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Preface to the Series

The mechanisms of disease production by infectious agents are presently
the focus of an unprecedented flowering of studies. The field has un-
doubtedly received impetus from the considerable advances recently
made in the understanding of the structure, biochemistry, and biology of
viruses, bacteria, fungi, and other parasites. Another contributing factor
is our improved knowledge of immune responses and other adaptive or
constitutive mechanisms by which hosts react to infection. Furthermore,
recombinant DNA technology, monoclonal antibodies, and other newer
methodologies have provided the technical tools for examining questions
previously considered too complex to be successfully tackled. The most
important incentive of all is probably the regenerated idea that infection
might be the initiating event in many clinical entities presently classified
as idiopathic or of uncertain origin.

Infectious pathogenesis research holds great promise. As more infor-
mation is uncovered, it is becoming increasingly apparent that our pre-
sent knowledge of the pathogenic potential of infectious agents is often
limited to the most noticeable effects, which sometimes represent only
the tip of the iceberg. For example, it is now well appreciated that
pathological processes caused by infectious agents may emerge clinically
after an incubation of decades and may result from genetic, immuno-
logic, and other indirect routes more than from the infecting agent itself.
Thus, there is a general expectation that continued investigation will lead
to the isolation of new agents of infection, the identification of hitherto
unsuspected etiologic correlations, and eventually, more effective ap-
proaches to prevention and therapy.

Studies on the mechanisms of disease caused by infectious agents
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demand a breadth of understanding across many specialized areas, as well
as much cooperation between clinicians and experimentalists. The series
Infectious Agents and Pathogenesis is intended not only to document the
state of the art in this fascinating and challenging field but also to help lay
bridges among diverse areas and people.

M. Bendinelli
H. Friedman



Preface

Over the last few decades there has been an explosion of information
concerning the immune response. We know not only that different cell
types have specialized functions in immunity (i.e., T and B cells as well as
macrophages and other supporting cells) but also that there are many
subsets of these different cell types with unique characteristics and func-
tions important in normal functioning of the immune system. It is also
well known that different B cells produce a wide variety of immunoglobu-
lins categorized in several major classes with many subgroups. Traditional
and newer molecular biology techniques have identified specific chemi-
cal mediators involved in the interaction of immune cells among them-
selves and with cells in other systems. Many of these mediators (cytokines)
are produced by the immune system but affect cells in the central nervous
system as well as in different organs of the body. Production of at least 15
distinct molecular categories of cytokines may occur following stimula-
tion by various activators, including many infectious agents and their
products. The targets of these cytokines include other cells of the im-
mune system, cells from other systems, and target cells that are either
normal or malignant cells, as well as foreign invading organisms or host
cells infected by such organisms.

There is much interest concerning the nature and mechanisms of
immunity, including molecular signaling events and the identity of recep-
tors of immune cells that recognize foreign versus self antigens. Further-
more, it is now widely accepted that evolutionary development of the
immune system in higher organisms occurred under the pressure of
infectious agents, which concurrently developed mechanisms to avoid
factors produced by the host. Thus, infectious agents have developed
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many strategies to avoid attack by the immune system of the host, includ-
ing alterations or decrease in antigenicity so that the agents would be
“invisible” to the host as well as the ability to depress or deregulate the
host immune response. Induction of an unresponsive state by a variety of
means, including suppressive interaction with immune cells of the host,
neonatally or postnatally, also provides survival advantage for the micro-
organism. In turn, the host has developed varied immune defense mecha-
nisms to overcome the virulence of microbial pathogens.

Nevertheless, microorganisms in general have continued to exert
pressure on the immune system of individuals. One intriguing strategy
adopted by some infectious agents is to mimic the antigens of the host,
thus taking advantage of self-tolerance. It is to the infecting agent’s
“‘advantage” to share antigenic determinants with a host so it is less likely
the host will respond immunologically to the invader, since the host
should be tolerant to its own tissue. However, similarities in antigenic
make-up of host cells and a microbe may lead to immune recognition not
only of the microorganism, but also of the host, and resultin autoimmune
reactions based on antibodies, T cells, or both.

Over the last few decades, many investigators have suggested that
autoimmune responses initiated by immune stimulation by an infectious
agent or its products may be due to shared immunogenic determinants
between the agent and the host. Microbial infections, even subclinical
ones, may compromise the delicate balance that exists between immune
responsiveness and the control of such responses. Thus, an immune
response to microorganisms or their antigens may cause a loss of self-
tolerance. However, there is only minimal information as to the possible
mechanisms involved and very little evidence that conclusively shows that
an infection causes a chronic or acute disease due to autoimmunity or
autoallergy. The chapters in this volume, written by experts in the field of
microbiology and autoimmunity, address the question of whether and
how microorganisms may be associated with development of specific
categories of autoimmune disease.

The first chapters deal with possible bacterial induction of diseases
considered autoimmune in nature. Dr. W. van Eden and colleagues
discuss general phenomena of bacterial infection and autoimmune-like
diseases, especially chronic diseases such asrheumatoid arthritisand even
lupus erythematosus, which are thought by some to be associated or
induced by microorganisms as diverse as mycobacteria, borellia, or other
agents that cause chronic infections. Autoimmune-like etiologic reac-
tions have been postulated for these connective tissue diseases. Dr. Made-
leine Cunningham describes the role of streptococcal infection in rheu-
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matic fever. It is now almost axiomatic that streptococcal infection is a
prerequisite for rheumatic fever. Similarly, Drs. John Sullivan and Andrew
Geczy describe the possible role of Klebsiella in development and progres-
sion of ankylosing spondylitis.

Dr. Robert Baughn then discusses the autoimmune phenomena
associated with syphilis and describes how diseases due to spirochetes
have a chronic component associated with immune responses to self
induced by spirochetal infection.

The next group of contributions describes the role of viruses in
possible induction of a wide variety of diseases considered either to be
autoimmune in nature or to have an autoimmune component. Dr.
Thomas Dyrberg and associates describe the possible role of viruses
associated with induction and maintenance of diabetes mellitus, while
Drs. Ji-Won Yoon and Helen Kominek focus on the role of Coxsackie B
viruses in the pathogenesis of this important health affliction. Drs. Cyn-
thia Welsh and Robert Fujinami describe viruses involved in encephalitis-
associated diseases, including autoimmune-like diseases such as multiple
sclerosis. Drs. Lisa Esolen and Diane Griffin discuss measles and encepha-
lomyelitis. Dr. Carlo Garzelli describes the effects of Epstein-Barr virus in
the induction of a variety of autoimmune-type diseases. Dr. Kenneth
Ugen and associates discuss the autoimmune component of retrovirus
infection, including autoimmunity associated with acquired immunodefi-
ciency induced by HIV.

