alterations
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(Pedram et al., 2002). Estrogen—ER signaling can also occur via other signaling
molecules such as p21ras (Migliaccio et al., 1996), B-Raf (Singh et al., 1999),
and Src (Migliaccio et al., 2000). The existence of this pathway in cells of the
immune system has also been demonstrated (Guo et al., 2002).

3.2. Estrogen Alterations of B cells

One important mechanism by which estrogen promotes lupus-like features in
mice may be via inducing alterations in B cell differentiation and maturation. We
have shown that estrogen treatment of non-autoimmune C57BL/6 mice enhanced B
cell differentiation into plasma cells that secreted autoantibodies against dSDNA
and phospholipids (Ansar Ahmed et al., 1999; Ansar Ahmed, 2000). Further, in a
lupus model (BALB/c mice transgenic for the heavy-chain of a pathogenic anti-
DNA antibody), estrogen decreased immature transitional B cells and increased
mature anti-dsDNA autoantibody-secreting marginal zone (MZ) B cells, implicat-
ing this B cell subset in autoimmunity (Grimaldi et al., 2001).

Defective apoptosis is well known to be involved in autoimmunity. In
BALB/c mice transgenic for the heavy-chain of a pathogenic anti-DNA antibody,
the expression of the anti-apoptotic protein, Bcl-2, in splenic B cells of estrogen-
treated mice was increased (Bynoe et al., 2000). Further, estrogen treatment pro-
tected isolated primary B cells from B cell receptor—mediated apoptosis. Estrogen
upregulated several genes that are involved in B cell activation and survival,
including cd22, shp-1, bcl-2, and veam-1. These effects of estrogen are mediated
through the ERs (Grimaldi ef al., 2002). In our model of estrogen treatment of
non-autoimmune mice, we also noticed that splenic B cells demonstrated a
remarkable ability to survive in culture. This survival of splenic B cells from
estrogen-treated mice is even more pronounced with anti-CD40 antibody treat-
ment with concomitant upregulation of antiapoptotic proteins, Bel-2 and Bcl-x; .
Thus, estrogen can alter B cell development, leading to the survival, expansion,
and activation of a population of autoreactive B cells (Ansar Ahmed et al., 1999;
Grimaldi et al., 2001). In humans, direct exposure of PBMC from SLE patients
to 17B-estradiol resulted in decreased apoptosis of blood monocytes and
decreased secretion of TNFq, which may allow survival of autoreactive cells in
SLE patients (Evans et al., 1997).

It is possible that estrogens can regulate the levels of B cell activation fac-
tor (BAFF), an aspect that is currently being examined in our laboratory. This
factor is crucial for the survival of MZ and transitional-2 B cells and is potentially
implicated in a number of autoimmune diseases (Mackay and Kalled, 2002).

3.3. Estrogen Effects on Cytokines

The immune system uses cytokines as molecular messengers to coordinate
the functioning of diverse cells of lymphoid and nonlymphoid organs. It is there-
fore not surprising that in an immune-dysregulated state such as autoimmune dis-
ease, significant alterations in the profile and levels of cytokines or response to
these cytokines are evident. One mechanism by which estrogens influence
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autoimmunity is by regulating the secretion of cytokines and signaling responses
to these cytokines. 17B-estradiol affects several cytokines and chemokines
including IFNy, IL-1a, IL-4, IL-6, TNFa, IL-10, and IL-12 (Deshpande et al.,
1997; Carruba et al., 2003). It is beyond the scope of this chapter to discuss at
length the various cytokines that sex hormones regulate. Instead, we focus here
on IFNY, a proinflammatory cytokine that plays an important role in autoimmune
diseases, including lupus, and is highly responsive to estrogens.

4. IFNyin SLE and Other Autoimmune Diseases

Several lines of evidence implicate IFNy in inflammatory autoimmune
disease (Billiau, 1996; Schwarting et al., 1998). First, signaling through the
IFNYy receptor is essential for the initiation and progression of lupus nephritis in
lupus-prone, MRL-lpr® mice (Schwarting et al., 1998). Second, the IFNy-
related transcription factor T-bet has been shown to regulate 1gG2, class switch-
ing and induction of pathogenic autoantibodies in murine lupus (Peng et al.,
2002). Third, during the course of SLE, the increased level and the expression of
IFNY was accompanied by an increase in IgG2, and IgG3 levels (Reininger et al.,
1996). Fourth, in the absence of IFNYy gene, the levels of anti-dsDNA and ss-
DNA autoantibodies, and immune complex—mediated glomerulonephritis are
decreased in murine models of SLE (Carvalho-Pinto ef al., 2002). Fifth, block-
ing IFNy by the administration of plasmids with cDNA encoding the IFNy-
receptor Fc into MRL-Ipr mice (at preclinical or advanced stages of lupus)
resulted in decreased IFNYy levels in the sera and decreased hallmarks of lupus,
such as autoantibodies, hyperplasia, glomerulonephritis, and mortality (Lawson
et al., 2000). Sixth, addition of estrogen to CD4* T cell lines from MS patients
results in increased production of IFNy and IL-10 (Gilmore et al., 1997). Finally,
in the absence of the IL-12p40 gene, the IFNY levels are decreased in lupus
patients and the survival is increased (Kikawada ef al., 2003).

In several strains of mice including non-autoimmune (C57BL/6J, CBA/Ca)
and autoimmune (B/W) mice, females secrete more IFNy compared to males
(Huygen and Palfliet, 1983; Haas ef al., 1998; Karpuzoglu-Sahin et al., 2001).
Transcription of the IFNy gene was also increased in unstimulated T cells from
females of the B/W strain of mice (Sato et al., 1995). Studies from our laboratory
have shown that several estrogenic compounds (173-estradiol, DES, genistein,
o-zeralanone) influence the transcription of the IFNy gene or the levels of IFNy
protein (Karpuzoglu-Sahin ef al., 2001; Calemine et al., 2003). In the case of
17B-estradiol, splenocytes from estrogen-treated C57BL/6 mice, when activated
with T cell mitogens, had increased IFNy gene expression and higher levels of
IFNy. In this strain, estrogen had no marked effect on IL-4 mRNA or protein lev-
els. Estrogen treatment of CD-1 mice also increased IFNy mRNA expression in
Concanavalin-A-stimulated splenocytes (Fox et al., 1991). Culturing of PBMC
from nonpregnant women with estrogen increased IFNYy secretion compared to
similar cultures from men (Grasso and Muscettola, 1990). Administration of
physiological doses of 17f estradiol to castrated female mice results in the selec-
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tive development of IFNy-producing cells from the lymph nodes (Maret et al.,
2003). ERa., but not ERP, was necessary for enhanced estrogen-driven Th1 cell
responsiveness (Maret et al., 2003).

5. Conclusions

It is unquestionable that a majority of autoimmune diseases tend to occur
more frequently in females. The effects of sex hormones, such as estrogens, are
also clearly evident in animal models of autoimmune diseases. However, caution
must be exercised when generalizing the effects of estrogens to all autoimmune
diseases. Estrogen effects on autoimmunity can vary from increased disease
severity (e.g., lupus) to amelioration (e.g., theumatoid arthritis, experimental
allergic encephalomyelitis) of the disease. While the precise mechanisms are not
readily apparent, multiple factors can influence the outcome of estrogen-induced
immune responses. It is noteworthy that despite decades of intense research in
endocrinology, the complexity of estrogen action on reproductive tissues is only
now being appreciated. Our understanding of estrogenic effects on the immune
system is limited by comparison. Extrapolating the data from reproductive to
immune tissues, estrogen effects on target genes are critically influenced by fac-
tors such as ERa, ERB (ERa, ERBP, or ERof ratios), cofactors, coactivators,
and coregulators. Further, estrogen-responsive genes can be activated by both
ligand- or ER-dependent and -independent mechanisms. The ERs in turn can
cross-talk with other transcriptional molecules such as NF-kB and AP-1 that are
crucial in immune regulation and influence gene transcription. It is therefore con-
ceivable that differences in expression of ERo or ERP, responses of ER to estro-
gen, ER-mediated signaling, and coactivators and coregulators can explain the
differing responses to estrogens in various cell types of the immune system. It
should not be surprising that estrogen effects on autoimmune diseases can vary in
different experimental settings and in different animal models. Further, estrogen
can have different immunological effects in autoimmune compared to healthy
individuals. For example, estrogen can have varied effects in cells from lupus
patients compared to healthy donors in relation to cytokine induction, calcineurin
and CD40L expression on T cells (Rider and Abdou, 2001; Rider et al., 2001).

It is clear from many experimental studies that the outcome of estrogen-
induced immunomodulation, including cytokine induction, is dependent upon
many factors, such as the dose of estrogen exposure, type of cells, activation status
of cells, stage of estrus cycle, and genetic background. With regard to the dose, at
physiological concentrations (~10~8 M), estrogen significantly decreased the spon-
taneous secretion of IL-6, IL-1rc, and IL-1B in whole blood cultures from post-
menopausal women. At concentrations higher than physiological levels or at
pharmacological doses, estrogen enhanced the production of IL-1 and IL-6 (Rogers
and Eastell, 2001). With increasing concentrations of estrogen, the cytokine profile
from the supernatants of whole human blood cells shifted from Thl to Th2
(Matalka, 2003). The IFNy, IL-12, and IL-10 levels were increased in cultures that
were incubated with preovulatory doses of estrogen (Matalka, 2003). The PHA- and
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LPS-stimulated whole blood cells cultured with estrogen (at concentrations simi-
lar to those experienced during pregnancy) had suppressed IFNy IL-12 and
the IFNY/IL-10 ratio and increased IL-10 secretion (Matalka, 2003). The increase
in IL-10 switches the Thl profile to Th2 cytokines, which is important for success-
ful pregnancy. The levels of IL-1c, IL-1B, and TNFa were highest during proestrus
and/or estrus (De et al., 1992; Willis et al., 2003). Estrogen may have differential
effects depending upon the tissue: it decreases TNFou in LPS-stimulated murine
splenocytes and bone marrow—derived macrophages (Deshpande et al., 1997), but
increases TNFo in peritoneal rat macrophages (Chao et al., 2000).

Estrogen can promote autoimmunity by both prolactin-dependent and
-independent mechanisms. Further, it is well accepted that vulnerability to lupus
depends on the presence of an appropriate genetic susceptibility component cou-
pled with an unknown environmental trigger. The degree to which autoreactive
B cells are eliminated from the naive B cell repertoire is genetically regulated
and may determine whether a nonspontaneously autoimmune host will develop
autoimmunity following an environmental trigger. Recent studies have shown
that lupus-like serology was evident in BALB/c but not in DBA/2 mice, follow-
ing immunization with a peptide mimotope of DNA (Wang et al., 2003). This
was largely due to differences in the B cell compartment, since DBA/2 mice
have fewer B cells specific for the DNA mimotope compared to susceptible
BALB/c. Further, BALB/c mice possess more autoreactive cells in the native
repertoire, and demonstrate less antigen-induced B cell apoptosis. In contrast,
DBA/2 mice have a stronger B cell receptor signal and more stringent central tol-
erance, which correlate with resistance to lupus induction. It is likely that
response to estrogen’s ability to influence autoimmunity may similarly be differ-
ent among various genetic backgrounds. In this context, in the anti-DNA heavy-
chain transgenic model, estrogen readily promoted lupus in BALB/c mice when
compared to C57BL/6 mice. We have similarly shown that genes in the MHC
and non-MHC regions influence immunomodulation by testosterone (Ansar
Ahmed et al., 1999).

In conclusion, the effects of estrogen on autoimmune diseases have been
vigorously demonstrated in many experimental settings and to a lesser extent in
clinical situations. However, estrogen effects may vary in individual autoimmune
diseases. This should not be perplexing, since individual autoimmune diseases
tend to differ. Moreover, estrogen effects on target cells are complex.
Generalization ought to be avoided and more attention should be paid to effects
of estrogens on individual diseases. This will hopefully enhance our mechanistic
understanding of autoimmune diseases and allow the design of more effective
strategies for therapy.
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Extent of Regulatory T Cell Influence
on Major Histocompatibility Complex
Class Il Gene Control of
Susceptibility in Murine Autoimmune
Thyroiditis

Yi-chi M. Kong, Gerald P. Morris, and Chella S. David

1. Introduction

Murine experimental autoimmune thyroiditis (EAT) has served as a model in
studies of autoimmune diseases for nearly 3 decades, due to the early recognition
of the association of major histocompatibility complex (MHC) with susceptibil-
ity, and the identification of thyroglobulin (Tg) as an autoantigen. In 1981, we
demonstrated the presence of autoreactive T cells responding to syngeneic mouse
(m) Tg immunization in a susceptible strain (EIRehewy ef al., 1981) and in 1982,
we pinpointed EAT susceptibility to H24 class II genes (Beisel et al., 1982). Also,
in 1982, we reported the induction of resistance with mTg, either from exogenous
source or from endogenous release by thyroid-stimulating hormone (TSH) (Kong
et al., 1982). This resistance was specific and protected mice from EAT induc-
tion. The cells with suppressive function were thymus-derived. We hypothesized
that, in normal susceptible individuals, there is a clonal balance of suppressor
T cells, keeping the autoreactive T cells in check. This balance toward suppres-
sion or autoimmunity can shift according to tolerogenic and immunogenic sig-
nals. Subsequent availability of CD4 and CD8 monoclonal antibodies (mAbs)
enabled the allocation of suppressor T cells to the CD4" subset in 1989 (Kong
et al., 1989). The recent availability of CD25-depleting mAb further characterized
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them as CD4*CD25* (Morris et al., 2003). Clearly, the early mTg-specific sup-
pressor T cell is one and the same as the current CD4*CD25* regulatory T cell.

This chapter briefly reviews the progressive characterization of
CD4*CD25* regulatory T cells in EAT. The known class II association has
enabled a comparison of their contribution to susceptibility and resistance. We
have also examined their role in a recently uncovered H2E(H2A™) transgenic
mouse model, which responds to EAT induction with human (h) Tg, but not mTg.
Depletion of CD4*CD25* regulatory T cells did not alter this stringent H2E
restriction. Thus, while CD4*CD25* T cell regulation can modulate EAT devel-
opment, it does not supersede MHC restriction for certain Tg epitopes.

2. Major Histocompatibility Complex Class Il Gene Control
of Susceptibility

The recognition of genetic linkage of susceptibility in EAT to the MHC
H2 gene complex has pioneered more than 3 decades of research into many
autoimmune diseases in humans and in other species. Induction of EAT with the
self-antigen, mTg, was compared in multiple inbred mouse strains of different H2
haplotypes, and susceptibility was distinguished from resistance by the marked
infiltration of mononuclear cells (Vladutiu and Rose, 1971). Subsequent avail-
ability of intra-H2-recombinant strains enabled the identification of class II /-4
gene as the locus encoding susceptibility or resistance alleles (Beisel ez al., 1982).

A strong HLA class II association with autoimmune thyroid disease, includ-
ing Hashimoto’s thyroiditis and Graves’ disease, has been more difficult to gain
widespread acceptance, despite implications from patient studies, due to the poly-
genic nature of the human class II genes as well as ethnic differences. Firm asso-
ciation of autoimmunity with specific HLA class II genes was further made
difficult by the now-recognized class II gene influences within a single host,
which could jointly affect the extent of susceptibility. Several years ago, we initi-
ated transgenic studies, introducing either H2 or HLA transgenes into mice, in
order to determine the influence of a single class II transgene independent of
other HLA genes, and in the absence of endogenous H2 class II molecules
(reviewed in Kong and David, 2000; Kong et al., 2003). Briefly, for the purpose
of this review, we first ascertained that our transgenic techniques were applicable
to HLA transgenic studies by using a known susceptibility allele for mice. H2
class II gene from the susceptible k haplotype (4a*4b*) was introduced into
B10.M, a resistant f/ haplotype, and the mice became susceptible to EAT induc-
tion with mTg (Kong et al., 1997). We then introduced HLA-DRBI*0301 (DR3)
into the resistant B10.M mice, as well as into Ab-knockout mice that express nei-
ther the A nor E class II molecules (Kong et al., 1996). Both DR3 transgenic
groups became susceptible to EAT induction with either mTg or hTg. In contrast,
introduction of HLA-DRBI*1502 (DR2) or HLA-DRBI*0401 (DR4) transgene
into the class II-deficient mice did not render them EAT-susceptible, demonstrat-
ing the efficacy of single transgenic studies in revealing HLA-DRBI polymor-
phism as a determinant in EAT susceptibility (Wan et al., 2002).
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Clearly, the MHC class II gene control of susceptibility to autoimmune thy-
roiditis is strong and invariant, as demonstrable by the use of H2-disparate inbred
strains, intra-H2-recombinant strains, as well as H2 and HLA class II transgenic
strains. Although other factors, such as the presence of other interacting MHC class
II genes (reviewed in Kong et al., 2003), MHC class I and non-MHC background
genes, environmental and dietary differences, etc. (reviewed in Kong, 1999), have
been shown to play a contributory role, their participation tends to be secondary or
minor in that these factors are not revealed unless the host also possesses the appro-
priate class II susceptibility haplotype. However, we reported earlier an important
contributory factor of T cell regulation in susceptible mice; these CD4* regulatory
(suppressor) T cells mediate mTg-induced tolerance to withstand EAT induction
(Kong et al., 1982, 1989). These findings have recently been applied to examine
the extent of regulatory T cell modulation on EAT susceptibility.

3. Establishment of CD4+ T Cells as Mediators of Induced
Resistance

3.1. Protection from EAT Induction by Elevating the Circulatory
Thyroglobulin Level

Susceptible mice do not develop thyroiditis spontaneously, despite the con-
tinuous presence of low levels of circulatory Tg and the presence of autoreactive
T cells. Indeed, thyroiditogenic, autoreactive T cells capable of responding to syn-
geneic mTg administration and mediating thyroid pathology were demonstrated
in susceptible, but not resistant, mice (EIRehewy ef al., 1981). Clearly, suppres-
sor mechanisms exist in susceptible mice, which can be overcome upon immu-
nization with mTg. We subsequently observed that pretreatment of susceptible
mice with mTg rendered the mice tolerant to immunization with mTg and adju-
vant (Kong et al., 1982). Three parameters are used to measure this resistance:
much reduced to absent infiltration of mononuclear cells into the thyroid, very
low mTg antibody level, and minimal T cell proliferative response in vitro to
mTg. Raising the circulatory mTg level 3- to 5-fold above baseline for 2—3 days
is key to successful tolerance induction (Kong et al., 1982; Lewis et al., 1987).
The increase can be achieved with three different protocols: (i) two intravenous
doses of 100 pg deaggregated (d) mTg 7 days apart, or daily doses of 10 pug mTg
for 10 days (Lewis et al., 1987), (ii) intravenous administration of 20 pg bacter-
ial lipopolysaccharide (LPS) to reduce reticuloendothelial clearance 24 hr before
two subtolerogenic, 20-ug doses of dmTg (Lewis et al., 1992), and (iii) TSH
injections (Kong et al., 1982) or infusion with a peritoneal osmotic pump for 3
days to stimulate endogenous mTg release (Lewis et al., 1987). As circulatory Tg
was a by-product of thyroid hormone release and had no apparent function, we
hypothesized that there was a clonal balance between regulatory T cells and
autoreactive T cells in the normal, susceptible host and that one major function of
circulatory Tg was to activate low levels of suppressor T cells to keep autoreac-
tive T cells in check (Kong ef al., 1982). But this low level was unable to with-
stand insults from autoantigens and various polyclonal activators from infectious
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agents and other chronic inflammation. When these regulatory T cells were fur-
ther expanded by mTg for 23 days, they altered the balance to favor protection
against strong antigenic challenge.

3.2. CD4* Regulatory T Cells as Mediators of Induced Resistance

Because mTg-activated regulatory T cells were few and no known markers
existed at the time, unresponsiveness was relegated to the phenomenon of anergy
by skeptics. However, anergy in autoreactive T cells induced by pretreatment with
dmTg was insufficient to explain the finding that infusion of one spleen equiva-
lent of normal T cells did not reconstitute the response of tolerant mice to chal-
lenge, indicating an active inhibition of autoreactive T cells (Kong ef al., 1989).
The hypothesis of active suppression was also tested by the transfer of cells from
tolerant mice. This transfer of suppression was possible to demonstrate, but with
some difficulty, because the use of adjuvant to induce autoimmune disease could
overwhelm the regulatory T cells (Fuller et al., 1993). Since EAT tolerance can
be established within 3 days after the two tolerogenic doses and lasts for at least
73 days (Fuller et al., 1993), this window was applied to examine suppression
directly in the tolerized host. The availability of CD4 and CD8 mAbs for deple-
tion studies in vivo enabled us to demonstrate that only depletion of CD4* T cells
abrogated tolerance, again supporting the hypothesis of active suppression. Thus,
regulatory T cells in mice with established tolerance belonged to the CD4* sub-
set (Kong et al., 1989).

3.3. Effect of Cytokines on CD4" Regulatory T Cell Induction and
Function

3.3.1. Noninvolvement of IL-4 and IL-10

To determine the mechanisms of CD4* T cells regulating induced resistance
to EAT induction, several cytokines with inhibitory or proinflammatory activity
were examined. The possible role of Th2 cells in regulatory T cell function was
suggested by the involvement of interleukins IL-4 and IL-10. Repeated doses of
IL-10 into animals prevented the onset of diabetes (Pennline ef al., 1994), experi-
mental autoimmune encephalomyelitis (EAE) (Rott et al., 1994), and EAT
(Mignon-Godefroy et al., 1995). Also, IL-4 was shown to protect animals from
EAE (Racke et al., 1994) and diabetes (Rapoport et al., 1993). Accordingly, we
examined the role of IL-4 and IL-10 in tolerance to EAT induction. Antibodies to
IL-4 and IL-10 were initially given separately in conjunction with tolerance induc-
tion, and the animals were then challenged with mTg and LPS. No apparent effect
of either cytokine was observed, and the mice became tolerant to EAT (Zhang and
Kong, 1998). In the event that CD4* regulatory T cells in tolerant mice released
IL-10 to inhibit the response of autoreactive T cells during challenge, IL-10 mAb
was injected in conjunction with immunization. No effect on the already estab-
lished tolerance was seen and the animals remained unresponsive. We then com-
bined IL-4 and IL-10 mAb administration at the time of tolerance induction, and,
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alternatively, administered IL-10 mAb to IL-4-knockout mice. Again, no interfer-
ence with tolerance establishment was observed. The response of control 1L-4-
deficient mice to EAT induction was comparable to that of the wild type,
indicating that the absence of IL-4 does not increase thyroiditis severity. These data
demonstrate the noninvolvement of the two Th2 cytokines in EAT tolerance, but
do not rule out any joint involvement with other cytokines, such as TGF-.

3.3.2. Interference with Tolerance Induction by IL-1 and IL-12

EAT is a cell-mediated autoimmune disease involving Thl cells and proin-
flammatory cytokines, but the two major Th2 cytokines apparently are not
involved in regulating EAT tolerance. We selected IL-1 and IL-12 as representa-
tives of proinflammatory cytokines to test their capacity to interfere with toler-
ance induction. IL-1 has multiple biologic effects (Dinarello, 1989), one of which
is its adjuvant effect for non-self-protein antigens (Staruch and Wood, 1983).
Because of the short t, ,, IL-18 was found to be most effective when given 3 hr
after, but not before, dmTg and less effective when given 24 hr after (Nabozny
and Kong, 1992). IL-12 exerts its action primarily on Thl cell differentiation
and has been shown to accelerate the onset of and increase the incidence of
cell-mediated autoimmune diseases, such as diabetes (Trembleau et al., 1995),
collagen-induced arthritis (Germann et al., 1995), EAE (Leonard ef al., 1997),
and experimental autoimmune uveitis (Caspi, 1998). On interference with induc-
tion of EAT tolerance, IL-12, with a longer t, , than IL-18, was effective when
given twice, on the day of and the day after dmTg (Zhang et al., 2001). The
treated animals were not protected against challenge, as tolerance had not been
established. The interference of tolerance induction by IL-12 was not neutralized
by the presence of anti-IFN-y. On the other hand, T cell costimulatory molecules
may be involved through IL-12 activity. Either CD40L or CD28 mAb ameliorated
the priming effect of dmTg and IL-12, compared to the IgG control group. Thus,
both cytokines can convert a tolerogenic signal to a priming signal, thereby
increasing thyroiditis severity after challenge. However, similar to the stronger
adjuvants, complete Freund’s adjuvant or LPS, neither cytokine can overcome
established tolerance when given at the time of challenge. These data suggest that
proinflammatory signals derived from ongoing immune responses or from
cytokine immunotherapy could potentially interfere with the continuing induction
of peripheral tolerance to self-antigens in susceptible individuals.

4. CD25 Expression on CD4* Regulatory T Cells in Induced
Resistance

4.1. Abrogation of Established Tolerance by CD4" CD25" T Cell
Depletion

CD25 (IL-2Ro) has been increasingly used as a marker for CD4" regula-
tory T cells important for maintaining peripheral tolerance to self-antigens. For
example, the cotransfer of CD4*CD25" T cells into nude mice (on EAT-resistant
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BALB/c background) blocks the development of several autoimmune diseases
including thyroiditis, which can arise by the transfer of CD4*CD25~ T cells alone
(Sakaguchi et al., 1995). In vivo depletion of CD4*CD25" T cells enabled the
induction of autoimmune gastritis in otherwise resistant mice (McHugh and
Shevach, 2002). We examined the participation of these cells in dmTg-induced
resistance to EAT induction (Morris ef al., 2003). After the establishment of tol-
erance, mice were depleted of CD4*CD25" T cells with CD25 mAb, their periph-
eral blood leukocytes verified for depletion, and challenged with mTg and LPS.
Depletion of CD4*CD25" T cells led to the loss of tolerance in most animals,
whereas dmTg-pretreated mice given rat IgG remained tolerant. Thus, the CD4*
regulatory T cells mediating EAT tolerance also carry the CD25 marker.
CD4+*CD25" regulatory T cells isolated from tolerized mice also inhib-
ited the in vitro proliferative response of mTg-primed cells to mTg in a dose-
dependent manner, as reported recently (Morris et al., 2003). Figure 15.1 shows
that, whereas CD4" CD25* regulatory T cells were unresponsive to mTg stimulus
as expected, they did suppress the response of mTg-primed cells at a ratio of 0.5:1
to 0.25:1, losing their effect at 0.125:1. The development of an in vitro coculture
model of regulatory T cell suppression of an autoantigen-specific T cell response
should enable a closer examination of potential regulatory mechanisms of
autoimmune response, and how they correlate with EAT tolerance in vivo. As
indicated above, we have earlier ruled out IL-4 and IL-10 playing an inhibitory
role in induced resistance (Zhang and Kong, 1998), and indeed anti-IL10 had no
effect in moderating in vitro suppression of mTg-primed T cell responses
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Figure 15.1. CD4*CD25" T cells from mTg-tolerized mice suppress mTg-primed T cell prolifer-
ative response to antigen in vitro. Enriched CD4*CD25* or CD4*CD25™ T cells from mTg-tolerized
mice were cultured at the indicated ratios of suppressor to 4 x 10° mTg-primed splenocytes for 5 days.
Response to mTg (40 pg/ml) was assessed by *[H]thymidine uptake.
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(G. P. Morris and Y. M. Kong, unpublished data). It remains to be determined if
other cytokines are involved.

4.2. Interference with CD4'CD25" Regulatory T Cell Function by
Cross-Linking TNFR Family Molecules

The exact mechanisms of suppression by CD4*CD25" regulatory T cells
remain to be elucidated, and may vary with the model systems. Until a soluble
cytokine can be definitively characterized, the contact-dependent manner for effi-
cient suppression (Thornton and Shevach, 2000) implicates the participation of
costimulatory molecules. One prime candidate for a costimulatory role on T cells
is CD137 (4-1BB), a member of the tumor necrosis factor receptor (TNFR)
superfamily, which has been shown to influence the development of inflamma-
tory immune responses (Cannons et al., 2001). CD137 mAb given in vivo not
only promoted antitumor immunity (Melero et al., 1998), but also ameliorated
EAE (Sun et al., 2002), indicating potential roles in either promoting or inhibit-
ing EAT. We evaluated the role of CD137 in induced resistance to EAT. First, we
observed that the administration of CD137 mAb in conjunction with dmTg inter-
fered with tolerance induction. Similar to IL-12, the tolerogenic signal was con-
verted to a priming signal by cross-linking CD137, as shown by enhanced
thyroiditis severity after challenge (Morris et al., 2003).

The effect of anti-CD137 treatment on established tolerance was then tested
in vivo at the time of immunization; protection by CD4*CD25" regulatory T cells
was severely hampered. This reversal of expected suppression can be duplicated
in vitro; the presence of anti-CD137 inhibited the suppression of CD4*CD25~
T cell proliferation by CD4*CD25" regulatory T cells (Morris et al., 2003). To dif-
ferentiate if the effect was on tolerized cells or on mTg-primed cells, CD137 mAb
was added to separate cultures of isolated CD4*CD25" regulatory T cells and
CD4*CD25" T cells. No direct effect on tolerized cells by CD137 mAb plus mTg
was observed, but it enhanced the response of mTg-primed cells. We concluded
that signaling through CD137 likely circumvented the suppressive action of
CD4*CD25* regulatory T cells.

We also examined the role of another T cell costimulatory molecule GITR, a
glucocorticoid-induced TNFR family member (Tone ef al., 2003), in EAT tolerance.
Stimulation by mAb to GITR has been shown to break self-tolerance (Shimizu et al.,
2002). Similar to CD137 mAb, administration of GITR mAb along with dmTg inter-
fered with tolerance induction and, in mice with established tolerance, injection of
GITR mAb at challenge abrogated tolerance. In both instances, the mice subse-
quently developed EAT (G. P. Morris and Y. M. Kong, unpublished data).

The use of mAbs to T cell costimulatory molecules of the TNFR family,
CD137 and GITR, in EAT tolerance, strengthened by pretreatment with mTg,
supports that there exist mechanisms in the host to circumvent the tolerant status
and tilt the balance back toward an autoimmune response, possibly with undesir-
able sequelae. Efforts to manipulate T cell regulation and costimulation in the
form of immunotherapy, such as for tumor, must take these possibilities into
account (Wei et al., 2004).
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5. Naturally Existing CD4*CD25* T Cells as Peripheral Barrier
to Autoimmune Thyroiditis

As we have hypothesized earlier and discussed above, there is a clonal balance
of regulatory T cells and autoreactive T cells, with the former keeping the latter in
check in normal, susceptible individuals (Kong et al., 1982). This hypothesis has cer-
tainly been borne out by transfer experiments in which CD4*CD25 T cells, trans-
ferred without CD4*CD25%" T cells, mediated the development of several
autoimmune diseases including thyroiditis (Sakaguchi et al., 1995). The depletion of
CD4*CD25* T cells also enabled resistant mice to respond to induction of autoim-
mune gastritis (McHugh and Shevach, 2002). We have postulated that such a natural
barrier to autoimmune thyroiditis development represents the first level of regulatory
influence, while mTg-induced resistance to withstand EAT induction represents the
second level of regulation (Kong et al., 1989). With the identification of CD4*CD25*
regulatory T cells as mediators of induced resistance, we examined if naturally
occurring regulatory T cells were indeed CD4*CD25* (Morris and Kong, 2004). We
used the protocol of inducing EAT with repeated injections of mTg without adjuvant,
which generally results in EAT development in about 50% of the animals (EIRehewy
et al., 1981). Table 15.1 shows that depletion of CD4*CD25* T cells before repeated
doses of mTg 16 times over 4 weeks greatly increased the incidence of thyroiditis,
compared to prior treatment with control IgG. The difference in thyroid infiltration
was also accompanied by higher mTg Ab levels and greater in vitro proliferative
response to mTg. It thus appears that CD4*CD25* regulatory T cells naturally exist
and maintain peripheral tolerance to self-antigens in EAT.

Table 15.1. In Vivo Depletion of CD4*CD25* T Cells Lowers the Threshold for EAT
Induction without Adjuvant

Thyroiditis
Number of mice with % thyroid involvement Incidence
0 > 0-10% >10-20% Pos./total %
Rat IgG 8 2 2 4/12 33"
Rat CD25 antibody 2 4 5 9/11 82"

Mice were preinjected i.v. with rat antibody to CD25 or control antibody at days —14 and —10. EAT was induced in
susceptible CBA mice by administration of aggregated mouse thyroglobulin (40 pg) i.v. beginning at day 0, on 4 suc-
cessive days for 4 weeks. Thyroid pathology was assessed 35 days later.

"p <0.04.

6. T Cell Regulation and MHC Restriction

As summarized in Section 1, EAT susceptibility and resistance are catego-
rized by their MHC class II gene differences. Since susceptible mice have natu-
rally existing CD4*CD25* T cells (Morris and Kong, 2004), it was of interest to
determine if CD4*CD25* T cells also influence EAT induction in resistant strains.
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In pilot experiments using two EAT-resistant strains, prior depletion of
CD4*CD25* T cells in both BALB/c (H29) mice (Wei et al., 2004) and B10 (H2?)
mice (Morris et al., 2004) enabled the animals to respond to immunization with
mTg and LPS. However, mononuclear cell infiltration was much less extensive
than in susceptible CBA/J mice immunized with mTg and LPS with no prior
depletion of CD4*CD25* T cells. These data suggest that traditional resistance in
EAT may not be solely the result of an insufficiency to present Tg epitopes in the
context of class II molecules, but may represent a reduced capacity to overcome
peripheral regulation and generate a thyroiditogenic response. Removal of
CD4*CD25* regulatory T cells lowers the threshold for thyroiditis development.

Interestingly, we recently used a novel H2E class II transgenic model,
E*B10.Ab° (H2A>EY), for EAT that would permit us to examine more precisely
the degree of stringency for MHC restriction. Unlike conventional susceptible
strains, wherein EAT is inducible with both hTg and mTg due to conserved thy-
roiditogenic epitopes, EAT in H2A"E* mice is inducible only with hTg, but not
with self-mTg (Wan et al., 1999). To determine if E* transgenic mice possessed
CD4*CD25* regulatory T cells that control this unique phenotype for EAT devel-
opment, CD25 mAb was administered before immunization with hTg or mTg and
LPS (Morris et al., 2004). Thyroiditis severity was markedly enhanced after hTg
immunization in CD4*CD25* T cell-depleted mice, but the CD25 mAb-treated
animals remained unresponsive to mTg (Table 15.2). Since EAT-resistant B10
(H2A'E") mice develop mild thyroiditis after CD25 mAb treatment and mTg/LPS
immunization, we tested if such mice also responded to hTg and LPS (Morris
et al., 2004). The CD25 mAb-treated B10 mice remained unresponsive to hTg.
The data indicate that modulation of EAT susceptibility by CD4*CD25" regula-
tory T cells is operative for both hTg and mTg in the respective H2E* and H2A*
mice. However, this regulation apparently does not supersede MHC restriction for
specific Tg epitopes leading to EAT induction. It is unknown at present how this
stringent MHC restriction would influence the T cell repertoire.

Table 15.2. In Vivo Depletion of CD4*CD25* T Cells Does Not Alter H2E
Class II Restriction for hTg in the EFB10.Ab° Transgenic Model

Thyroiditis

Number of mice with % thyroid involvement

Antigen 0 >0-10% >10-20% >20-40% >40-80% >80%
Rat IgG hTg — 4 1 1 1" —
CD25 antibody hTg — — — — 2 4*
Rat IgG mTg 5 1 — — — —
CD25 antibody mTg 3 1 — — — _

Mice were preinjected i.v. with rat CD25 antibody or control antibody at days —14 and —10. EAT was induced i.v.
with thyroglobulin (40 ug), followed 3 hr later with LPS (20 ug) at days 0 and 7; thyroid pathology was assessed on
day 28.