Dr. Charles Santos-Buch and associates describe the involvement of
an autoimmune phenomenon in parasitic diseases, namely Chagas dis-
ease, and Dr. Anthony Weetman discusses endocrine autoimmune re-
sponses following infections. In the final chapter, Dr. Noel Rose revisits
the possible mechanisms by which infection can serve as the precursor to
autoimmunity and describes one mouse model, Coxsackie virus—induced
myocarditis, in which the major self antigen has been identified.

It is hoped and anticipated by the editors and the authors of the
individual chapters that this volume will stimulate interest in the role of
infectious agents, be they bacteria, parasites, or viruses, in inducing
immunologic responses that recognize or react with self antigens and
thus induce an autoimmune-like disease. The editors thank Ms. Ilona
Friedman for excellent editorial assistance in coordinating and assisting
in the preparation of the manuscripts for this volume.

Herman Friedman
Noel R. Rose
Mauro Bendinelli
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Bacterial Heat-Shock
Proteins and Autoimmune
Disease

W. VAN EDEN, S. M. ANDERTON, A. B. J. PRAKKEN,
and R. VAN DER ZEE

1. INTRODUCTION

Of all the microorganisms, bacteria, especially, seem to exert continuous
pressure on the immune system. The epithelial surfaces of the skin and
the intestinal tract are colonized by a wide variety of bacterial species,
forcing the immune system into a situation where it has to scan continu-
ously an immense repertoire of foreign antigenic determinants. It may be
self-evident that as much as the healthy immune system does not develop
an aggressive response directed against self antigens, or autoantigens, the
same immune system is not tuned to mount continuous and aggressive
responses to antigens presentin the resident bacterial flora. Nonetheless,
the capacity to respond must be there. Within every healthy immune
system, cells specific for autoantigens are present, and their potential for
causing disease has been demonstrated in a variety of experimental
autoimmune disease models. The mechanisms by which the immune

W.VAN EDEN, S. M. ANDERTON, A. B. ]. PRAKKEN, and R. VAN DER ZEE ¢ Department
of Immunology, Institute of Infectious Diseases and Immunology, Faculty of Veterinary
Medicine, University of Utrecht, 3508 TD Utrecht, The Netherlands.

Microorganisms and Autoimmune Diseases, edited by Herman Friedman et al. Plenum Press,
New York, 1996.
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system controls the presence of such cells in what can be called the
“autoimmune carrier state” are under intense investigation.! It is prob-
able that similar mechanisms control the eagerness of the immune system
to respond to relatively safe foreign antigens present in the resident flora.
From this it can be anticipated that bacterial infections may severely
compromise the delicate balance between responsiveness and control of
responsiveness. And indeed, in various infectious diseases of bacterial
origin signs of loss of self-tolerance, such as production of rheumatoid
factors, are evident. However, there are few proven cases of induction of
lasting autoimmune diseases by bacterial infections. Probably the best
candidates are arthritic diseases such as reactive arthritis and Lyme dis-
ease, both of which are consequences of infection with identified bacte-
rial species. However, in both diseases the possibility that continued
presence of bacterial antigen at the sites of inflammation is essentially
driving the disease process has not been formally ruled out.? In other
words, triggering of an autonomous autoimmune process by mimicry or
otherwise, the so-called hit-and-run scenario, has not been proven in
these cases.

In the case of ankylosing spondylitis no single bacterial species has
been identified with certainty as the cause. However, since both reactive
arthritis and ankylosing spondylitis are strongly associated with the same
major histocompatibility complex (MHC) determinant HLA-B27, it is
tempting to assume a similar involvement of bacterial antigens in ankylos-
ing spondylitis. Therefore, it is possible that ankylosing spondylitis is a
true case of the hit-and-run scenario, where bacterial antigens cause a
permanent break of tolerance, leading to a chronic and progressive
autoimmune disease. The best support for the hit-and-run scenario,
however, seems to be from experimental animal models. Immunization
with mycobacterial antigen, streptococcal cell walls, or bacterial pep-
tidoglycans in suitable adjuvants can elicit chronic and destructive forms
of arthritis in rodent species such as rats. The significance of the bacterial
antigens, however, is not exclusive, since in some strains of inbred ani-
mals, similar forms of arthritis are induced by the mere administration of
oily adjuvants such as pristane, avridine, and mineral oil. Despite this, the
successful passive transfer of arthritis by T cells specific for bacterial
antigens®® has clearly demonstrated that bacterial antigens have the
potential to trigger autoimmune arthritic T cells.

From the same experimental models good evidence has now been
obtained that exposure to bacterial antigens may cause resistance to the
induction of disease. In this manner, disease and resistance to disease
seem to be two sides of the same coin, thatis, the delicate balance between
responsiveness and control of responsiveness. In the case of mycobacterial-
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induced arthritis, the mycobacterial 65-kDa protein, a member of the
heat-shock protein 60 (hsp60) family of proteins, has now been identified
as an antigen that seems to unite the two sides of the coin. Distinct
epitopes within the molecule have been shown to have the capacity to
either-induce arthritis or induce resistance to arthritis.

These findings, combined with the findings of the immunodomi-
nant nature of bacterial hsp’s suggest that immunity to bacterial antigens
such as hsp’s is a principal element in the control of autoimmunity
through the maintenance of peripheral tolerance.

2. PERIPHERAL TOLERANCE, AUTOIMMUNITY, AND
ENVIRONMENTAL BACTERIA

Findings from experimental models of autoimmunity and transgenic
animals expressing ‘“neo-self”’ antigens have caused a rather drastic
change in our perception of immunological tolerance. While in the past
the role of the thymus was considered to be absolute in creating a
repertoire tolerant for self by eliminating potentially self-reactive T cells
from the system (central tolerance), it has recently become clear that
potentially self-reactive T cells might be central to a properly functioning
immune system.®

Despite the presence of self-reactive T cells and B cells as an integral
part of the immunological repertoire, the healthy individual appears to
be tolerant of his or her self antigens. Apparently, the immune system has
a built-in capacity to contain such self-reactive cells by functionally regu-
lating their activity and not by eliminating them. This condition is called
peripheral tolerance.” The mechanism of peripheral tolerance is cur-
rently being explored and may turn out to be a composite of regulatory
activities such as suppression due to the suppressive action of certain
cytokines, anergy at the level of single T cells, and idiotypic cell inter-
actions leading to feedback downregulatory events. The existence of such
built-in regulatory mechanisms, ensuring an active and flexible state of
functional regulation, may reinforce tolerance in situations where a
failure of self-tolerance leads to autoimmune disease.