'p<0.01.
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7. Conclusion

The increased use of immunotherapy for autoimmune diseases and for
tumors in the past decade has led to a resurgence of interest in regulatory (sup-
pressor) T cells and in recognition of their importance. The existence of a clonal
balance between regulatory and autoreactive T cells, which can be tilted toward
heightened resistance or autoimmune response by Tg-specific, tolerogenic or
immunogenic signals (Kong et al., 1982), has been borne out by subsequent stud-
ies. We further suggested that this regulatory T cell control is operative at two lev-
els (Kong et al., 1989) and have now provided some evidence, using the CD25
marker on regulatory T cells, and CD25 depleting-mAb for in vivo studies. To
show the first level of control of peripheral tolerance by naturally existing regula-
tory T cells, CD4*CD25* T cells were depleted before EAT induction. In suscepti-
ble mice, depletion enabled the induction of EAT with a weaker immunization
protocol of mTg without adjuvant. In contrast, in resistant mice depleted of
CD4*CD25* T cells, EAT induction still required the inclusion of an adjuvant,
indicating that while CD4*CD25" regulatory T cells can modulate EAT develop-
ment, MHC class II restriction remains the primary influence on susceptibility and
resistance. However, in strains where only H2E or H2A molecules are expressed
and present only hTg or mTg, respectively, MHC restriction is very stringent even
after CD4*CD25* regulatory T cells have been depleted.

For the second level of control by CD4*CD25" regulatory T cells, peripheral
tolerance in susceptible mice can be strengthened by increasing circulatory mTg
levels; the mice then withstand challenge even with mTg and adjuvant. This
induced resistance lasts for many days and may explain why autoimmune diseases
are not more prevalent in individuals with class II susceptibility alleles, despite the
continuous presence of self-antigen and autoreactive T cells. However, even in
mice with induced resistance, we have shown that the strong tolerance can be cir-
cumvented and moderated by signaling through T cell costimulatory molecules,
such as those from the TNFR family. It is clear that the clonal balance between
regulatory and autoreactive cells can be influenced by T cell manipulation.
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The Role of Autoimmunity in Multiple
Sclerosis

Monika Bradl and Hans Lassmann

1. Introduction

Multiple sclerosis (MS), a chronic inflammatory disease of the central nervous
system (CNS), is one of the most common neurological diseases of young adults
in developed countries. Hallmarks of this disease are focal plaques of demyelina-
tion in the white matter of the CNS. Evidence for autoimmune processes in this
disease is mostly circumstantial. First, autoreactive T cells are found in the blood
of most patients. This by itself does not yet point to a role of these cells in the dis-
ease process, since CNS antigen—specific T cells are also normal components in
the immune system of healthy individuals. However, experiments in animal mod-
els of autoimmune encephalomyelitis clearly demonstrated that such cells can ini-
tiate CNS inflammation once they are activated. Second, autoreactive T cells and
antibodies have been found in MS lesions, and immunotherapies targeting CNS
antigen—specific T cells may delay or ameliorate the disease progression in MS
patients. However, the situation is much more complex. To date, no MS specific
autoimmune response has been described. The triggers, which might set off or
maintain autoimmunity in a chronic disease course lasting years or decades,
remain unknown. Autoimmune responses in the CNS of MS patients are not
invariably detrimental, but may even be beneficial. Finally, diffuse alterations
indicating general neurodegenerative processes are present throughout the brain
of many MS patients, and these alterations are not necessarily due to immune-
mediated mechanisms. Hence, there are still many gaps to fill in the “autoim-
mune hypothesis” of MS.
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2. The “Autoimmune Hypothesis” of Multiple Sclerosis

MS is one of the most common neurological diseases within developed
countries. It usually starts in young adults and leads in a chronic relapsing or pro-
gressive course over many years to major neurological disability (Noseworthy
et al., 2000). Genetic factors are important in determining the susceptibility to
develop this disease, but within families of MS patients no Mendelian pattern of
inheritance is found (Kalman and Lublin, 1999). Furthermore, studies on identi-
cal twins show that in addition to genetic factors other pathogenetic triggers have
to be involved in disease induction. It is suspected that infections may act as trig-
gers of disease, but so far no MS specific agent has been identified.

MS is believed to be an autoimmune disease, since it can in part be ame-
liorated or controlled by immunosuppressive or immunomodulatory treatments,
and since autoreactive T lymphocytes or antibodies can be found in most patients
(Wekerle, 1998; Noseworthy et al., 2000). Furthermore, a chronic inflammatory
demyelinating disease with close similarities to MS can be induced in many dif-
ferent animal species by active sensitization with brain tissue or specific brain
antigens (Wekerle, 1998). However, the concept of autoimmunity in MS is ques-
tioned frequently, since no unique, MS-specific autoimmune response has been
identified to date. In addition, recent studies show that the disease process in MS
is much more complex than previously thought. It includes an interindividual het-
erogeneity in the pathogenetic mechanisms of lesion formation, and the presence
of a chronic neurodegenerative component with unknown relations to immune-
mediated processes (Owens, 2003). In this chapter, we summarize current knowl-
edge about the immunology and immunopathology of MS and discuss arguments
for or against the “autoimmune hypothesis” of MS.

3. The Multiple Facets of Multiple Sclerosis

3.1. The Clinical Spectrum of Multiple Sclerosis

The clinical course of MS is highly unpredictable (Noseworthy e? al., 2000).
It ranges from benign disease, in which patients only suffer from some relapses
without the development of permanent clinical deficit, to acute fulminate courses,
which lead to death of the patients within a few months after disease onset. In more
than 80% of patients the disease starts with a relapsing course, characterized by
episodes of exacerbations followed by remission and recovery (relapsing—remit-
ting multiple sclerosis, RRMS). After several years this relapsing course develops
into a disease with a steady and uninterrupted increase of neurological disability,
the so-called secondary progressive course of the disease (secondary progressive
multiple sclerosis, SPMS). In 15-20% of the patients the relapsing phase of the
disease is missing, and the patients follow a progressive course from the onset of
disease. This form of MS is called primary progressive MS (PPMS). Using mag-
netic resonance imaging to follow the lesion development during these different
phases of MS, it was shown that during the relapsing phase of the disease new
lesions appear in the brain, which are associated with blood-brain barrier damage
(Werring et al., 2000). This suggests that these lesions are triggered by new waves
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of inflammatory cells, reaching the CNS tissue from the circulation by their pas-
sage through cerebral vessels. This is in marked contrast to the situation in the pro-
gressive phase of the disease (both in SPMS and PPMS), where new lesions are
only rarely formed in the brain white matter, and where blood—brain barrier dam-
age is not detected. Instead, profound abnormalities are found in the so-called
“normal” white matter. This suggests a diffuse injury affecting the brain as a
whole. Such diffuse changes can already be seen in early stages of RRMS and
seem to gradually increase with time (Filippi et al., 2003).

3.2. The Pathological Spectrum of Multiple Sclerosis

In pathology MS is defined as an inflammatory demyelinating disease
(Lassmann et al., 2001), since focal plaques with primary demyelination, relative
axonal sparing, and reactive astroglial scaring are formed in the course of a chronic
inflammatory reaction. The inflammatory infiltrates are mainly composed of lym-
phocytes and activated macrophages or microglia cells. Within the lymphocyte pop-
ulation of chronic inflammatory lesions, MHC class I-restricted CD8" T cells
dominate (Gay et al., 1997). In addition, and more prominent in the chronic pro-
gressive stage of the disease, B lymphocytes and plasma cells accumulate, mainly
in the meninges and the perivascular spaces. These B cells and plasma cells are
responsible for a continuous intrathecal production of immunoglobulins.

The formation of new and active demyelinating plaques in the white matter
(Figure 16.1) is mainly found in the relapsing stage of the disease. This process is
associated with pronounced inflammatory infiltration of the whole tissue, accom-
panied by a profound blood—brain barrier disturbance. Both the structural and the
immunopathological features of active MS plaques are different between different
patient subpopulations, suggesting an interindividual heterogeneity in the mecha-
nisms of tissue damage (Lucchinetti et al., 2000). In some patients demyelination
and tissue injury is mainly associated with cytotoxic T cells and activated
macrophages/microglia cells, while in others immunoglobulins and activated com-
plement are deposited at sites of active myelin destruction. In another subgroup of
patients the patterns of tissue damage closely resemble hypoxic tissue injury.
Furthermore, a small cohort of patients show unusually severe damage of myelin,
oligodendrocytes, and/or axons, suggesting problems of the target tissue to cope
with the inflammatory insult (Lucchinetti ef al., 2000).

In contrast to the relapsing stage of the disease, the formation of new active
white matter lesions is rare in the progressive disease. Here, the typical finding is a
slow and gradual enlargement of preexisting plaques (Prineas et al., 2001). In addi-
tion, a mild but completely diffuse inflammatory process in the whole brain and the
meninges is evident. This is associated with diffuse microglia activation and ongo-
ing axonal injury in the “normal” white matter, and with the formation of large
areas of cortical demyelination (Kidd ef al., 1999) topically related to the inflam-
matory process in the meninges. It is not clear yet whether this diffuse inflamma-
tory process is the cause of global cortical and white matter damage in progressive
MS or whether it occurs as a secondary reaction to the degenerative process in the
brain. Is there clear evidence for immune reactions directed against CNS myelin,
neurons, or glia cells, i.e., autoimmune reactions, in MS patients?
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Figure 16.1. Brain lesions of an multiple sclerosis (MS) patient. The arrows point to large demyeli-
nated plaques in central nervous system (CNS) white matter.

3.3. Evidence for T Cell-Mediated Autoimmunity

Since MS is an inflammatory demyelinating disease, which is, at least in
northern Europe, often associated with the expression of the MHC class II antigen
HLA-DR2, the search for autoimmunity was mainly a search for myelin antigens
possibly recognized by brain-infiltrating CD4*, MHC class II-restricted T cells.
And indeed, T cells specifically recognizing myelin basic protein (MBP), prote-
olipid protein (PLP), or myelin oligodendrocyte glycoprotein (MOG) (Pette et al.,
1990; Kerlero de Rosbo et al., 1997) could be readily isolated from the blood of
MS patients. However, such cells can be isolated from the blood of healthy indi-
viduals just as well, indicating that they are normal components of the immune
system (Wekerle, 1998). Then, the search was on for quantitative differences
(Olsson et al., 1990b) in the antimyelin response of T lymphocytes found in the
blood of MS patients and healthy controls. Here, simple assays such as testing for
primary proliferation responses turned out to be insufficiently sensitive to detect
such differences, with the exception of a single study showing stronger prolifera-
tive responses against MOG in MS patients than in controls (Kerlero de Rosbo
et al., 1993). The more sensitive approach using ELISPOT techniques proved to be
more rewarding, pointing to increased T cell responses also to PLP and MBP
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(Olsson et al., 1990b). Then, qualitative differences in the antimyelin response
became the focus of intense research. It has been observed that monozygotic twins
differ in their anti-MBP response. When both of the twins developed MS, they had
a similar epitope recognition pattern, but when only one twin had MS, they dif-
fered more in epitope recognition (Utz et al., 1993). Other studies revealed that the
autoimmune response against MBP can be focused to a narrow, dominant peptide
segment in some selected patients—a finding that contrasts with the broad peptide
recognition pattern in controls. This narrow epitope pattern may be remarkably sta-
ble for several years over the course of the disease (Goebels et al., 2000). However,
in other patients the epitope recognition pattern radically changes over time. This
was best demonstrated in human patients progressing from an isolated mono-
symptomatic demyelinating syndrome (IMDS) to clinically definite MS (Tuohy
et al., 1998). Coinciding with, or appearing soon after the diagnosis of IMDS,
PLP-specific T cells from these patients recognized a single, specific PLP peptide.
In the course of the disease, the response to this peptide regressed, and responses
to other PLP epitopes emerged. This change in T cell reactivity concurred with
relapses and the diagnosis of clinically definite MS.

Under normal circumstances, CNS antigen—specific T cells are resting com-
ponents of the immune system. However, once activated, they can trigger autoim-
mune reactions within the human CNS. Evidence for such a disease scenario
comes from a series of neuroparalytic accidents in humans receiving anti-rabies
treatments with killed carbolized virus isolated from infected animal brains. Since
these vaccines were contaminated with brain material, CNS antigen—specific
T cells of the treated patients were activated and initiated CNS inflammation (for
review see Bradl and Hohlfeld, 2003). This discovery paved the way for the devel-
opment of experimental autoimmune encephalomyelitis (EAE), an animal model
widely used to decipher certain aspects of CNS inflammation and demyelination
seen in MS patients.

Based on this animal model it is undisputed that activated T cells recogniz-
ing antigens from myelin, oligodendrocytes, astrocytes, as well as neurons can
induce inflammatory brain disease (Berger et al., 1997). However, it became also
clear that not every activated CNS antigen—specific T cell will be autoaggressive
and hence pathogenic. For example, C57B1/6 mice harbor PLP-specific T cells in
their immune repertoire, but activation of these cells by immunization with PLP
fails to provoke CNS inflammation. This is in marked contrast to the situation in
SJL mice. With the same treatment regimen, PLP-specific T cells of these ani-
mals initiate massive inflammatory lesions in the CNS. The differences between
these two strains of mice can be ascribed to variations in the intrathymic expres-
sion of tissue-specific self-antigens and tolerance induction (Klein et al., 2000).

Another example is provided by MOG-reactive T cell lines isolated from
Lewis rats. While all of these T cell lines vigorously proliferated in response to
“their” specific peptides, only cells reactive to MOG, ,, or MOG;; ., were
encephalitogenic and hence able to induce CNS inflammation, while T cells spe-
cific for MOGy, ,, were incapable of mediating an inflammatory response within
the CNS (Adelmann et al., 1995). Based on this information, reports about the
presence, expansion, or proliferation of myelin-specific T cells in the repertoire
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of MS patients should be critically evaluated, as long as the encephalitogenic
potential of the described T cells remains unclear. There have been attempts to
clarify this issue.

Human myelin-specific T cells have been transferred into SCID mice or
rhesus monkeys, but the results of these studies were inconclusive (for review see
Bradl and Fliigel, 2002). At around the same time, a humanized mouse model has
been created using transgenic animals expressing three human components
involved in T cell recognition: (a) a T cell receptor derived from an MBP-specific
T cell clone of an MS patient, which recognizes an MBP epitope that is conserved
between mouse and man, (b) an MHC class II antigen associated with MS (HLA-
DR2), and (c) the human coreceptor CD4. When the humanized MBP-specific
T cells in these animals were activated, CNS inflammation ensued (Madsen ef al.,
1999).

As seen above, it turned out to be extremely difficult to prove that the
myelin-specific T cells found in the immune repertoire of MS patients are directly
involved in the initiation and/or progression of an autoimmune reaction within the
CNS. Other groups did not use the “in vivo approach” to solve this problem.
Instead, they concentrated on the inflammatory lesions of MS patients and rea-
soned that they should be able to find CNS antigen—specific T cells in the plaques,
provided that the lesions were initiated by these cells. And indeed, characteriza-
tion of the T cell receptor usage of T cells found in MS plaques revealed the pres-
ence of T cells with similar complementary-determining region-3 sequences to
those found in MBP-reactive T cell lines (Oksenberg et al., 1993). In addition,
MBP-MHC class II complexes have been found on antigen-presenting cells within
MS plaques, indicating that MBP epitopes could be presented by local antigen-
presenting cells (Krogsgaard et al., 2000).

Taken together, while several reports describe the presence and the reactiv-
ity/receptor usage of CD4*, myelin-specific T cells in MS patients (a recent search
in Medline revealed more than 140 entries), there is little evidence for an active
role of such CNS antigen—specific T cells in the induction of MS (see above).

Even less is known about the dominant T cell population in the MS plaque,
the CD8* T cells. According to a recent publication, CD8" T cells in MS lesions
represent an oligoclonal population (Babbe et al., 2000). CD8* T cells are
enriched at sites of actively demyelinating lesions, and there is evidence for a
direct cytotoxic interaction between CD8' T lymphocytes and target cells in the
CNS (Neumann et al., 2002). However, it remains unclear whether these cells
actually recognize myelin proteins and mount an autoimmune response to CNS
antigens, or whether they recognize other, probably viral, target structures. The
situation is further complicated by the fact that there are only few studies avail-
able so far that show that class I-restricted myelin-specific T cells can induce
brain inflammation in experimental animals (Huseby et al., 2001; Sun et al.,
2001). Unfortunately, these models are not developed to such an extent, that their
validity as models for MS can be judged.

Moreover, most, if not all CNS-specific proteins, and even glycolipids (De
Libero, 2004) may be targets of encephalitogenic, autoreactive T cells. Hence,
T cell-mediated autoimmunity in MS patients may be directed against many dif-
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ferent CNS antigens, which may be different between individual patients. It may,
thus, not be surprising that a common MS-specific autoimmune response has so
far not been identified.

3.4. Evidence for B Cell- or Antibody-Mediated Autoimmunity

There is no doubt about chronic B cell responses and a persistent
immunoglobulin production in the CNS of MS patients. This is best exemplified
by the diagnostically useful determination of intrathecal immunoglobulin synthe-
sis, and by the presence of oligoclonal immunoglobulin in the cerebrospinal fluid.
More recent studies, using new molecular technologies, showed extensive
somatic mutations in the immunoglobulin variable genes of B cells isolated from
the lesions or the cerebrospinal fluid of affected patients (Owens ef al., 1998; Qin
et al., 1998). These data also suggest that the B cell and plasma cell populations
in the brain of MS patients are derived from the expansion of few individual
B cell clones, possibly driven by local antigenic stimulation.

Are the antibodies synthesized intrathecally by these B cell populations
directed against autoantigens? This question is still unresolved, since detailed
studies aiming to define the antigen specificity of oligoclonal immunoglobulins
in MS patients were so far inconclusive. Nevertheless, antibodies in the circula-
tion and the cerebrospinal fluid (CSF) of MS patients may be directed against
a large number of different autoantigens (Archelos and Hartung, 2000). Most
extensively studied are antibodies against MBP and MOG (Berger et al., 2003).
They are found in higher frequencies in MS patients than in controls, and their
serum titers at the time of the first clinical presentation may predict how fast the
disease will convert to definite MS. However, the presence of antibodies against
MOG or MBP is not unique for MS patients, but can be also found in patients
with other inflammatory or noninflammatory CNS diseases. Hence, such anti-
bodies may rather represent a secondary response of the immune system to brain
damage, rather than being pathogenic by themselves.

Is there evidence for pathogenic autoantibodies responsible for the induc-
tion of demyelination or tissue injury? One requirement of an autoantibody to be
directly pathogenic is that its target antigen is accessible in the intact tissue. Thus,
the respective target antigen has to be located either on the cell surface or on
extracellular matrix components. In contrast, most antibodies detected in MS
patients are reactive with intracellular antigens such as MBP or neurofilament.
The situation is different with MOG, which is a small immunoglobulin-like mol-
ecule expressed on the surface of myelin sheaths or oligodendrocytes (Linington
et al., 1988). Most anti-MOG antibodies detected in MS patients are pathogenet-
ically irrelevant, since they are directed against linear epitopes hidden within the
folded molecular structure (Brehm et al., 1999). However, in a small subgroup of
MS patients the antibodies recognize the conformational epitope of MOG,
which is accessible on the surface of intact oligodendrocytes (Haase et al., 2001)
and myelin sheaths. Since such antibodies drive demyelination in animal models
of EAE (Linington et al., 1988), it is likely that they are also truly pathogenic
in humans, leading to antibody- and complement-mediated demyelination
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characteristically found in active lesions in a subset of MS patients (Lucchinetti
et al., 2000).

Other antibodies that may be pathogenetically relevant are those directed
against AN-2, a surface molecule expressed on glial progenitor cells (Niehaus
et al., 2000). Again, these antibodies are only found in a subset of MS patients.
Since these antibodies may initiate the destruction of glial progenitor cells, they
could be responsible for the failure of myelin repair in some patients. Taken
together, autoantibodies directed against cell surface antigens of CNS cells or
components of the extracellular matrix of the brain are potentially pathogenic in
MS. The target structures of these antibodies may vary between individual
patients, but a common, MS-specific autoantibody has not been described yet.

3.5. Evidence for Autoimmunity from Immunotherapies of Multiple
Sclerosis

As described above, there is strong, but always indirect, evidence for an
immunopathogenesis of MS (Figure 16.2), and different autoimmune mecha-
nisms might operate in different patients or at different stages of the disease.
Several immunotherapies provided further evidence for the presence of autoim-
mune reactions in MS patients, in particular on the level of MBP-specific T lym-
phocytes. For example, MBP-reactive T cells suspected to be involved in the
pathogenesis of MS were depleted by subcutaneous inoculations with irradiated
autologous MBP-reactive T cells (“T cell vaccination”). This treatment regimen
resulted in the induction of CD8" T cells that specifically suppressed the MBP-
reactive T cells (Zang et al., 2000). It led, at least for an observation interval of
24 months, to a 40% reduction of the relapse rate (as compared to the pretreat-
ment rate), and to a stabilization in lesion activity (Zhang ef al., 2002). Other
immunotherapies used altered peptide ligands for MBP in MS patients. In these
studies, T cells recognizing the putative target epitope for an autoimmune
response, MBP, ... were targeted with peptides differing from the peptide nor-
mally recognized by one or two amino acids, in the hope to modulate the T cell
response to the native peptide antigen. The outcome of these trials was inconclu-
sive. One group described the induction of regulatory type 2 helper T cells, and a
reduction in the volume and the number of lesions (Kappos et al., 2000). Another
group found exacerbations of MS directly linked to the activation of MBP-
specific T cells in a subgroup of patients (Bielekova ef al., 2000). In sum, both of
these immunotherapies provide evidence for a role of myelin-specific T cells in
the disease. However, there is no evidence that these cells are directly involved in
the initiation of MS.

4. The Triggers for Autoimmune Reactions in MS Patients

The studies described above have clearly shown that autoimmune reactions
occur and that they appear to be more abundant and pronounced in MS patients
compared to controls. Furthermore, some studies indicate that MS may be asso-
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Figure 16.2. Possible causes and consequences of the presence of central nervous system (CNS)
antigen—specific T cells in the immune repertoire of multiple sclerosis (MS) patients.

ciated with an increased risk to develop other autoimmune diseases (Henderson
et al., 2000). What triggers autoimmune reactions in MS patients?

4.1. Autoimmune Reactions Caused by a Defect in Immune
Regulation

A small number of transgenic mice carrying an expanded population of
encephalitogenic T cells in the immune repertoire spontaneously develop EAE. If,
however, other lymphocytes are genetically ablated, the disease incidence
increases to 100% (Lafaille et al., 1994). These data point to the presence of regu-
latory T cells in the immune system, which may prevent or terminate autoimmune
reactions. In MS patients, immune-regulatory processes might act in at least two
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different situations: in the termination of acute disease episodes or in the global
control of autoimmunity.

Early studies showed reduced suppressor activity of peripheral leucocytes
in MS patients during active disease (Antel ef al., 1979), which was related to
reduced numbers of CD8" T cells in the circulation (Reinherz et al., 1980). This
implicated that “suppressor” cells might play a major role in regulating the relaps-
ing remitting course of MS. However, subsequent studies found a much less clear-
cut correlation between disease activity and loss of suppressor function (Antel
et al., 1985) or changes in peripheral CD8* T cell numbers (Hughes ef al., 1988).
Reduced numbers of NK1 T cells with putative regulatory function, observed
within inflammatory infiltrates in MS lesions, also suggest a defect in the termi-
nation of local immune responses (Illés et al., 2000).

A more global defect of immune regulation in MS patients was postulated
following the observation that the numbers of regulatory CD4*CD25"e" T cells in
the circulation of MS patients are lower than in controls (Viglietta et al., 2004),
possibly provoked by an impaired release of these cells from the thymus (Hug
et al., 2003). This finding is not typical for all MS patients, since another study
failed to detect such differences (Putheti et al., 2004).

Finally, the low incidence of asthma in MS patients (Tramlett ef al., 2002)
suggests a general bias of the immune response toward Thl cells or cytotoxic T
lymphocytes, which are polarized to the production of Thl cytokines. Indeed,
therapeutic strategies, which are believed to shift the immune response from Th1
to Th2 reactions, show some beneficial effect, in particular in patients with acute
or relapsing disease (Neuhaus et al., 2000). Taken together, there are only few
studies addressing the question of possible regulatory defects in MS patients, and
the results of these studies are, at present, far from being conclusive. Hence, the
concept of a general defect in immune regulation in MS patients remains an
attractive hypothesis, which has to be proven in future large-scale clinical studies.

4.2. Autoimmune Reactions Caused by Infections

Based on extensive studies it became clear that chronic inflammatory
demyelinating diseases reminiscent of MS can be induced in experimental animals
by several different viruses causing, for example, Theiler’s virus-induced
encephalomyelitis (Drescher et al., 1997), corona virus—induced demyelinating
encephalitis (Nagashima et al., 1978), and canine distemper virus encephalitis
(Summers and Appel, 1994). In most of these models the disease starts with a
panencephalitis, affecting both the gray and the white matter, which leads to injury
of glia cells and neurons. While the infection is gradually cleared from the CNS
gray matter, it may persist in the white matter and may cause a slowly progressive
inflammatory demyelinating disease culminating in the formation of focal plaques
of demyelination (Dethlefs ef al., 1997). Tissue damage is mediated by both CD4*
and CD8" T cells: while class I-restricted T cells appear to be particularly impor-
tant in the induction of axonal damage and clinical deficit, both T cell populations
seem to be involved in the induction and progression of demyelination (Murray
et al., 1998). An important lesson from these animal models is that viral infections
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can induce autoimmune reactions against components of the CNS tissue, which
may be involved in the propagation of chronic disease, possibly by antigen or
determinant spreading (Croxford et al., 2002). This implicates a contribution of
autoimmune T cells to the chronicity of the inflammatory reaction and to the
induction of tissue injury. Since the virus is not completely eliminated from the
CNS of the experimental animals, it remains unclear whether virus-induced
autoimmunity alone, in the absence of viral persistence in the CNS, could main-
tain a long-lasting chronic inflammatory demyelinating disease.

There is little doubt that infections are unusual precursors to the onset of
MS, but that they frequently precede the relapses and progression of MS.
Moreover, oligoclonal IgG bands in the CSEF, a diagnostic hallmark of MS, are
otherwise almost exclusively found in infectious diseases of the nervous system
(e.g., mumps, meningitis, neurosyphilis, cryptococcal meningitis, subacute scle-
rosing panencephalitis, and chronic rubella panencephalitis) (Gilden, 2002). Do
such infections trigger autoimmune reactions, or do stress reactions associated
with infections lead to the reactivation of human viruses from sites of latency in
the CNS, which may in turn start immune reactions directed against viral struc-
tures? Research programs addressed both these scenarios.

The first line of research followed observations in transgenic mice carrying
murine, encephalitogenic T cell receptors. The fact that these animals remained
healthy when they were kept under specific pathogen-free conditions but developed
spontaneous CNS inflammation when they lived in a normal environment
(Goverman et al., 1993) led to the suggestion that the activation of T cells before
their entry into the CNS may result from the action or recognition of bacterial/viral
proteins. A similar, systemic trigger was also postulated for patients with early
relapsing/remitting MS, since lesions appear concurrently in the brain and the spinal
cord (Thorpe et al., 1996). Clear evidence for an activation of CNS antigen—specific
T cells by infectious agents came from the pioneering work of Wucherpfennig and
Strominger (1995). They demonstrated that MBP-specific T cell clones derived
from MS patients can be activated by peptides derived from herpes simplex virus,
Epstein—Barr virus, influenza virus, or Pseudomonas—and the list of such viral or
bacterial peptides increased ever since (Hemmer et al., 1997).

The second line of research was stimulated by the isolation of an MS-asso-
ciated retrovirus from the choroid plexus or from B lymphocytes of MS patients
(Perron et al., 1997). This virus was related to a novel family of human endoge-
nous retroviruses, human endogenous retrovirus type W (HERV-W) (Perron ef al.,
1997). A complete HERV-W provirus is present on chromosome 7, in a region
associated with susceptibility to MS (Charmley et al., 1991). We recently
detected HERV-W retroviral antigens in neurons, axons, and endothelial cells of
active MS lesions (unpublished observation). However, their expression in inac-
tive lesions was low or absent. It will have to be determined in the future whether
this virus is activated in response to the stressful environment of an MS lesion or
whether immune responses to such retroviruses cause the development of MS
and/or the propagation of lesions. Thus, attractive as a viral/bacterial trigger of
autoimmune reactions in MS patients may be, there is no known infection that
provokes the onset of the disease.
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5. Protective Autoimmunity

Autoreactive T cells and autoantibodies directed against components of the
CNS are part of the normal immune repertoire. Since MBP-specific T cells can
also be activated by viral/bacterial peptides, and because the response to such
peptides might be as high, or even higher than the response to MBP
(Wucherpfennig and Strominger, 1995), it seems fair to assume that the risk to
develop autoimmune diseases is the price to pay for an efficient and fast immune
response against pathogens. Moreover, inflammation should not always be con-
sidered an undesirable reaction. In fact, research in animal models of traumatic or
excitotoxic brain lesions convincingly demonstrated that inflammatory T cells
may serve beneficial functions by limiting tissue injury and stimulating tissue
repair, an observation that even led to the concept of “protective autoimmunity”
(Moalem et al., 1999).

Activated lymphocytes and macrophages are potent sources of growth fac-
tors and neurotrophins (Moalem et al., 2000), e.g., brain-derived neurotrophic
factor (BDNF), which is able to rescue neurons in vitro (Kerschensteiner et al.,
1999). Interestingly, neurons and glia cells at the active edge of demyelinating
inflammatory MS lesions express receptors for BDNF (Stadelmann ef al., 2002).
Moreover, leukocyte-derived neurotrophins are also essential in the recruitment
of oligodendrocyte progenitor cells and the induction of remyelination (Franklin,
2002).

Protective autoimmunity is not only a feature of self-antigen-specific T cells;
it is also observed with autoantibodies. For example, murine and human antibod-
ies of the IgM isotype, which recognize antigens on the surface of oligodendro-
cytes, may promote remyelination in the CNS (Asakura et al., 1996). These
observations should be a point of concern when extensive immunosuppression in
MS patients is planned: Such a treatment could not only reduce or limit possible
deleterious consequences of CNS inflammation, but could also impair remyeli-
nation and repair.

6. What Remains of the “Autoimmune Hypothesis”
of Multiple Sclerosis?

From all the data discussed above it seems that MS patients have just one
feature in common: they share the presence of autoreactive T cells in the immune
repertoire. However, they share this with healthy subjects just as well. All other
features of the disease seem to be rather patient-specific: the trigger of the dis-
ease, the disease course, the pathological characteristics of the MS plaque, the
contribution of the immune system to the pathological changes in the CNS, the
(auto?)antigens recognized by T cells and/or antibodies, and even the response to
treatments. There is evidence that autoimmune processes could be involved in
every single aspect mentioned above. Bringing all these aspects together to a uni-
form picture of MS remains a challenge for the future.
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Crippled B Lymphocyte Signaling
Checkpoints in Systemic
Autoimmunity

Moncef Zouali

1. Introduction

A remarkable feature of the immune system is that the potential to mount a
response to self-antigens (Ags) is rooted in the genome of all normal individuals.
Yet, pathogenic autoimmunity remains a relatively rare event that affects approxi-
mately 5% of the population. Despite intensive scrutiny, the origin of autoimmune
reactivity remains an enigma, and a number of theories have been formulated to
account for the initiation and persistence of an “aggressive” autoimmune reaction
in diseased subjects, including a role for autoantigen, pathogen-related antigens,
molecular mimicry, increased expression of major histocompatibility complex
(MHC) class II antigens, polyclonal activation, altered antigen processing, and/or
presentation. None of these mechanisms fully accounts for all the findings in
autoimmune diseases, and it is conceivable that multiple processes may act simul-
taneously or in temporal succession in a single autoimmune disorder and that dis-
tinct processes may operate in a single autoimmune subject. It also is generally
accepted that autoimmune diseases require contributions from inherited and envi-
ronmental factors, and several cell types can be recruited to mount an aggressive
autoimmune response. In systemic autoimmune disease, however, B lymphocytes
play a paramount role. Focusing on systemic lupus erythematosus (SLE), this
chapter reviews data suggesting that crippled B cell receptor (BcR)-mediated sig-
naling checkpoints provide a biochemical and molecular background for the
observed diverse abnormalities involved in disease progression.
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2. B Lymphocytes Participate in Both innate
and Adaptive Immunity

B lymphocytes are generated throughout life by differentiation from
hematopoietic stem progenitors. Cells that engage in the B cell lineage in the
bone marrow execute a programmed development, first sequentially rearrang-
ing immunoglobulin (Ig) heavy (H)-chain genes at the pro—B cell stage, then
undergoing multiple rounds of clonal expansion at the pre—B cell stage and,
finally, assembling Ig light (L)-chain genes to give rise to newly formed
surface IgM* immature B cells. However, the random Ig variable (V) gene
rearrangements can produce autoreactive lymphocytes that must be tolerized
by negative selection before emigrating to peripheral lymphoid organs. In the
bone marrow, immature self-reactive B lymphocytes are eliminated by apopto-
sis (clonal deletion), are functionally silenced (anergy), or undergo secondary
V gene rearrangements to extinguish their autoreactivity (receptor editing).
After undergoing these selection processes, newly formed B cells can migrate
to the periphery, express IgD, and give rise to mature naive B cells, which can
be categorized in three functionally and phenotypically distinct populations:
conventional FO (or B-2) B cells, MZ B cells of the spleen, and B-1a B cells
in the peritoneal cavity. Upon new encounters with self-Ags not present in the
bone marrow, B cells must again be tolerized in the periphery before they enter
the long-lived pool of B cells (reviewed in Radic and Zouali, 1996; Nemazee
et al., 2000).

At the mature stage, B cells possess a system that can sense the presence
of microorganisms and contribute to their destruction. In addition to secreting
Igs, B cells are able to present Ags (Roosnek and Lanzavecchia, 1991), upreg-
ulate costimulatory molecules, express antimicrobial activity by producing
reactive oxygen intermediates and other inflammatory cytokines, and secrete
factors that can directly mediate microbial destruction (Yi et al., 1996; Lee
and Koretzky, 1998). More recently, it was recognized that B cells can express
toll-like receptors (TLRs) (Applequist et al., 2002; Bourke et al., 2003). This
expression is augmented following engagement of the BcR or the costimulatory
molecule CD40 or by stimulation with S. aureus Cowan I bacteria or unmethy-
lated CpG DNA. Since TLR9 recognizes unmethylated CpG motifs charac-
teristic of bacterial DNA and is involved in the immediate response to a wide
range of microbes, B cells may, in addition to their role as Ab-producing
cells during the adaptive immune response, respond to pathogens in a manner
associated with the innate branch of immune defense. Inducible expression of
TLRs in B cells may provide a link between the innate and adaptive branches
of the immune system. Additionally, two B cell subpopulations with innate-
like functions are present in the peripheral lymphocyte compartment: B-1 and
MZ B cells. Because of their anatomical location and their functional proper-
ties, these two B cell subsets are involved in T cell-independent, innate-like
immunity and represent an immune mechanism of first-line defense against
pathogens.
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3. The Critical Role of B Cells in Autoimmunity

The main immunological event in the pathogenesis of SLE is B cell hyper-
activity, and several lines of evidence demonstrate that B cells are essential for
development of autoimmunity and disease expression (Lu and Cyster, 2002;
Zouali, 2005). Transfer of cultured pre-B cells derived from (NZB x NZW) F,
fetal liver into SCID mice is sufficient to generate a lupus-like syndrome
(Reininger et al., 1992). Since T cells do not develop from these donor cells, it
appears that B-lineage-intrinsic defects play a primary role in the pathogenesis
of the autoimmune disorder. It is also clear that, before disease development,
(NZB x NZW) F, mice have large numbers of B cells spontaneously producing
low-affinity, IgM anti-DNA antibodies (Steward and Hay, 1976). In human
lupus, the number of B cells that secrete Igs spontaneously is dramatically
increased (Zouali ef al., 1991). Characterization of autoantibody genes shows
that pathogenic, high-affinity IgG anti-DNA antibody (Ab) result from an Ag-
driven process (Demaison ef al., 1994; Radic and Weigert, 1994), implying
that the adaptive immune branch underlies their production. However, other evi-
dence suggests that B cells with innate-like functions may play a role in autoim-
munity (Viau and Zouali, 2005). In humans, increased numbers of B-1 cells are
found in patients with certain autoimmune diseases. In experimental models,
early studies recognized that B-1 cells exhibit binding to self-Ags and that
they can potentially produce high-affinity autoantibodies typical of autoimmune
disease. The autoimmune NZB mouse has an expanded B-1 population that
could be linked to the Sle2 lupus susceptibility locus. In mice homozygous
for the /pr mutation, B-1 cells produce anti-erythrocyte autoantibodies responsi-
ble for autoimmune hemolytic anemia and their elimination reverses autoim-
munity. Studies of B-1 cell trafficking also support their role in autoimmunity.
While B-1 cells are known to preferentially migrate toward the chemoattractant
CXCLI13 (BLC), they fail to home to the peritoneal cavity in aged (NZB x NZW)
F, mice, developing lupus nephritis (Ishikawa ef al., 2001). When injected intra-
venously, they are preferentially recruited to the target organs that show ectopic
expression of CXCL13, namely the kidney, the lung, and the thymus. This aber-
rant homing of B-1 cells in aged (NZB X NZW) F, mice may favor autoantibody
production.

Studies of MZ B cells also suggest that they can potentially play a role in
the spontaneous development of autoantibodies (Viau and Zouali, 2005).
In humans, infiltrating cells exhibiting a MZ B cell phenotype have been described
in Grave’s disease and in Sjogren’s syndrome (Segundo et al., 2001; Groom
et al., 2002). In the autoimmune NZB mouse model, several findings suggest
that MZ B cell function is abnormal. There is an enhanced proliferation
following stimulation with anti-Ig and -MHC class II Abs. Additionally, NZB
mice have an increased proportion of MZ B cells exhibiting an “activated” phe-
notype, with increased levels of costimulatory molecules, as compared with non-
autoimmune mouse strains. Like its parental NZB strain, the lupus-prone
(NZB x NZW) F, mouse model demonstrates increased numbers of CD1"eh
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B cells, a phenotype of MZ B cells. Importantly, this MZ B cell expansion is
detectable as early as 4 weeks of age and is responsible for production of large
amounts of anti-DNA Abs, as compared with FO B cells (Zeng et al., 2000;
Schuster et al., 2002).

Studies of longevity factors (APRIL and BAFF) that influence B cell mat-
uration and survival at several levels also point to a link of MZ B cells with
autoimmunity. Mice overexpressing BAFF spontaneously develop an SLE-like
syndrome associated with a dramatic increase in MZ B cells (Mackay et al., 1999;
Batten ef al., 2000). More recently, it was found that the salivary glands of BAFF
transgenic mice contain a subpopulation of B cells with an MZ-like phenotype
(B220*HAS* CD21hie"CD1hieh) that could derive from the expanded MZ popula-
tion present in the spleen of BAFF transgenic mice (Groom et al., 2002).
Importantly, MZ-like B cells also have been detected in the thyroid gland of
patients with Graves’s disease. It is possible that these cells have aberrantly
acquired trafficking receptors, enabling them to circulate and home to other lym-
phoid locations, as occurs in aged (NZB X NZW) F| mice whose B-1 cells abnor-
mally migrate to ectopic target organs (Ito et al., 2004).

4. B Cell Receptor-Mediated Signaling Checkpoints

Throughout B cell development, lymphocyte survival and selection are
determined by the specificity of the hetero-oligomeric BcR, a module that inter-
acts with coreceptors, protein tyrosine kinases (PTKs) and phosphatases (PTPs),
adapters, and other proteins to propagate signaling cascades (Reth and Wienands,
1997; Benschop and Cambier, 1999). Since the BeR is responsible for Ag recog-
nition, the transduction events that occur after its ligation mediate interpretation
of the magnitude and duration of BcR signaling. In addition to orchestrating the
efficient development and subsequent activation of B lymphocytes at several dis-
crete stages during B lineage differentiation, the BcR plays a central role in
self-tolerance. During B lymphocyte development, potentially aggressive autore-
active B cells must be tolerized at various checkpoints. While studies over the
past few years have provided a wealth of new information regarding the selection
processes, systemic autoimmune disease is often considered to result from a defi-
ciency in tolerance induction, resulting in failure to eliminate self-reactive lym-
phocytes. In this scheme, B cells that slip through the mesh of the tolerance safety
nets would attack and destroy peripheral tissues. Lupus, for example, would result
from rogue B cells reactive to various tissues. Yet, it is clear, from recent work
with transgenic systems in which most B cells express receptors directed against
self-antigens, that additional mechanisms allow the immune system to control
potentially devastating lymphocytes and avoid pathology. Notably, transgenic
expression or inactivation of genes encoding certain signaling molecules was
found to lead to autoimmune phenomena and to disease, suggesting that a tight
balance in BcR signaling pathways is required to prevent pathogenic autoimmune
reactions (Hasler and Zouali, 2001; Kammer ef al., 2002; Yu et al., 2003; Zouali
and Sarmay, 2004).
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5. Critical Regulators of B Cell Receptor Signaling

Cumulative evidence indicates that the CD19 coreceptor can induce posi-
tive signals that could enhance B cell responses. By regulating Src kinases and
PI3K activity, it lowers the threshold of BcR-mediated signaling. Strikingly, study
of CD197~ mice revealed an apparent tight regulation of CD19 cell surface den-
sity during B cell development (Saito et al., 2002). In contrast to mice that over-
express CD19, CD197~ mice have a markedly elevated BeR signaling threshold
compared with wild-type mice. Reversibly, transgenic expression of low levels of
human CD19 with normal levels of mouse CD19 resulted in hyperactive B cells
and loss of tolerance to nuclear Ags (Sato et al., 2000). Since the product of PI3K,
phosphatidyl inositol 3,4,5 trisphosphate, activates protein kinase B (PKB),
which in turn promotes B cell survival, CD19 participates positively in B cell
activation. Its positive effect on PI3K activity also may result in survival of imma-
ture B cells with low-affinity-binding BcRs, a potential source of the autoreac-
tivity seen in mice that have only a 15-30% increase in CD19 expression. The
CD19 transgenic mice exhibit a profoundly different phenotype from normal con-
trols and develop SLE-like manifestations. Like mice that overexpress CD19, the
tight skin (TSK) mouse, a genetic model for human systemic sclerosis, also con-
tains spontaneously activated B cells and autoAbs against systemic sclerosis—
specific target autoAgs. In TSK mice, CD19 deficiency results in quiescent
B cells, with significantly reduced autoAb production and skin fibrosis (Saito
et al., 2002). Thus, even subtle increases in CD19 density were sufficient to pre-
dispose mice to autoimmune manifestations, suggesting that modest alterations in
CD19 expression could contribute to the development of autoAbs in humans.

The transmembrane CD45 PTP is expressed on all nucleated hemopoietic
cells and constitutes up to 10% of all membrane proteins in T and B cells. It pos-
sesses an intracytoplasmic region bearing two domains, D1 and D2, and an extra-
cellular domain with variable composition and structure, due to alternative splicing
of several exons and differential glycosylation. The function of CD45 in immunore-
ceptor signaling is to regulate the activity of Src family kinases by dephosphorylat-
ing their regulatory C terminal tyrosine. It is thought that dimerization of CD45
inhibits PTP activity through symmetrical interactions between its inhibitory struc-
tural wedge and its catalytic site. Recently, the phenotype of a gain-of-function
mutation in CD45 that may enhance activity of Src family PTKs has been reported
(Majeti et al., 2000). Homozygous and heterozygous mice in which a single point
mutation, glutamate 613 to arginine, that inactivates the inhibitory wedge of CD45
exhibited polyclonal lymphocyte activation, lymphoproliferation, autoAb produc-
tion, and severe glomerulonephritis (GN), resulting in death. These findings demon-
strate the in vivo importance of negative regulation of CD45 and suggest that the
level of Src family PTK activity is an important determinant of immune tolerance.

Members of the novel serine/threonine protein kinase C (PKC) family,
which includes PKC-9§, -€, -8 and -1, can phosphorylate a multitude of cellular
substrates. It is emerging that the different family members have diverse roles in
the immune system and are implicated in various cellular processes, such as
growth, differentiation, and death. Among the 12 known isoforms, several PKC
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members are expressed in B lineage cells and activated by BcR stimulation, sug-
gesting a contribution of PKCs in the transduction of B cell-mediated immune
responses. One of them, PKC-9, is unique in that its overexpression can have a
potent negative influence on cell behavior, inhibiting proliferation and growth
and enhancing death. This isoform is known to be highly expressed in B cells
and to be involved in BcR signaling. It has the unusual property of being tyro-
sine-phosphorylated and this phosphorylation event takes place within a minute
of BcR engagement. To understand its role in B cell immunity, mice deficient
for PKC-0 were analyzed (Mecklenbrauker et al., 2002; Miyamoto et al., 2002).
The most overt abnormalities were splenomegaly and lymphadenopathy, both
attributed to an increase in the number of conventional B 2 cells. This augmen-
tation was not observed in the bone marrow, indicating that it occurred in sec-
ondary lymphoid organs. In the absence of Ag stimulation, PKC-d-deficient
mice exhibit B cell expansion, formation of unusually high numbers of numer-
ous germinal centers (GCs), and defective B cell tolerance to self-Ag. With age,
the B cell abnormalities had pathological consequences, including increased
concentrations of serum IgG, and IgA, autoAbs, immune-complex (IC)-type
GN, and lymphocyte perivascular infiltration in many organs. Additionally,
while acute exposure of PKC-9d-deficient B cells to self-Ag elicits immunity,
chronic stimulation with the same Ag failed to induce tolerance via anergy, as it
does for wild-type B cells (Mecklenbrauker et al., 2002), further underscoring
the importance of PKC-0 in negative regulation of B cell proliferation and in
establishing B cell tolerance.

While Lyn is not required to initiate BcR signaling, it is an essential
inhibitor of transduction pathways. B cells from mice homozygous for a disrup-
tion at the Lyn locus had a delayed, but increased, Ca** flux and an exaggerated
negative selection response to Ag, and a spontaneous hyperactivity (Hibbs ef al.,
1995; Nishizumi et al., 1995). The deficient mice also had circulating autoreac-
tive Abs and severe GN caused by the deposition of ICs in the kidney, a pathol-
ogy reminiscent of SLE. The role of Lyn in BcR-mediated signaling and in
establishing B cell tolerance to self-Ags also stems from the phenotype of Lyn
deficiency on a C57BL/6 background. The mutant mice are more susceptible to
myelin oligodendrocyte glycoprotein—induced experimental allergic encephalo-
myelitis (Du and Sriram, 2002). This strain dependence suggests that Lyn may
represent a genetic susceptibility factor for autoimmune disease.

Further analysis of signaling pathways in Lyn™~ mice demonstrated that
regulation of B¢R signaling is a complex quantitative trait in which the Lyn acti-
vating role is mediated by the phosphorylation of tyrosine residues within
immunoreceptor-activating motifs (ITAMs) of Iga, IgP and CD19, and the sub-
sequent recruitment of signaling enzymes, such as Syk, PLCY2, and PI-3Kinase
(Cornall et al., 1998). These positive effects are balanced by the negative regula-
tory role of Lyn in B cells through at least two pathways. First, Lyn is responsi-
ble for phosphorylating tyrosine residues of the negative BcR coreceptors
FcyRIIb, platelet endothelial cell adhesion molecule-1 (PECAM-1), and PD-1
(see below). This activity may account, at least in part, for the enhanced Bc¢R sig-
naling seen in Lyn™" B cells and for the autoimmune phenotype observed in mice
lacking these BcR coreceptors. Second, Lyn was shown to negatively regulate



Crippled B Lymphocyte Signaling Checkpoints in Systemic Autoimmunity 233

B cells by opposing the effect of Syk on BcR-mediated activation of Akt/PKB.
Deregulation of Akt/PKB correlates with the BcR-mediated hyperresponsiveness
of Lyn™" B cells and might contribute to the autoimmune syndrome that develops
in Lyn-deficient animals.

The key role of Lyn in establishing and maintaining peripheral tolerance also
comes from studies of the consequences of sustained activation of Lyn in vivo using
a targeted gain-of-function mutation (Hibbs et al., 2002). The mice, designated
Lyn"?*?_ carry a single point mutation (Y508) in a sequence that negatively regu-
lates Lyn activity and express a constitutively activated form of Lyn, allowing study
of the consequences of constitutive engagement of both stimulatory and inhibitory
signaling pathways. The mutant mice have reduced numbers of conventional B-2
lymphocytes, downregulated surface IgM and costimulatory molecules, and ele-
vated numbers of B-1a cells. In vitro, there is a heightened Ca?* flux in response to
BcR stimulation and exaggerated positive signaling. While there is a constitutive
phosphorylation of negative regulators of BcR signaling (SHP-1 and SHIP-1), Syk
and phospholipase Cy2 are constitutively phosphorylated. Surprisingly, Lyn"»'
mice developed circulating autoreactive Abs and lethal autoimmune GN, suggest-
ing that enhanced positive signaling eventually overrides constitutive negative sig-
naling. The breakdown of self-tolerance seen in these mice may result from an
imbalance between chronic negative signaling and enhanced positive signaling. It
indicates that Lyn plays a central role in maintaining the equilibrium between
positive and negative B cell signaling pathways, and in regulating B cell tolerance
and development of autoimmunity. Moreover, the fact that both Lyn™" and Lyn""*
mice show a breakdown in self-tolerance and develop circulating autoreactive
autoAbs and severe lupus-like nephritis (Hibbs et al., 1995, 2002; Nishizumi et al.,
1995) clearly demonstrates that Lyn is a key regulator of B cell signaling and sug-
gests that any imbalance in signaling, either by deletion on activation, may result in
severe autoimmunity.

Also important in B¢R signaling and in self-tolerance is SHP-1, a PTP with
several targets in immunoreceptor signaling. SHP-1 is reportedly recruited to CD22
or CD72, even in the absence of BcR coaggregation. It also can dephosphorylate
the ITAMs of Src kinases, Syk kinases, adapters such as SLP-76, effectors such as
Vav and PI-3’ kinase, as well as receptors such as CD19. There also is strong indi-
cation that SHP-1 can dephosphorylate immunoreceptor inhibitory motif
(ITIM)—containing receptors (see below), thereby providing a potential mechanism
of autoregulation (Reth and Wienands, 1997; Benschop and Cambier, 1999). A sig-
nificant clue regarding the role of SHP-1 in immune cell homeostasis was provided
by the finding that its gene is mutated in motheaten (m¢) and viable motheaten (m*®)
mice (Shultz et al., 1993; Tsui et al., 1993). The mutant mice exhibit a spontaneous
point mutation in SHP-1 that results in a protein with decreased PTP activity
(10-20% of normal activity) and immune defects, including expansion of B-1 cells,
a low threshold of membrane Ig signaling, hypergammaglobulinemia, autoantibody
production, and GN. Their B cells exhibit augmented BcR-induced proliferation,
protein tyrosine phosphorylation, and mitogen-activated protein kinase (MAPK)
activation. Similar defects were observed in a B cell line expressing a dominant-
negative form of SHP-1. Thus, SHP-1 is a critical negative regulator of immunore-
ceptor signaling in B cells.
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6. Negative Regulators of B Cell Receptor-Mediated Signal
Transduction

The prototypes of negative coreceptors are those that target the Fc region of
IgGs (Fcy). By virtue of their broad tissue distribution, they have the ability to
sense humoral concentrations of Abs. Linking ligands with effector cells of the
immune system, they initiate cellular responses useful in host defense (Daeron,
1997; Ravetch and Bolland, 2001). One of them, FcyRIIbl, is exclusively
expressed on B cells and has the potential to terminate B cell signal transduction.

The prediction that FcyR may control autoantibody production as well as IC-
induced inflammation was amply confirmed in studies of FcyR-deficient models.
Ablation of FcyRIIb renders mice susceptible to the induction, or spontaneous
development, of various autoimmune disorders, such as collagen-induced arthritis
(CIA), Goodpasture syndrome, and GN, indicating that FcyRIIDb is a critical com-
ponent of peripheral tolerance (Takai, 2002). Significantly, while FcyRIIb defi-
ciency results in anti-DNA and antichromatin Abs, and fatal autoimmune GN on
the C57BL/6 background, FcyRIIb”~ BALB/c mice maintain tolerance to self and
are resistant to the development of autoimmunity. This strain dependence suggests
that FcyRIIb is a genetic susceptibility factor for autoimmune disease, a conclusion
further supported by studies showing that FcyRIIb deficiency can render a nonper-
missive MHC haplotype susceptible to CIA, a murine model of rheumatoid arthri-
tis. While mice expressing a nonpermissive haplotype are resistant to CIA
induction, FcyRIIb~~ mice immunized with type II collagen (CII) develop cellular
and humoral immunity to collagen, resulting in inflammatory destruction of the
joints and arthritis that can be transferred by immune serum. These data indicate
that FcyRIIb negatively regulates both humoral immune responses and IC-mediated
inflammation, and plays a critical role in suppressing the induction of CIA.

The precise molecular mechanism for the synergistic effect of combina-
tions of susceptibility alleles is poorly defined. MRL-Ipr/Ipr mice, a model for
SLE and RA, have a Fas mutation that results in spontaneous development of sys-
temic autoimmune disease and a short life span. Half of them die by 5-6 months
of age due to massive progression of systemic autoimmune disease, including
lupus GN. However, the C57BL/6 (B6).Fas(/pr/Ipr) strain does not develop such
disorders within the normal life span, indicating that suppressor gene(s) in B6
mice may control the onset and exacerbation of disease. In FcyRIIb™~ mice defi-
cient in Fas (B6.1IB™Fas?”#"), the combined absence of FcyRIIb and Fas led to
the development of systemic autoimmune disease, including anti-DNA and anti-
CII autoAbs, and cryoglobulin production (Yajima et al., 2003). The double-
mutant mice were short-lived, due to enhanced autoAb production culminating in
fatal IC-mediated lupus GN. Thus, FcyRIIb deletion with Fas mutation is suffi-
cient to mediate systemic autoimmunity in B6 mice, implying that the FcyRIID
gene is a critical SLE suppressor.

Polymorphisms of FcyR have been shown to impact on the induction and reg-
ulation of autoimmunity, and on the pathogenesis of autoimmune disease. In NZB
and (NZB X NZW) F, mice, FcyRIIb1 expression was abnormally downregulated
in follicular GC B cells from aged mice (Jiang et al., 2000). This reduced surface
expression of FcyRIIbl may be attributable to DNA polymorphism in the promoter
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region of the FcyRIIbl gene (Jiang et al., 2000; Pritchard ef al., 2000). Since dur-
ing T cell-dependent humoral immune responses, Ag-activated B cells accumulate
in GCs where Ig class switching, somatic mutation, receptor revision, and genera-
tion of high-affinity IgG Abs occur, the FcyRIIb1 promoter allele may well be func-
tioning to maintain and/or upregulate FcyRIIb1 expression levels on GC B cells
during the process of T cell-mediated activation in healthy strains of mice. As lupus
IgG anti-DNA Abs in SLE also are affinity-selected (Demaison et al., 1994; Radic
and Weigert, 1994) and must be, at least in part, generated in GCs, FcyRIIb1 down-
regulation may represent a mechanism that allows high-affinity IgG autoAbs to be
overproduced by GC B cells that escape negative signals for IgG production.

PECAM-1/CD31 represents a new B cell coreceptor that serves to nega-
tively regulate BcR signaling and B cell tolerance in vivo. It is a 130-kDa glyco-
protein and a member of the Ig superfamily. In humans, it is expressed at the
lateral junctions of endothelial cells and on the surface of hematopoietic cells,
including monocytes, neutrophils, natural killer (NK) cells, platelets, and naive B
and T cells. In the B cell lineage, PECAM-1 is expressed on human naive follic-
ular mantle zone B cells and plasma cells, but not on GC memory B cells. Its
cytoplasmic domain contains two ITIMs that, upon phosphorylation of the puta-
tive tyrosine residues, recruit and activate the PTPs SHP-1 and SHP-2 (Henshall
et al., 2001). By doing so, PECAM-1 might negatively regulate BcR signaling.

The inhibitory effects observed in vitro in response to cross-linking sug-
gested that PECAM-1 is an important regulator of Ag-induced lymphocyte acti-
vation. Studies in vivo demonstrated that PECAM-1 has a functional
immunomodulatory role, thereby adding a new B cell coreceptor to the list of
known negative regulators of BcR-mediated signaling (Wilkinson et al., 2002).
PECAM-1""" mice exhibit a developmental defect in transition from immature to
mature B cells, increased numbers of B-la cells in the peritoneum, reduced
mature recirculating B-2 cells in the periphery, hyperresponsive B cells in
response to BcR cross-linking and polyclonal stimulation with lipopolysaccha-
ride (LPS), and elevated antibody responses to T-cell-independent Ags. With age,
autoAbs, IC-mediated GN and lupus-like autoimmune disease are seen
(Wilkinson et al., 2002). These findings are consistent with the PECAM-1 serv-
ing to negatively regulate the signaling threshold of early B cell activation initi-
ated through the BcR complex, which directs downstream effector functions,
including B cell proliferation (Wilkinson et al., 2002). It may contribute to the
maintenance of peripheral tolerance and protection from autoimmunity.

The recently identified CD28 homolog and costimulatory molecule pro-
grammed death-1 (PD-1) and its ligands, PD-L1 and PD-L2, are homologs of B7
(Nishimura and Honjo, 2001). PD-1 is a type | transmembrane protein that
belongs to the Ig superfamily and is transcriptionally induced in activated T and B
cells, and myeloid cells. Its cytoplasmic region contains an ITIM with two tyrosine
residues. In human tonsils, PD-1 is expressed on most T cells and on a small sub-
set of centrocytes in the light zone of GCs, where clonal selection of centrocytes
takes place, suggesting that PD-1 may play an important role in the GC reaction.

Because the sequence surrounding its N-terminal tyrosine residue fulfills
the requirement of ITIM, it has been thought that PD-1 negatively regulates
immune responses. Further studies showed that coligation of PD-1 with the BcR
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inhibited Ca?* mobilization and tyrosine phosphorylation of effector molecules,
including IgP, Syk, phospholipase C-y2, and ERK1/2, whereas phosphorylation
of Lyn and Dok was not affected (Okazaki et al., 2001). PD-1 can inhibit BcR
signaling by recruiting SHP-2 to its phosphotyrosine and dephosphorylating key
BcR-signaling transducers. Because PD-1 is phosphorylated exclusively by coli-
gation with the BcR and is expressed only on activated cells, it probably functions
in the downmodulation of excessive and prolonged activation, and inhibition
and/or suppression of inappropriate activation, such as occurs in autoimmunity,
by elevating the threshold for restimulation.

These in vitro studies suggested that PD-1 acts to downregulate immune
responses and plays a critical role in the establishment and/or maintenance of periph-
eral tolerance. Not surprisingly, ablation of PD-1 led to breakdown of peripheral tol-
erance and to autoimmune disease (Okazaki et al., 2001). Specifically, lack of PD-1
on a BALB/c background gave rise to a lethal autoAb-mediated dilated cardiomy-
opathy, a life-threatening disease in humans for which only heart transplantation is
effective (Nishimura and Honjo, 2001). This disease is mediated by an autoAb reac-
tive to a heart-specific 30-kDa protein. Because ligands for PD-1 are strongly
expressed in the heart and the Ag recognized by the autoAb is strictly restricted to
heart, the direct interaction between PD-1L* heart tissue and PD-1* preactivated
B cells normally prevents this deadly pathology by inhibiting autoreactive B cells at
the effector site. By contrast, on a C57BL-6 background, PD-1 deficiency results in
spontaneous typical lupus-like GN and destructive arthritis (Nishimura et al., 1999).
These studies reinforce the notion that in genetically predisposed individuals, dys-
function of PD-1 may underlie distinct types of autoimmune disease.

Finally, CD22 is a B cell-specific transmembrane protein of the Ig super-
family with seven Ig-like domains and three cytoplasmic ITIMs that function as
BcR coreceptors. It first appears intracellularly during the late pro—B cell stage of
ontogeny, shifting to the plasma membrane with B cell maturation until plasma
cell differentiation. CD22 is expressed at low levels on pre-B cells and at higher
levels on mature IgM*IgD* B cells and is absent on terminally differentiated
plasma cells. It acts as a homing receptor for recirculating B cells, probably
through the affinity of its extracellular domain for 2,6-linked sialic acid-bearing
glycans (Nitschke ef al., 1999).

CD22 is associated with the BcR both structurally and functionally. Upon BcR
cross-linking, its cytoplasmic domain is rapidly tyrosine phosphorylated, resulting in
recruitment of a number of signaling molecules, including Lyn, Syk, phospholipase
C-v1, and PI3K. In addition, tyrosine phosphorylated CD22 recruits and activates
SH2-domain-containing PTP (SHP-1 and SHIP), leading to activation of a CD22/
SHP-1/SHIP regulatory pathway that reduces both Ca?* mobilization and MAPK
activation and downregulates CD19 phosphorylation and BcR-mediated signal
transduction, culminating in negative regulation of BcR signaling. It is thought that
by downmodulating BcR signaling, CD22 sets a threshold for BcR ligation.

The in vitro studies suggesting that CD22 may help prevent unwanted acti-
vation of low-affinity or autoreactive B cells that could emerge as a result of
somatic mutation in response to exogenous Ags are supported by several obser-
vations in vivo. Targeted disruption of the cd22 gene results in a hyperactive
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B cell phenotype, an augmented thymus-independent immune response, an
expanded B-1 cell population, and increased titers of serum autoAbs (Sato ef al.,
1996; Nitschke et al., 1997; O’Keefe et al., 1999). Interestingly, as the CD22-
deficient mice age, a large proportion develop high titers of serum IgG anti-DNA
Abs (O’Keefe ef al., 1999). Thus, a single gene defect, exclusive to B cells, suf-
fices to trigger autoAb production in mice.

Since deregulated expression of CD22 could lead to excessive activation of
B cells and autoAb production, as seen in CD227~ mice, studies were performed to
probe this coreceptor in systemic autoimmunity. Genomewide mapping analysis of
lupus susceptibility loci in autoimmune-prone NZW mice revealed that an interval
containing the Cd22 gene on chromosome 7 is linked with autoAb production and
lupus-like GN (Wakeland ef al., 2001). Remarkably, one of the loci contributing to
autoimmunity in New Zealand Mixed (NZM) mice (S/e3) also has been mapped to
a region of chromosome 7 in the vicinity of cd22. These latter autoimmune mice
produce aberrant CD22 mRNA species that result from alternative splicing due to
an insertion in one intron of the cd22 gene (Mary et al., 2000). Heterozygous
expression of this allele, called cd22¢, promoted autoAb production in mice bear-
ing the Y chromosome-linked autoimmune acceleration gene Yaa (Mary et al.,
2000), implying that even a partial CD22 deficiency may contribute to lupus sus-
ceptibility. This gene linkage appears to have functional consequences. Activation
of B cells with LPS in the presence of IL-4 upregulated CD22 expression in NZW
mice bearing the Cd22° allele, as compared with B6 mice bearing the Cd22? allele
(Wakeland et al., 2001), suggesting that defective upregulation of CD22 on poten-
tially autoreactive B cells may favor the production of autoAbs in lupus-prone mice.

7. Disrupted B Cell Signaling Pathways in Human
Autoimmunity

As discussed above, experimentally induced modification of receptor
expression or alteration of signaling pathways may have a significant impact on B
cell tolerance to self. In humans too, there are indications that abnormal B cell sig-
naling may contribute to autoimmune disease. In lupus, stimulation of circulating
B cells through their sigM produced significantly higher Ca®* fluxes compared
with similarly induced responses of B cells from patients with other systemic rheu-
matic diseases (Liossis et al., 1996). The overall level of sIgM-initiated protein
tyrosyl phosphorylation also was significantly enhanced, and correlated with the
augmented BcR-mediated free Ca®* responses. This aberrant BcR-mediated sig-
naling process was not associated with disease activity, medications used, or spe-
cific clinical manifestations. It was disease-specific, suggesting a possible intrinsic
SLE B cell defect that may have pathogenic implications. In further studies, the
content of lupus B cells in Lyn, CD45, and SHP-1 was significantly altered in
patients (Huck et al., 2001; Liossis ef al., 2001). Investigation of gene polymor-
phisms in the Japanese population suggested that cd22 could be considered a can-
didate susceptibility gene for autoimmune disease (Hatta et al., 1999). Although
the function of the CD22/Lyn signaling-inhibitor complex was not addressed, it is
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likely that decreased Lyn in SLE B cells may contribute to the B cell overactivity.
In line with studies in rodents showing that CD19 overexpression by 20% induces
autoAb production in normal mice, expression of CD19 and CD21 levels are 20%
higher on B cells from patients with systemic sclerosis compared with healthy
individuals (Saito et al., 2002). In Japanese patients with SLE, an CD19 single
nucleotide polymorphism (SNP), which was rare in Caucasians, was increased
(Kuroki et al., 2002).

A particular feature of human autoimmune disease is the wide variety of
affected organs, the diversity of immune responses involved, the distinctive pheno-
types in time course, severity, and response to medication. One possibility is that
genetic predisposition contributes to determination of the pathogenic process, a view
supported by the strain dependency of disease manifestations observed in mice defi-
cient in inhibitory BcR coreceptors. Initial support to a pivotal role of FcyRIIb poly-
morphisms as susceptibility alleles in the pathogenesis of SLE came from mapping
of a region in the telomere of human chromosome 1 (Tsao et al., 1997). This region
is syntetic to a region on mouse chromosome 1 in the vicinity of the FcyRIIbI locus
(Wakeland ef al., 2001) and encodes a variety of immunologically relevant mole-
cules, including FcyRIIb and FeyRIIL, and poly(ADP-ribose) polymerase (PARP).
More recently, the frequency of an SNP (695T/C) coding for a nonsynonymous
2320eThr sybstitution within the transmembrane domain of FcyRIIb was significantly
increased in Japanese SLE patients compared with healthy individuals (Kyogoku
et al., 2002). It is of further interest that another allele called FCGR2B-187T, which
mediates a higher level of CD19 dephosphorylation and a greater degree of Ca®
response when coengaged with the BcR than does FCGR2B-1871, is not associated
with SLE in both African Americans and Caucasians (Li et al., 2003). This lack of
association raises the interesting possibility that FCGR2B-187T may be interacting
epistatically with background genes that differ between Japanese patients and both
African American and Caucasian patients.

In mouse, PD-1 appears to inhibit immune responses in vivo, and abroga-
tion of this inhibition could result in development of autoimmune disease. This
conclusion is supported by gene mapping studies of patients wherein an intronic
SNP in PD-1 was reportedly associated with SLE in 12% of Europeans and 7%
of Mexicans (Prokunina ef al., 2002). The identified allele alters a binding site for
a transcription factor located in an intronic enhancer and could lead to aberrant
regulation of PD-1 and, hence, deregulated self-tolerance. These data suggest a
mechanism through which PD-1 can contribute to the development of SLE in
humans (Prokunina et al., 2002).

Overall, studies of mouse models revealed that subtle alterations in over-
lapping signaling pathways that influence B cell responses to transmembrane and
intracellular signals are sufficient to predispose mice to autoAb production. It is
important to probe additional signal transduction pathways in autoimmune
patients. For example, given that the lack of PKC- leads to autoimmunity in
mice, it is possible that the activity of PKC-0 is reduced in the cells of humans
with certain autoimmune diseases. Moreover, strikingly similar abnormalities of
Ag-receptor signaling have previously been reported in T cells from patients with
SLE (Brundula et al., 1999; Kammer et al., 2002) pointing toward potentially
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unifying Ag-receptor-mediated signaling defects in lupus lymphocytes (Zouali,
1998; Kammer et al., 2002). Accordingly, the signaling abnormalities encoun-
tered in SLE lymphocytes may provide a biochemical and molecular background
for such diverse abnormalities as lymphocyte activation, anergy, and cell death
(Hasler and Zouali, 2001; Kammer et al., 2002; Zouali and Sarmay, 2004).

8. Conclusions

Studies of B cells in systemic autoimmune diseases have provided important
clues. Their role in autoimmunity is more important than previously thought. Only
recently was it realized that B cells can be subject to positive selection generated
and maintained on the basis of their autoreactivity and that B cells are essential in
promoting systemic autoimmunity. Their depletion has been used in treating a
number of autoimmune conditions, including autoimmune thrombocytopenic,
rheumatoid arthritis, lupus, autoimmune hemolytic anemia, cold agglutinin dis-
ease, mixed cryoglobulinemia, autoimmune neuropathies, myasthenia gravis,
Wegener’s granulomatosis, and dermatomyositis. In many of these conditions
major improvement is seen in a good proportion of cases, particularly in rheuma-
toid arthritis, lupus, dermatomyositis, autoimmune neuropathies, immune throm-
bocytopenic purpura, and hemolytic anemia (Patel, 2002).

While it seems clear that immune receptor signaling checkpoints are
involved in the progression of systemic autoimmunity, their origin remains
unclear. Even though genetic factors are important for disease development, the
environmental contribution to clinical expression cannot be ignored, and it is
likely that different mechanisms could lead to loss of self-tolerance characteristic
of SLE. The observation that different SLE patients produce different spectra of
autoantibodies suggests that more than one factor could play a role in a single
patient and it is conceivable that the combination of factors varies throughout the
disease. Environmental factors include infectious agents, endogenous retro-
viruses, pollutants, and hormones (Hasler and Zouali, 2003; Zouali, 2005). While
immune receptor signaling checkpoints may not prove to be the single key to elu-
cidating all aspects of autoimmunity, it is likely that further studies of these and
related pathways may lead to novel approaches of more specific therapeutic inter-
vention in human systemic autoimmunity.
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Disrupted T Cell Receptor Signaling
Pathways in Systemic Autoimmunity

Ana M. Blasini and Martin A. Rodriguez

1. Introduction

The homeostasis of adaptive immune responses is determined by the integrity of
postreceptor signaling in its two main cellular components: T and B cells. The last
2 decades have brought up mounting information on the different intracellular
routes triggered by receptor binding in T and B cells, with the identification of
key signaling molecules and their genes. Today we understand better the role of
different signaling molecules that drive intrathymic differentiation and post-
thymic function of immune cells and we are identifying the defects underlying the
triggering and perpetuation of autoimmune responses.

Tolerance to autoantigens depends predominantly on negative selection of
autoreactive cells in the thymus and the neutralization of a small, but pathogenet-
ically significant, surviving population of self-reactive T and B cells. There is no
evidence of abnormal thymic negative selection as the basis for human systemic
autoimmune diseases. Therefore, autoimmunity develops by the failure of down-
regulatory mechanisms needed to check activation of autoreactive cells. The mech-
anisms checking postthymic autoreactive cells are tolerization to self-antigens,
deletion by apoptosis, and peripheral restriction by regulatory CD4*CD25* cells.
In most autoimmune diseases, abnormalities of these mechanisms combine to a
different degree. For example, in systemic lupus erythematosus (SLE), diminished
numbers of CD4*CD25* cells (Liu et al., 2004), increased apoptosis (Emlen et al.,
1994), and loss of tolerance to nucleosomes (Datta, 2003) probably all contribute
to a variable extent.

In recent years the importance of regulated postmembrane cell signaling in
the maintenance of immune homeostasis has become evident. Some biological
processes are closely related to autoimmunity, among them apoptosis, a complex
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set of biochemical events executed by diverse signaling routes and needed to delete
autoreactive cells. Faulty regulation of apoptosis and defective cytokine expression
have been proposed as pathogenetic mechanisms in SLE and both mechanisms
may be intertwined. Thus, antiapoptotic cytokine signaling may influence the
deregulation of cell death in lupus lymphocytes since IL-2, IL-4, IL-7, and IL-15
are known to induce a pronounced increment of Bcl-2 and a concomitant reduc-
tion of T cell death (Graninger et al., 2000). Also, abnormal assembly of the T cell
receptor (TCR)/CD3 complex in lupus T cells, due to diminished expression of {
chains (Liossis et al., 1998; Brundula ef al., 1999), may alter the routes needed for
regulated apoptosis (Combadiére ef al., 1996) and normal interleukin 2 (IL-2) pro-
duction (Solomou et al., 2001). Combined genetic defects and abnormal metabolic
processing may alter the configuration of the signaling cascade and favor the
development of autoimmune responses. In Figure 18.1 we show a composite of
mechanisms involving defective signaling in T cells that may potentially contribute
to generation of sustained autoimmune responses.