The possibility that the presence of bacterial flora contributes to the
establishment or maintenance of peripheral tolerance has been sug-
gested by experimental findings in germ-free animals. In the case of
arthritis, experiments performed in inbred Fisher rats have been most
illustrative.® Fisher rats are relatively resistant to the induction of arthritis
following immunizations with mycobacteria or streptococcal cell walls.
However, germ-free bred Fisher rats are susceptible to a degree similar to
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Lewis rats. Colonization of the gut with Escherichia coli or with the bacterial
flora as present in conventionally bred animals was shown to lead to
arthritis resistance, despite the fact that the animals had a history of germ-
free development.

That environmental microflora may be of influence in arthritis
susceptible Lewis rats was indicated by findings that microbial environ-
mental pressure contributed to the known resistance against the reinduc-
tion of arthritis that normally develops after disease remission (Cohen,
personal communication). It appeared that when a colony of Lewis rats
were transferred from a conventional “dirty” facility into a “clean,”
specific pathogen—free (SPF) animal housing facility, the animals re-
mained susceptible to mycobacteria-induced arthritis, even after having
experienced and having recovered from a first bout of the disease..

It is possible, however, that the impact of bacterial environment on
arthritis susceptibility varies with the nature of the arthritis induced. In a
model of mineral oil-induced arthritis in dark Agouty (DA) rats the
influence of the presence of bacterial flora was found to be minimal or
absent (Klareskog, personal communication), and in a model of pristane-
induced arthritis in mice, the presence of bacterial flora was found to
enhance disease susceptibility.?

In diabetes models, a positive contribution of environmental flora to
resistance was observed. In non-obese diabetic (NOD) mice an increase
in disease incidence (up to 100%) was observed in germ-free animals and
in animals kept under SPF conditions.!? Similarly, it was found that
complete Freund’s adjuvant immunizations prevented diabetes in Bio-
Breeding (BB) rats!! and that bacillus Calmette-Guerin (BCG) may be
effective in the treatment of diabetes in humans.!?

Altogether, it seems that mechanisms of peripheral tolerance as a
hedge against autoimmunity are dependent, at least in part, on interac-
tions with the environmental microflora. When such interactions can be
determined by antigen-specific recognition events, vaccination and simi-
lar specific immunostimulatory triggering may well be exploited in the
control of autoimmunity.

3. EXPERIMENTAL MODELS SUPPORT A CRITICAL ROLE
OF SPECIFIC IMMUNITY IN AUTOIMMUNE DISEASES

One of the best studied models of arthritis is autoimmune arthritis
(AA). The disease is induced by immunization with mycobacterial anti-
gens and is transferable by T cells alone. Holoshitz ez al. have shown that
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passive transfer of a single T-cell clone that is reactive to mycobacteria can
also lead to induction of AA. Subsequent analyses have shown that this
arthritogenic T-cell clone, called A2b, recognizes the 180-188 sequence
in mycobacterial (hsp60)13 and responds, to a lesser extent, to cartilage
proteoglycan.! This was the first demonstration that autoimmune T cells
with a single antigenic specificity, in this case “self”’ cross-reactive specific-
ity, can induce the full pathology of clinically overt arthritis. Further
experiments have shown that the same activated T cells and their specific
antigens (or epitopes in the form of synthetic peptides) can be used to
induce a specific form of protection (i.e., vaccination) against AA. In this
way AA has shown the principle of regulating autoimmunity at the level of
single T-cell specificities. Arthritis induced by collagen type II, strepto-
coccal cell walls, and pristane, as well as other models, have yielded similar
experimental evidence for the involvement of antigen-specific mecha-
nisms. The obvious question is whether the models are representative of
human arthritic diseases. In general one can easily admit that every
model is artificial by its nature and only capable of shedding light upon
certain mechanistic aspects of pathological processes. So, one might
rephrase the question by asking whether the antigen-specific regulation
of autoimmunity in AA is representative of the antigen-specific regulatory
events in human diseases.

One aspect is the antigen-induced nature of models, while human
arthritis seems ‘““spontaneous.”’ Except for the lupus-prone MRL lpr/lpr
mouse in which arthritis develops along with lymphoproliferative dis-
orders, arthritis does not seem to occur spontaneously in rodents, at least
not in a way amenable to experimentation. A second aspect of models is
that they are induced in animals selected for genetic susceptibility.

One may argue, however, that the human “model” may be similar in
both of these aspects to artificial models. In arthritis especially (i.e.,
reactive arthritis, Lyme disease, acute rheumatic fever), the possibility of
induction of disease by unconventional exposure to, for instance, micro-
bial antigens, does exist. With respect to genetic predisposition (i.e.,
HLA, gender, etc.), humans and rodents may have similar pathogenic
factors. Thus, it may seem fair to conclude, given the relative ease with
which autoimmune arthritis can be induced in selected animals and given
the relative multitude of suitable triggers, that disease induction in hu-
mans may depend on similar, specific stimuli at least at its initiation. It is
probable that there are many more ways to trigger disease than we know
of now. Likewise, there should be many ways to interrupt the develop-
ment of disease. Non-obese diabetic mice, an inbred strain of animals
featuring spontaneous type I diabetes, are illustrative in this respect.
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Diabetes in NOD mice was found by chance in a genetic breeding
program that was carried out by selecting for features unrelated to
diabetes. Apparently, spontaneous diabetes occurred in one fortuitous
constellation of genes. Extensive studies now have shown that almost
every immunological intervention, from immune stimulation to immune
suppression, both antigen-specific and nonspecific, affects the develop-
ment of the disease, usually in a disease-suppressive manner.!? This shows,
atleast in the case of NOD diabetes, that disease may depend on a delicate
interplay of many distinct, genetically determined factors. Any interven-
tion that critically affects one of the essential factors involved will lead to
inhibition of disease development. It is tempting to assume that the same
is true for autoimmune arthritis. It suggests that more than one approach
could lead to successful clinical intervention, irrespective of the fact that
each individual may have a personal set of predisposing genes and immu-
nological anamneses.