2. Signaling Pathways in T Cells

The molecular basis for signal transduction in T cells has been the focus of
intense and productive research in the last several years. Signal transduction after
antigen binding occurs through the TCR-associated CD3 complex and (-
homodimers. Upon antigen-receptor engagement Src family kinases Lck and Fyn
phosphorylate immunoreceptor tyrosine-based activation motifs (ITAMs) on the
intracellular portions of the invariant chains of the antigen receptor (Figure 18.2).
This leads to the recruitment, phosphorylation, and activation of {-chain-associ-
ated protein 70 (ZAP-70). Active ZAP-70 phosphorylates SH2-domain-contain-
ing leukocyte protein of 76 kDa (SLP-76), the small dual-specific phosphatase
VHR (Vaccinia virus H1 protein-related phosphatase), and an adaptor protein
essential for T cell signaling, the membrane-associated adaptor protein linker of
activated T cells (LAT). Phosphorylation of LAT at multiple tyrosine residues cre-
ates binding sites for Gads (Gads/GrpL) adaptor proteins and growth factor
receptor-bound protein 2 (Grb2), leading to nucleation of multiprotein signaling
complexes. Lck and Fyn also phosphorylate and activate Tec family kinases and
phosphoinositide 3-kinase (PI3K). Together, these families of kinases phospho-
rylate several downstream adaptors, leading to the recruitment of signal trans-
ducers essential for mobilizing Ca?*, activating mitogen-activated protein kinases
(MAPKSs) and phospho-inositide 3 kinase (PI3K), regulating the actin cytoskele-
ton, and inducing transcription factor activity (Cannons and Schwartzberg, 2004).
Lck activity is regulated by the opposing actions of the Csk kinase and protein
tyrosine phosphatase (PTP) CD45, which maintains Src kinases in a dephospho-
rylated state, ready to participate in signal transduction (Mustelin et al., 2004).

These early signaling events lead to the formation of multiprotein com-
plexes that activate the Ras signaling cascade (Figure 18.2). Ras signaling
requires the formation of upstream intermolecular complexes including adaptors
She and Grb2; Grb2 couples to hSos and positions it in the proximity of Ras,
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allowing exchange of GDP for GTP, which switches Ras from an inactive to an
active form (Altman and Deckert, 1999). Ras engagement induces activation of
the serine kinase Raf, which activates the dual specific kinases, MEK-1 and
MEK-2, that in turn trigger activation of MAPKs ERK-1 and ERK-2. The dura-
tion of ERK activation affects c-fos expression, a component of the AP-1 tran-
scription complex. Transient or sustained ERK activation acts as a signal
interpreter of the strength of TCR engagement and directs cellular responses
(Schade and Levine, 2004). ERK activation leads to nuclear translocation of var-
ious transcription factors involved in enhancing IL-2 gene promoter activity and
cell proliferation (Altman and Deckert, 1999). The MAPK cascade is essential for
signaling of various extracellular stimuli from the membrane to the nucleus and
is involved in a variety of cellular responses including proliferation, differentia-
tion, and apoptosis (Treisman, 1996). Also, blocked signaling through the
Ras/Raf/MAPK pathway ending up in inactivation of transcription factor AP-1 is
critical for induction of anergy in T cells (Fields et al., 1996; Li et al., 1996).
Anergic T cells are associated with distinctive kinetics, amplitude, and localiza-
tion of MAPK signaling (Adams ef al., 2004), and thus this signaling route is key
for T cell tolerance.

Antigen binding by TCR signaling leads to the formation of a multimolec-
ular complex at the TCR antigen-presenting cell (APC) contact face, an area
known as the immunological synapse, in which signaling is initiated before a
mature synapse is established with stable centralized and peripheral supramolec-
ular activating complexes (SMACs) (Jacobelli ef al., 2004). Lipid rafts are areas
in cell membranes enriched in sphyngolipids and cholesterol, forming gel-like
microdomains partitioned into liquid-ordered phase, and representing ~40% of
immune cell membranes (Thomas et al., 2004). GM1 and GM3, the main gan-
glioside constituents of the plasma cell membrane, concentrate at lipid rafts.
These domains, which are enriched in the synapse, congregate or segregate sig-
naling molecules immediately after coupling of antigen/MHC complexes by
TCR, and are the physical platform for the assembly of the signaling cascade at
the very early steps of the T cell activation process.

Signal transduction is a complex choreography of phosphatases counter-
balancing kinases, synergistic and antagonistic cross-talk between pathways, and
coordinated engagement of multiple adaptor molecules, leading to a coherent
functional outcome. Alterations of this delicate balance may contribute to loss of
tolerance in autoreactive T cells and to triggering of autoimmune responses.
Cytotoxic T lymphocyte antigen-4 (CTLA-4) accumulates in a two-step process
at the immunological synapse and inhibits T cell activation, either by increasing
the threshold for activation or by dampening existing immune responses
(Chikuma and Bluestone, 2002). Another inhibitor, SH2-containing PTPase
(SHP-1), helps T cells to discriminate between agonist and antagonist stimula-
tion. Weakly binding ligands induce a reduced number of intracellular signals,
including diminished binding of ZAP-70 to partially phosphorylated { chains,
phosphorylation of SHP-1 by activated Lck, and inactivation of Lck by SHP-1. In
contrast, stimulatory ligands activate ERK, which in turn phosphorylates Lck on
Ser”, interfering with SHP-1 recruitment and precluding Lck inactivation



250 Ana M. Blasini and Martin A. Rodriguez

(Stefanova et al., 2003). Further downstream, VHR phosphatase translocates
from the cytosol to the immunological synapse where it becomes a target of ZAP-
70-induced phosphorylation and exerts a negative regulation of ERK activation
(Alonso et al., 2003). TCR signaling is also downregulated by the induction of the
PTPase CD148, which attenuates activation by dephosphorylating LAT and
PLCY. Downregulation of TCR membrane expression is another mechanism
involved in attenuation of signaling in T lymphocytes.

3. T Cell Signaling Abnormalities in Systemic Autoimmune
Disease

The critical contribution of T cells to the generation and perpetuation of sys-
temic autoimmune disease is beyond question. In experimental models they can
transfer disease, and genetically engineered antigen-specific autoreactive T cells
can promote sustained autoimmunity. In addition, treatment modalities that inter-
fere with T or B cell function ameliorate disease. The discovery by two independ-
ent groups (Fields et al., 1996; Li et al., 1996) of the role of the route leading to
transcription factor AP-1, as a pivotal mechanism responsible for the maintenance
of T cell tolerance, illustrates the importance of postreceptor cell signaling in
immune homeostasis. Recent work, showing bidirectional signaling, triggered by
the interaction of cells responsible for innate and adaptive immunity, adds a new
perspective to the understanding of the interplay between the environment and
genes, a subject fundamental to the pathogenesis of autoimmune diseases. Thus, a
full understanding of signaling abnormalities in T cells relevant to autoimmunity
pathogenesis is not possible without looking at innate immunity cells.

3.1. Signaling Abnormalities in Antigen-Presenting Cells
and Autoimmune Disease

Whereas stimulation by immature dendritic cells (DCs) induces tolerization,
mature DCs promote full activation and effector functions of T cells (Ohashi and
DeFranco, 2002). This is due to the expression of costimulatory molecules in
mature DCs, which promote a stable immunological synapse between DCs and
adaptive immune cells, allowing a continuous stimulation of T cells (Jacobelli
et al., 2004). Some of the critical postreceptor signals needed for efficient antigen-
presenting function by APCs have been identified. For example, the coupling of
the CD40/CD40L pair triggers bidirectional signaling affecting APCs and T cells
(Fujii et al., 2004). The full immunostimulant capability of APC involves aug-
mented expression of MHC and CD80 molecules. Postreceptor signaling in APC
influences immune outcomes and may have an impact on immune homeostasis.
For example, disruption of STAT3, an adaptor molecule coupling downstream sig-
naling triggered by activation of Janus kinase (JAK) in APCs can break tolerance
to antigen in anergic antigen-specific CD4* cells (Cheng et al., 2003). In other
cases, signaling abnormalities may shift the direction of immune responses back
to homeostasis. Thus, defective C-Rel expression interfering with normal IL-12
and IL-23 gene expression limits the APC capacity for induction of the Thl
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phenotype in T cells, shifting immune responses away from organ-specific
autoimmune disease in the genetically susceptible individual (Hilliard et al.,
2002). Subtle stimulatory changes, such as those induced by TCR binding of
altered peptide ligand presented by APC, induce anergy in autoreactive T cell
clones (Quaratino et al., 2000) by aborting the activation process at intermediate
steps. The biochemical basis is formation of the p21 (with only two tyrosine-phos-
phorylated ITAMs) instead of p23 (with all three tyrosine-phosphorylated ITAMs)
{ chains (Sloan-Lancaster and Allen, 1996). DC presenting a self-epitope with an
altered peptide can induce anergy in a human autoreactive T cell clone (Quaratino
et al., 2000), and short-lived peptides can also have a tolerogenic effect, by dimin-
ishing the density of peptide/MHC complexes (Mirshahidi et al., 2004). The basis
for these effects is the completion of postreceptor signaling in T cells, from mem-
brane receptors to the nucleus. A better knowledge of these very first steps after
TCR ligation may be the basis for future therapeutic approaches in autoimmune
diseases (Pugliese, 2003).

Recently, the role of pattern recognition receptors (PRRs) serving as links
between APCs and adaptive immune cells has shed new light on our understand-
ing of the interplay between innate and adaptive responses, a subject fundamen-
tal to the pathogenesis of autoimmune disease. Defective expression or altered
molecular configuration of toll-like receptors (TLRs), a highly conserved family
of 10 PRRs expressed in innate and adaptive immune cells, may foster sustained
responses to self-antigens. For example, the expression of TLR2 by antigen-acti-
vated T cells (Komai-Koma et al., 2004) may render them susceptible to activa-
tion by bacterial lipopeptide, a ligand for TLR2, and partly explain the triggering
of autoimmune disease or its reactivation in the presence of bacterial infection.
Another example is the breaking of tolerance to proteolipid protein in mice natu-
rally resistant to experimental encephalomyelitis, when T cells are stimulated in
the presence of APCs that have been activated via TLR4 or TLR9, with unmethy-
lated CpG oligodeoxy-nucleotides (CpG ODNs) (Waldner et al., 2004). Also,
TLRs participate in the interaction between DCs and B cells needed for T cell
responses to host-derived DNA (Seibl ef al., 2004). Signaling through TLRs is
necessary for full maturation of DCs, a role in part played by endogenous ligands
HSP60 and HSP70. Ligation of TLRs by these endogenous molecules may pre-
cipitate autoimmunity, as occurs with HSP70 (Millar et al., 2003) or with
HSPg96, when this molecule is genetically engineered for surface expression
(Liu et al., 2003). Recently, the hypothesis of a third signal participating in the
regulation of T cell responses has been proposed (Thomas, 2004). Lack of a third
signal conveyed by IL-12 and IL1-f may induce anergy in CD8" T cells
(Curtsinger et al., 2003). On the contrary, signals delivered by IL-1 stimulate IL-
12 production by DCs, and contribute to the induction of autoimmune myocardi-
tis (Thomas, 2004). Recently, Scheinecker ef al. (2000) showed a decreased
stimulatory capacity of DCs on T cells from SLE patients, which was attributed
to a reduction of the CD11-myeloid-related subset, the mature CD phenotype.
Since DCs expressing CD11 correspond to the mature subset (Turley, 2002), a
predominance of the tolerogenic CD11-negative DC in SLE, along with intrinsic
signaling abnormalities, may further contribute to the paradoxal “anergic” phe-
notypic profile shown by lupus T cells (Blasini and Rodriguez, 2004).
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3.2. Signaling Abnormalities in T Cells and Autoimmune Disease

To understand abnormalities in T cell signaling that may condition sus-
tained autoimmune responses we need to identify the critical checkpoints in post-
membrane signaling responsible for the maintenance of tolerance (Figure 18.2).

3.2.1. Early Signaling Abnormalities of T Cells in Systemic Autoimmunity

The first postmembrane signaling abnormality identified in lupus T cells is
altered metabolism of cyclic AMP and defective phosphorylation of protein
kinase A (PKA-1), due to a deficiency of the PKA-I and PKA-I isoenzyme activ-
ity present in approximately 70% and 37% of SLE patients, respectively
(reviewed in Kammer et al., 2004). Another relevant signaling aberration of T
cells related to systemic autoimmunity involves disregulated PKB (Akt) activa-
tion (Ohashi and DeFranco, 2002). The increased activity of this kinase in trans-
genic mice expressing T cells with a constitutively active form of Akt was
sufficient for the development of splenomegaly, lymphadenopathy, and autoim-
mune glomerulonephritis (Rathemell ef al., 2003), by a mechanism involving pre-
vention of Fas-mediated death in T cells. Defects in the expression or activity of
tyrosine phosphatases may also cause loss of tolerance. Mice heterozygous for
Pten and SHIP develop a lymphoproliferative autoimmune syndrome akin to
human Sjégren’ syndrome, by a mechanism involving overproduction of IL-4 by
CD4t cells (Moody and Jirik, 2004). Another downregulatory mechanism involv-
ing tyrosine phosphatases is the coupling of tyrosine phosphatase SHP-2 by the
intracytoplasmatic tail of CTLA-4 (Lee et al., 1998). In addition, a molecule
expressed after T cell activation and also displaying coinhibitor capabilities is the
program death-1 (PD-1) molecule, the receptor for two B7 family members, B7-
HI1 and B7-DC (Moretta and Bottino, 2004). Like CTLA-4, PD-1 is also able to
recruit SHP-2. The importance of CTLA-4 in the maintenance of tolerance is
underscored by the predisposition to Graves’ disease, autoimmune hypothy-
roidism, and type I diabetes in patients expressing lower messenger RNA levels
due to an allelic variation of CTLA-4 gene (Ueda et al., 2003). The nonobese dia-
betic (NOD) mouse also exhibits defective CTLA-4 function (Salojin et al.,
1998). Besides its role as a negative regulator of downstream signaling in acti-
vated T cells, CTLA-4 is also needed to activate CD4*CD25" regulatory T cells
(Takahashi et al., 2000).

Current studies are showing peculiar accommodations of signaling mole-
cules in lipid rafts of T cells from patients with systemic autoimmune diseases.
In normal T cells Lck is enriched within, whereas tyrosine phosphatase CD45 is
excluded out of these domains upon antigen binding by the TCR complex
(Cannon and Schwartzberg, 2004). This pattern is reversed in T cells from
patients with SLE (Jury et al., 2004). In fact, upon activation lupus T cells show
diminished levels of raft-associated Lck, persistence of CD45 within these
microdomains (Jury et al., 2004), and augmented amounts of GM1 ganglioside
in the membrane of lupus T cells (Jury et al., 2004; Krishnan et al., 2004), indi-
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cating a higher density of lipid rafts in T cells from SLE patients. One potential
consequence of the latter abnormality is accelerated actin polymerization fol-
lowing T cell activation, probably explaining the increased capping induced by
anti-CD3 stimulation in lupus T cells (Krishnan et al., 2004). The diminished
expression of Lck in rafts of lupus T cells is apparently due to increased ubiqui-
tination, an effect probably related to the effect of sustained oxidative stress
in vivo (Jury et al., 2004). We previously reported enhanced activation of p*
Fyn, a src kinase constitutively associated to the CD3 complex in lupus T cells
(Blasini et al., 1998a). Enhancement of Fyn activity has also been observed in T
cells from NOD mice (Salojin et al., 1997). Fyn is an integral part of signaling
from the coreceptor signaling lymphocyte activation molecule (SLAM), a gly-
coprotein expressed on activated T lymphocytes and APCs that acts as a coreg-
ulator of antigen-driven T cell responses that, after coupling to adaptor protein
serum amyloid P component (SAP), fulfills a costimulatory function for T cell
activation (Veillete, 2004). This pathway is involved in the pathogenesis of
autoimmunity, as evidenced by the protection from hypergammaglobulinemia,
production of anti-DNA antibodies, and glomerulonephritis in mice bearing a
targeted mutation in the SAP gene (Hron et al., 2004). These defects in critical
src kinases, acting at very early stages of the T cell activation process, may
explain the abnormal pattern of tyrosine phosphorylation observed in lupus
T cells (Matache et al., 1996; Blasini et al., 1998b; Liossis et al., 1998). The
abnormal assembly of molecules in the early signalosome formed after TCR
ligation may be in part contributed for by the defective expression of TCR {
chains (Liossis ef al., 1998; Brundula et al., 1999). These molecules act as a
scaffold for downstream signaling by bearing three ITAMs that are tyrosine-
phosphorylated upon T cell activation. Tyrosine-phosphorylated ITAMs allow
the coupling of ZAP-70 (and its subsequent phosphorylation by Lck), along
with SLP-76 and LAT, a complex that activates PLCyl (Leo et al., 2002). This
complex triggers calcium mobilization by generating IP3 from PIP, in mem-
branes (Figure 18.2). Interestingly, lipid rafts of lupus T cells show absence of
ZAP-70 (Krishnan et al., 2004), a fact that may explain the abnormal pattern
of calcium mobilization in lupus T cells, possibly due to signaling through an
alternate route in the “rewired” cascade in which TCR { chains are substi-
tuted by FCeyRI (Tsokos et al., 2003). The importance of ZAP-70 in the main-
tenance of tolerance is illustrated by the increased susceptibility to autoimmune
arthritis in mice bearing a spontaneous single point mutation of ZAP-70 SH2
domain, which interferes with its coupling to { chains (Sakaguchi et al., 2003).
T cells from ZAP-70 mutants show an altered threshold for T cell activation that
hampers thymic deletion of potentially autoreactive clones (Sakaguchi et al.,
2003). We have recently observed defective expression of LAT in lipid rafts of
lupus T cells (unpublished data), another molecule critical for assembly of the
calcium activation complex in T lymphocytes. Displacement of LAT from the
signalosome and abnormal calcium mobilization has been observed in synovial
T cells from patients with rheumatoid arthritis (RA) (Gringhuis et al., 2000;
Cope, 2002).
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3.2.2. Intermediate and Late Signaling Abnormalities of T Cells
in Systemic Autoimmunity

The role of the Ras/Raf/MAPK signaling cascade in the maintenance of T
cell anergy is well established (Williams, 1996). Anergic T cells show diminished
activity of Ras that impairs activation of downstream ERK-1 and ERK-2, leading
to defective transactivation of AP-1 and inhibition of IL-2 production (Fields
et al., 1996). The signals responsible for Ras inactivation in anergic cells are not
clear as yet, but possibly involve the triggering of alternate signaling routes when
T cells are stimulated in the absence of a second or may be a third signal.
Interestingly, altered signaling in T cells from patients with autoimmune diseases
resembles the pattern observed in anergic normal T cells (Blasini and Rodriguez,
2004), suggesting that both induction of anergy and rupture of tolerance involve
deviation from usual signaling routes.

We have recently shown diminished activation of ERK-1 and ERK-2 in T
cells from SLE patients, possibly due to abnormal coupling of Ras nucleotide
exchange factor hSos to adaptor protein Grb2 in cells activated through the
TCR/CD3 complex in vitro (Cedefio et al., 2003). Also, diminished ERK activa-
tion was demonstrated by Deng ef al. (2003) in lupus T cells, and was proposed
as the mechanism for diminished DNA methylation and enhanced gene activation
in lupus T cells (Oelke and Richardson, 2004). In a model of in vitro induced
anergy, Yi et al. (2000) showed upregulated expression of CD40-L that was
caused by lack of phosphorylation of Cbl/Cbl-b, and sustained phosphorylation
of ERK. Cbl-b, an ubiquitin ligase, functions as a negative regulator of receptor
clustering and raft aggregation in T cells. Loss of the molecular adaptor Cbl-b
frees antigen receptor—triggered receptor clustering, lipid raft aggregation, and
sustained tyrosine phosphorylation from the requirement for CD28 costimula-
tion, diminishing the threshold for antigen responses in T cells. Introduction of
the Cbl-b mutation into a Vav1™~ background relieved the functional defects of
Vav1™~ T cells and caused spontaneous autoimmunity (Krawczyk et al., 2000).
Cbl-b-deficient mice develop anti-DNA antibodies (Bachmaier er al., 2000),
further illustrating the importance of this downregulatory molecule in the main-
tenance of tolerance. Finally, Cbl-interacting proteins Sts-1 and Sts-2 negatively
regulate TCR signaling. T cells from mice lacking Sts-1/2 are hyperresponsive to
TCR stimulation, show increased ZAP-70 activity, augmentation of cytokine
production, and increased susceptibility to autoimmunity in a mouse model of
multiple sclerosis (Carpino et al., 2004; Kowanetz et al., 2004). These data
suggest abnormal signaling involving the Ras/Raf/MAPK pathway in T cells
from SLE and other autoimmune conditions. Clearly, further studies are needed
to understand the status of this critical pathway in the breakdown of immune
homeostasis.

Late effects of upstream signaling abnormalities in autoimmune T cells
are defective activation of transcription factors. T cells from SLE patients show
defective nuclear translocation of NFkB, due to abnormal expression of the p®
subunit (Wong et al., 1999). Two other transcription factors, AIRE and FOXP3,



Disrupted T Cell Receptor Signaling Pathways in Systemic Autoimmunity 255

are involved in induction of tolerance in humans and their mutation could induce
severe autoimmune disease (Ramsdell and Ziegler, 2003).

One of the most relevant consequences of impaired signaling in T cells is
abnormal regulation of calcium mobilization, a critical signal for IL-2 gene acti-
vation. Defective IL-2 production is a mechanism for disruption of tolerance.
Responses mediated through the IL-2 receptor B are needed to maintain home-
ostasis and prevent autoimmunity (Suzuki et al., 1995; Malek et al., 2000), and
gene-targeted mice lacking the IL-2 gene develop various forms of autoimmune
manifestations, including autoimmune colitis (Ludviksson et al., 1997). T cells
from SLE patients have diminished production of IL-2 due to limited transcrip-
tional activity of the IL-2 gene promoter (Wong et al., 1999; Solomou ef al.,
2001). Also, IL-2 deficiency favors autoimmunity by compromising the genera-
tion of regulatory CD4*CD25" T cells (Shevach, 2000; De Lafaille and Lafaille,
2002). In addition, SLE patients show diminished numbers of peripheral blood
CD4*CD25* regulatory T cells (Liu ef al., 2004) and mice prone to lupus show
early diminishment of CD4*CD25" cells (Wu and Staines, 2004). The generation
and function of CD4*CD25" regulatory T cells depend on normal signaling
involving STAT molecules, including STAT5 (Antov et al., 2003) and STATI.
STAT1-deficient mice become susceptible to experimental autoimmune
encephalomyelitis (Nishibori et al., 2004) and STAT5A/5B-deficient mice show
autoimmunity affecting multiple organs (Snow et al., 2003).

Some of the above-discussed signaling abnormalities can alter cell cycle
control and disrupt biological responses in the T cell compartment that could pro-
mote autoimmunity. For instance, resistance to Fas-mediated apoptosis related to
high expression of the cyclin kinase inhibitor p21 (WAF-1/CIP-1) can be
observed in T and B cells from lupus-prone mice (Lawson et al., 2004). This
defect may explain the accumulation of the activated/memory type CD44M$hCD4*
cells arrested in the GO/G1 phase of the cell cycle. Table 18.1 summarizes several
identified abnormalities of key signaling molecules in T lymphocytes that may be
involved in the pathogenesis of autoimmune disease.

4. Conclusions

Many of the above-discussed abnormalities in T cell responses seen in
patients with systemic autoimmunity can be related to identifiable signaling
abnormalities. Some have a genetic basis; others are induced by stressing envi-
ronment and thus, could be potentially reversible. The whole picture, which
includes genes encoding regulatory molecules responsible for immune home-
ostasis and the environmental endogenous and exogenous agents that trigger and
perpetuate autoimmune responses, is far from complete. The possibility of thera-
peutic intervention to correct critical T and B cell signaling defects by pharma-
cological, or even genetic means, has accelerated the pace of the scientific
endeavor to unveil the immune cell signaling machinery and open new frontiers
in the management of patients with systemic autoimmunity.
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Immune Cell Signaling and Gene
Transcription in Human Systemic
Lupus Erythematosus

Christina G. Katsiari and George C. Tsokos

1. Introduction

Interruption of self-tolerance is believed to represent the central event underly-
ing autoimmune disease pathogenesis. Loss of tolerance to multiple self-anti-
gens is a prerequisite for systemic autoimmunity. Systemic lupus erythematosus
(SLE) represents by far the best example of generalized loss of tolerance. Recent
information discussed herein stipulates that primary immune cell biochemical
abnormalities underwrite the autoreactive nature of T and B cells in SLE. Obviously,
the use of the term “primary” in this context does not imply that these abnor-
malities are not the result of multiple unidentified genetic effects, the expression
of which has been conditioned by environmental and/or hormonal factors
(Tsokos, 1999).

Lymphocytes recognize and respond to antigens through specialized surface
receptors, namely the T cell and B cell receptors (TCRs and BCRs, respectively).
This unique property as well as the fact that putative autoantigens interact with
autoreactive lymphocytes through their antigen receptors (AgRs) has led investi-
gators to characterize molecular events that take place in SLE lymphocytes in
response to the engagement of their AgRs (Kammer et al., 2002). In normal lym-
phocytes, AgR interaction results in activation of protein tyrosine kinases (PTKs),
subsequent protein phosphorylation of additional cytosolic proteins, calcium
mobilization, and activation of transcription factors. Activated transcription factors
translocate to the nucleus to modify the expression of genes that regulate cellular
operations such as lymphocyte activation, cellular proliferation, secretion of solu-
ble factors, phenotypic changes, anergy or programmed cell death, and effector
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functions. Because ligation of other surface receptors to either costimulatory mol-
ecules or cytokines is important for the regulation of the immune response, the
respective biochemical pathways have also attracted research interest. During the
last 10 years a significant amount of information has been generated that has
helped investigators gain insights into the molecular and biochemical events that
underlie the aberrant lymphocyte function in SLE patients. Lymphocytes from
patients with SLE present enormous complexity, which has led investigators to
coin the term “enigma” to the SLE T cell abnormal function (Dayal and Kammer,
1996). Namely, although T cells from patients with SLE are known to provide
excessive cognate help to B cells to produce autoantibodies, they cannot mount
proper cytotoxic responses to fend off infected cells and altered self cells (Tsokos,
1999). Also, at the cytokine production levels, whereas the production of IL-6 and
IL-10 has been reported to be increased, SLE T cells do not produce sufficient
amounts of [FN-y and IL-2 (Froncek and Horwitz, 1999). In this chapter we sum-
marize recent data that unravel the biochemical abnormalities that underwrite the
diverse SLE immune cell abnormalities.

2. Altered Pattern of Tyrosine Phosphorylation and Calcium
Responses

Under physiological conditions, the signal initiated by the TCR/CD3 com-
plex triggers phosphorylation of phospholipase Cy on Tyr and Ser residues,
hydrolysis of phosphatidylinositol (4, 5)-biphosphate to inositol (1, 4, 5)-triphos-
phate, and a rapid rise in the free intracellular calcium concentration [Ca*].. In
SLET cells, the CD3-initiated rise in [Ca®*], is significantly higher and prolonged
compared to the response of T cells from normal individuals, and that of patients
with other systemic rheumatic diseases (Vassilopoulos et al., 1995). The magni-
tude of the calcium response does not correlate with overall disease activity, spe-
cific disease manifestations, or therapeutic interventions. The enhanced [Ca®*],
responses are not restricted to a particular T cell subpopulation and they extend
to short-term T cell lines established from patients with SLE and to autoantigen-
specific T cell lines (Liossis ef al., 1998), suggesting that the defective response
and/or the molecular events that lead to it are inherent to SLE T cells. It is possi-
ble that the increased response is accentuated by additional contributing factors
such as nitric oxide, which is produced at increased amounts by SLE monocytes
and T cells. Nitric oxide contributes to increase calcium release from mitochon-
dria (Nagy et al., 2004).

Stimulation of T cells from patients with SLE results also in signifi-
cantly enhanced production of tyrosine-phosphorylated cellular proteins, which
represent the most proximal TCR-mediated biochemical event. Of interest, anti-
CD3-mediated T cell stimulation displays abnormal kinetics of phosphotyrosine
production characterized by a rapid and abrupt increase, followed by a steep
decrease to baseline levels, whereas protein tyrosine phosphorylation in normal
T cells gradually increases during the same period of time. Analysis of the
TCR/CD3-initiated tyrosine-phosphorylated proteins revealed the absence or
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deficiency of a protein band, which was always present in T cell lysates obtained
from normal subjects and from patients with rheumatic disorders other than SLE.
Immunoblotting, immunoprecipitation, and flow-cytometric analysis revealed
that the deficient band was the CD3( chain (Liossis ef al., 1998).

3. TCR { Chain Deficiency

The TCR consists of o and B chains that are responsible for antigen recog-
nition. For the initiation of signal transduction TCR joins the CD3 complex con-
sisting of the €, v, §, and { chains. While expression of o, B, and € chains is
preserved, { chain expression is impaired or absent in approximately three quar-
ters of SLE patients (Nambiar et al., 2003). Deficient { chain expression in SLE
T cells was also reported by other laboratories, suggesting that this defect is not
geographically restricted (Takeuchi et al., 1998; Brundula et al., 1999). TCR {
chain deficiency does not correlate with disease activity, therapy, age, race, or
gender, and in one study it was found to persist over a 3-year period of follow-up
(Nambiar et al., 2003). The TCR  chain gene is located on chromosome 1q23.
Genomewide scans of multiplex SLE families indicate that genes on chromosome
1q may contribute to genetic predisposition and susceptibility to the disease.
Genetic linkage of the { chain gene to the FcyYRII and RIIT gene cluster, a candi-
date locus implicated in genetic susceptibility and deficiency of TCR { chain in
SLE, suggests that { chain loss might play an important role in genetic predispo-
sition to this autoimmune disease (Jensen et al., 1992).

Although impaired TCR { chain has also been reported in other disorders
such as rheumatoid arthritis, melanoma, tumor-infiltrating lymphocytes, viral
infections, and leprosy, many aspects of the molecular mechanisms of TCR {
chain downregulation in human SLE are discrete and characterize the disease. It
appears that multiple mechanisms lead to decreased expression of TCR { chain in
SLET cells (Table 19.1).

Table 19.1. Mechanisms of TCR { Chain Deficiency in SLE T cells

1. Impaired TCR { chain gene transcription
Reduced formation of 98-kDa Elf-1 (type I defect)
Decreased binding of Elf-1 to IL-2 gene promoter (type II defect)

2. Impaired translation and posttranscription events
Polymorphisms, mutations, and alternative splicing in the nucleotide sequence of
€ chain transcripts — abnormal RNA editing?
Abnormal { chain transcripts (absence of exon VII, shorter 3" untranslated
region) — abnormal translation?

3. Impaired posttranslational functions
Protein degradation: increased amounts of ubiquitinated forms of £ chain and
enhanced activity of caspases
Protein phosphorylation: possible defect due to LCK deficiency
Oxidative stress: elevated mitochondrial transmembrane potential and reactive
oxygen species
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3.1. Impaired TCR £ Chain Gene Transcription

The molecular basis of { chain deficiency in SLE T cells lies in part at the
level of transcription since a significant number of SLE patients display
decreased amounts of  chain messenger RNA (mRNA) (Liossis ef al., 1998;
Takeuchi et al., 1998). Indeed, the activity of { chain gene promoter in SLE T
cells is low compared to that of normal T cells. Since no mutations or polymor-
phisms of the TCR { chain promoter were detected to explain this finding, it was
assumed that either the production and/or activation of the transcription factors
that regulate the activity of the TCR { chain promoter could be defective. The
TCR ¢ chain promoter is notably simple in that only two Elf-1 binding sites have
been identified in the proximal region and shown to regulate its activity (Rellahan
et al., 1998). Elf-1 is an Ets family transcription factor that encodes for a
619—amino acid polypeptide. Elf-1 is subject to posttranslational modifications,
mainly glycozylation and phosphorylation, resulting in the 80- and 98-kDa forms
of the protein, respectively (Juang et al., 2002). Each form displays a different
distribution inside the cell, the 80-kDa form being located in the cytoplasm
and the 90-kDa form in the nucleus. Fully phosphorylated and glycozylated
Elf-1 (98 kDa) binds to the TCR { chain gene promoter and enhances its activity
(Juang et al., 2002).

In SLE T cells, the levels of Elf-1 mRNA and the expression of the cyto-
plasmic 80-kDa form are comparable to those of normal T cells, suggesting
that transcription and translation of Elf-1 gene are intact. In contrast, the form of
Elf-1 that binds to the { chain promoter was decreased in SLE T cells. Specifically,
in some SLE patients the 98-kDa Elf-1 is not formed (type I defect), whereas in
others although it is produced it does not bind to DNA (type II defect) (Juang et al.,
2002). Thus, defects in expression or function of the 98-kDa Elf-1 result in
decreased binding to the TCR { chain gene promoter and, consequently, decreased
transcription of TCR { chain.

3.2. Impaired Translation and Posttranscription Events

TCR  chain transcripts expressed at low levels in SLE T cells display fre-
quent and heterogeneous polymorphisms, mutations, and alternative splicing in
their nucleotide sequence. Because respective findings in the genomic DNA
were not found, the mechanism of RNA editing may have an additional role in {
chain deficiency in SLE T cells. Defective RNA editing has been shown for pro-
tein kinase A I (PKA-I) in SLE T cells (Laxminarayana et al., 2002) and it may
represent an additional mechanism that contributes to the diverse defects in
SLE T cells. In addition, a novel { chain transcript was found to be increased
in SLE T cells, pointing toward a defect at the level of transcription. Specifically,
{ chain transcripts missing exon VII have been reported to be increased in SLE
T cells (Nambiar et al., 2002; Takeuchi et al., 1998) and to contribute to the
decreased assembly of TCRs in SLE T cells and possibly to the decreased pro-
duction of IL-2. In addition, another { chain transcript has been described in SLE
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T cells, which has a shorter 3" untranslated region (Nambiar et al., 2001). This
alternatively spliced transcript is unstable and produces little protein. Summarily,
it appears that the production of alternatively spliced { chain transcripts with
either defective { chain products or unstable { chain mRNA contributes to
decreased expression of { chain protein in SLE T cells.

3.3. Impaired Posttranslational Functions

Proteolytic cleavage constitutes a major mechanism through which the
cell regulates its protein content. The TCR { chain carries multiple putative cas-
pase cleavage sites (Gastman et al., 1999). Incubation of SLE T cells with caspase
inhibitors upregulates { chain expression, suggesting that proteolysis by cas-
pases plays a role in { chain downregulation.

The final disposal apparatus in eucaryocytes is the proteasome, an abun-
dant cylinder-shaped, ATP-dependent protease complex dispersed throughout the
cytosol and the nucleus. With few exceptions, the proteasome acts on proteins
that have been specifically marked for degradation by the attachment of multiple
copies of the small protein ubiquitin. Ubiquitination and subsequent proteolysis
aim to confer short half-lives on specific normal proteins whose concentrations
must change promptly, serving as a homeostatic mechanism during cell activa-
tion. Indeed, following phosphorylation, the TCR { chain undergoes ubiquitina-
tion and proteasome-mediated degradation (Valitutti et al., 1997). Depending on
the intensity of this process, the { chain exists in multiple-sized ubiquitinated
forms in T cells at a steady state (Cenciarelli et al., 1992). In SLE T cells,
increased amounts of ubiquitinated forms of { chain were found (Nambiar ef al.,
2002). Increased ubiquitination and/or decreased rate of proteasome-mediated
degradation could explain this finding. Because in SLE T cells caspase-mediated
proteolytic activity appears to be potent, it is more likely that increased ubiquiti-
nation of the { chain is the consequence of an aberrant ubiquitination process or
increased { chain turnover rather than a defective proteolysis.

Increased ubiquitination has also been implicated for the decreased levels
of lymphocyte-specific protein kinase (LCK) observed in SLE T cells (Jury et al.,
2003). Moreover, because LCK is important for the phosphorylation of { chain
during cell activation, it has been proposed that LCK deficiency may contribute
even further to the reduction of { chain activity in SLE T cells.

3.4. Oxidative Stress

In normal T cells, oxidative stress induces the downregulation of the { chain
through the action of heat shock proteins (Nambiar ef al., 2002), a mechanism
that accounts for the decrease of { chain in the majority of pathologies other than
SLE. Because in SLE T cells the mitochondrial transmembrane potential and
reactive oxygen species are elevated (Gergely et al., 2002), oxidative stress may
represent an additional mechanism that contributes to the downregulation of the
{ chain.
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3.5. Role of IFNy

Baniyash et al. have developed an in vivo experimental system that mimics
conditions of chronic immune cell activation and have shown that sustained expo-
sure of mice to bacterial antigens is sufficient to induce TCR { chain downregu-
lation and impair T cell function. In this model, the decrease of TCR { chain
seems to be dependent on the presence of a robust IFNYy response because chronic
infection in IFNy-deficient mice failed to decrease the expression of TCR { chain
(Baniyash, 2004).

4. Mechanisms of Increased TCR/CD3-Mediated [Ca?'],
Response in SLE T Cells

The reduced TCR { chain expression described above could account for
both the decreased activation-induced cell death and the diminished natural killer
cell activity observed in T cells from patients with SLE (Horwitz et al., 1999).
Conversely, TCR ( chain deficiency and augmented phosphorylation of cytoplas-
mic proteins and increased intracellular calcium responses in SLE T cells appear
to be contradicting findings. Current investigation, however, has revealed several
mechanisms that can explain, at least in part, the TCR/CD3-mediated calcium
response in SLE T cells despite the deficiency of { chain. They include increased
expression of FcRY chain that takes the place of { chain in the TCR/CD3 com-
plex, and rewires the downstream signaling events and alterations in the compo-
sition and function of lipid rafts, favoring the hyperexcitability of SLE T cells.

4.1. FcRy Chain Substitutes for Defective { Chain

To explain amplified calcium responses in SLE T cells following TCR lig-
ation despite the presence of small amounts or even the absence of the TCR {
chain, it was hypothesized that other members of the { chain family may take its
place in the CD3 complex. Immunoprecipitation and immunoblotting experi-
ments demonstrated that in contrast to controls, a large proportion of SLE T cells
express very high levels of FcRy chain that are functionally associated with com-
ponents of the CD3 and participate in antigen receptor—mediated signal trans-
duction (Enyedy et al., 2001). Unlike the { chain that associates with ZAP-70 to
initiate its downstream signaling, FcRy associates with Syk kinase. The
FcRy-Syk complex is able to mediate 100 times more potent signals (Krishnan
et al., 2003). Interestingly, forced expression of FcRy chain in normal T cells
resulted in signaling events that were similar to those observed in SLE T cells.
Specifically, normal T cells overexpressing FcRy chain displayed increased CD3-
mediated protein tyrosine phosphorylation and calcium responses (Nambiar
et al., 2003). Conversely, reconstitution of the missing TCR { chain in SLE T cells
resulted in normalized CD3-mediated early signaling events (Nambiar et al.,
2003). The generated information suggests that the presence of FcRy chain in the
CD3 complex renders T cells overexcitable, whereas the presence of the TCR {
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chain in the CD3 complex is required for a “normal” response. The presence of
the FcRy chain on the surface of SLE T cells indicates that they may become eas-
ily stimulated in the presence of autoantigens that have low affinity for TCR. In
contrast, cells that express normal levels of the TCR { chain do not respond to
autoantigens and thus an autoimmune response is averted.

4.2. Altered Composition and Dynamics of Lipid Rafts

It has become clear that cell membrane structure plays a dynamic role in the
intracellular signaling process. Because inside its lipid by-layer, the van der Waals
attractive forces between adjacent fatty acid tails are in most cases unable to hold
these molecules together, each cell membrane lipid monolayer is a random com-
bination of different types of lipid molecules. On the other hand, because some
lipid molecules, such as sphingolipids, have longer and saturated fatty acid tails,
the attractive forces are strong enough to hold neighboring molecules together, at
least transiently, forming discrete microdomains called lipid rafts. Like scaffold
proteins, lipid rafts, which are rich in both sphingolipids and cholesterol, can be
thought of as lipid scaffolds where signaling molecules can assemble and interact
(Simons and Ikonen, 1997). In normal T cells, TCR ligation induces rapid clus-
tering of lipid rafts that results in the accumulation of signaling proteins at the
area of contact between T and antigen-presenting cells, known as the immuno-
logical synapse. The integrity of the immune synapse is essential for TCR signal-
ing and T cell activation (Alonso and Millan, 2001).

Several factors can influence the strength of signals controlled by lipid
rafts, such as lipid raft pool size, its membrane distribution, and protein content
as well as the kinetics of cytoskeletal rearrangements following T cell stimulation.
It was recently shown that GM1 ganglioside, a lipid raft marker, is present in
higher amounts in SLE T cells compared with that in normal T cells, while stim-
ulation induced further overexpression of GM1 in SLE T cells (Jury et al., 2004;
Krishnan et al., 2004), which was due to de novo production of the molecule
(Krishnan ef al., 2004). These results indicate that SLE T cells posses more exten-
sive basal levels of lipid rafts as well as greater capacity to generate lipid rafts
than normal T cells in response to stimulation.

In the same studies the expression and function of different components of
lipid rafts were assessed. Using confocal microscopy, it was shown that while the
TCR  chain is uniformly distributed on the normal T cell membrane, in SLE T
cells residual { chain is preferentially colocalized with lipid rafts (Krishnan et al.,
2004), confirming previous results where the bulk of residual { chain in SLE T
cells was found to be limited to detergent-insoluble fractions (Nambiar et al.,
2002). More importantly, lipid rafts from SLE T cells contained FcRy-chain and
Syk kinase, which were absent in normal T cells. In addition, ZAP-70 present in
normal lipid rafts was not detected in SLE lipid rafts (Krishnan ef al., 2004). These
findings were furthermore confirmed by the analysis of lipid raft fractions follow-
ing sucrose density gradient ultracentrifugation. Other qualitative alterations of
lipid raft composition have been recently reported where the majority of SLE
patients studied presented an increased raft association of the protein tyrosine



270 Christina G. Katsiari and George C. Tsokos

phosphatase (PTP) CD45 (Jury et al., 2004) and a reduced raft expression of the
LCK (Jury et al., 2004; Krishnan et al., 2004). Furthermore, in response to stim-
ulation, SLE T cells displayed an altered pattern of CD45 phosphatase raft expres-
sion kinetics characterized by a rapid and more pronounced recruitment of CD45
within the lipid raft clusters followed by their faster exclusion from the site of acti-
vation (Jury ef al., 2004). It should be noted that although the overall amount of
LCKs localized in lipid rafts was reduced, the active form of the enzyme was
increased, in particular in T cells from patients with SLE with an increased expres-
sion of CD45 in raft domains. Because the PTP CD45 regulates LCK function
through the dephosphorylation of an inhibitory tyrosine residue, thus allowing
LCK to assume an open/active conformation, and because immunoprecipitation
experiments performed in T cell lysates revealed increased association of PTP
CD45 with LCK in patients with SLE, the authors postulate that in SLE T cells
LCK may be differentially regulated through the altered association of PTP CD45
with lipid rafts (Jury et al., 2004).

Another finding that characterized SLE T cells was that in the absence of
any activation stimulus, TCR—CD3 complexes were clustered in contrast to nor-
mal T cells in which they were evenly allocated throughout the cell membrane.
Upon stimulation, the kinetics of receptor capping was accelerated and more
intense in SLE T cells. Because CD3 clusters and caps colocalized with GM1, it
is suggested that SLE T cells are also characterized by faster kinetics of lipid raft
clustering and polarization. In response to stimulation and preceding TCR—CD3
capping, it was shown that the kinetics of actin polymerization was enhanced in
SLE T cells. Since actin polymerization represents a central event in cytoskeleton
remodeling, which is essential for the receptor cap formation, altered actin
dynamics in SLE T cells seem to have a role in the kinetic performance of
TCR-CD3 complexes and lipid rafts (Krishnan et al., 2004).

An important aspect of the study by Krishnan et al. (2004) was that it pro-
vided a link between the altered lipid rafts function and the abnormal T cell
responses in SLE. TCR ligation with anti-CD3 antibodies induced augmented cal-
cium responses in SLE T cells, as described above. Concomitant treatment with
methyl-B-cyclodextrin (MbCD), a compound that disrupts lipid rafts by depleting
cholesterol, led to a dose-dependent reduction of intracellular calcium concentra-
tions in both normal and SLE T cells, although with the latter needing a higher
dose to achieve the same decrease observed in normal T cells. In the same set of
experiments it was documented that PLCyl, a crucial factor in the biochemical
pathway that leads to intracellular calcium influx, exhibited a significant shift from
the cytoplasm to the lipid rafts in response to T cell activation, pointing toward a
direct association between PLCyl1 and lipid raft performance in regard to calcium
homeostasis. Overall, these results show that augmented calcium responses in SLE
T cells are mediated by, at least in part, a lipid raft-dependent mechanism, which
remains to be defined. It should be noted that the aberrations described in these
studies do not correlate with disease activity or medication intake. Future studies
aiming to thoroughly characterize the full spectrum of such alterations and to
describe in detail the direct effects on T cell signaling will provide new insight into
the T cell “rewired” signaling pathways in SLE.
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5. Protein Kinase A Function

PKA is a cAMP-dependent serine/threonine kinase. Several years ago
Kammer et al., who were the first to search for biochemical defects in SLE T
cells, identified abnormalities in cAMP metabolism and PKA-catalyzed protein
phosphorylation (Mandler et al., 1982; Hasler ef al., 1990). In the inactive state,
PKA forms a tetramer consisting of two regulatory and two catalytic subunits
(R,C,). Depending on the isoform of the R-subunit, PKA exists as either PKA-I
or PKA-II isoenzyme, localized to the plasma membrane and the cytoplasm,
respectively. Binding of cAMP to the regulatory subunits alters their confirma-
tion, causing them to dissociate from the PKA complex (R,C, + 4 cAMP <> R,
cAMP, + 2C). The released catalytic subunits are thereby activated to phospho-
rylate a diverse panel of target proteins both in the cytoplasmic and the nuclear
compartments (Torgersen et al., 2002).

Initial studies revealed that cAMP-primed SLE T cells display impaired
PKA-catalyzed protein phosphorylation mainly due to decreased activity of the
isoenzyme PKA-I (Kammer et al., 1994). First-order enzyme kinetics studies sub-
sequently showed that in SLE T cells the binding capacity of cAMP for the R-I
subunit was significantly impaired (Kammer et al., 1996). A mutated form of
R-I subunit with lower cAMP-binding activity could provide a logical explanation
for this finding. Investigators found that SLE T cells have decreased protein
expression of the R-I subunits (0w and B isoforms) that paralleled decreased
amounts of R-I transcripts, which may reflect defects at the transcriptional level
(Laxminarayana et al., 1999). Lower levels of functional R-I possibly denote lower
levels of PKA-I (RI,C,) complexes and thus a smaller pool of PKA-I for cAMP to
act on, leading to impaired performance of this signaling pathway. On the other
hand, since the expression of the catalytic subunits appears to be intact, it is logi-
cal to expect increased amounts of unrelated (and thus possibly active) C subunits
that could spontaneously promote PKA-mediated actions. Nevertheless, when R-I
transcripts from SLE T cells were analyzed several mutations were found in the
absence of any genetic mutations, implying defective mRNA editing. Whether
altered R-I subunits from SLE T cells display reduced ability to bind cAMP
remains to be addressed. Along with a better characterization of the nature of
PKA-I deficiency, a more thorough understanding of its contribution to cell and
cytokine defects in SLE T cells is anticipated with great interest.

Moreover, a series of experiments indicate that the 3 isoform of the R-sub-
unit (RIIB) of PKA-IT isoenzyme could mediate impaired cAMP-initiated
responses in the nucleus of lupus T cells (Kammer, 2002). In the nucleus, tran-
scriptional regulation by cAMP is mediated by a family of cAMP-responsive
nuclear factors, which bind to and regulate the expression of genes containing the
cAMP-responsive element (CRE) consensus in their promoters. Phosphorylation
of these CRE-binding proteins (CREBs) by the C subunit of PKA that translo-
cates into the nucleus following activation by cAMP modulates their activity
(Skalhegg and Tasken, 2000). In SLE T cells, deficient PKA-II activity is
characterized by spontaneous dissociation of the cytosolic RIIB,C, holoenzyme,
aberrant RIIP translocation to the nucleus from the cytosol, and retention of RIIf3
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in the nucleus. Experiments addressing a possible interplay with extracellular
stimuli in the lupus microenvironment showed that RIIp disorder was primary to
the SLE T cell (Mishra et al., 2000). Interestingly, forced expression of RIIf in
Jurkat cells revealed a novel, specific, and direct interaction between RIIP and
CREB that led to inhibition of CRE-dependent expression of the proto-oncogene
c-fos (Elliott ef al., 2003). In addition, Jurkat cells overexpressing a phosphory-
lated form of RIIP} were shown to suppress the production of IL-2 in parallel with
upregulation of the costimulatory molecule CD40L (Elliott et al., 2004). Taken
together these results indicate that accumulation of RIIP in the nucleus of SLE T
cells could contribute to some phenotypic abnormalities observed in these cells,
such as reduced production of IL-2 and overexpression of CD40L.

Importantly, PKA-I and -II abnormalities encountered in SLE T cells do not
correlate with disease activity, therapy, or demographic characteristics, and are
sustained over time (Kammer, 2002). In addition, the fact that the genes encod-
ing RIf and RIIB map to 7p22 and 7q22 regions, which have been identified as
susceptibility loci for SLE (Gaftney et al., 2000), underlines the importance of
the study of PKA function in SLE.

6. Regulation of Transcription Determines Interleukin 2
Deficiency in SLE T Cells

Interleukin-2 (IL-2) represents a crucial cytokine in the activation of lym-
phocytes. IL-2 exerts multiple functions, which serve both the promotion and the
suppression of the immune response (Nelson, 2004). Fine-tuning of the produc-
tion of this cytokine is the result of numerous interrelated events, which make its
study a complex but intriguing task. Reduction in IL-2 production in SLE T cells
upon stimulation was first documented in the 1980s, when PHA-primed cells
from lupus patients produced less IL-2 compared to normal T cells (Linker-Israeli
et al., 1983), and it was later on associated with the decreased immune responses
to infectious agents encountered in patients with SLE.

IL-2 deficiency in SLE T cells is the result of transcriptional repression of
the IL-2 gene. Study of transcriptional regulation of IL-2 in normal T cells has
shown that the decisive elements for the transcription of the molecule lie within
300 bp upstream of the start codon of the IL-2 gene promoter (Jain et al., 1995).
Within these 300 bp several AP-1 sites are found, which are closely related to
adjacent NFAT sites, as well as an NFkB, a C-responsive element (RE) and a
CD28-RE site. Currently, defects leading to decreased IL-2 production in SLE T
cells include changes in the expression and function of the transcription factors
NFxB, AP-1, CREM, and CREB (Figure 19.1).

In SLE T cells NFxB activity is decreased due to deficiency of its p65 sub-
unit (Wong et al., 1999). Under physiologic conditions, the p65/p50 heterodimer
accounts for the NFxB-mediated IL-2 upregulation (Jain et al., 1995).
Conversely, SLE T cells express adequate amounts of p50, which in the absence
of p65 homodimerize, conveying a repressor effect (Wong et al., 1999). The
importance of p65 deficiency is furthermore supported by experiments showing
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that forced expression of p65 in SLE T cells increased IL-2 gene promoter activ-
ity (Herndon et al., 2002). The cause underlying p65 deficiency is currently
unknown although it is postulated that caspase-8, which display increased activ-
ity in SLE T cells, might bind and digest the p65 chain (Horiuchi et al., 2000).

The CRE site (—180) of the IL-2 promoter represents the binding site of
CREB and CREM (Powell et al., 1998). In normal T cells, upon activation-initi-
ated phosphorylation by protein kinase C and other downstream kinases, phos-
phorylated CREB (pCREB) enters the nucleus and binds to the —180 site in
complex with CRE-binding protein (CBP) and p300 where it enhances IL-2 pro-
moter activity (Mayr and Montminy, 2001). Subsequent return to basal state is
achieved by the removal of pCREB along with the recruitment of CREM to the
same binding site to suppress IL-2 promoter transcriptional activity. In SLE T
cells, transcriptionally upregulated CREM was found to be associated with
decreased IL-2 production (Solomou et al., 2001). Restoration of IL-2 production
in SLE T cells following transfection of an antisense CREM plasmid that sup-
pressed the expression of CREM confirmed the importance of this transcriptional
repressor (Tenbrock et al., 2003). In addition, CREM binding to the c-fos pro-
moter in unstimulated live T cells from SLE patients is significantly increased.
Increased binding results in decreased transcription of c-fos gene, decreased pro-
duction of c-fos protein and AP-1 binding in the nuclei of SLE T cells (Kyttaris
et al., 2004). Therefore, CREM contributes to the decreased expression of IL-2
by both binding directly to the IL-2 promoter and limiting the AP-1 binding
through its action on the c-fos promoter.

Although several defects underlying lupus T cell IL-2 deficiency have been
defined, many other issues remain to be addressed. Apart from the ongoing study
of other transcription factors as putative contributors to IL-2 deficiency, the pur-
suit for the “missing link” between a particularly robust calcium response and a
phenotype resembling that of anergic cells with deficient responses to recall anti-
gens and deficient production of IL-2 upon activation lies in the center of our
research.

7. Conclusions

SLE T cells have been known to display diverse cellular and cytokine
abnormalities. The studies reviewed in this chapter have systematically shed light
on the biochemical and molecular aberrations responsible for the aberrant SLE T
cell biology. We now understand that rewiring of the SLE T cell receptor by the
replacement of the { chain by the FcRy chain and the subsequent engagement of
downstream molecules leads to an overexcitable T cell phenotype that may
account for the presence of increased numbers of T cells in the peripheral blood
of SLE patients, providing increased help to B cells to produce autoantibodies.
We recently described increased spontaneous aggregation of lipid rafts on the sur-
face membrane of SLE T cells. We found that these aggregates are dynamic both
in terms of lateral mobility on the surface of the T cells and in terms of biosyn-
thesis. We believe that these preaggregated lipid rafts contribute to the well-
established overexcitable T cell phenotype. We now understand an array of
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mechanisms that are responsible for the decreased expression of the { chain in
SLE T cells. It should be noted that the decreased { chain, which we and others
have observed in effector T cells, is due mostly to increased degradation rather
than to decreased transcription and to expression of various forms of alternatively
spliced transcripts that are either unstable or display a poor translational rate.

But if the initial response of the SLE T cells is strong, then why are a num-
ber of effector functions, such as the production of IL-2, decreased? Our studies
have shown that a number of downstream events “hijack” an otherwise robust
response. Specifically, we have found that SLE T cells express increased amounts
of CREM, a transcriptional repressor that binds to the IL-2 promoter and limits
its expression. Obviously, our studies and those of others have only started
describing the many elements of the puzzle. Yet, we are encouraged by the fact
that we are already able to put pieces together and have started understanding the
origin of certain “aberrant” T cell functions.

References

Alonso, M.A. and Millan, J. (2001). The role of lipid rafts in signaling and membrane trafficking in
T lymphocytes. J. Cell Sci., 114, 3957-3965.

Baniyash, M. (2004). TCR {-chain down regulation: Curtailing an excessive inflammatory immune
response. Nat. Rev. Immunol., 4, 675-687.

Brundula, V, Rivas, L.J., Blasini, A.M., Paris, M., Salazar, S., Stekman, I.L., and Rodriguez, M.A.
(1999). Diminished levels of T cell receptor zeta chains in peripheral blood T lymphocytes from
patients with systemic lupus erythematosus. Arthritis Rheum., 42, 1908-1916.

Cenciarelli, C., Hou, D., Hsu, K.-C., Rellahan, B.L., Wiest, D.L., Smith, H.T., Fried, V.A., and
Weissman, A.M. (1992). Activation-induced ubiquitination of the T cell antigen receptor.
Science, 257, 795-797.

Dayal, A.K. and Kammer, G.M. (1996). The T cell enigma in lupus. Arthritis Rheum., 39, 23-33.

Jury, E.C., Kabouridis, PS., Abba, A., Mageed, R.A., and Isenberg, D.A. (2003). Increased ubiquiti-
nation and reduced expression of LCK in T lymphocytes from patients with systemic lupus ery-
thematosus. Arthritis Rheum., 48, 1343—1354.

Elliott, M.R., Shanks, R.A., Khan, 1.U., Brooks, J.W., Burkett, PJ., Nelson, B.J., Kyttaris, V., Juang,
Y.T., Tsokos, G.C., and Kammer, G.M. (2004). Down-regulation of IL-2 production in T lym-
phocytes by phosphorylated protein kinase A-RII{beta}. J Immunol., 172, 7804-7812.

Elliott, M.R., Tolnay, M., Tsokos, G.C., and Kammer, G.M. (2003). Protein kinase A regulatory sub-
unit type II{beta} directly interacts with and suppresses CREB transcriptional activity in acti-
vated T cells. J. Immunol., 171, 3636-3644.

Enyedy, E.J., Nambiar, M.P, Liossis, S.N., Dennis, G., Kammer, G.M., and Tsokos, G.C. (2001). Fc
epsilon receptor type I gamma chain replaces the deficient T cell receptor zeta chain in T cells
of patients with systemic lupus erythematosus. Arthritis Rheum., 44, 1114-1121.

Froncek, M.C. and Horwitz, D. (1999). Cytokines in the pathogenesis of systemic lupus erythematosus.
In R.G. Lahita (ed.), Systemic Lupus Erythematosus. Academic Press, New York. pp. 187-203.

Gaftney, PM., Ortmann, W.A., Selby, S.A., Shark, K.B., Ockenden, T.C., Rohlf, K.E., Walgrave, N.L.,
Boyum, W.P, Malmgren, M.L., Miller, M.E., Kearns, G.M., Messner, R.P, King, R.A., Rich,
S.S., and Behrens, T.W. (2000). Genome screening in human systemic lupus erythematosus:
Results from a second Minnesota cohort and combined analyses of 187 sib-pair families. Am.
J. Hum. Genet., 66, 547-556.

Gastman, B.R., Johnson, D.E., Whiteside, T.L., and Rabinowich, H. (1999). Caspase-mediated degra-
dation of T-cell receptor zeta-chain. Cancer Res., 59, 1422—1427.

Gergely, P, Jr., Grossman, C., Niland, B., Puskas, F.,, Neupane, H., Allam, E, Banki, K., and Perl, A.
(2002). Mitochondrial hyperpolarization and ATP depletion in patients with systemic lupus ery-
thematosus. Arhtritis Rheum., 46, 175-190.



276 Christina G. Katsiari and George C. Tsokos

Hasler, P, Schultz, L.A., and Kammer, G.M. (1990). Defective cAMP-dependent phosphorylation of
intact T lymphocytes in active systemic lupus erythematosus. Proc. Natl. Acad. Sci. USA, 87,
1978-1982.

Herndon, T.M., Juang, Y.T., Solomou, E.E., Rothwell, S.W., Gourley, M.F., and Tsokos, G.C. (2002).
Direct transfer of p65 into T lymphocytes from systemic lupus erythematosus patients leads to
increased levels of interleukin-2 promoter activity. Clin. Immunol., 103, 145-153.

Horiuchi, T., Himeji, D., Tsukamoto, H., Harashima, S., Hashimura, C., and Hayashi, K. (2000).
Dominant expression of a novel splice variant of caspase-8 in human peripheral blood lympho-
cytes. Biochem. Biophys. Res. Commun., 272, 877-881.

Horwitz, D., Stohl, W., and Dixon Gray, J (1999). T lymphocytes, natural killer cells, and immune
regulation. In R.G. Lahita (ed), Systemic Lupus Erythematosus. Academic Press, New York.
pp. 157-185.

Jain, J., Loh, C., and Rao, A. (1995). Transcriptional regulation of the IL-2 gene. Curr: Opin. Immunol.,
7, 333-342.

Jensen, J.P, Hou, D., Ramsburg, M., Taylor, A., Dean, M., and Weissman, A.M. (1992). Organization
of the human T cell receptor zeta/eta gene and its genetic linkage to the Fc gamma RII-Fc gamma
RIII gene cluster. J. Immunol., 148, 2563-2571.

Juang, Y.-T., Solomou, E., Rellahan, B., and Tsokos, G.C. (2002a). Phosphorylation and O-linked gly-
cosylation of Elf-1 leads to its translocation to the nucleus and binding to the promoter of the
T cell receptor { chain. J. Immunol., 168, 2865-2871.

Juang, Y.-T., Tenbrock, K., Nambiar, M.P., Gourley, M.F., and Tsokos, G.C. (2002b). Defective pro-
duction of the 98 kDa form of Elf-1 is responsible for the decreased expression of TCR zeta chain
in patients with systemic lupus erythematosus. J. Immunol., 169, 6048—6055.

Jury, E.C., Kabouridis, P.S., Flores-Borja, F., Mageed, R.A., and Isenberg, D.A. (2004). Altered lipid
raft-associated signaling and ganglioside expression in T lymphocytes from patients with sys-
temic lupus erythematosus. J. Clin. Invest., 113, 1176-1187.

Kammer, G.M. (2002). Deficient protein kinase A in systemic lupus erythematosus: A disorder of
T lymphocyte signal transduction. Ann. NY Acad. Sci., 968, 96—105.

Kammer, G.M., Khan, I.U., Kammer, J.A., Olorenshaw, I., and Mathis, D. (1996). Deficient type I pro-
tein kinase A isozyme activity in systemic lupus erythematosus T lymphocytes: II. Abnormal
isozyme kinetics. J. Immunol., 157, 2690-2698.

Kammer, G.M., Khan, 1.U., and Malemud, C.J. (1994). Deficient type I protein kinase A isozyme
activity in systemic lupus erythematosus T lymphocytes. J. Clin. Invest., 94, 422-430.

Kammer, G.M., Perl, A., Richardson, B.C., and Tsokos, G.C. (2002). Abnormal T cell signal trans-
duction in systemic lupus erythematosus. Arthritis Rheum., 46, 1139-1154.

Krishnan, S., Nambiar, M.P., Warke, V.G., Fisher, C.U., Mitchell, J., Delaney, N., and Tsokos, G.C.
(2004). Alterations in lipid raft composition and dynamics contribute to abnormal T cell
responses in systemic lupus erythematosus. J. Immunol., 172, 7821-7831.

Krishnan, S., Warke, V.G., Nambiar, M.P,, Tsokos, G.C., and Farber, D.L. (2003). The FcRy subunit
and Syk kinase replace CD3{ and ZAP-70 in the TCR/CD3 signaling complex of human effec-
tor CD4 T cells. J. Immunol., 170, 4189-4195.

Kyttaris, V.C., Juang, Y.T., Tenbrock, K., Weinstein, A., and Tsokos, G.C. (2004). Cyclic adenosine 5’-
monophosphate response element modulator is responsible for the decreased expression of c-fos
and activator protein-1 binding in T cells from patients with systemic lupus erythematosus.
J. Immunol., 173, 3557-3563.

Laxminarayana, D., Khan, [.U., and Kammer, G. (2002). Transcript mutations of the alpha regulatory
subunit of protein kinase A and up-regulation of the RNA-editing gene transcript in lupus T lym-
phocytes. Lancet, 360, 842—849.

Laxminarayana, D., Khan, [.U., Mishra, N., Olorenshaw, ., Tasken, K., and Kammer, G.M. (1999).
Diminished levels of protein kinase A RI alpha and RI beta transcripts and proteins in systemic
lupus erythematosus T lymphocytes. J. Immunol., 162, 5639-5648.

Linker-Israeli, M., Bakke, A.C., Kitridou, R.C., Gendler, S., Gillis, S., and Horwitz, D.A. (1983).
Defective production of interleukin 1 and interleukin 2 in patients with systemic lupus erythe-
matosus (SLE). J Immunol., 130, 2651-2655.



Immune Cell Signaling and Gene Transcription 277

Liossis, S.N., Ding, D.Z., Dennis, G.J., and Tsokos, G.C. (1998a). Altered pattern of TCR/CD3-
mediated protein-tyrosyl phosphorylation in T cells from patients with systemic lupus erythe-
matosus. Deficient expression of the T-cell receptor zeta chain. J. Clin. Invest., 101, 1448—1457.

Liossis, S.N., Hoffman, R.W., and Tsokos, G.C. (1998b). Abnormal early TCR/CD3-mediated signal-
ing events of a snRNP-autoreactive lupus T cell clone. Clin. Immunol. Immunopathol., 88,
305-310.

Mandler, R., Birch, R.E., Polmar, S.H., Kammer, G.M., and Rudolph, S.A. (1982). Abnormal adeno-
sine-induced immunosuppression and cAMP metabolism in T lymphocytes of patients with sys-
temic lupus erythematosus. Proc. Natl. Acad. Sci USA, 79, 7542-7546.

Mayr, B. and Montminy, M. (2001). Transcriptional regulation by the phosphorylation-dependent fac-
tor CREB. Nat. Rev. Mol. Cell Biol., 2, 599—609.

Mishra, N., Khan, 1.U., Tsokos, G.C., and Kammer, G.M. (2000). Association of deficient type II pro-
tein kinase A activity with aberrant nuclear translocation of the RIl{beta} subunit in systemic
lupus erythematosus T lymphocytes. J. Immunol., 165, 2830-2840.

Nagy, G., Barcza, M., Gonchoroff, N., Phillips, P.E., and Perl, A. (2004). Nitric oxide-dependent mito-
chondrial biogenesis generates Ca2+ signaling profile of lupus T cells. J. Immunol., 173,
3676-3683.

Nambiar, M.P,, Enyedy, E.J., Fisher, C.U., Krishnan, S., Warke, V.G., Gilliland, W.R., Oglesby, R.J.,
and Tsokos, G.C. (2002a). Abnormal expression of various molecular forms and distribution of
T cell receptor zeta chain in patients with systemic lupus erythematosus. Arthritis Rheum., 46,
163-174.

Nambiar, M.P,, Enyedy, E.J., Warke, V.G., Krishnan, S., Dennis, G., Kammer, G.M., and Tsokos, G.C.
(2001). Polymorphisms/mutations of TCR-zeta-chain promoter and 3" untranslated region and
selective expression of TCR zeta-chain with an alternatively spliced 3" untranslated region in
patients with systemic lupus erythematosus. J. Autoimmun., 16, 133-142.

Nambiar, M.P, Fisher, C., Enyedy, E., Warke, V., Kumar, A., and Tsokos, G.C. (2002b). Oxidative
stress is involved in the heat stress-induced downregulation of TCR zeta chain expression and
TCR/CD3-mediated [Ca(2+)](i) response in human T-lymphocytes. Cell. Immunol., 215,
151-161.

Nambiar, M.P, Fisher, C.U., Kumar, A., Tsokos, C.G., Warke, V.G., and Tsokos, G.C. (2003a). Forced
expression of the Fc receptor y chain renders human T cells hyperresponsive to antigen stimula-
tion. J. Immunol., 170, 2871-2876.

Nambiar, M.P, Fisher, C.U., Warke, V.G., Krishnan, S., Mitchell, J.P., Delaney, N., and Tsokos, G.C.
(2003b). Reconstitution of deficient T cell receptor zeta chain restores T cell signaling and aug-
ments T cell receptor/CD3-induced interleukin-2 production in patients with systemic lupus ery-
thematosus. Arthritis Rheum., 48, 1948—1955.

Nambiar, M.P, Mitchell, J.P, Ceruti, M.A., Malloy, M.A., and Tsokos, G.C. (2003c). Prevalence of
T cell receptor zeta chain deficiency in systemic lupus erythematosus. Lupus, 12, 46-51.

Nelson, B.H. (2004). IL-2, regulatory T cells, and tolerance. J. Immunol., 172, 3983-3988.

Powell, J.D., Ragheb, J.A., Kitagawa-Sakakida, S., and Schwartz, R.H. (1998). Molecular regula-
tion of interleukin-2 expression by CD28 co-stimulation and anergy. /mmunol. Rev., 165,
287-300.

Rellahan, B.L., Jensen, J.P, Howcroft, TK., Singer, D.S., Bonvini, E., and Weissman, A.M. (1998).
Elf-1 regulates basal expression from the T cell antigen receptor {zeta}-chain gene promoter.
J. Immunol., 160, 2794-2801.

Simons, K. and Ikonen, E. (1997). Functional rafts in cell membranes. Nature, 387, 569-572.

Skalhegg, B.S. and Tasken, K. (2000). Specificity in the cAMP/PKA signaling pathway. Differen-
tial expression, regulation, and subcellular localization of subunits of PKA. Front. Biosci.,
5, D678-D693.

Solomou, E.E., Juang, Y.T., Gourley, M.F.,, Kammer, G.M., and Tsokos, G.C. (2001). Molecular basis
of deficient IL-2 production in T cells from patients with systemic lupus erythematosus.
J. Immunol., 166, 4216—4222.

Takeuchi, T., Tsuzaka, K., Pang, M., Amano, K., Koide, J., and Abe, T. (1998). TCR zeta chain lack-
ing exon 7 in two patients with systemic lupus erythematosus. Int. Immunol., 10, 911-921.



278 Christina G. Katsiari and George C. Tsokos

Tenbrock, K., Juang, Y.-T., Tolnay, M., and Tsokos, G.C. (2003). The cAMP response element modu-
lator suppresses IL-2 production in T cells by a chromatin-dependent mechanism. J. Immunol.,
170, 2971-2976.

Torgersen, K.M., Vang, T., Abrahamsen, H., Yaqub, S., and Tasken, K. (2002). Molecular mechanisms
for protein kinase A-mediated modulation of immune function. Cell. Signal., 14, 1-9.

Tsokos, G.C. (1999). Overview of cellular immune function in systemic lupus erythematosus. In
R.G. Lahita (ed), Systemic Lupus Erythematosus. Academic Press, New York. pp. 17-54.

Valitutti, S., Muller, S., Salio, M., and Lanzavecchia, A. (1997). Degradation of T cell receptor (TCR)-
CD3-zeta complexes after antigenic stimulation. J. Exp. Med., 185, 1859-1864.

Vassilopoulos, D., Kovacs, B., and Tsokos, G.C. (1995). TCR/CD3 complex-mediated signal trans-
duction pathway in T cells and cell lines from patients with systemic lupus erythematosus.
J. Immunol., 155, 2269-2281.

Wong, H.K., Kammer, G.M., Dennis, G., and Tsokos, G.C. (1999). Abnormal NF-kappaB activity in
T lymphocytes from patients with systemic lupus erythematosus is associated with decreased
p65-relA protein expression. J. Immunol., 163, 1682—-1689.



Accumulation of Self-Antigens
in Systemic Lupus Erythematosus

Koji Yasutomo

1. Introduction

The immune system has evolved to combat infectious organisms. During the evo-
lution of immune systems, T and B cells with antigen-specific receptors emerged
and an acquired immune system was established (Germain, 2001). During the
early stage of development, both types of lymphocytes carry out repertoire selec-
tion, a mechanism that allows cells to distinguish self from non-self antigens
(Sebzda et al., 1999; Germain, 2001). For instance, immature T cells expressing
high-affinity receptors for self-antigens presented by major histocompatibility
complex (MHC) molecules are deleted in the thymus (negative selection) (Robey
and Fowlkes, 1994). In contrast, immature T cells with low-affinity receptors for
self-peptides presented by MHC molecules can develop further (positive selec-
tion) (Robey and Fowlkes, 1994). These two selection steps are critical to main-
taining a strong T cell response directed against non-self antigens while avoiding
self-reactivity.