The initial trigger leading to disease may vary from individual to
individual, whereas in the progression of pathology many factors are
common. Obviously, such common features are of particular interest for
therapeutic intervention. On the basis of the attractive successes ob-
tained in the experimental models, one may take the optimistic view that
it will be possible to define specific antigens that take part in processes of
inflammatory arthritis, irrespective of the initial triggering antigen. Anti-
gens such as collagen type II and hsp60 have shown their activity in
animals of various genetic backgrounds, including mice and rats. They
may not be primary autoantigens, but they may become involved in an
ancillary way as the disease progresses.

4. HSP60 AND THE INHIBITION OF EXPERIMENTAL
ARTHRITIS

Hsp60 was defined as an arthritis-associated antigen by the fact that
the arthritogenic T-cell clone A2b, raised against whole Mpycobacterium
tuberculosis in the AA model, responded to recombinant mycobacterial
hsp60 as cloned in E. coli.'® Having identified mycobacterial hsp60 as a
critical antigen in the induction of AA in Lewis rats, experiments were
initiated to see whether arthritis was inducible by immunization with
recombinant hsp60. However, no arthritis was induced after hsp60 immu-
nization, and immunized animals were found to have become resistant to
subsequent induction of AA with whole mycobacteria. As mentioned
above, mycobacterial hsp60 was also found to protect against arthritis
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induced by streptococcal cell walls and pristane (oil) and to a variable
degree against arthritis induced by a lipoidal amine also called CP20961,
and collagen type I1.1415

This seemingly general activity of mycobacterial hsp60 in preventing
experimentally induced arthritis also in models not induced with myco-
bacteria was compatible with the possibility that “self”” hsp60 was an
autoantigen critically involved in every from of autoimmune arthritis.

As reviewed elsewhere,!6 heatshock proteins are intracellular pro-
teins with critical functions in the protein housekeeping machinery of
every living cell. Probably due to such essential cellular functions, their
evolutionary variation has remained remarkably limited. As a conse-
quence, extensive amino acid sequence identities exist between microbial
and mammalian hsp’s. Despite their similarities to self (host) hsp’s,
microbial hsp’s have been found to be strong immunogens. Therefore,
the possibility existed that immunization with mycobacterial hsp60 (also
called the 65-kDa molecule of mycobacteria) led to induction of re-
sponses directed at self hsp60 as an autoantigen.

An important feature of hsp’s is their increased synthesis when cells
are subjected to stress (they are also called stress proteins). Inflamed
synovium, apparently a condition characterized by local cellular stress,
was shown to feature a more intense staining in immunohistology using
hsp60-specific antibodies than healthy synovium.1” In the experimental
arthritis models, an increase in expression, as well as T-cell reactivity
against hsp60, was observed in diseased animals, irrespective of how the
arthritis was induced. Thus, together, the observations made in various
models suggested that immunization with mycobacteria led to regulatory
responses involving the endogenous self hsp60 as expressed in the in-
flamed synovium. Recent observations in the AA model are supportive of
this hypothesis.1819

Lewis rats were immunized with either whole M. tuberculosis (Mt) or
recombinant mycobacterial hsp60 in a suitable adjuvant. Primed lymph
node cells taken from immunized rats were analyzed for their prolifera-
tive responses in the presence of sets of overlapping peptides spanning
the whole mycobacterial hsp60 molecule. Immunization with Mt led to
weak responses to various peptides indicating several epitopes located on
the hsp60 molecule. However, responses to a peptide that included
amino acids 180-188, formerly demonstrated to be the epitope recog-
nized by arthritogenic T cell A2b, dominated the response pattern ob-
tained. Immunization with mycobacterial hsp60 led to responses to these
and some additional epitopes, and interestingly no exclusive dominance
of 180-188 was apparent. All epitopes involved were mapped in detail
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using epitope-specific T-cell lines. Upon testing these T-cell lines for
responses to peptides based on homologous rat hsp60 sequences, only
one T=cell line also responded to the homologous rat hsp60 peptide. As
expected from the cross-recognition between the mycobacterial and rat
sequence, this particular epitope turned out to be strongly conserved.!?

The various peptides that included our newly defined T-cell epitopes
were tested for their capacity to protect Lewis rats against AA. Remark-
ably, only peptides containing the conserved rat hsp60 cross-reactive
epitope were protective. These findings suggested that mycobacterial
hsp60 was dependent on activity of T-cell epitopes in the molecule, which
induced responses that cross-reacted with rat self hsp60.

More recent experiments have shown that non-mycobacterial-induced
arthritis is also effectively prevented by preimmunization with the con-
served peptide. Teleologically arguing, it seems attractive to suppose that
the cross-recognition of rat self hsp60 is the basis of the protection
observed. As discussed above, recognition of self hsp60 may well be
subjected to the regulatory pathways of peripheral tolerance. Tempo-
rarily compromising such tolerance by forcing the immune system to
respond to self hsp60 could lead to a counteractive regulatory (suppres-
sive) response targeted at the expressed self hsp60 molecule. Such sup-
pressive regulation may well contribute to the control of local inflamma-
tory processes. Some of the findings made in children suffering from
juvenile chronic arthritis (JCA) seem to be compatible with these possi-
bilities.

5. RESPONSES TO HUMAN HSP60 IN JUVENILE CHRONIC
ARTHRITIS

Mechanisms of peripheral tolerance are likely to be involved in
recovery from arthritis and the subsequent resistance to newly induced
arthritis as seen in the animal models. In humans, in the case of rheuma-
toid arthritis (RA), disease is usually progressive, and in children disease
may remit in many cases. Probably with the exception of very early cases of
disease, proliferative responses to hsp60 are not seen in the majority of
patients with RA,?0 although nonproliferative responses, such as produc-
tion of certain cytokines after stimulation,?! have been demonstrated in
the presence of hsp60. In children with JCA, however, proliferative re-
sponses have been obtained in lymphocytes taken from both the peripheral
blood and the synovial compartment. Most significant and reliable responses
were seen by stimulating the cells with self antigen human hsp60.22
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Since most of the patients, however, did respond to mycobacterial
hsp60 as well, it seems that also in this case, conserved epitopes, equally
present in both the human and mycobacterial hsp60, are recognized by
patient T cells. From comparison of patients from distinct clinical sub-
groups, it became evident that responders had oligoarticular (OA) forms
of JCA, whereas nonresponders had polyarticular or systemic JCA. In
other words, those with a remitting form of disease responded, whereas
those with a nonremitting form did not.23 Longitudinal studies indicated
that (temporary) remission of OA-JCA coincided with disappearance of
responses and that a clinical relapse coincided with reappearance of
responses. Furthermore, it was found that in vitro priming of nonre-
sponder cells led to positive secondary responses only in the case of OA-
JCA (remission phase) and not in the case of other clinical subgroups
of JCA.

Altogether, the data obtained in JCA patients have shown that re-
sponses to human hsp60 as a self antigen do occur and that they are
associated with relatively benign forms of arthritis. The presence of
responses during the active phase of disease preceding remission sug-
gests, in line with the observations made in the AA model, that responses
to self hsp60 may contribute positively to mechanisms leading to disease
remission. If so, possibilities for immunological intervention in JCA, and
possibly also RA, may be found in strategies aimed at manipulating
peripheral tolerance through vaccination with hsp60 or peptides contain-
ing defined epitopes. For these purposes hsp60 may well serve as a useful
ancillary autoantigen.

6. LESSONS FOR THE DEVELOPMENT OF SPECIFIC
IMMUNOTHERAPY IN AUTOIMMUNITY

As argued above, immunity to bacterial antigens such as hsp’s may
contribute to maintenance of self-tolerance as a hedge against autoim-
munity. To achieve a lasting restoration of such tolerance in the case of
disease, it seems most appropriate to target immunotherapy at the rein-
forcement of natural mechanisms that contribute to such maintenance of
self-tolerance. In other words, exposure of the immune system to bacte-
rial antigens such as hsp’s may well stimulate the immune system to
resume control over unwanted self-reactive clones. In line with the known
contribution of bacterial gut flora to tolerance, it seems best to effect such
exposure through oral administration of bacterial antigens. Although the
effectivity of such an approach is not supported by work in experimental
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disease models, our experience in human medicine thus far does lend
such support. OM-Laboratories (Geneva) has been producing E. coli
bacterial lysates, which are used among other agents for the treatment of
RA. They are administered orally and have shown in multiple trials in RA
patients an effectivity comparable to that of gold.?* Recent analyses have
revealed that the E. coli hsp60 molecule (Gro-EL) is one of the more
prominent immunogens present in this material.?> This would suggest
that E. coli hsp60, when administered orally, may trigger a T-cell regula-
tory event that contributes to the control of RA, similar to the effect of
mycobacterial hsp60 in models of experimental arthritis. For obvious
reasons it would be of great interest to analyze such mechanisms at the
level of T-cell responses in patients treated in this way.

Positive findings of such an analysis could then lead to the develop-
ment of better defined pharmaceutical compounds such as synthetic
peptides. Such peptides could be composed of conserved sequences of
bacterial hsp’s and be used to stimulate the frequency or activity of T cells
with the potential to recognize self hsp molecules expressed at sites of
inflammation.

Alternatively, so-called altered peptide ligands?® that are aimed at
modifying or controlling responses to “‘dangerous” epitopes associated
with autoimmunity can be designed. Recently, we have introduced so-
called competitor-modulator peptides, with the capacity on one hand to
block MHC presentation of these dangerous epitopes by means of supe-
rior MHC binding qualities and on the other hand to modulate responses
with specificity for these dangerous epitopes by means of their immuno-
genicity and close antigenic relationship to these epitopes.?” In the model
of adjuvant arthritis, a peptide based on the 180-188 sequence of myco-
bacterial hsp60, with a subtle change of the leucine at position 183 into an
alanine residue, was found to have a unique capacity to prevent develop-
ment of AA when administered at the time of Mt immunization for
arthritis induction.?8 It can be anticipated that in the not too distant
future specific peptides with carefully designed immunogenic qualities
will be evaluated for their therapeutic potential in the clinical situation.
The identification of antigens with critical involvement in autoimmunity
has to precede the development of such peptides. For reasons discussed
above, bacterial antigens are attractive candidates in the search for anti-
gens with critical involvement in autoimmunity.
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Streptococci and Rheumatic
Fever

MADELEINE W. CUNNINGHAM

1. INTRODUCTION

Rheumatic fever occurs as a delayed sequel to group A streptococcal
infection. The disease is usually manifested as an inflammation of the
joints or heart, but symptoms of chorea, subcutaneous nodules, or
erythema marginatum may be present. The importance of rheumatic
fever is due to the involvement of the heart in the disease, which can be
fatal in the acute stage or can lead to chronic rheumatic heart disease with
scarring and deformity of the heart valves. Although rheumatic fever has
declined in decades past, the current resurgence of the disease has kept
us aware of its presence. The pathogenesis of the disease is related to the
host immune response made simultaneously against the streptococci and
the heart and host tissues. During the past decade, progress has been
made in our understanding of rheumatic fever as an autoimmune dis-
ease. Figure 1 highlights the components of the disease. The target
antigens in the heart, including cardiac myosin, have been identified, and
the streptococcal M protein epitopes recognized by antimyosin anti-
bodies in acute rheumatic fever have been determined. The class I M
protein epitope was found on group A streptococcal M protein serotypes
that were associated with acute rheumatic fever outbreaks. Antibodies
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AUTOIMMUNE RESPONSE

- CARDITIS
= =
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group A streptococci MYOSIN

FIGURE 1. Relationship between the group A streptococcus and heart in acute rheumatic
fever. The autoimmune responses in the host are produced against streptococci and myosin
and may lead to carditis, which is the most serious manifestation of rheumatic fever.