Defective regulation of self and non-self discrimination (thymic selection)
may cause autoimmune diseases, generally classified as either systemic or organ-
specific. The systemic autoimmune disease, systemic lupus erythematosus
(SLE), is caused by aberrant autoreactive T and B cells (Davidson and Diamond,
2001; Yasutomo, 2003). This is clearly supported by clinical laboratory findings
such as high titer of a variety of serum autoantibodies, including anti-dsDNA and
anti-Sm antibodies in SLE patients (Davidson and Diamond, 2001). Although the
contribution of such antinuclear autoantibodies to the progression of SLE is
unclear, the level of serum anti-dsDNA antibody is well correlated with disease
activity (Davidson and Diamond, 2001). In addition, although SLE is controlled
by treatment with immunosuppressive drugs including steroids or cyclosporine A,
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controlling the disease progression of SLE without the side effects of such drugs is
difficult. For these reasons, many studies have tried to identify candidate genes that
are responsible for the progression of SLE. For example, mouse models have been
established by targeting genes that are associated with cell death or lymphocyte
activation threshold. As a result, several genes have been discovered that are related
to the development of an SLE-like syndrome in mice (Shull ez al., 1992; Tivol et al.,
1995; Lachmann, 1996; O’Keefe et al., 1996; Taylor et al., 1996; Botto et al., 1998;
Bickerstaff et al., 1999; Nishimura et al., 1999; Wang et al., 1999; Bachmaier et al.,
2000; Balomenos et al., 2000; Chiang et al., 2000; Majeti et al., 2000; Napirei
et al., 2000; Brunkow et al., 2001; Chui et al., 2001; Demetriou et al., 2001; Le
et al., 2001; Scott et al., 2001; Yasutomo ef al., 2001). However, genes responsible
for causing typical human SLE have not been identified.

Therefore, the search for genes that cause SLE continues. For example, a
candidate locus on chromosome 1q was identified by linkage study (Tsao, 2000).
Several hundreds to 1000 sibpairs or transmission disequilibrium testing may be
required to document linkage at this position. And future analysis of a separate
group of lupus families will be necessary to confirm the existence of a locus at
chromosome 1q, with unusually strong contributions to disease. The chromosomal
intervals initially mapped in a linkage analysis of murine crosses or affected sib-
pairs are usually 10—20 centiMorgans, and therefore may contain up to 500 genes,
most of which are unknown. Since in that locus, tumor necrosis factor receptor 2
(TNFR2), complement component Clq, Fc gamma receptors, T cell receptor
(TCR) zeta chain, interleukin-10, poly(ADP-ribose) polymerase, and HRES-1 are
located, it would be necessary to check the role of each gene in susceptibility to or
progression of SLE. The recent development of genomewide scanning techniques
should facilitate the discovery of candidate genes affecting SLE.

Recent studies, including ours, have provided evidence that most mouse
CD4* or CD8* T cells have a potential to respond to self-antigens (Dorfman et al.,
2000). This new finding suggests that human T cells also have the same ability.
Accordingly, we, and others, found that the in vivo persistence of self-antigens
can induce persistent activation of mature T cells, resulting in the development of
human SLE or SLE-like syndrome in mice (Kirschfink et al., 1993; Botto et al.,
1998; Bickerstaff et al., 1999; Napirei et al., 2000; Yasutomo et al., 2001). We
originally found two DNasel-deficient SLE patients who were defective in clear-
ance of nucleosomal antigens because of low DNasel activity. These two patients
had very high frequencies of T and B cells against nucleosomal antigens and high
serum titers of anti-dsDNA antibodies (Yasutomo et al., 2001). These recent find-
ings in basic and clinical immunology would lead us to reconsider the importance
of antigen clearance and persistence as a cause of SLE in addition to the regula-
tion of T cells by molecules expressed on and in T cells.

2. T Cell in Human Lupus

The immune system responds to antigens that engage specialized receptors
present on the T cell surface (TCR) (Yablonski and Weiss, 2001). This engagement
induces various intracellular biochemical interactions that culminate in the transmis-
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sion of an extracellular signal that can trigger cell activation, proliferation, secretion
of soluble mediators, phenotypic changes, acquisition of effector functions, anergy,
and programmed cell death (Lanzavecchia ef al., 1999; Germain, 2001; Yablonski
and Weiss, 2001). The TCR stimulation outcome can vary considerably depending
on the degree and extent of integration of other membrane receptor—initiated specific
accessory signals. In particular, CD28-CD80/86 and CD40-CD40 ligand interac-
tions are important for complete T cell and B cell activation, respectively. Because
TCR-mediated signaling events direct these diverse but equally important outcomes,
it is likely that the diverse cellular aberrations described in lupus patients reflect sig-
naling defect(s) responsible for the disease pathogenesis. Such defects might be due
to expression of a signaling molecule(s) stemming from either a defective gene(s) or
defective gene expression regulation.

Tsokos et al. studied TCR/CD3-mediated signaling events to identify lupus T
cell primary abnormalities (Vassilopoulos et al., 1995; Liossis ef al., 1998). Using
anti-human CD3 monoclonal antibody (mAb), they showed that lupus T cells
exhibited significantly increased Ca®" responses compared with the T cell responses
from patients with non-SLE autoimmune disease (Vassilopoulos et al., 1995). In
particular, anti-CD3 mAb enhanced Ca?* fluxes in lupus but not in nonlupus T cell
clones. Furthermore, they also demonstrated that lupus TCR/CD3 signaling is
defective in tyrosine phosphorylation, which is necessary for proper T cell activa-
tion (Liossis ef al., 1998). Specifically, T cell stimulation in SLE patients results in
significantly enhanced production of tyrosine-phosphorylated cellular proteins and
consists of an early elevated response as well as a steep decrease to baseline phos-
phorylation levels. In contrast, protein tyrosine phosphorylation in normal T cells
gradually increases during the same time period (Liossis et al., 1998). Taken
together, these results suggest that proximal signaling by the TCR of lupus T cells
is more sensitive in terms of peak intensity or TCR signaling duration, which would
elicit abnormally high T cell activation that could cause tissue damage.

T cell activation is regulated by a number of cell surface and intracellular
molecules as well as other cell types. Filaci et al. (2001) showed that the
inhibitory function in CD8-positive cells in lupus patients is low, which would
contribute to the development of lupus (Filaci et al., 2001). Recent suppressor T
cell studies revealed that CD4*CD25* T cells play a pivotal role in the develop-
ment of autoimmune diseases in mice (Shevach et al., 2001). Several groups
reported that human blood also possesses CD4*CD25* T cells that have suppres-
sive function (Sakaguchi, 2004). So far, the contribution of CD4*CD25* T cells
to lupus has not been reported, but much attention will be paid to the possible role
of this unique population in the defective T cell response of lupus patients.

3. Antigen Clearance and Autoimmunity

3.1. DNASE1-Deficient Patients: Gene Mutation and Clinical Features

Naiperi et al. (2000) reported that DNASE1-deficient mice develop an SLE-
like syndrome even if the DNASE1 mutation is heterozygous (Napirei et al., 2000).
Like humans with SLE, these mice possess very high titers of anti-dsDNA
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antibodies and develop severe glomerulonephritis. When the DNASE1-coding
sequence and exon—intron boundaries were scanned for mutations, an A to G trans-
version in exon 2 at position 172 of the cDNA sequence (replacing a lysine (AAG)
with a stop signal (TAG) at residue 5 (K5X)) was found in two SLE patients. These
patients (both girls), one 13 (patient 1) and the other 17 (patient 2) years old, were
diagnosed for SLE on the basis of both clinical features and high serum titers of
anti-dsDNA and SS-A antibodies.

3.2. DNASE1-Deficient Patients: Laboratory Findings

In these two patients the gene mutation is heterozygous, and their trans-
formed B cells had a significantly lower level of DNASE]1 activity, showing that
this mutation reduces the total activity of this enzyme. Previous studies demon-
strated low serum DNASEI] activity in SLE patients (Chitrabamrung et al., 1981;
Tew et al., 2001), but the DNASEI gene was not examined. Our unpublished
analysis indicates that many SLE patients without any DNASE1 mutation also
have low levels of serum DNASE]1 activity.

3.3. DNASE1-Deficient Patients: Effect on Autoreactivity

Because of the importance of knowing whether low DNASE] activity has
a specific effect on any of the defining pathological characteristics of SLE, we
examined antibody titers against nucleosomal antigens and dsDNA in the patients
with DNASE1 mutation. The titer of IgG against nucleosomal antigens was 7-8
times greater in patients with the DNASE1 mutation than in other SLE patients,
and 70-80 times greater than in normal controls. The IgG titer against dsDNA in
two patients was also higher than that in other SLE patients. Furthermore, the pre-
cursor frequencies of T and B cells responsive to nucleosomal antigens were
about 10 times greater in the patients with DNASE1 mutation than in other SLE
patients, and 100 times greater than in normal controls. These results strongly
suggest that the low activity of DNASEI in these patients contributes to the
expansion of autoreactive T and B cells against nucleosomal antigens.

4. Defective Clearance of Self-Antigens in SLE

4.1. Evidence from Knockout Mice

Aberrant rates of apoptosis and increased levels of free-circulating chromatin
have been reported in human lupus (Amoura ef al., 1997), and humans with
DNASE]1 and Clq gene mutations develop SLE (Kirschfink ef al., 1993; Yasutomo
et al., 2001), suggesting that efficient removal of chromatin or chromatin—protein
complex is crucial to prevent SLE. For example, serum amyloid P component
(SAP)-deficient mice develop an SLE-like syndrome (Bickerstaff ez al., 1999). Two
models are likely to explain the connection between SAP deficiency and SLE. First,
SAP participates in dissolution of chromatin, activates complement components,
C1-C4, and potentiates hepatic clearance through complement receptors. Thus,
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SAP deficiency leads to apoptotic debris accumulation, which activates preexisting
autoreactive T and B cells. Second, SAP helps binding of C4b to chromatin and
these complexes bind to bone marrow stromal cells by the C4b receptor. In the pres-
ence of SAP, immature autoreactive B cells acquire tolerance against chromatin
through clonal deletion or anergy or both. In SAP deficiency, chromatin cannot be
recruited to the bone marrow, which results in autoreactive B cell escape into the
periphery and antigen-driven B cell expansion.

Boes et al. (2000) established mutant mice that cannot secrete IgM but that
are able to express surface IgM and IgD, and to secrete other classes of
immunoglobulins (Boes et al., 2000). They crossed these mutant mice with lupus-
prone lymphoproliferative (Ipr) mice and observed elevated levels of IgG autoan-
tibodies to double-stranded DNA and histones, and increased deposition of
immune complexes in the glomeruli. Furthermore, the absence of secreted IgM
also resulted in accelerated development of IgG autoantibodies, even in normal
mice. The accelerated autoantibody responses in mice deficient in secreted IgM
resemble the effect of complement deficiency on the development of autoimmune
disease. In humans and mice, deficiencies in the early components of the com-
plement cascade, including C1q, C2, and C4, are associated with a high incidence
of SLE (Kirschfink et al., 1993; Botto et al., 1998). The complement promotes
the removal of autoantigens and, hence, could reduce the chance that autoreactive
B cells are activated. Intravenous injection of syngeneic apoptotic cells into nor-
mal mice induces a rapid response against nuclear antigens (Mevorach ef al.,
1998b), suggesting that the source of autoantigens for the autoantibody response
may be the apoptotic cells (Casciola-Rosen ef al., 1994). Clq can bind apoptotic
blebs directly, and the activation of complement is required for the clearance of
apoptotic cells by macrophages (Mevorach et al., 1998a), suggesting a critical
role of complement in the clearance of apoptotic cells.

Mer (a member of the Axl/Mer/Tyro3 receptor tyrosine kinase family)-
deficient mice also possess high serum titers of anti-DNA antibodies, although
this chapter does not mention whether they develop a pathological autoimmune
response (Scott et al., 2001). Since Mer is required for the engulfment and effi-
cient clearance of apoptotic cells, the defective clearance of chromatin in this
deficient mouse may induce overt activation of autoreactive lymphocytes.

Hanayama et al. (2004) found that milk fat globule epidermal growth factor
8 (MFG-ES8)—deficient mice develop glomerulonephritis as a result of autoantibody
production (Hanayama et al., 2004). MFG-ES8 binds to apoptotic cells by recogniz-
ing phosphatidylserine, and this binding enhances the engulfment of apoptotic cells
by macrophages. This finding demonstrates that MFG-E8 has a critical role in
removing apoptotic cells and thereby in the accumulation of self-antigens.

Taken together, the defective clearance of nucleosomal antigens can be a
causative factor for the generation of anti-dsDNA antibodies, resulting in tissue
damage. Since a significant number of autoreactive T cells against self-ligands
including nucleosomal antigens are present in the normal body, I would like to
postulate that the degree of T cell response against self-ligands is dependent on
the duration or amount of TCR signaling as well as on the affinity of interaction
between the TCRs and their ligands (Figure 20.1). Normally, because the TCR
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Figure 20.1. Accumulation of self-antigens triggers T cell autoreactivity. Mature T cells generally
do not respond to self-antigens while proliferating against non-self antigens. However, defective clear-
ance accumulation of self-antigens would allow mature T cells to reach the threshold for activation
(black area).

affinity is generally low and self-ligands are rapidly cleared from the body, the
duration or amount of TCR signaling does not reach the threshold for activation
of sufficient T cells to cause self-damage. However, when accumulation of self-
ligands is abnormal, T cells are exposed to them for enough time or in amounts
sufficient to induce the differentiation of pathological T cells.

4.2. Mechanisms of Accumulation of Self-Antigens in SLE

The issue of why lymphocytes reactive against nucleosomal antigens gen-
erally inside the cells are generated and induce autoimmunity deserves consider-
ation. The role of anti-dsDNA antibodies in the pathophysiology of SLE remains
unclear. Over the past decades, the antinuclear specificities of disease-associated
autoantibodies have lured investigators to one of the likely sources of autoreac-
tive stimulation in SLE. There are two possible explanations. The first is that cells
(either inadvertently damaged [ultraviolet burns] or intentionally targeted [pro-
grammed cell death]) die, the condensed chromatin is broken down into nucleo-
somes, and the nuclear envelope fragments within vesicles filled with
nucleosomal components. This regimented process of apoptosis is often distin-
guished histologically by pyknotic nuclei and vacuolated cytoplasm. Casciola-
Rosen et al. (1994) demonstrated that in the course of death by apoptosis, cells
translocate the SLE autoantigens from the nuclear compartment to the cell sur-
face, displaying them to the extracellular environment in membranous blebs,
called “apoptotic bodies” (Casciola-Rosen ef al., 1994). The physiologic display
of nuclear antigens in apoptotic bodies offers a plausible mechanism whereby the
autoantigens prominent in SLE are exposed to the immune system, possibly stim-
ulating an autoimmune response.
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Another explanation provided by DeGiorgio ef al. (2001) is that a subset of
anti-DNA antibodies cross-reacts with the N-methyl-D-aspartate (NMDA) sub-
type of glutamate receptors and induces neuronal cell injury (more generally, that
anti-DNA antibody cross-reacts with self-antigens thereby eliciting tissue dam-
age). However, the authors do not directly show that this autoantibody is really
responsible for the development of the central nervous damage seen in SLE
patients. It would also be very important to identify target antigens expressed in
other organs that are recognized by anti-dsDNA antibodies.

A recent study showed that self-IgG2a-reactive B cells are activated by the
recognition of immune complexes composed of IgG2a and nucleosomes by cell sur-
face IgM and toll-like receptor (TLR) 9 present on B cells (Leadbetter et al., 2002,
2003). Autoreactive B cells are present in the lymphoid tissues of healthy individu-
als, but normally remain inactive. Over the decades, it has been demonstrated that to
become fully activated, naive B cells must receive signals through Ig receptors and
accessory receptors from helper T cells that recognize the same antigen (Fagarasan
and Honjo, 2000). However, recent reports have indicated that various constituents
of microbes can induce B cells to produce antibody in the absence of such helper T
cells (Poeck et al., 2004). For example, lipopolysaccharide (LPS), a major con-
stituent of the cell wall of Gram-negative bacteria, is recognized by a surface recep-
tor present on all B cells, TLR4 (Poltorak ef al., 1998). The simultaneous recognition
of the LPS-containing bacteria by antigen receptors and TLR4 induces a synergistic
signal, and triggers proliferation and production of antibodies by bacteria-specific B
cells without T cell help (Poeck et al., 2004). Another toll-like receptor, TLR9, usu-
ally serves as a pathogen sensor by detecting unmethylated CpG base pairs that are
more common in bacterial than in mammalian DNA, although unmethylated CpG
base pairs are found in certain parts of mammalian genes. Leadbetter et al. (2002)
have recently reported that immune IgG—nucleosome complexes could activate self-
IgG-specific B cells through both the antigen receptor and TLR9, which indicates
that TLR9 signaling facilitates the production of rheumatoid factors (Leadbetter
et al., 2002). Immune complexes composed of nucleosomes or other self-antigens
might have the same effect. Therefore, autoreactive B cells, which recognize nucle-
osomes directly or indirectly with the help of TLR9 signaling, may not need T cell
help to proliferate and produce a variety of antibodies.

Regarding the role of TLR in the induction of autoimmune diseases,
Eriksson et al. (2003) reported that dendritic cell activation through both CD40 and
TLR4, but not CD40 alone, was needed to induce autoimmune disease in mouse
recipients of dendritic cells pulsed with self-antigens. This result indicates that the
activation of antigen-presenting cells through TLR plays a central role in the induc-
tion of autoimmune diseases. On the basis of these reports, we propose the follow-
ing model to explain the role of antinucleosome-specific lymphocytes in the
induction of SLE. Nucleosomal antigen accumulation due to the defect of
DNASEI] increases the formation of immune complexes with methylated DNA and
a variety of self-antigens. These immune complexes activate antigen-presenting
cells (e.g., dendritic cells and B cells), which, in turn, greatly increase the sensitiv-
ity of autoreactive T cells to self-antigens as well as directly stimulate B cell
production of autoantibodies.
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4.3. Clearance of Self-Antigens as a Therapeutic Strategy

Macanovic et al. (1966) have reported that recombinant DNASE1 reduces
the autoimmune response of lupus-prone mice. However, in clinical trials of
recombinant DNASEI, the SLE symptoms and laboratory data of patients with
SLE did not significantly improve (Davis et al., 1999). According to our studies,
DNASE!1 mutation could only be detected in 2 out of 100 SLE patients. Thus, it
is important to determine whether treatment of recombinant DNASEI is effective
for SLE patients with DNASE1 mutation. Furthermore, in advanced SLE, T and
B cells have many nucleosome specificities, whereas, initially, lymphocytes with
only a single nucleosomal antigen specificity trigger the disease. Therefore, the
treatment using recombinant DNASE1 may have a benefit only at a very early
stage of SLE.

Regarding the therapeutic potential of nucleosomal antigens, Lu et al.
(1999) reported that CD4* T cells from lupus patients responded strongly to cer-
tain histone peptides (H2B10-33, H416-39, H471-94, H391-105, H2A34-48, and
H449-63). These same peptides overlap with major epitopes for helper CD4* T
cells that induce anti-DNA autoantibodies and nephritis in lupus mice. The
altered peptide ligands can induce anergy in T cells (Sloan-Lancaster et al., 1993,
1994; Ryan and Evavold, 1998). On the basis of this finding, Kaliyaperumal ef al.
(1999) tried to inhibit murine lupus using altered histone peptides and succeeded
in partially suppressing SLE-like syndrome (Kaliyaperumal et al., 1999). The
ability of each peptide associated with human SLE to affect T cell proliferation
or cytokine secretion profiles is different, suggesting that each epitope plays a
specific role in autoimmune T cell response induction or suppression. Thus, cau-
tion should be exercised when applying this technique in the clinic because it
would be dangerous to inhibit T cell responses that are inhibiting SLE.
Furthermore, because human HLA differs from person to person, it is very diffi-
cult to identify the altered ligands in each SLE patient. To overcome this problem,
it is essential to establish therapeutic strategies that apply to all SLE patients.
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B Lymphocyte Depletion Therapy
in Autoimmune Disorders: Chasing
Trojan Horses

Jonathan C. W. Edwards, Geraldine Cambridge,
and Maria J. Leandro

1. Introduction

Since the anti-CD20 therapeutic monoclonal antibody rituximab became avail-
able for clinical use in 1997 the effects of B lymphocyte depletion (BLyD) have
been explored in a range of autoimmune disorders (Edwards ef al., 2002). The
results of a formal controlled trial in rheumatoid arthritis (RA) confirm that clin-
ical benefit can be substantial (Edwards et al., 2004). Perhaps more significantly
in the long term, the opportunity afforded by BLyD to study mechanisms under-
lying pathogenesis of many human autoimmune diseases is unique and exciting.
This chapter reviews the rationale for BLyD in the context of changing ideas
about the role of B cells in autoimmunity, and explores the emerging concept of
autoimmune B cells as immunologic Trojan horses. The potential for clinical
application, the logistics employed, and the clinical results obtained with rituximab
so far are reviewed. Finally, evolving immunodynamic studies are described,
which highlight correlations between clinical state and autoantibody profiles, and
which may elucidate mechanisms of action and point to means of optimization of
therapeutic benefit and development of further targeted approaches to therapy.

2. Human Autoimmunity: An Abnormality of B Cell Function

The original concept of autoimmunity was based on the presence of anti-
bodies to self: B cell autoreactivity (Landsteiner, 1904). One hundred years later,
there is a broad body of evidence for abnormalities of B cell function in a wide
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range of human autoimmune diseases. Although T cell responses to autoantigens
are documented in a number of murine models of autoimmunity (Busser ef al.,
2003), evidence for T cell autoreactivities that might be responsible for produc-
tion of autoantibodies such as rheumatoid factors and antibodies to a range of
nuclear antigens in the human is limited. It has often proved difficult to differen-
tiate consistently between T cell responses in autoimmune subjects and normal
individuals. Recent studies on removal of regulatory T cell populations further
confirm that the presence of T cells with autoreactive potential is a normal phe-
nomenon, not itself sufficient to explain disease (Danke et al., 2004).

The concept that human autoimmune disease relates primarily to an abnor-
mality of B cell function formed the rationale behind the use of BLyD at
University College London (UCL) (Edwards ef al., 1999). The aim of this chap-
ter is to review the basis for that rationale and to assess whether clinical and
immunological responses to BLyD support the hypothesis.

2.1. A Brief Review of Investigation of B and T Cell Autoreactivity
in Human Autoantibody-Associated Diseases

Although it is clear that both T and B cells are involved in human autoim-
mune disease, the particular abnormality of cell function that initiates the process
in each disease is not. Identification of such abnormalities should inform the
development of therapies capable of modifying disease at a more fundamental
level. Unfortunately, critical analysis of evidence with respect to the underlying
role of T and B cells in many human diseases is often colored by concepts of dis-
ease dynamics based on animal models. These models, although vitally important
for understanding basic cellular and molecular mechanisms, have, by nature, dif-
ferent dynamics, determined by experimental manipulation.

In this context, the following is a brief summary of the available evidence
“one way or another” for T and B cells in human autoantibody-associated disease.
First, the association of specific autoantibodies with disorders such as RA, sys-
temic lupus erythematosus (SLE), myasthenia gravis, and pernicious anemia is
well documented. The correlation between autoantibody specificities and clinical
conditions or organ distribution within conditions (e.g., anti-Jo-1 antibodies and
lung involvement in patients with myositis; anti-DNA antibodies and renal
involvement in lupus) suggest a pathogenic role.

Second, corresponding T cell responses to self-antigens are often not con-
sistently found. Anti-IgG Fc T cell responses have been reported in only 0-50%
of patients with RA (Lang ef al., 1999). T cell responses to ANA-associated anti-
gens such as La (Davies ef al., 2002) and topoisomerase-1 (Kuwana et al., 2001)
were no greater in patients with autoantibodies to these antigens than in controls.
T cell reactivity to acetylcholine receptor does not seem to exist outside the thy-
mus in myasthenia—there is no T cell-mediated myositis. T cell responses to
nonprotein antigens such as DNA and cardiolipin in SLE and peanut agglutinin
receptor in sarcoidosis (Pilatte ef al., 1990) would not generally be predicted.

The production of anti-DNA antibodies in SLE is probably not T cell—
independent. T cell responses to histone peptide are increased in patients (Lu et al.,
1999). However, such responses may be driven by unusual costimulatory signals
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from antigen-presenting cells from antigens bound to DNA, perhaps through toll-
like receptors (Boule ef al., 2004), which may in turn be dependent on modulat-
ing effects of anti-DNA antibodies on DNA clearance pathways.

Third, both cellular and antibody responses to a wide range of autoantigens
can be induced in animals by the use of adjuvants or T cell receptor (TCR) trans-
genes (Matsumoto ef al., 2002), but nothing equivalent is recognized in humans.
Clinically significant human autoimmunity is restricted to very few autoantigens
and occurs stochastically, without evidence of an environmental trigger, at a rel-
atively low lifetime frequency in genetically susceptible individuals.

Fourth, T cell-targeted therapy (antibodies to CD3, CD4, and CD52) has pro-
duced little benefit in classical autoantibody-associated disease. Juvenile onset dia-
betes mellitus, in which autoantibodies have only relatively recently been recognized,
may be an important exception to the general argument (Glandt et al., 2003). In those
conditions not traditionally associated with specific autoantibody responses, such as
psoriasis or ankylosing spondylitis, in which T cell-mediated effector mechanisms
seem probable, it is not clear whether an autoreactive adaptive immune response is
involved. Inflammation may arise from responses to foreign antigens or nonspecific
innate immune signals that are poorly controlled. It may not be appropriate to call it
autoimmunity.

Our conclusion is that although abnormalities of B cell function in systemic
autoimmune diseases are easy to find, they may not be associated with loss of T
cell tolerance. Given the sophistication of current in vitro techniques, this can no
longer be attributed to practical difficulties of measuring human T cell responses
to autoantigens (Davies et al., 2002). An alternative conclusion is that we are not
finding such antigen-specific T cells as they are not there. We would therefore
suggest that T cells have been “duped” into providing inappropriate help for rene-
gade autoreactive B cells (Edwards et al., 1999).

2.2. Generation of Autoreactive T Cells

There may be good reasons why specific B cell, but not T cell, autoreactiv-
ities should occur. No clear reason has emerged to explain why the interaction
between TCR and antigen should go wrong for just one self-antigen. The gener-
ation of diversity of the TCR relies on gene rearrangement and recombination,
which if negative or positive selection processes in the thymus break down could
potentially produce autoreactive T cells. However, effective peripheral tolerance
mechanisms, including regulatory T cells, appear to be available to control
autoreactive T cells that have escaped deletion. The TCR—antigen interaction is
tightly controlled by the necessity of coengagement of accessory molecules. The
output is a stereotyped signal through the TCR. Problems might be expected to
occur on a broad front if signaling thresholds are changed but an isolated mistake
makes no sense. An autoimmune response resulting from cross-reactivity, or
“molecular mimicry,” if possible at all, should happen every day, given the simi-
larity between many exogenous and endogenous proteins. The complexity of the
coreceptor, cytokine, and chemokine requirements for a productive autoimmune
response resulting from “molecular mimicry” type TCR-—antigen interactions
probably prohibits such mistakes.
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2.3. Autoantibodies as Effector Molecules

In contrast, it is relatively easy to see how an interaction between antibody
and antigen could create problems. As the interaction can occur in any functional
context and antibody can potentially mimic any protein, a great number of unusual
effects can and do result. Aberrant effects from antibody—antigen interactions are
commonplace. In thyrotoxicosis, for example, the antibody becomes a pseudohor-
mone, and in myasthenia a neurotransmitter antagonist; crossing of the placenta by
anti-Ro antibodies results in fetal cardiac dysfunction.

2.4. Autoantibodies as Trojan Horse Immunomodulators

The generation of autoreactive B cells results from a stochastic process
based on immunoglobulin gene rearrangement and mutation. Although receptor
editing, deletion, and anergy mechanisms are present to prevent B cell autoreac-
tivity, autoantibodies (produced by daughter plasma cells from autoreactive B
cells) are readily detectable in low levels in normal individuals. The question in
autoimmunity is not why autoreactive B cells are generated but why they survive
to expand and undergo affinity maturation.

They could survive with appropriate autoreactive T cell help. As already
discussed, evidence for this in human systemic autoimmune disease is poor. There
is an alternative, however. B cells may be able to engineer their own survival sig-
nals through their unique antibody products. To escape programmed cell death all
they require is to produce antibodies that, bound to antigens, act as aberrant
immunomodulators, and specifically as aberrant B cell growth factors. Once
autoantibody production is initiated it enters a vicious cycle (Edwards et al.,
1999). The first soldiers in the Trojan horse open the gates to let the army in (see
Figure 21.1). The T cells act only as gullible gatekeepers.

All antibody production is designed to be a vicious cycle of amplification,
which wanes only as antigen is removed. Antibody—antigen interaction normally
drives this cycle for foreign but not for self-antigens. However, for certain
autoantigens it is predictable that things may go wrong. The most obvious is IgG
Fc—the dominant antigen in RA. An IgG antibody to IgG Fc (IgG rheumatoid
factor) is its own antigen. IgG Fc is a potent signaling ligand in regulation of B
cell survival either as a binding site for complement or as a coligand for Fc recep-
tors. If antigen takes on the function of antibody, problems can be expected.

The potential self-perpetuation mechanism for IgG rheumatoid factor
(RhF)-secreting B cells (Edwards et al., 1999) cannot be covered here in detail,
but the essential steps can be summarized as follows:

First, IgG or possibly IgA RhF-secreting B cells arise through several pos-
sible mechanisms including a replacement mutation in a B cell antigen receptor
specific for another antigen or through class switching of [gM RhF-B cells. B cell
surface RhF will bind IgG bound to foreign antigens, mediating endocytosis and
presentation of antigenic peptides to appropriate T cells. The RhF B cell can in
this way gain T cell help as if it recognized a foreign antigen (Roosnek and
Lanzavecchia, 1991) and autoreactive T cells are not required.
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Second, soluble IgG RhF from daughter plasma cells locally self-associate
into polymers that bind and activate complement. The resulting lattice of IgG and
C3d can provide the second survival signal required by the parent B cell. Since the
lattice will always have free antigenic Fc epitopes the normal situation in which a
soluble antibody competes with cell surface antibody for binding, thereby limiting
the ability of a B cell to receive afferent signals from its own antibody products,
will fail to operate. Binding of complexes to B cell receptor (i.e., surface RhF) may
also outcompete the negative effect of binding to FcyRIIb.

IgG rheumatoid factor is the paradigmatic Trojan horse autoantibody, but
others, such as antibodies to Clq (Davies et al., 1990) or autoantibodies derived
from the IgG VH 4-34 germ line gene, may plausibly fit into this scenario (Pugh-
Bernard et al., 2001). This mechanism also implies that multiple diverse T and B
cell interactions, and not clonally restricted T cells of limited specificity, can be
responsible for the propagation of the autoantibody response. Moreover, the
Trojan horse concept is in many ways in keeping with the prevailing view of anti-
DNA antibodies, in that their interaction with DNA may, by altering clearance,
lead to aberrant signals to both B cells and other cells able to prime T cells reac-
tive with nucleosomal proteins (Lu ef al., 1999).

Perhaps the most attractive feature of the principle is that it explains why
autoantibodies are formed to a restricted but heterogeneous set of antigens. Each
may represent a Trojan horse capable of generating an aberrant B cell survival
signal through a different loophole in the regulatory pathways. There are likely to
be a limited number of ways to make such a Trojan horse. The range of B cells to
receive the survival signal may vary widely, from cells of the same specificity
(e.g., RhF), through a broad subset of autoreactive, class-switched, VH4-34 posi-
tive cells, to all B cells, which might shed light on the multiplicity of autoantibod-
ies produced in SLE and the general B cell expansion seen in Sjogren’s syndrome.

A potential disadvantage of the Trojan horse concept is that it may be dif-
ficult to model in animals, although transferable self-perpetuating autoimmune B
cells could provide an interesting proof of concept. This disadvantage may be less
serious if new therapeutic agents allow human disease to be explored directly.

The Trojan horse model of autoimmunity outlined above may or may not
prove the ideal viewpoint. Moreover, it may represent only one of many layers in
a complex regulatory disturbance. There will be exceptions. For instance, type I
diabetes mellitus does not seem to fit the paradigm, and it is unclear where anti-
bodies figure in the pathogenesis of human multiple sclerosis and Crohn’s dis-
ease. Nevertheless, it may illustrate an abnormality of regulatory dynamics
common to many of the classical autoantibody-associated syndromes.

3. Clinical Significance of the Trojan Horse Concept

The clinical importance of the Trojan horse concept is that it predicts that
BLyD may have the potential to produce permanent remission in a range of
autoimmune disorders (Edwards et al., 1999).
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If autoimmunity is based on T cell autoreactivity then removing B cells is
unlikely to produce long-term benefits. Even assuming that clinical disease is anti-
body-mediated, as in myasthenia, an episode of BLyD would not be expected to
produce anything more than a temporary reduction in disease severity before more
T cell-driven, autoantibody-producing B cell clones would expand. If the role of
B cells is primarily to present antigen to autoreactive T cells, which then mediate
disease directly, then it is doubtful that anything would happen at all. B cells are
potent antigen presenters, but there is little evidence that they are uniquely neces-
sary. For example, agammaglobulinaemic, B cell-deficient patients supported
with soluble immunoglobulins appear to have protective T cell responses. There
seems no particular reason why removing B cells should restore T cell tolerance to
self (assuming it is breached).

If, on the other hand, autoimmunity is due to the stochastic emergence of
Trojan horse autoreactive B cells then the treatment strategy is as for a B cell lym-
phoproliferative disorder, except that it may be necessary to clear the whole set of
pathogenic clones rather than a single neoplastic clone. Permanent cure in B lym-
phoproliferative disorders is not easy to achieve but is regularly seen in childhood
lymphoblastic leukemia and Hodgkin’s disease. Rituximab was designed pre-
cisely for the purpose of removing unwanted clones of B cells (Mclaughlin, 2001)
S0 its use in autoimmunity to attempt long-term abrogation is entirely logical.
That is the reason why it was tried in RA.

3.1. Effector Mechanisms in RA

The above discussion may puzzle the reader familiar with the concept of T
cell effector mechanism for tissue pathology in RA. For autoantibody production
to be largely independent of T cell autoreactivity is one thing, but for tissue
pathology to be independent of T cell effector mechanisms is another. The plau-
sibility of a T cell effector mechanism in RA has been a matter of debate for over
20 years (Janossy et al., 1981, Firestein and Zvaifler, 1990).

Recent evidence from our laboratory has suggested that an antibody-based
effector mechanism can explain tissue pathology. Briefly, small, non—
complement fixing complexes of self-associated [gG-RhF (Mannik and Nardella,
1985) are ideally suited to generate macrophage activation not only in synovium
but also in the other eight target tissues in RA (Nardella et al., 1983; Bhatia et al.,
1998; Edwards et al., 1999). The triggering of FcyRlIlla, the favored ligand of
such small complexes, on macrophages has been shown to result in the produc-
tion of TNFa and IL-1 (Abrahams et al., 2002), the major mediators of inflam-
mation in RA (Maini ef al., 1997). Others have shown that macrophage activation
in the joint precedes lymphocyte infiltration in RA (Kraan et al., 1998). The abil-
ity of circulating antibodies to trigger arthritis has also been modeled in the
K/BxN transgenic mouse (Matsumoto et al., 2002).

Support for an antibody-mediated effector mechanism has also now come
from the use of B lymphocyte—targeted therapy in RA and other autoantibody-
associated diseases (Edwards et al., 2002). The clinical responses of remission
and relapse have been shown to follow autoantibody rather than B cell levels
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(Cambridge et al., 2003). No responses have been seen in clinically similar but
antibody-negative conditions (Edwards et al., 2004).