against the streptococcal group A carbohydrate antigen were shown to
persist in valvulitis, and antistreptococcal antibodies have been shown to
recognize epitopes on the heart-cell surface or valve endothelium. The
cross-reactive antibodies may direct inflammation to specific regions of
the heart. Sequences of the V region genes encoding the human cross-
reactive antistreptococcal/antimyosin antibodies are being determined
and the molecular basis of the cross-reactivity of the antibody molecules
defined. An antimyosin antibody idiotype, Myl, has been associated with
antimyosin antibody responses in acute rheumatic fever, systemic lupus
erythematosus and Sjogren’s syndrome. In the susceptible host, a Bcell
alloantigen was identified as a genetic marker for rheumatic fever, and
acute rheumatic fever was associated with certain class II HLA-DR anti-
gens. Despite the advances that have been made in our understanding of
rheumatic fever, there remain gaps in our knowledge. Since the re-
surgence of acute rheumatic fever in the United States in the 1980s,
genetic studies to identify streptococcal virulence determinants or clones
associated with the disease are under way. Pep M proteins are under
investigation as superantigens that may play a role in altering the immune
response in rheumatic fever. Although the antibody response against
streptococcal M protein and myosin has been well characterized, the
cellular immunology of the disease is not well defined. Regions of the M
protein, the major virulence determinant of the group A streptococci, are
under study to determine cross-reactive and pathogenic regions of the M
protein molecule which may participate in the development of rheumatic
carditis. With the current knowledge of the pathogenesis and immunol-
ogy of rheumatic fever, it could be proposed that the antibody response in
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acute rheumatic fever is responsible for the arthritic and other transient
manifestations of the disease but that the permanent heart damage is due
to the cellular immune response. The object of recent studies has been to
determine the roles of antibodies as well as T cells in the disease. Now that
T cells-have been classified into subsets based on cytokine patterns and
specific cell-surface markers, the elucidation of the types of T cells pro-
ducing the heart damage in rheumatic fever will be possible. If acute
rheumatic fever is an autoimmune disease as proposed, then it is an
important model to study the role of infectious agents in the develop-
ment of autoimmunity in man.

2. HISTORICAL PERSPECTIVE

Since the early 1800s, scientists and physicians have observed and
investigated acute rheumatic fever. A most comprehensive and detailed
history of the discovery of rheumatic fever and rheumatic heart disease is
outlined by Stollerman.! The first accounts of rheumatic fever describe
the “rheumatism” as early as the 1600s,2 and Syndenham described
chorea in 1686.3 However, it was not until the late 1700s that the first
descriptions of the symptoms of rheumatic fever were correlated with
cardiac lesions and involvement.* Stollerman describes the findings of
Bouillaud,> Sokolsky,® and Wells’ as being the most outstanding early
accounts of acute rheumatic fever.! By the late 1800s Cheadle had assimi-
lated the group of divergent manifestations into a rheumatic syndrome
that was called “Cheadle’s cycle.” The Jones criteria,® which are still used
in diagnosis of acute rheumatic fever, were patterned after the manifesta-
tions described by Cheadle.? In 1904 Aschoff!® discovered the myocardial
lesion that is considered to be a hallmark of rheumatic fever, the Aschoff
body or the Aschoff-Talalaev granuloma.l! The acute cardiac failure
observed in patients with rheumatic fever was believed to be caused by
these changes described in the myocardium rather than a result of the
valvulitis. Around the same time, physicians made the connection be-
tween a sore throat or pharyngitis and the rheumatic episode.1?13

3. CLINICAL FEATURES

The characteristics of acute rheumatic fever can vary greatly depend-
ing on the severity of the disease and the body systems that are involved.
There is a latent period between the onset of streptococcal pharyngitis
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and the appearance of rheumatic fever. According to Stollerman,! the
average latent period is 18.6 days, but it can range from 1 to 5 weeks
following streptococcal pharyngitis. Rheumatic fever is now rare in the
United States, affecting approximately 1 or 2 per 100,000 children and
teenagers.!* A recent resurgence in particular areas of the United States
has heightened awareness of the disease and will be discussed later in this
chapter. The rate of occurrence in developing regions such as India,
Africa, Southeast Asia, and South and Central America is 100-150 per
100,000, significantly higher than the incidence in the United States.1
The clinical features of acute rheumatic fever include the criteria devel-
oped by Jones,® which were updated in 1992 by the American Heart
Association’s special Writing Group of the Committee on Rheumatic
Fever, Endocarditis, and Kawasaki’s Disease of the Council on Cardio-
vascular Disease in the Young. In the 1992 update, the guidelines for the
diagnosis of rheumatic fever were described in a special report by the
committee.!6 The first guidelines were published in 1944 by T. Duckett
Jones® and have been revised over the years by the American Heart
Association.

The Jones criteria include major and minor manifestations (Table I).
Two major manifestations or two minor manifestations and one major
manifestation must be observed in order to make the diagnosis of acute
rheumatic fever. The major manifestations are suggestive of an immune
disorder and include carditis, the most serious manifestation, and ar-
thritis, the most common manifestation. Rheumatic fever classically pre-

TABLE I
Jones Criteria:
Major and Minor Manifestations of Rheumatic Fever

Major manifestations
Carditis
Polyarthritis
Chorea
Erythema marginatum
Subcutaneous nodules
Minor manifestations
Fever
Arthralgia
Previous rheumatic fever or rheumatic heart disease
Elevated erythrocyte sedimentation rate or positive C-reactive protein
Prolonged PR interval
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sents as a migrating polyarthritis affecting one or more of the joints.!6 The
arthritis never causes permanent damage and is therefore not like rheu-
matoid arthritis. Its appearance is coincident with the peak titer of
antistreptococcal antibodies.!

The most serious manifestation of rheumatic fever is carditis. Studies
have shown that patients with severe polyarthritis have lower incidence
and severity of cardiac involvement and that there is an inverse relation-
ship between development of the most severe forms of arthritis and
development of rheumatic heart disease.! In addition, Stollerman points
out that “cardiac involvement may occur in the mildest form of the
disease,” leaving the patient with undiagnosed carditis and development
of unnoticed rheumatic heart disease.! The incidence of carditis in acute
rheumatic fever ranges from 30-50%. In general, carditis presents as a
heart murmur due to mitral and/or aortic regurgitation. In severe cases,
pericarditis with enlargement of the heart and congestive heart failure
may also appear. Heart failure is seen far less frequently today than in
decades past and has been found to be more common during a recur-
rence of rheumatic fever.! Permanent heart damage is related to the
extent of the valvular, pericardial, and myocardial involvement.

Other major manifestations of rheumatic fever are chorea, subcuta-
neous nodules, and erythema marginatum.!® Syndenham’s chorea is a
neurological disorder which may occur with symptoms of involuntary
movements and weakness, and it can be the only major manifestation
present.!® The choreiform movements affect all muscles but primarily
affect the hands, feet, and face. In postpubescent subjects, chorea is seen
only in females. The appearance of chorea may occur after a lengthy
latency period (1-6 months) when antistreptococcal antibody titers are
not increased.! Chorea has declined over the years as a manifestation of
acute rheumatic fever in comparison to carditis and arthritis. Erythema
marginatum is a rarely observed, transient, red, macular, circinate skin
rash found on the trunk or proximal extremities. It may be observed any
time during the disease course but usually occurs in the early stages of the
disease.! The blanching rash is quite distinct and has been observed in a
few other conditions such as sepsis, drug reactions, and glomerulo-
nephritis. Subcutaneous nodules are painless, freely movable nodules
that are 0.5—-2.0 cm in diameter found over the extensor surfaces of the
knee, elbow, wrist, and other joints, and over the spinous processes of the
vertebrae.l6 Although subcutaneous nodules are rare, they are most
often seen following the onset of carditis. Subcutaneous nodules are also
seen associated with rheumatoid arthritis and systemic lupus erythema-
tosus and are therefore not pathognomonic of acute rheumatic fever.!
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Minor manifestations (Table I) include fever, elevated erythrocyte
sedimentation rate, abnormal Creactive protein, leukocytosis, cardiac
abnormalities, arthralgia, and evidence of a streptococcal infection, in-
cluding positive antistreptococcal antibody serology such as an elevated
antistreptolysin O (ASO) antibody titer.!16

4. ETIOLOGY: THE GROUP A STREPTOCOCCUS

4.1. Identification and Association of Group A Streptococci
with Rheumatic Fever

The group A streptococcus (Streptococcus pyogenes) has long been
recognized as the primary initiating factor in the development of acute
rheumatic fever in the susceptible host.!* Rheumatic fever is associated
only with streptococcal throat infections and not with infection of the
skin.117 The strongest evidence supporting the hypothesis that rheumatic
fever is a sequel to group A streptococcal infection is that the incidence of
rheumatic fever parallels the occurrence of streptococcal infections.!
Wannamaker considered the group A streptococcus as ‘“the chain that
links the heart to the throat.”17 Clinicians who studied the rheumatic
fever outbreaks concluded on the basis of microbiologic and epidemio-
logic data that the group A streptococcus was the etiologic agent in acute
rheumatic fever.1819 In addition, antibodies against streptococcal compo-
nents and enzymes were shown to appear approximately 10 days following
pharyngeal infection. In acute rheumatic fever elevated titers of anti-
streptolysin O antibodies were described by Todd.2?? The titer of ASO
antibodies was elevated in both streptococcal infection and acute rheu-
matic fever. Antistreptolysin O titer is now used to document antecedent
streptococcal infection in suspected cases of acute rheumatic fever. The
elevation of these antibodies is associated with a rise in titer of other
antistreptococcal antibodies such as anti-DNAse B or antihyaluronidase.
In acute rheumatic fever an overall hyperresponsiveness is observed
against streptococcal antigens,!” and the attack rate is related to the
overall magnitude of the hyperresponsiveness.21,22

The group A streptococcus is covered with an outer hyaluronic acid
capsule,? while the group A carbohydrate antigen and the type-specific
M protein are attached to the bacterial cell wall and membrane as shown
in Fig. 2.2 Both the M protein and the capsule are considered to be
virulence factors conferring antiphagocytic properties upon the strepto-
coccal cell.2425 Antibodies made by the host against the cell surface
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FIGURE 2. Group A streptococcus displayed with surface hyaluronic acid capsule,
serotype-specific M protein, group A carbohydrate, and mucopeptide.

antigens such as the M protein or the hyaluronate capsule opsonize the
streptococci and enhance phagocytosis and clearance of the bacteria by
the host. The identification and classification of the group A strepto-
coccus is attributed to Lancefield?0 and Griffith,2” who developed the
serological grouping scheme of streptococci based on their group carbohy-
drate antigen. The group A carbohydrate antigen of S. pyogenes is com-
posed of repeating units of rhamnose linked to N-acetyl8-p-glucosamine.28
Further work by Lancefield divided the group A streptococci into M
serotypes based on the immunological specificity of the streptococcal M
protein antigen.?® Lancefield determined that the M protein was an
important virulence factor of the group A streptococcus and that it
induced protective immunity in the host against homologous type organ-
isms. 3031

4.2. Group A Streptococcal M Protein

The group A streptococcal M protein has been studied extensively
since its discovery. A recent comprehensive review by Fischetti describes
the characteristics of the M protein molecule in detail.?* Antigen for
serological typing of the group A streptococcus into M types is obtained by
boiling hydrochloric acid extraction of the streptococcus, releasing the M
protein molecule.?® The extract is used as the M antigen in a reaction with
different rabbit antisera, each against a different M type. A positive
capillary precipitin reaction indicates the M protein serotype. Over 80
different M serotypes have been identified, with many strains that are
untypable.?*
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Over the past 60 years new procedures have been developed to
obtain purified M protein. Beachey and Cunningham and their co-
workers investigated the treatment of M protein with pepsin at subopti-
mal pH,32 which led to the development of a pepsin-extracted M protein,
Pep M protein.3? Methods of M protein extraction developed by Fischett
and colleagues included a type of non-ionic detergent extraction3 and
the group C phage-associated lysin which acts on the cell wall to release
the M protein molecule.3536

Structural studies of the streptococcal M protein were begun in the
late 1970s and early 1980s by Beachey3’-3% and Fischetti**-42 when the
technology of protein chemistry was used to obtain the amino acid
sequence of peptide fragments of the M proteins. The M protein types 24,
5,and 6 were investigated first and their sequences elucidated. It was from
amino acid sequence data that Fischetti and Manjula defined the alpha-
helical coiled-coil structure of the M proteins and their heptad repeating
structure, which was quite similar to the alpha-helical coiled-coil struc-
ture in host tissue proteins such as tropomyosin and the keratin-desmin-
vimentin family of molecules.#345 The age of molecular biology brought
cloning technology to the study of streptococcal antigens, and the emm
genes from M types 24, 5, 6, 12, and group G were cloned and the
nucleotide sequence deduced.6-5! The cloning and sequencing of the
emm genes6-5! revealed repeating sequence motifs within 1) the N-termi-
nal region, 2) the mid-molecule, pepsin-sensitive region, and 3) the
conserved carboxy-terminal region. The N-terminal region, called the A
repeat region, confers serotype specificity to the group A streptococcus
and was found to be highly variable between M protein serotypes. The
mid-region was also variable and was called the B repeat region.?* The
carboxy-terminal region also contained amino acid sequence repeats
which extend throughout the carboxy-terminal third of the molecule.
Figure 3 illustrates the repeating regions and pepsin cleavage site of the M

PEPSIN

Anchor

FIGURE 3. Group A streptococcal M protein containing A, B, C, and D repeat regions
with a proline-glycine-rich region and an anchor for insertion into the cell membrane. The
diagram is adapted from work by V. A. Fischetti.2
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protein molecule. Using molecular probes, Hollingshead, Fischetti, and
Scott5? determined that the highly conserved carboxy-terminal region of
the M protein contained sequence homology shared among most of the
M protein serotypes. Vaccine efforts have targeted both the N-terminal
region and the more highly conserved carboxy-terminal region of the M
protein molecule.? The M protein has been and will continue to be the
subject of intensive investigation due to its role as a major virulence factor
and its potential as a vaccine against streptococcal infections.