3.2. Logistics of B Cell Depletion

Significant B cell depletion is achieved with traditional immunoablative
therapy with high-dose cyclophosphamide, as used before bone marrow trans-
plantation. This type of regimen has been reported to produce clinical benefit in
autoimmunity. In SLE long-lasting remissions may be achieved (Traynor ef al.,
2002). Nevertheless, toxicity is not trivial. Moreover, it is relatively difficult to
use evidence from broad-spectrum ablative therapy to probe pathogenesis.
Selective B cell depletion became a practical option with the emergence of the
anti-CD20 monoclonal antibody rituximab (McLaughlin, 2001).

3.3. Anti-CD20 Therapeutic Agents

CD20 is expressed on the surface of B cells. It is also present at a low level
on a small proportion of CD3* T cells (0—10%, mean 3%, mostly CD4~, CD8") and
a very small number of CD56'CD3" (natural killer phenotype) cells, which are
also depleted by rituximab (M. J. Leandro, unpublished data; Figure 21.2). CD20
is a calcium channel associated with lipid rafts (Li et al., 2004), but whether its
function is involved in the action of therapeutic antibodies is not established.

CD20 has a low rate of cycling in the cell membrane and is thus an attrac-
tive target for directly cytolytic antibodies. Several anti-CD20 antibodies have
been produced, recent examples being either humanized or fully human (gener-
ated in mice transgenic for human Ig), several of which are in preclinical and
early clinical development (Teeling et al., 2004). However, only rituximab is in

CD20

A\ 4

CD19

Figure 21.2. FACS plot showing CD19 versus CD20 staining of peripheral blood cells in the lym-
phocyte gate (A) before and (B) after treatment with rituximab. CD19*/CD20* cells are B lymphocytes.
CD19*CD20" (low) cells are plasmablasts. CD197/CD20* (low) cells are T and NK cells. All CD20
expressing cells are depleted following rituximab. Plasmablasts also disappear from the circulation.
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regular clinical use and has provided virtually all information on specific B cell
depletion in autoimmune disease (Edwards et al., 2002).

3.4. Rituximab

Rituximab is derived from the C2B8 murine clone chimerized with human
IgG1 constant regions (McLaughlin, 2001; Grillo-Lopez et al., 2002). It has
in vitro cytolytic activity in complement-dependent, antibody-dependent cellular
cytotoxicity (ADCC) and apoptotic assays. The relative importance of these
mechanisms in vivo has not been resolved. Recent in vivo studies using mice
transgenic for human CD20 suggest that cytolysis may be predominantly com-
plement-mediated (Di Gaetano et al., 2003). There is a suggestion that efficacy
of depletion in humans is dependent on FcyRIIla allotype, implying a contribu-
tion from ADCC (Anolik et al., 2003). However, no correlation between FcyRIIla
allotype and either depletion or clinical benefit was observed in RA or SLE
patients at UCL (unpublished data). Other antibodies, such as B1, show different
spectra of activity in the three types of in vitro assays (Teeling et al., 2004).
Clarification of in vivo cytolytic mechanisms is likely to be crucial for further
development of anti-CD20 reagents.

Doses of rituximab used clinically achieve virtually complete depletion of
circulating B cells (Edwards et al., 2004) (Figure 21.2). The level of depletion in
solid tissues is less clear. Anecdotal reports suggest that splenic B cells may be
cleared completely but primate studies suggest that depletion in lymph nodes is
incomplete (Reff ef al.,, 1994). Recent studies of bone marrow examined 3
months after BLyD with rituximab suggest that B cell depletion is complete in
some but not in others (M. J. Leandro, manuscript in preparation). An interesting
finding is the absence of pro-B cells in one case 3 months after treatment. Pro-B
cells do not express CD20 and their absence following rituximab might not be
expected, unless transit to the pre-B cell compartment is accelerated and residual
rituximab prevents further maturation. This might shed some light on the pro-
longed B lymphopenia the drug induces. Nonselective bone marrow ablation reg-
imens tend to produce 3 months of B cytopenia, whereas with rituximab the
period is often 7-9 months and can exceed 2 years.

Rituximab is given by intravenous (I'V) infusion. The oncological dosing reg-
imen of 375 mg per square meter of body surface area on four occasions at weekly
intervals has been compressed and standardized into two infusions of 1 g for a num-
ber of studies in autoimmunity. Little is known about optimum dose, but in RA this
dose routinely achieves >98% depletion of circulating B cells (M. J. Leandro, man-
uscript in preparation). In RA the two doses are given 1 week apart. In SLE, UCL
patients receive a 750 mg dose of IV cyclophosphamide the day after each rituxi-
mab infusion and for this reason a 2-week interval is used (Leandro et al., 2002a).
The use of cyclophosphamide in SLE is partly because its use is standard practice
and partly because B cell depletion is much less reliably achieved in SLE for rea-
sons that are not understood but might be related to the complement dysfunction in
this condition. It is not known whether differences in the timing of administration
affect the efficiency of B cell depletion.
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3.5. Efficacy

Much of the evidence on the efficacy of BLyD in autoimmune disease
comes from open studies. However, in many conditions comparable results have
been reported from more than one study and changes in objective variables sug-
gest benefits are real. In RA the first open study initiated at UCL in 1998 sug-
gested that a single cycle of BLyD with combination therapy could induce
almost complete clinical remission for periods up to 3 years (Edwards and
Cambridge, 2001). A further dose-ranging study provided plausible evidence for
dose response (Leandro ef al., 2002b). A further open study from De Vita et al.
(2002) produced comparable results using rituximab alone. A formal random-
ized double-blind controlled trial has now confirmed substantial efficacy
(Edwards et al., 2004).

In SLE open studies set up by Looney and by Eisenberg in the USA, by
Edwards at UCL, and by van Vollenhoven in Sweden have reported evidence for
significant efficacy and dose response (Anolik et al., 2001; Edwards et al., 2002;
Leandro et al., 2002a). Problems such as infusion reactions, failure of depletion,
and human antichimeric antibody (HACA) responses have been more evident in
SLE, but responses of life-threatening problems such as thrombocytopenia and
nephritis have been at least as substantial and persistent as in RA.

In immune thrombocytopenia two open studies observed improvement in
more than half of the cases and complete remission in about a third (Cooper ef al.,
2004). Several small open studies of hemolytic anemia have reported good results
in a proportion of cases, but with more heterogeneity (Edwards et al., 2002). An
early study in IgM-associated peripheral neuropathy reported major benefits
(Levine and Pestronk, 1999). A study in myositis reported benefits, and other
studies have been set up but no formal publication is available. An open study in
Wegener’s granulomatosis reported benefits (Specks et al., 2001) and a formal
trial in ANCA-associated vasculitis is now under way. Case reports have mostly
described good results in Goodpasture’s syndrome, other forms of vasculitis,
antiphospholipid syndrome, myasthenia gravis, and bullous skin disorders
(Edwards et al., 2002). Although there have been no open studies reported, at
least one formal trial has been set up in multiple sclerosis.

The conclusion from reports published to date is that in a proportion of
cases BLyD therapy is associated with partial or complete remission of disease.
However, responses have not been universal, with a quarter to a third of
cases showing little or no evidence of response. This immediately raises the
question of intersubject variables in pathogenic mechanisms that determine
responsiveness.

The second main observation from these studies is that improvement fol-
lowing a brief cycle of BLyD (822 days) is prolonged for months or years. In
most cases it continues at least for the period of peripheral depletion, in the order
of 8 months. However, in perhaps a third to a half of cases, it continues for up to
another 2—3 years. In RA the longest response so far is 42 months. Responses of
over 2 years in immune thrombocytopenia and SLE are not uncommon (Leandro
et al., 2002a; Cooper et al., 2004).
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3.6. Failure of Seronegative Disease to Respond

Perhaps the simplest qualitative observation to tease out of the immuno-
dynamic data from BLyD so far is that disorders not associated with autoantibodies
show no benefit (Edwards ef al., 2004). Most interestingly, this includes the seven
reported seronegative cases of what would otherwise be considered RA. In these
cases symptoms did not improve and C-reactive protein levels did not fall. In at
least some of these cases, despite the absence of the nail abnormalities normally
considered the most reliable discriminant, psoriatic arthropathy may have been the
correct diagnosis. What remains to be seen is whether all RhF-negative “RA” is
really allied to the psoriatic/spondarthropathy group, or whether there is a “true
seronegative RA”, and if so whether it responds to BLyD.

Coexistent psoriasis in patients treated for RA with BLyD at UCL has
shown no evidence of response and may have got worse. A patient treated for
immune thrombocytopenia with coexistent Crohn’s disease experienced worsen-
ing of Crohn’s disease (Papadakis et al., 2003).

These observations appear to suggest that B cells play a very different role
in RA from that in the conditions associated with spondarthritis, including psori-
asis and Crohn’s disease. It supports the suggestion that RhF may have a more
direct relationship to pathogenesis than has been assumed. If B cells contributed
to RA simply as antigen-presenting cells one might expect broadly similar
responses in the two groups of conditions. The complete absence of response in
seronegative conditions so far suggests that the dependence of RA on B cells is
more specific. Antigen presentation by B cells is integral to antibody production,
and by implication autoantibody production, whereas other accessory cells can
support T cell-mediated inflammation.

3.7. Adverse Events Associated with BLyD

Adverse events attributable to BLyD with rituximab have been uncommon
(Edwards et al., 2002, 2004). Infusion reaction seen in lymphoma patients,
thought to relate to cytokine release and other events associated with cytolysis, is
not a major problem in autoimmune patients. Sensitivity reactions and hemody-
namic disturbances occur only occasionally. A common feature of first rituximab
infusions is a transient pricking sensation in the throat, which we have interpreted
as indicating penetration of rituximab into Waldeyer’s ring.

BLyD might be expected to induce susceptibility to infection, but this has
not proved to be a common problem, probably owing to the relative preservation
of antimicrobial antibody levels. One of 121 patients to receive rituximab in the
RA phase II study subsequently died of a cardiac event following an episode of
pneumonia (Edwards et al., 2004). He had preexisting rheumatoid lung disease
and was known to have a poor prognosis. Two other respiratory infections
occurred in the trial. The occurrence of febrile episodes with lower respiratory
symptoms, including cough with purulent sputum and pleuritic pain, and consti-
tutional features suggestive of infection is also the one issue of concern in the
UCL cohort. Following 120 cycles of BLyD, ten significant lower respiratory
episodes have occurred, probably more than expected by chance. All these may be
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infective, and some may represent hospital-acquired infection. However, four
have occurred within a few days of rituximab treatment, suggesting some sort of
noninfective late immunological reaction.

HACA responses to rituximab are infrequent in RA, estimated at 3% in the
phase II study (Edwards et al., 2004), but much higher rates have been seen in
SLE. In initial studies with low doses (Anolik ef al., 2001) rates as high as 50%
were reported but evidence of a blocking response has only been seen on two
occasions in 21 patients at UCL.

3.8. Repeated Cycles of B Cell Depletion

All 40 RA patients treated with B cell depletion over a 5-year period at
UCL have been considered for re-treatment whenever clinically necessary. A total
of 75 treatment cycles have been given. Twenty-seven patients have continued on
the program. Those that have not continued have had either poor or brief
responses, have been maintained on standard drugs following one or more cycles
of BLyD or have been withdrawn because of falling IgM levels.

Patients in the repeat BLyD program at UCL have been followed for a total
of 125 patient years. Average length of clinical benefit for all cycles was 15
months. Patients have gained a similar degree and length of response from sub-
sequent treatments as from the first cycle. Secondary failure of clinical response
or depletion was not observed in up to four cycles. Two patients have had signifi-
cantly longer responses to subsequent treatments than to the first, and none have
had shorter responses, but there is no evidence as yet that repeated treatment can
induce long-term remission where a single treatment cannot.

4. Do Data from BLyD Support the Trojan Horse Concept?

The use of BLyD has, therefore, provided us with a powerful new tool with
which to treat a number of autoimmune conditions and, perhaps more importantly
for the future, to probe underlying pathogenic mechanisms. It was initially
thought by some that BLyD would not work in such autoantibody-associated con-
ditions, since rituximab-based ablation of circulating B cells in lymphoma for a
period of many months was not associated with major falls in immunoglobulin
levels (McLaughlin, 2001; Grillo-Lopez et al., 2002). Clinical responses seen in
a number of conditions showed this prediction to be wrong.

4.1. Autoantibody Levels Fall Selectively Compared with
Antimicrobial and Total Inmunoglobulin Levels

Early experience showed that significant, apparently selective falls in
autoantibody levels could occur (Edwards and Cambridge, 2001; Specks ef al.,
2001). This is confirmed by immunodynamic studies in RA and SLE (Leandro
et al., 2002; Cambridge et al., 2003; Edwards et al., 2004). It appears that B cell
depletion may be more useful than predicted because of a differential sensitivity
of autoantibody-secreting cells. Correlations between decline in C-reactive
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protein and RhF levels are almost linear in many RA patients. In SLE, the drop
in anti-DNA antibodies mirrors renal disease most closely (Leandro et al., 2002a).
In other conditions antibodies are more difficult to quantify. In contrast, levels of
antimicrobial antibodies, to pneumococcal capsular polysaccharide (PCP) and
tetanus toxoid, in most patients with RA and lupus did not decrease significantly,
even after several cycles of treatment (Cambridge et al., 2003).

Since circulating antibody comes chiefly from plasma cells rather than B
cells, it seems likely that differential attrition of autoantibody levels, compared
with antimicrobial responses, following BLyD reflects relatively short half-lives
for at least some autoantibody-secreting plasma cells. Plasma cells do not them-
selves express significant levels of CD20 and would be unlikely to be ablated by
the protocols used, although cyclophosphamide may be modestly plasmacytolytic.

There is also a suggestion that marginal zone B cells in the spleen, which
secrete antibodies to T cell-independent, often carbohydrate, antigens, may be rel-
atively resistant to rituximab. This could explain preservation of levels of antibod-
ies to PCP seen in RA and lupus (Cambridge ef al., 2003; G. Cambridge,
M. J. Leandro, J. C. W. Edwards, manuscript in preparation). In fact there is some-
times a transient rise in such levels after B cell depletion, suggesting that marginal
zone—derived plasma cells may take over space made available by plasma cells
derived from rituximab-sensitive B cells (G. Cambridge, unpublished data).

4.2. Total Immunoglobulin Levels May Fall after Repeat Cycles

An observation of particular interest is that after three courses of BLyD
based on rituximab serum IgM in several RA patients has fallen to undetectable
levels (M. J. Leandro, manuscript in preparation). During the first cycle of deple-
tion, falls of up to 40% are seen. It seems that certain subpopulations of B cells,
and their daughter plasma cells, may not be regenerated and that repeated cycles
may deplete any remaining relatively long-lived IgM-secreting plasma cell pop-
ulations. IgM is thought to provide a frontline defense against infection through
“natural antibody,” capable of recognizing, with low affinity, microbes to which
the host does not have an adaptive immune response, and facilitating scavenging
and presentation of microbial antigen by macrophages and dendritic cells to T
cells. Thus IgM is important for T cell-mediated immunity, quite apart from its
role in humoral immunity. A defect in both systems following B cell depletion is
of potential concern. Nevertheless, in the experience at UCL, and also appar-
ently elsewhere, there is little or no indication that B cell depletion makes
patients susceptible to the classical opportunistic infections such as pneumocys-
tis carinii, tuberculosis, commensal fungi, or viruses. To date, none of the
patients with absent IgM levels in our cohort have suffered significant infective
episodes.

Serum IgG levels tend to fall by a mean of 20—30%, but remain within the
normal range, even following repeated cycles of rituximab (Cambridge et al.,
2003). Interestingly, following rituximab patients with both RA and SLE may
normalize their IgG levels from either very high or abnormally low levels. This
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can be dramatic and encourages the hope that some form of restoration of
immune regulation or removal of inhibitory or cytotoxic antibodies is occurring.

The broad conclusion, therefore, is that the simplest explanation for the
benefit of BLyD is the reduction in levels of pathogenic autoantibodies. Our
recent immunodynamic monitoring of patients with autoimmune disease under-
going BLyD has, however, produced a number of findings that suggest that the
relationship between B cells and disease is even more complex (Cambridge ef al.,
2003).

4.3. Clinical Response Follows Serological Response,
Not B Cell Numbers

If the therapeutic action of BLyD was through the removal of B cells respon-
sible for presenting autoantigens to T cells, benefit would be expected only for as
long as B cells were depleted. B lymphocytes are often sparse in synovium and even
when present form a minority of antigen-presenting cells, but this would not pre-
clude the possibility that they were functioning in extrasynovial sites. Observations
following BLyD make this explanation unlikely. B lymphocyte numbers fall within
days of rituximab therapy but clinical improvement occurs over a period of several
months (Cambridge ef al., 2003). If B cells are functioning as the key providers of
antigen presentation to T cells capable of inducing cytokine production from syn-
ovial or other macrophage populations, one would expect a rapid and dramatic
response to BLyD, as observed with TNFo. antagonists. This does not occur.

4.4. The Kinetics of Relapse Follow Autoantibody Rises Rather
than B Cell Return

Although evidence to date suggests that B cell depletion as currently per-
formed is unlikely to produce long-term remission in RA it is not uncommon for
patients to remain in remission for 1-2 years following the return of circulating
B cells (Cambridge et al., 2003). In almost exactly half of cases relapse occurs
within a few weeks of B cell return, but in the other half there is a delay of sev-
eral months (see Figure 21.3). B cell return is therefore necessary but not suffi-
cient for relapse. However, return of circulating autoantibodies does appear to be
both necessary and sufficient in that a return to pretreatment levels is consistently
associated with relapse. This supports the view that autoantibodies are directly
involved both in the propagation of the autoimmune response and in clinical dis-
ease expression, as in the Trojan horse model (see Figure 21.1).

The long delay between B cell return and clinical relapse indicates the pres-
ence of a rate-limiting step (or steps) in the returning pathological immune
response. The often-protracted period of increasing autoantibody production,
which is also known to precede the initial onset of clinical RA in many cases, sug-
gests that this is a rerun of an early stage of disease propagation. These observa-
tions are consistent with a role for infrequent stochastic generation of antibody
species with aberrant signaling capacity, as initially envisaged (Edwards et al.,



306 Jonathan C. W. Edwards et al.

1999). An important question is whether the continued production of autoanti-
body from plasma cells may determine relapse by providing afferent immunoreg-
ulatory signals favoring reemergence of a self-amplification loop of autoreactive
B cell survival (Figure 21.1B). Agents targeting different windows of activity
in B cell life history may help answer this question.

4.5. Why Are There Two Patterns of Relapse?

In RA there appear to be two distinct temporal patterns of relapse (Figure
21.3) immediately following B cell return or at random over a period of many
months. The first pattern might reflect the resistance of some pathogenic memory
B cell populations to rituximab due perhaps to their geographic situation, e.g., in
the marginal zone of the spleen or in synovial tissue. The significance of survival
of B cells in the synovium may be not so much that it is the target tissue but that
it is a solid tissue that may be difficult to penetrate. Relapse at B cell return might
therefore reflect involvement of “original” pathogenic clones in reestablishment
of a vicious cycle and reattaining of clinically relevant levels of proinflammatory
autoantibodies. Initial studies of bone marrow from RA patients and of peripheral
blood in RA and SLE patients supports the idea that inadequate depletion of B
cells may be associated both with early B cell return and an immediate autoanti-
body rise associated with relapse, indicating that doses used for B cell depletion
may at times be suboptimal.

In the delayed pattern of relapse, it is possible that qualitative as well as
quantitative factors are involved. I[gG RhF from (CD20") plasma cells can, in the-
ory, recruit newly emerging IgM-RhF B cells to enter into a vicious cycle (Figure
21.1B). Such B cells would then become the focus of increased and inappropri-
ate T cell help, resulting in germinal center formation, affinity maturation, and
class switching. The pattern of RhF return in patients would support this in that
IgM-RhF is usually the first class to rise before relapse.

5. Conclusions

BLyD therapy has made a significant impact in autoimmune disease.
However, the original hope of achieving long-term remission by ablation of path-
ogenic B cell clones remains to be realized. More potent anti-B cell agents
may achieve the goal. Longer-term remission may only be achievable if BLyD is
combined with a plasma cell depletion strategy. At present, no safe and effective
antiplasma cell agents are available, but elucidation of the survival signals
required by plasma cells may open new therapeutic avenues. Immunodynamic
studies tend to support the original hypothesis that Trojan horse B cells may con-
trol disease through both afferent and inflammatory effector signals mediated by
autoantibody. Further immunodynamic studies may be particularly useful in iden-
tifying mechanisms of relapse and how these may be blocked. In the meantime,
progress is highly encouraging, and, used with care, BLyD promises to be an
important option for severe or refractory autoimmune disease.
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Figure 21.3. Serial rheumatoid factor (RhF) and antipneumococcal polysaccharide (anti-CCP) antibody levels in two patients with RA undergoing repeated cycles

of BLyD. (A) Patient 1 relapsed on B cell return.
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B Lymphocyte Stimulator (BLyS) and
Autoimmune Rheumatic Diseases

William Stohl

1. Introduction

Patients with autoimmune rheumatic diseases and their physicians recognize all
too well that present-day therapy for these conditions remains inadequate and
complicated by unacceptable serious toxicities. The recent discovery of B lym-
phocyte stimulator (BLyS) and its receptors provides cautious optimism that a key
contributor and facilitator to autoimmune rheumatic diseases has now been iden-
tified for therapeutic targeting. A variety of BLyS antagonists have been devel-
oped, and some of these have already entered phase I and phase II clinical trials.
One may be cautiously optimistic that BLyS antagonists will collectively hold a
prominent place in the armamentarium of the clinician who treats patients with
autoimmune rheumatic diseases.

2. BLyS and Its Receptors

2.1. General Biology

BLyS is a 285-amino acid member of the tumor necrosis factor (TNF) lig-
and superfamily. Other names for this factor are B cell-activating factor belong-
ing to the TNF family (BAFF); TNF- and ApoL-related leukocyte-expressed
ligand 1 (TALL-1); a TNF homolog that activates apoptosis, NF-kB, and JNK
(THANK); TNF superfamily member 20 (TNFSF20), subsequently renamed
TNFSF13B; and zTNF4 (Moore et al., 1999; Mukhopadhyay et al., 1999;
Schneider et al., 1999; Shu et al., 1999; Tribouley et al., 1999; Gross et al., 2000).
Polymorphisms within the human Blys gene have been identified, but no associ-
ation with any distinct polymorphism has yet been appreciated among patients
with autoimmune rheumatic diseases (i.e., systemic lupus erythematosus [SLE]
or rheumatoid arthritis [RA]) (Kawasaki ef al., 2002).
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Expression of BLyS is largely (but not exclusively) restricted to myeloid
lineage cells (i.e., monocytes, macrophages, dendritic cells, neutrophils) (Moore
et al., 1999; Schneider et al., 1999; Shu et al., 1999; Tribouley et al., 1999;
Nardelli et al., 2001; Scapini et al., 2003). BLyS is also expressed to some degree
by T cells (Schneider et al., 1999), and although not expressed by peripheral
blood B cells, BLyS expression can be detected in several tonsillar B cell subsets
(He et al., 2004).

BLyS is a type II transmembrane protein that is cleaved at the cell surface
by a furin protease, resulting in release of a soluble, biologically active 17-kDa
molecule (Schneider et al., 1999; Nardelli ef al., 2001). In vivo, BLyS circulates
in trimeric form (Schneider et al., 1999; Kanakaraj et al., 2001). Some laborato-
ries have induced BLyS to assemble into virus-like clusters of 60 monomers
in vitro (Liu, et al., 2002, 2003; Kim ef al., 2003), but other laboratories have not
detected multimeric self-assembly (Karpusas et al., 2002; Oren et al., 2002). The
multimeric self-assembly of BLyS may simply be an artifact of the manner in
which BLyS is “tagged” for in vitro experimentation (Zhukovsky et al., 2004), so
whether virus-like clusters of BLyS can actually form in vivo either in the circu-
lation or locally in tissues remains uncertain.

In addition to its full-length isoform, a naturally produced shorter isoform
of BLyS (called ABAFF) has been identified (Gavin et al., 2003). Although it can
be expressed on the cell surface of ABAFF-transfectants, ABAFF is not released
into the surrounding culture medium. ABAFF does not bind to cells expressing
BLyS receptors and, not surprisingly, is biologically inactive. Moreover, since
ABAFF can form heterotrimers with full-length BLyS, ABAFF can actually block
BLyS activity. How ABAFF production and degradation are regulated and what
determines production of one isoform rather than the other are questions that
remain to be addressed.

Not only is the expression of BLyS restricted, but expression of the three
BLyS receptors (B cell maturation antigen [BCMA]; transmembrane activator
and calcium-modulator and cyclophilin ligand-interactor [TACI]; and BAFF
receptor [BAFFR], also known as BLyS receptor 3 [BR3]) is also highly
restricted. Receptor expression is largely limited to B cells, although activated T
cells also express TACI and BAFFR to some degree (Laabi et al., 1994; von
Biilow and Bran, 1997; Thompson et al., 2001; Yan et al., 2001a; Ng et al., 2004).
Accordingly, BLyS binds strongly to B cells, weakly to T cells, and not at all to
NK cells or monocytes (Moore et al., 1999; Xia et al., 2000). Most, if not all, of
the BLyS that binds to human peripheral blood B cells does so via surface
BAFFR and/or TACI, with little, if any, BLyS binding via BCMA (Ng et al.,
2004; Novak et al., 2004). However, in vitro generated human plasmablasts
upregulate surface BCMA expression and downregulate surface expression of
BAFFR and TACI (Avery et al., 2003), and the numbers of antigen-specific long-
lived immunoglobulin (Ig)-secreting cells (plasma cells) in the bone marrow of
mice genetically deficient in BCMA are much lower than those in the bone mar-
row of BCMA-intact mice (O’Connor et al., 2004). Thus, it is highly likely that
BLyS binds discrete B cell subpopulations in vivo via BCMA as well as via
BAFFR and/or TACI.
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Binding of BLyS to its receptors on B cells triggers a complex intracellular
signaling scheme. Several TNF receptor-associated factors (TRAFs), including
TRAF1, TRAF2, TRAF3, TRAFS, and TRAF6, interact with one or more of the
three BLyS receptors (Hatzoglou et al., 2000; Shu and Johnson, 2000; Xia et al.,
2000; Xu and Shu, 2002). NF-xB1 and NF-kB2 are each activated (Claudio ef al.,
2002; Kayagaki et al., 2002; Hatada et al., 2003), with activation of the latter pre-
dominating (Zarnegar et al., 2004). The intricate network of intracellular and
intranuclear events remains to be fully elucidated, but, in any case, BLyS-
triggered signals lead to increased B cell survival (Batten et al., 2000; Do et al.,
2000; Thompson et al., 2000; Harless ef al., 2001; Hsu et al., 2002; Avery et al.,
2003; Hatada et al., 2003) and the differentiation of immature B cells to marginal
zone (MZ) B cells (Tardivel ef al., 2004). Since MZ B cells may be crucial to
the early T cell-independent (TI) protective responses against blood-borne
pathogens, BLyS may vitally contribute to the host’s initial antimicrobial defense
(Balazs et al., 2002). Consistent with BLyS playing such role, a genome scan has
identified the locus containing the Blys gene to highly influence susceptibility to
Ascaris infection (Williams-Blangero et al., 2003).

BLyS also has a costimulatory role on T cells in vitro (Huard et al., 2001,
2004; Ng et al., 2004). BAFFR is the principal BLyS receptor involved in this
costimulation (Ng et al., 2004), but the intracellular signaling pathways remain
largely unexplored as is the physiologic relevance of the in vitro observations.
Nonetheless, when assessing the consequences of excessive BLyS or BLyS antag-
onism on B cell function in vivo, one must recognize that indirect T cell-mediated
effects may be contributory as well.

2.2. In Vivo Deficiency of BLyS or Its Receptors

BLyS is incontrovertibly vital to normal B cell development. BLyS-
deficient mice display considerable, albeit incomplete, global reductions in
mature “conventional” (B2) B cells (with intact peritoneal B1 B cells and intact
immature bone marrow B cells) and in baseline serum Ig levels and Ig responses
to T cell-dependent (TD) and TI antigens (Gross et al., 2001; Schiemann ef al.,
2001; Gorelik et al., 2004). This incomplete B cell depletion points to some
BLyS-independent means of B cell survival (and function). /n vivo studies using
the hen egg lysozyme (HEL)/anti-HEL double-transgenic mouse model have sug-
gested that survival of autoreactive B cells may be more BLyS-dependent than
that of non-autoreactive B cells (Lesley et al., 2004; Thien ef al., 2004). Whether
this greater BLyS dependency of autoreactive B cells extends to disease-promot-
ing autoreactive B cells remains to be determined.

The phenotypes of mice genetically deficient in individual BLyS receptors
are highly disparate. Although immunized BCMA-deficient mice do not harbor
as many antigen-specific long-lived Ig-secreting cells in their bone marrow as do
BCMA-intact mice (O’Connor et al., 2004), BCMA-deficient mice otherwise
exhibit no discernible phenotypic or functional abnormalities (Schiemann et al.,
2001; Xu and Lam, 2001). This suggests that in a normal (non-autoimmune) envi-
ronment, surface expression of BLyS receptors other than BCMA is sufficient to
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transmit the requisite BLyS-triggered signals for “normal” B cell survival and
ultimate function. Whether BLyS—BCMA interactions play an important contrib-
utory role in an autoimmune environment remains to be formally tested. Of note,
BCMA is polymorphic in humans. However, no association between SLE or RA
and any specific BCMA polymorphism has been detected (Kawasaki et al.,
2001), consistent with a limited role (at most) for BCMA in development of clin-
ical autoimmunity.

TACI, a second BAFF receptor, does not appear to be critical for the ago-
nist effects of BLyS on B cells. TACI-deficient mice harbor increased, rather than
decreased, numbers of B cells (although they manifest impaired Ig responses to
TI, but not TD, antigens) (von Biilow et al., 2001; Yan et al., 2001b). As they age,
these mice develop elevated circulating titers of autoantibodies, Ig deposition in
their kidneys with concomitant glomerulonephritis (GN), and premature death
(Seshasayee et al., 2003). In vitro treatment of B cells with anti-TACI monoclonal
antibody (mAb) blocks B cell responses to agonists (Seshasayee et al., 2003),
strongly suggesting that TACI transmits a negative signal to B cells.

In contrast to the phenotypes of BCMA- or TACI-deficient mice, A/WySnJ
mice (which bear a mutated Baffr gene and express a mutant BAFFR protein)
display deficiencies in mature B cell number and antibody responses qualitatively
similar to those of BLyS-deficient mice (Thompson et al., 2001; Yan et al.,
2001a). When injected with exogenous BLyS, A/WySnJ mice do not undergo
splenic B lymphocytosis (whereas similarly treated A/J control mice do), and
BLyS does not enhance survival of B cells from A/WySnJ mice in vitro.
Moreover, in bone marrow chimeric mice harboring B cells that bear the mutated
Baffr gene and B cells that bear the wild-type Baffr gene, the B cells bearing the
mutated Baffi gene have decreased in vivo survival (Harless et al., 2001). Taken
together, these observations strongly point to BLyS-BAFFR interactions as
essential for the agonist effects of BLyS on B cells in non-autoimmune-prone
mice. Whether BLyS-BAFFR interactions are truly indispensable for develop-
ment of disease in autoimmune-prone hosts requires further investigation.

2.3. Supranormal Levels of BLyS In Vivo

Administration of exogenous BLyS to mice at the time of immunization
with antigen enhances in vivo antigen-specific antibody production (Do et al.,
2000). Repeated administration of BLyS to mice, even without intentional anti-
genic immunization, results in B cell expansion and polyclonal hypergamma-
globulinemia (Moore ef al., 1999). Some of the increased Ig production likely is
directed to common environmental (foreign) antigens, but some of the increased
Ig production could also be directed to self-antigens. Hosts in whom endogenous
BLyS production is persistently elevated may be at increased risk for development
of clinical autoimmunity. Indeed, BLyS promotes in vitro T cell-independent
class switching of IgD* B cells, which, when coupled with cross-linking of B cell
surface Ig, leads to secretion of class-switched antibodies (Litinskiy ef al., 2002).
Although in vivo generation of “pathogenic” autoantibodies (e.g., anti-double-
stranded [ds]DNA) in SLE is felt to be a helper T cell-dependent process, it
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remains theoretically possible that production of such autoantibodies (and the
ensuing consequences for disease) could be driven by high levels of BLyS even
in the absence (marked reduction) of “pathologic” helper T cell function.

In fact, constitutive overproduction of BLyS does lead to clinical autoim-
munity (although the degree of its T cell dependence remains to be established).
Mice that express a Blys transgene (BLyS-Tg mice) frequently develop not just
polyclonal hypergammaglobulinemia but also elevated titers of multiple autoan-
tibodies (including anti-dsDNA), circulating immune complexes, and renal Ig
deposits (Mackay et al., 1999; Gross et al., 2000; Khare et al., 2000). Of note,
SLE-prone (NZB x NZW)F1 (BWF1) and MRL-Ipr/Ilpr mice harbor elevated cir-
culating levels of BLyS at the onset of disease (Gross et al., 2000), suggesting that
“natural” BLyS overexpression may play a contributory role in the “natural”
development of SLE.

Due to ethical constraints, causality between BLyS overexpression and
development of clinical autoimmunity cannot be directly tested in humans.
Nonetheless, there is considerable inferential evidence pointing to a role for BLyS
overexpression in a number of human autoimmune conditions. Cross-sectional
studies have demonstrated elevated circulating levels of BLyS in 20-30% of
human SLE patients tested at a single point in time (Cheema ef al., 2001; Zhang
et al., 2001). Weak correlation was observed between circulating BLyS and total
IgG levels, and stronger correlation was observed between circulating BLyS
levels and anti-dsDNA titers.

A subsequent 12-month longitudinal study of 68 SLE patients (and 20
healthy control subjects) highlighted the differences in BLyS expression between
SLE patients and healthy controls. Whereas the control subjects uniformly main-
tained stable “normal” serum BLyS levels over time, elevated serum levels of
BLyS were persistently observed in ~25% of the SLE patients, and intermittent
elevations in serum BLyS levels were observed in additional ~25% of patients
(Stohl et al., 2003). Although the mechanism underlying BLyS overexpression
remains to be determined, it is clear that BLyS overexpression is common among
human SLE patients.

Of note, circulating BLyS levels do not overtly correlate with disease acti-
vity (measured by the SLE Disease Activity Index [SLEDAI]) for any individual
SLE patient followed over time, (Stohl et al., 2003). However, at the population
level, circulating BLyS levels do correlate with disease activity. Among 245 SLE
patients from 4 different medical centers followed for an average of 15 months,
circulating BLyS levels correlated weakly but significantly with disease activity
when analyzed across the entire population (Petri et al., 2003). Thus, although
BLyS has no known direct proinflammatory properties, its positive effects on B
cell survival and/or autoantibody production appear to increase the likelihood of
aggravating and/or exacerbating disease.

Circulating BLyS levels are elevated not just in SLE patients but also in a
substantial fraction of RA patients (Cheema et al., 2001; Zhang et al., 2001).
Furthermore, in patients with RA or other inflammatory arthritides, the BLyS lev-
els in the synovial fluids (SFs) from clinically affected joints are almost always
higher than those in corresponding sera (Tan et al., 2003). The latter observation
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points to local joint BLyS production in inflammatory arthritis. Although specu-
lative, it may be that local production of BLyS in the joint plays a vital role in
pathogenesis of RA and related disorders.

Human patients with Sjogren’s syndrome (SS) frequently harbor elevated
circulating levels of BLyS (Groom et al., 2002; Mariette et al., 2003), reminiscent
of the SS-like illness developed late in life by BLyS-Tg mice (Groom et al.,
2002). One study documented a correlation between circulating levels of BLyS
and anti-Ro/SSA or anti-La/SSB autoantibodies in human SS patients (Mariette
et al., 2003), although this finding was not replicated in another study (Groom
et al., 2002). T cells infiltrating the salivary glands in SS patients overexpress
BLyS (Lavie et al., 2004), but it is not yet certain whether these infiltrating T cells
actually produce the BLyS or whether they passively adsorb BLyS produced by
other cell types. In any case, the increased local accumulation of BLyS may per-
mit survival of B cells undergoing malignant lymphomatous transformation, per-
haps the most ominous and worrisome complication of SS.

Circulating BLyS levels are also often increased in patients infected with
HIV (Stohl et al., 2002; Rodriguez et al., 2003). Whether these patients are at
greater risk for development of B cell lymphomas relative to the HIV-infected
population at large is unknown. In addition, patients in general with non-
Hodgkin’s B cell lymphomas harbor elevated circulating BLyS levels (Briones
et al., 2002). Such patients and those with other hematologic malignancies,
including multiple myeloma and chronic lymphocytic leukemia, harbor circulat-
ing B cells that elaborate BLyS (Novak et al., 2002, 2004; He et al., 2004; Kern
et al., 2004; Moreaux et al., 2004). Since the neoplastic B cells express receptors
for BLyS, their elaboration of BLyS may give rise to a clinically important
autocrine pathway of survival.

2.4. APRIL and Its Relevance to BLyS

Any discussion of BLyS must include its “cousin,” a proliferation-inducing
ligand (APRIL; also known as TALL-2, TNF-related death ligand-1 [TRDL-1],
and TNFSF13A), a 250-amino acid member of the TNF ligand superfamily
that shares substantial homology with BLyS and binds to two of the three
BLyS receptors (BCMA and TACI) (Hahne ef al., 1998; Shu et al., 1999; Kelly
et al., 2000; Marsters et al., 2000; Rennert et al., 2000; Wu et al., 2000; Yu et al.,
2000) but not to BAFFR (Thompson et al., 2001). APRIL costimulates B cells
in vitro and in vivo (Marsters et al., 2000; Yu et al., 2000; Litinskiy et al., 2002),
although it does so with considerably less potency than that of BLyS (Craxton
et al., 2003).

Its ability to bind to BCMA and TACI notwithstanding, neither complete
deficiency of APRIL nor its constitutive overexpression has dramatic effects on
in vivo biology. Mice genetically deficient in APRIL have been reported to be
phenotypically normal (Varfolomeev et al., 2004) or to have a modest deficiency
in generating IgA responses despite normal B cell numbers and development
(Castigli et al., 2004). APRIL-Tg mice, which constitutively overexpress APRIL,
manifest only subtle immunologic abnormalities (Stein et al., 2002). Most
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noteworthy, no serologic or clinical autoimmune features are appreciated in these
mice.

The circulating concentrations of APRIL in normal human hosts are con-
siderably greater than those of BLyS (Stohl ef al., 2004), raising the likelihood
that APRIL exerts meaningful in vivo effects. Supporting this notion is the
association of a specific April polymorphism with SLE in a Japanese cohort
(Koyama et al., 2003). Of note, APRIL can complex with BLyS in vivo to form
BLyS/APRIL heterotrimers (BAHT), which are biologically active in vitro
(Roschke et al., 2002). Whether BAHT have greater, equal, or lesser bioactivity
than does BLyS in vivo is not yet known. Regardless, APRIL may counterbalance
the autoimmunogenic effects of BLyS overexpression. In our cohort of 68 SLE
patients longitudinally studied over a 12-month period, serum APRIL levels
inversely correlated with serum anti-dsDNA titers (in anti-dsDNA-positive
patients) and inversely correlated with clinical disease activity (as measured by
SLEDALI) (Stohl et al., 2004).

3. BLyS Antagonism as a Therapeutic Modality

3.1. Mouse Models

BLyS antagonism has been shown to be an effective therapeutic modality
in murine SLE. BWF1 and MRL-Ipr/Ipr mice respond clinically (decreased dis-
ease progression and improved survival) to repeated injections of a soluble fusion
protein between one of the BLyS receptors (TACI or BAFFR) and 1gG Fc (TACI-
Ig and BAFFR-Ig, respectively) (Gross et al., 2000; Kayagaki et al., 2002). The
ability of TACI-Ig and BAFFR-Ig to similarly inhibit disease in these models
indicates that neutralization of BLyS, rather than APRIL, lies at the core of the
salutary clinical response, since BAFFR-Ig binds and neutralizes only BLyS.

Although the salutary clinical response in BWF1 mice to one BLyS antag-
onist (BAFFR-Ig) in one study was associated with reduced circulating levels of
anti-dsDNA antibodies (Kayagaki et al., 2002), the dramatic in vivo clinical
response in BWF1 mice to a different BLyS antagonist (TACI-Ig) in another
study was not associated with any reduction in circulating anti-dsDNA titers
(Gross et al., 2000). It is not known whether these disparate results are due to
inherent differences in the BLyS antagonists used. Regardless, they do strongly
suggest that effective blockade of clinical autoimmunity by BLyS antagonists
may ensue via a pathway independent of anti-dsDNA autoantibodies. Whether
this pathway critically depends on some other autoantibody or whether this path-
way is actually autoantibody-independent is unknown at present. It may be that
physical B cell depletion is required to achieve favorable clinical responses rather
than just a reduction in circulating levels of autoantibodies.

An important caveat to the mouse studies is that elicitation of a favorable
clinical response by a given BLyS antagonist in one model does not invariably
guarantee a favorable response to this BLyS antagonist in a second model.
Administration of an adenoviral vector containing a TACI-Ig to MRL-Ipr/Ipr
mice promoted persistently elevated circulating levels of TACI-Ig. These hosts
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demonstrated phenotypic evidence of BLyS neutralization, including substantial
amelioration of the renal disease that they would otherwise have developed.
However, administration of the identical adenoviral vector to BWFI1 mice
afforded no clinical protection, likely due to the development of anti-TACI
antibodies by the BWF1 hosts (Liu et al., 2004). (Although repeated injections
of TACI-Ig to BWF1 mice were clinically efficacious (Gross ef al., 2000) and,
presumably, did not elicit a clinically significant anti-TACI response, the greater
continual exposure to TACI-Ig experienced by the adenovirus-infected hosts
may have facilitated development of a biologically more potent anti-TACI
response.) Accordingly, the response to any individual BLyS antagonist may be
highly variable within a genetically heterogeneous population. Extrapolating
to human SLE patients, one single BLyS antagonist may not be effective in all
subjects, so multiple different antagonists may need to be developed for human
clinical use.

BLyS antagonism has also been shown to be an effective therapeutic modal-
ity in murine collagen-induced arthritis (CIA), a model of RA. CIA can be inhib-
ited after its induction by treatment with TACI-Ig. In addition to the marked
reduction in joint inflammation and destruction, systemic T cell and B cell
responses to the immunogen (collagen) are also markedly decreased (Gross et al.,
2001; Wang et al., 2001). Since T cell phenotype, numbers, and function in BLyS-
deficient mice are grossly normal despite readily apparent abnormalities in B
cells (Schiemann et al., 2001), the therapeutic effects of a BLyS antagonist on a
T cell-mediated disease suggest that a factor (such as BLyS) that enhances B cell
survival, proliferation, and/or differentiation may play a vital indirect role in
propagating a pathologic T cell response. Indeed, accumulation of plasma cells in
the affected joints of RA patients is well established and may arise, at least in part,
from the increased local levels of BLyS (Tan ef al., 2003). The plasma cells might
then elaborate antibodies crucial to formation of phlogistic immune complexes
and/or cytokines vital to propagating the local destructive process.

3.2. The Human Experience

Given the associations between levels of circulating BLyS and levels of cir-
culating autoantibodies or clinical disease activity in human SLE along with the
success of BLyS antagonists in treating murine SLE, clinical trials with BLyS
antagonists have been initiated. A phase I clinical trial in SLE patients with a
human anti-BLyS mAb (belimumab) has already been completed (Baker ef al.,
2003; Furie et al., 2003). A total of 70 patients were enrolled in this multicenter
double-blind trial, and each patient received either a single infusion of drug at one
of four doses (or placebo) or received two infusions of drug at one of the same
four doses (or placebo) separated by 3 weeks. Biologic activity of the anti-BLyS
mADb was documented by a reduction in circulating B cells among drug-treated
(but not placebo-treated) patients, and safety of the anti-BLyS mAb was docu-
mented by there being no difference in frequency of adverse events between drug-
treated and placebo-treated patients. Phase II clinical trials with this anti-BLyS
mADb are currently under way in SLE and RA patients.
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Agents other than anti-BLyS mAb are also being evaluated for use in humans.
TACI-Ig and BAFFR-Ig are currently undergoing phase I evaluation. These two
fusion proteins differ in their abilities to neutralize APRIL, with only TACI-Ig being
an effective neutralizer of APRIL. Given the inverse correlation between circulat-
ing APRIL levels and disease activity among SLE patients (Stohl ef al., 2004), it
may be therapeutically judicious to choose a BLyS antagonist that does not antag-
onize APRIL. Clinical experience will ultimately determine the legitimacy of this
concern.

In addition to direct antagonism of BLyS, agents that target specific BLyS
receptors could, in principle, be therapeutically successful. Such agents include
radiolabeled BLyS or BLyS conjugated to a toxin, nonagonist anti-BAFFR mAb,
and agonist anti-TACI mAb that could deliver a negative signal to the B cell and
overwhelm any positive signals delivered through BAFFR.

An exciting novel approach has recently been reported for inactivation of
TNF signaling. A computational structure-based design strategy was utilized to
engineer variant TNF proteins that rapidly form heterotrimers with native TNF.
These heterotrimers neither bind to TNF receptors nor trigger TNF-mediated
responses, so the engineered variant proteins functionally act as dominant-
negative agents (Steed ef al., 2003). In principle, one could also engineer variants
of BLyS that would complex with native BLyS to form heterotrimers that could
neither bind nor trigger the BLyS receptors.

3.3. Which Patients Are Candidates for BLyS Antagonist Therapy?

In terms of promoting development of autoimmunity, BLyS may assume at
least two distinct roles. On the one hand, BLyS may serve as a contributor to
development of disease. BLyS per se may not cause loss of tolerance to self-
antigens, but once such tolerance is broken, the ever-present nature of the
autoantigen permits it to repetitively stimulate the host immune system and elicit
a detectable autoimmune response. Autoreactive B cells may have a greater BLyS
dependency than do non-autoreactive B cells (Lesley et al., 2004; Thien et al.,
2004), so in the presence of increasing amounts of BLyS, the autoimmune
response is exaggerated. When coupled to additional permissive genetic and/or
environmental factors, this exaggerated autoimmune response can lead to frank
clinical disease.

Accordingly, a reduction in BLyS levels to “normal” should ameliorate
disease by suppressing the BLyS-driven acceleration or exaggeration of the
autoimmune response. Although self-tolerance would still be “broken,” the mag-
nitude of the autoimmune response would be now insufficient to drive clinical
disease. Thus, patients with the most elevated circulating BLyS levels should be
the ones most responsive to BLyS antagonist therapy. Those patients with normal
circulating BLyS levels might be relatively insensitive to BLyS antagonist ther-
apy, since “excess” BLyS in these patients would not be driving the clinical
autoimmunity.

On the other hand, BLyS may serve as a passive facilitator in development
of disease. In this model, development of the pathologic anti-self response is
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inherently BLyS-independent. The magnitude of the autoimmune response is
similar regardless of whether BLyS levels are normal or elevated. That is, the
autoimmune response is so robust that it is not further amplified by increased
amounts of BLyS. Indeed, the fact that a considerable number of patients with
autoimmune rheumatic diseases do not overtly overexpress BLyS strongly sug-
gests that BLyS overexpression is not absolutely essential to development of dis-
ease. Nevertheless, given the crucial role of BLyS in B cell development, a certain
threshold level of BLyS is required to permit meaningful B cell responses (includ-
ing autoantibody responses). When BLyS levels are reduced below this critical
threshold level, the ability to fully mount an autoimmune response (along with
other B cell and humoral responses) is impaired. Accordingly, the patients most
responsive to BLyS antagonist therapy might be those with normal, rather than
elevated, circulating BLyS levels, since in such patients, less neutralization of
BLyS would be required to reach the critical threshold level.

These two models are not mutually exclusive. There likely are individuals
in whom BLyS plays a contributor role, and there likely are others in whom BLyS
plays a facilitator role. From a therapeutic perspective, the models may opera-
tionally be viewed as a continuum, with some patients requiring relatively more
BLyS neutralization and other patients requiring relatively less BLyS neutraliza-
tion before clinical benefits are achieved.

3.4. Concluding Comments

Based on an increasing body of in vivo and ex vivo evidence in mice and
humans, BLyS likely plays a key role in the pathogenesis of several systemic
autoimmune rheumatic diseases, including SLE, RA, and SS. Clinical efficacy of
BLyS antagonists has been decisively demonstrated in multiple mouse models,
and safety of at least one BLyS antagonist has already been documented in
humans. Although additional investigation is yet needed, one can be cautiously
optimistic that BLyS antagonism will secure a prominent place in the therapeutic
management of patients with autoimmune rheumatic diseases.
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Control and Induction
of Autoimmunity by Cytokine
and Anti-cytokine Treatments

Pierre Miossec

1. Introduction

Cytokines represent a growing list of mediators associated with a large number of
mechanisms. They are involved as a first line of innate immunity and also con-
tribute to the amplification of adaptive immunity. Their multiple functions are the
key factors for their contribution to the expression of various diseases. Cytokines
themselves have been used for treatment, starting with interferon o (IFNo) for
viral hepatitis. Later, the inhibition of cytokines has been a key step forward for
the control of the most severe inflammatory diseases. At the same time, adminis-
tration of cytokines or of their inhibitors has been associated with side effects.
Some of these manifestations are indicators of the contribution of cytokines
and/or regulatory pathways involving cytokines.

Treatment with TNFo inhibitors has revealed the critical role of a single
key cytokine first in the pathogenesis of rheumatoid arthritis (RA) and of Crohn’s
disease (CD) and, then, of many other inflammatory diseases (Feldmann and
Maini, 2001). Although their inducing mechanisms are far from being clear, these
diseases have been classified as autoimmune. The failure of identification of a
causal agent or a specific trigger mechanism was for some time the major limit-
ation for the improvement of current treatments. These new results have clearly
demonstrated the role of these soluble factors, which are nonspecific mediators,
in the clinical manifestations of diseases, dominated by inflammation and matrix
destruction. The nonspecific effect of cytokines is shown when the same clinical
results were also observed in CD for which the clinical expression, anatomical
distribution, and underlying mechanisms are very different from those of RA
(Van Assche and Rutgeerts, 2000). In turn, it indicates that numerous pathways
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responsible for clinical expression of these chronic inflammatory diseases are in
fact often nonspecific.

In this chapter, we focus first on the inhibition of TNFo, (mode of action,
results, and limitations). Then, we consider the inhibition of other cytokines.
Finally we review the autoimmune manifestations induced by cytokine treatment,
focusing on the use of IFNo.

2. TNFa and Its Receptors

It is important to realize that the clinical inhibition of TNFo was made pos-
sible through the progress in biotechnologies to obtain first the structure of the
protein and its receptors, and then the high-scale production of its therapeutic
inhibitors, antibodies, or soluble receptors. TNFa is the founding father of a grow-
ing family, which includes many critical factors of the immune system. Many
important ligand-receptor pairs have been identified. TNFo and lymphotoxin o
(LTo) act as trimers on two receptors: the type I TNF receptor (pS5-TNF-R) and
the type II TNF receptor (p75-TNF-R, Figure 23.1). These two cytokines control
inflammation and apoptosis (Figure 23.2). Lymphotoxin B (LTPB) binds to a
specific receptor (LTBR). LTo and LT have a critical role in the formation and

Infliximab

anti-TNF antibody R
Adalimumab

TNF o ---oe___

-~
,l | I soluble p55 receptor
/]
v

p55 TNF receptor

p75 TNF receptor

soluble p75 receptor

Etanercept

Biological effects

Figure 23.1. Interactions between TNFo, its receptors, and current specific inhibitors. TNFa. acts
on two p55 and p75 membrane receptors. Such effect is downregulated by the release of the soluble
forms of these receptors. Therapeutic inhibitors are either a modified p75-soluble receptor (etaner-
cept) or monoclonal antibodies (remicade, adalimumab).
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Figure 23.2. Interactions between the major proinflammatory cytokines. Monocyte-derived
cytokines, such as IL-1 and TNFa, act on mesenchymal cells, such as synoviocytes, and trigger the
release of destructive enzymes. This activity is regulated at the level of T cells through the produc-
tion of Th1 cytokines, such as IFNyand IL-17. The Th1 profile is further enhanced by other cytokines,
such as IL-12 and IL-18.

function of lymphoid organs (Ruddle, 1999). Fas ligand (CD95 ligand) acts on the
Fas receptor (CD95), and is involved in the control of the cellular proliferation
and apoptosis. RANK ligand (RANKL) or osteoprotegerin ligand (OPGL) binds
to RANK and controls the activation of osteoclasts and bone degradation. OPG
acts as a soluble receptor with an inhibitory effect. CD40 ligand expressed by T
cells binds to CD40 on B cells and other antigen-presenting cells and controls cel-
lular interactions, in particular between T and B lymphocytes.

TNFo is secreted as a trimer. However, it also exists as a transmembrane
biologically active monomer, which is important for local cell-cell interactions
(Burger and Dayer, 2002). This molecule is released as a soluble form under the
effect of a membrane metallo-proteinase, the TNF-converting enzyme (TACE).

The fixation of TNFa to its receptors leads to activation of signal trans-
duction pathways including MAP kinases and NF-«xB. The p55, but not the p75,
TNF receptor has a death domain involved in apoptosis controlled by Fas, fol-
lowing activation by TNFo.. The other pathway is involved in the inflammatory
reaction with the synthesis of cytokines, chemokines, and proteases. For a given
activated cell, there is a selective choice between the inflammatory or the apop-
totic pathways, so that only one of them prevails.

3. Mode of Action of the Specific TNFa Inhibitors

In reference to the natural control of action and production of a cytokine,
therapeutic control can be specific of a given cytokine (antibody, soluble receptor)
or more global, acting on a group of proinflammatory cytokines (methotrexate,
leflunomide, inhibitors of common intracellular pathways). When considering the
specific inhibitors of TNFq, inhibition with an anti-TNFa antibody represents
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the simplest strategy (Figure 23.1). There are several types of anti-TNFo. antibod-
ies, either fully human (adalimumab) or chimeric, keeping a more or less impor-
tant part of the antibody binding site of murine origin (infliximab). These agents
are not natural molecules, since natural autoantibodies against TNFa have not
been described. Monoclonal antibodies specific for TNFo. bind specifically to epi-
topes of the TNFa trimer, which interact with the membrane receptors. This results
in inhibition of the TNFo capacity to bind the membrane receptors, resulting in
functional inhibition. In addition, these antibodies will also recognize the mem-
brane TNFaq, thus inhibiting cell interactions.

On the contrary, the use of the soluble receptors (p55 or p75) represents the
enhancement of a natural regulation, since the same molecules already control the
action of endogenous TNFo.. Etanercept is a fusion protein with two p75 receptors,
connected to an Fc fragment of an IgG1. This Fc fragment improves the pharma-
cokinetics of the complex. TNFa and LT use the same two p55 and p75 TNF
receptors to control inflammation and apoptosis. Advantages and limitations of the
exclusive inhibition of TNFo (with a specific anti-TNFo. antibody) and those asso-
ciated to that of the LTa (with a soluble receptor) have not been clarified.

4. The Local and Systematic Effects of TNFo Inhibition

The initial clinical results obtained with the administration of anti-TNFo
antibodies and TNF-soluble receptors have justified their development on a large
scale. Table 23.1 shows a summary of the current use of TNF inhibitors. Other
diseases will be added in the near future. The rapid effect on systemic manifesta-
tions and on the levels of acute phase proteins confirms the importance of TNFou
in systemic inflammation (Figure 23.3). The feeling of well-being reported rap-
idly by these patients is the confirmation of the effect of TNFa on the brain, in
particular on the hypothalamus.

Table 23.1. Major Recognized Indications of TNFa Inhibitors

Infliximab (Remicade)
Rheumatoid arthritis
Spondylarthropathies
Chronic juvenile arthritis
Crohn’s disease

Etanercept (Enbrel)
Rheumatoid arthritis
Chronic juvenile arthritis
Spondylarthropathies
Psoriatic arthritis
Psoriasis

Adalimumab (Humira)
Rheumatoid arthritis
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Figure 23.3. Contribution of TNFo and IL-1 to the systemic manifestations of chronic inflamma-
tion. These cytokines act with others on the brain leading to fever and fatigure, on the liver leading to
the release of acute phase proteins, on the bone marrow leading to precursor activation (leukocytosis
and thrombocytosis), and on muscles leading to muscle loss and stiffness.

The anti-inflammatory effect results from local actions on the inflamma-
tory reaction such as the synovitis (Figure 23.4). The migration of inflammatory
cells contributes to the initiation and the chronicity of the inflammatory process,
leading to matrix destruction. The formation of any inflammatory reaction relies
on new blood vessel formation, which is critical for the migration of these inflam-
matory cells. TNFo induces the expression of adhesion molecules on endothelial
cells. These effects favor the migration of T cells with a memory phenotype,
expressing preferentially the chemokine receptors CCR1 and CCRS. These selec-
tive mechanisms direct cells toward skin, joint, gut, and eye sites, resulting in
clinical pictures specific to the respective diseases (Hjelmstrom et al., 2000).

The increase of angiogenesis is an important characteristic of rheumatoid
synovitis. Local concentrations of vascular endothelium growth factor were found
to decrease in response to infliximab. The sequential biopsies of synovial mem-
brane of treated patients showed a reduction of the cell infiltrate and angiogene-
sis (Paleolog, 1997). This reduction of inflammatory cells and their interactions
contributes directly to a protective effect by reducing the local production of
enzymes involved in destruction. The rapid reduction of joint swelling is an
impressive effect of anti-TNFo treatment. In vifro, infliximab, but not etanercept,
can induce death of cells expressing membrane TNFa in the presence of com-
plement through a mechanism of antibody-dependent cell-mediated cytoxicity.
However, no increase in cell death by apoptosis has been found in synovial biop-
sies after treatment with infliximab (Tak et al., 1996). The absence of induction
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Figure 23.4. Contribution of TNFo and IL-1 to the local manifestations of chronic inflammation.
These cytokines act with others on vessels leading to new blood vessel formation and on target tissues
leading to increased cell—cell interactions involved in extracellular matrix destruction.

of apoptosis with etanercept could explain its lack of efficacy in CD, where inflix-
imab is effective (Van den Brande et al., 2003).

Clinical results showed a reduction of the rate of articular destruction meas-
ured by the absence of new radiological joint damage. This effect is critical
because of a major depression of repair capacities. In CD, such effect results
in the closing of fistulas. An action on proteases involved in the destruction of
bone and cartilage, and of gut and skin matrix, represents the main mode of action
of these inhibitors, as has been reported in studies in vitro and in animal models
(Van den Berg, 2002). Bone destruction in RA results from an activation of osteo-
clasts combined with the recruitment of osteoclast precursors, which is amplified
by TNFa. This inhibitory effect can influence the formation of osteoclasts by
reducing the recruitment of precursors, which are common to monocytes and
dendritic cells, probably involving the RANK/RANK-L pathway. RANK-L is
expressed by osteoblasts, T lymphocytes, and synoviocytes and activates the
RANK receptor on osteoclasts and plays a critical role in bone destruction. RA
blood concentrations of soluble RANK-L were normalized with infliximab
(Ziolkowska et al., 2002).

Induction of repair remains the final achievement to protect joint. In
transgenic mice expressing human TNFo, neutralization of this cytokine
inhibits bone and cartilage degradation (Shealy ef al., 2002). An effect on repair
is fully obtained by the coadministration of anti-TNFo and OPG, blocking at
the same time the TNFo-TNF receptor and RANK-RANK-L interactions
(Zwerina et al., 2004).



Control and Induction of Autoimmunity by Cytokine 335
5. Understanding the Side Effects of TNFa Inhibitors

The inhibition of a central molecule, such as TNFo, has been associated
with side effects, allowing a better understanding of the physiological role of
TNFa. In addition, the heterogeneity of the response, and the risk of disease reac-
tivation when stopping the inhibition, indicates that these inflammatory diseases
cannot be simplified as diseases of the TNFo pathway.

TNFa is a critical molecule in the control of acute and chronic infections.
Not surprisingly, a greater mortality was observed during the treatment of toxic
shock with TNFa inhibitors. For long-term treatment, the major complication has
been the appearance of opportunistic infections. If all types of opportunistic
infections were observed, tuberculosis has been by far the most frequent cause
(Keane et al., 2001). Its severity associated to an unusual mortality rate quickly
drew attention. Epidemiological studies showed that it was essentially a reactiv-
ation of known or undiagnosed tuberculosis, suggesting an acquired defect of
cell-mediated immunity. Primary immune defects have been described in associ-
ation with mutations of genes coding for interferon y and IL-12 receptor
(Casanova and Abel, 2002). These defects are responsible for severe mycobacte-
rial infections usually secondary to BCG vaccination.

In the context of chronic inflammation, such as occurs in RA, there is
already a systemic response defect to IL-12 and IL-18, key cytokines for the pro-
duction of interferon y (Kawashima and Miossec, 2004). The synergy between
these two cytokines is related to the effect of IL-12 on the induction of a functional
IL-18 receptor (Kawashima and Miossec, 2003). Such defect in RA results in a
lower production of interferon y by blood cells in response to IL-12 and IL-18. This
defect is proportional to the level of systemic inflammation, as measured by
C-reactive protein levels. This could explain the increased frequency of tuberculo-
sis in RA, even in the absence of anti-TNFo treatment (Carmona et al., 2003). At
initiation of a treatment with a TNFo inhibitor, the disease is usually still very
active. The additive effect of the inhibitor explains the rapid appearance and the
severity of these reactivations. Later, the risk is reduced because the improvement
of the clinical situation has been able to correct the systemic immune defect related
to inflammation, reducing the risk of reactivation. The specific anti-TNFa effect
results from an inhibition of cell—cell interactions and has a positive impact on
local inflammation, resulting in the beneficial clinical effect. Conversely, inhibi-
tion of these interactions also results in granuloma disintegration, leading to the
diffusion of mycobacteria that were kept under control in these granulomas.

The induction of antinuclear antibodies is common, but rarely associated
with clinical manifestations of lupus (Shakoor et al., 2002). A positive connection
between TNFo and lupus has been established in lupus mice where the inhibition
of TNFa increases incidence and mortality from renal disease (Kontoyiannis and
Kollias, 2000). Conversely, administration of TNFa has a protective effect on
mouse lupus. The anti-inflammatory cytokine IL-10 is directly involved in the
production of autoantibodies and IgG (Llorente et al., 1995). These properties
indicate a mutual inhibition between TNFo and IL-10 actions. Furthermore, the
inhibition of TNFo favors the production of IL-10, leading to the production of
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autoantibodies and the orientation of the Th1-Th2 cytokine balance toward Th2
(Miossec and van den Berg, 1997).

These notions also must be taken into account to estimate the possible
effect of TNFo inhibitors on the incidence of lymphomas (Brown et al., 2002),
but their interpretation is extremely difficult because of a greater frequency of
lymphomas in the general population, a frequency further increased in associa-
tion with RA and even more, with Sjégren’s syndrome. The contribution of TNFo.
to apoptosis and the amplified immunosuppressive effect of IL-10 must be con-
sidered. Conversely, TNFo is involved in lymph node hypertrophy, a common
sign of activity of inflammatory diseases (McLachlan et al., 2003).

The beneficial effect obtained in the treatment of RA and CD would suggest
that all inflammatory diseases, and in particular those associated with a Th1 profile,
could be controlled with the same TNFa inhibitors. However, TNFo. inhibition in
multiple sclerosis was associated to an increase in clinical and radiological signs
(Mohan et al., 2001). The mechanism has not been clarified, but could be related to
the anatomical site and to the contribution of the blood brain barrier (Robinson ef al.,
2001). The importance of TNFa inhibition also could be demonstrated with the rein-
troduction of infliximab in a case of aseptic meningitis (Marotte et al., 2001).

6. Other Cytokine Inhibitors

More recently additional cytokines have been the targets of treatment, but
at this early stage, it is still difficult to compare the results with those obtained
with TNFo inhibition. IL-1 has been categorized as a critical cytokine in chronic
inflammation. Its mode of action is similar to that of TNFq, but with important
differences (Arend and Dayer, 1995). The two IL-1c and IL-1P act through two
receptors, but the critical receptor for biological responses is the membrane type I
IL-1 receptor, which, when combined with an accessory protein, forms the fully
functional IL-1 receptor and transduces a signal. The membrane type II IL-1
receptor does not transduce a signal. It is rather an endogenous regulator released
as a soluble form that traps soluble IL-1. In addition to the two IL-1 molecules
with an agonistic effect, IL-1 receptor antagonist (IL-1 RA) is a receptor antago-
nist, which can bind to the membrane type I receptor, without inducing a signal
(the accessory chain is not recruited).

IL-1 RA has been used in the treatment of RA with beneficial effects. Although
significant enough to get marketing approval from health authorities for the treatment
of RA, the efficacy appears lower than that of TNFot inhibition (Bresnihan, 2002). A
major limitation with IL-1 RA is the need for a continuous high level of the com-
pound since at least a 1:100 ratio has to be obtained between the IL-1 and IL-1 RA
levels. At present, other means of blocking IL-1 are in progress, such as anti-IL-1 anti-
bodies, IL-1-soluble receptors used alone or in complex structures in an IL-1 trap.

As for IL-1 and TNE, IL-6 is highly present in the context of chronic
inflammation. There has been some debate on the classification of IL-6 as
a proinflammatory or an anti-inflammatory cytokine, and controlling IL-6 as a
therapeutic approach was the best way to clarify this issue. For that purpose an



Control and Induction of Autoimmunity by Cytokine 337

anti-IL-6 receptor antibody named MRA has been developed and has shown
efficacy for the treatment of RA and CD. The molecule is now in phase III trials
(Ito et al., 2004; Nishimoto et al., 2004).

IL-15 is a cytokine involved in chronic inflammation, especially in the acti-
vation of T cells. Recent positive results have been obtained with a monoclonal
anti-IL-15 antibody for the treatment of RA (Mclnnes and Gracie, 2004).

7. Other Cytokines as Treatment Targets

The favorable clinical results obtained with TNFo and IL-1 inhibitors may
suggest that the study of the contribution of cytokines to arthritis is almost over.
However, additional cytokines also contributing to joint inflammation have been
considered as possible targets (Figure 23.2). IL-17 is a T cell-derived cytokine,
which could be classified as a Th1 cytokine. It often acts in synergy with TNF and
IL-1 (Miossec, 2003). In addition, IL-17 increases IL-1 and TNF production by
monocytes. In vitro studies and animal models have strongly indicated the inter-
est in blocking IL-17 for the treatment of chronic inflammation.

IL-18, IL-12, and IL-23 are cytokines produced by monocytes and other
antigen-presenting cells. They interact through synergistic interactions, favoring
aThl cytokine profile (Trinchieri et al., 2003). IL-12 targeting is ongoing with an
anti-IL-12 antibody. IL-18 action is regulated by its endogenous inhibitor IL-18
binding protein (IL-18 BP). Preclinical results have been obtained to suggest the
use of IL-18 BP as a treatment agent (Kawashima et al., 2004). IL-23 has been
more recently described as a cytokine responsible for some of the proinflamma-
tory effects first associated with IL-12. In addition, IL-23 increases IL-17 pro-
duction by T cells (Aggarwal et al., 2003).

8. Targeting One or More than One Cytokine

It remains to be understood how blocking a single cytokine such as TNFo
can still be effective. Currently, the list of cytokines, chemokines, and growth fac-
tors involved in inflammation is up to 100. It was first thought that TNFo could
be located upstream of a cytokine cascade. However, a list of cytokines, such as
IL-12, IL-18 and IL-17, has been shown to act on the production of TNFa itself.
It should be recognized that the concentrations expected in vivo may be much
lower that those used in a cell culture system with isolated cells stimulated with
a single cytokine. In addition, interactions between cytokines can be synergistic
through common intracellular pathways located downstream of the receptors that
confer specificity. Transcription factors, such as NFkB, are shared for the activa-
tion of IL-1, TNF, and IL-17. These common pathways are therapeutic targets of
small chemical molecules now in clinical development.

Combination of low concentrations of cytokines was used to dissect these
synergistic interactions. For example, combination of low concentrations of TNFa,
IL-1, and IL-17, with no effect when used alone, was able to induce transcription
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factor activation with an effect higher than that observed with high concentrations
of a single cytokine (Granet ef al., 2004). More importantly, this combination was
able to increase the recruitment of transcription factors, some not activated by high
concentrations of a single cytokine (Granet and Miossec, 2004). Such experiments
mimic the in vivo situation with local interactions between cytokines produced by
monocytes, such as TNFo, and IL-1, and by T cells, such as IL-17.

Similar conclusions were obtained when low doses of soluble receptors for
IL-1, TNFo., and IL-17 were combined with samples of synovium and juxtartic-
ular bone (Chabaud and Miossec, 2001). As observed in patients, two thirds of the
RA synovium samples responded to etanercept. The rate of response was
increased up to 90% when the three receptors were combined. However, such
combinations have not yet been tested in the clinic. One trial tested the combina-
tion of IL-1Ra and TNF sR in RA. No improvement of efficacy was observed
despite an increase in incidence of infections (Genovese et al., 2004).

9. Understanding the Heterogeneity of the Response
to TNFo Inhibitors

In clinical practice, it appears that about one third of RA patients do not
improve. This heterogeneity could be, at least partially, explained by the absence of
a TNFo, contribution in some patients (Ulfgren ef al., 2000). As indicated above, the
same rate of response is observed when incubating fragments of RA synovial mem-
brane with etanercept (Chabaud and Miossec, 2001). Although not directly proven,
such differences could be related to cytokine gene polymorphisms affecting TNFo.
or other cytokines (Mugnier et al., 2003). It is also common to observe a progressive
loss of clinical response to inhibitors previously effective. For compounds such as
infliximab, induction of an antibody response directed against the mouse part of the
antibody has been demonstrated in patients with CD (Baert et al., 2003). Progressive
induction of a TNFo—independent inflammatory pathway is another mechanism fur-
ther supporting the downstream role of TNFa. in the pathogenesis of these diseases.

Finally, these treatments have a suspensive effect, with reappearance of symp-
toms after prolonged treatment discontinuation, reflecting an effect on the action and
not so much on the production of TNFo. Stopping the inhibition is then followed by
a rebound effect. Furthermore, TNFa inhibition decreases the production of soluble
TNFa receptors, thus reducing the endogenous anti-inflammatory regulation. These
data also suggest the contribution of other factors and other cell types. It remains to
be demonstrated if a combined or sequential control of T cells, B cells, dendritic
cells, and of their interactions would be necessary for the induction of a remission.

10. Autoimmune Manifestations with Cytokine Administration

The list of cytokines with possible therapeutic use has been growing. As for
any adverse reaction with a new compound, the interpretation of the underlying
mechanisms is often difficult. The incidence is obviously related to the properties
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of the molecule itself, its dose regimen, and mode of administration, but also to
the underlying disease as well as to the size of the exposed population. Among
the cytokines already in clinical application, IFNo has been the most commonly
used, particularly in patients with chronic viral hepatitis. For these reasons, both
this cytokine and this disease have been associated with the largest list of side
effects. Thus, we review the side effects observed with this cytokine first.

The major indications of INFo are type B and C chronic viral hepatitis, and
cancer (mostly renal cell carcinoma and melanoma, and hematological malignan-
cies). The large number of treated patients, the largest for any cytokine, allows a
good assessment of its safety (Miossec, 1997).

Induction of autoimmune events appears to be a frequent feature (Fattovich
et al., 1996; Wilson ef al., 2002). This includes an exhausti