The M proteins have been divided into class I and class II mole-
cules.’3 The division of the M proteins into two classes is based on their
reaction with antibodies (such as anti-M protein mAb 10B6) against the
Crepeatregion of M protein. Class I M proteins are reported to contain a
surface-exposed epitope on whole group A streptococci reactive with the
antibodies against the C repeat region. Streptococcal strains containing
the class II M proteins do not react with these antibodies and do not
contain the class I epitope.53 In addition, the class I M protein serotypes
are opacity factor—negative, while the class II serotypes are opacity factor—
positive. In studies of 130 streptococcal isolates, there was a strong correla-
tion between serotypes known to produce rheumatic fever and the pres-
ence of the class I epitope.>® These data correlate with the M-associated
protein (MAP) I and II antigen profiles and may be the basis of the MAP
reactivity previously studied by Widdowson and coworkers.54% Anti-
bodies against heart in rheumatic fever were associated with the MAP I
antigen. Bisno has reported that there is a strong correlation between
streptococcal serotype and the occurrence of rheumatic fever.’6 The
epidemiologic data has led to the proposal that group A streptococci
associated with acute rheumatic fever outbreaks harbor a unique antigen
or epitope that is associated with the development of acute rheumatic
fever and carditis in the susceptible host.

5. EPIDEMIOLOGY AND HOST SUSCEPTIBILITY

5.1. Rheumatic Fever: Epidemiology during 1900-1980

The incidence of acute rheumatic fever in the early 1900s was 100-
200 cases per 100,000 in the United States.’”8 However, in the 1940s
rheumatic fever began to decline and was reported at 50 cases per
100,000.57 Since this time the incidence of rheumatic fever in the United
States and Western Europe fell steadily until it reached 0.5 cases per
100,000 in the early 1980s.57 In contrast, the number of cases of childhood
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rheumatic fever in India and other developing countries was estimated at
6 million, with 250,000 new cases in school-age children each year.59

5.2. Resurgence of Rheumatic Fever during 1980-1990

The 1980s and 1990s have seen a resurgence of rheumatic fever in
eight outbreaks documented throughout the United States.5-62 The first
and one of the largest outbreaks was reported from Salt Lake City, Utah,
in 1985.6! Ayoub succinctly summarizes the outbreaks in a recent review
article and states, “the resurgence in the United States has rekindled
interest in the disease and has served notice to the medical community.”
Other outbreaks have been reported in Pennsylvania, Ohio, Tennessee,
West Virginia, and at the Naval Training Center in San Diego, Califor-
nia.52 A feature of the recent outbreaks has included a change in the
population at risk where the disease appeared in children of high- to
middle-income families with good access to medical care. However, the
families were larger than average, and as before crowding was found to be
a factor. Previous epidemiologic data from the rheumatic fever outbreaks
in the past had shown that the disease was associated with children from
the inner city and low-income families with little access to medical care.!
The reasons for the increase in rheumatic fever as well as an increase in
more serious group A streptococcal infections over the past ten years
remains unknown.6!

5.3. Features of Group A Streptococci Associated with Rheumatic
Fever Outbreaks

Kaplan et al. report that the streptococcal M protein serotypes in-
volved with the new outbreaks of rheumatic fever include M types1, 3, 5, 6,
and 18.%3 These M serotypes were reported to be associated with previous
outbreaks.®* The association of certain M protein serotypes with rheu-
matic fever over the last 50 years56 suggests that the M protein may be a
decisive risk factor in the development of the disease in the susceptible
host. Many strains recovered from acute rheumatic fever patients were
found to have a mucoid appearance. It has not been determined if the
hyaluronic acid capsule, the M protein, or some other virulence factor of
the group A streptococcus has played a role in the recent resurgence of
acute rheumatic fever.

The group A streptococci produce a number of toxins and extra-
cellular products that may play a role in the virulence and pathogenesis of
streptococcal infection or sequelae.%® Figure 4 illustrates streptococcal
extracellular enzymes and toxins. The erythrogenic toxins, particularly
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Streptokinase

DNAse A,B,C,D - Erythrogenic toxin A,B,C

NADase .
Proteinase
(SPE B)
Bacteriocins
(Lantibiotics) __— Hyaluronidase

Streptococcus

Phosphatase — ~—— Esterase

Amylase ~ Streptolysin O

Glucuronidase I Streptolysin S

Leucyl aminopeptidase

FIGURE 4. Extracellular products and toxins produced by group A streptococci. The
illustration is a gift from J. J. Ferretti and adapted from previous work.66

erythrogenic toxin A, have been found to be of considerable importance
due to their association with alteration of the immune system, enhance-
ment of endotoxic shock, and cardiotoxicity.6 Ferretti and colleagues
have studied the genes for these toxins.55-68 Using toxin gene probes,
streptococcal isolates associated with rheumatic fever outbreaks were
tested for the presence of the toxin genes. The data suggest that the
erythrogenic toxin A gene (SpeA) is present in strains associated with
scarlet fever and rheumatic fever at a significantly higher frequency than
that found for group A streptococcal isolates associated with other types
of disease.5768 Streptolysin O has also been shown to be cardiotoxic and
proposed to play a role in streptococcal diseases and sequelae.5? However,
the roles of the toxins in the pathogenesis of rheumatic fever remain to be
defined.

Itis possible that global regulators of virulence genes expressed only
in the host are turned on and are important in the persistent colonization
of susceptible individuals who develop acute rheumatic fever. Only one
positive regulator gene, virR, or Mry, which is known to control expres-
sion of M protein,’-72 Cha peptidase,’® and the Fc receptor protein’
of the group A streptococcus, has been identified. The regulator en-
hances expression of M protein manyfold. Whether environmental fac-
tors play a role in controlled expression of M protein and other virulence
factors in the group A streptococcus is not known. The M protein is
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thought to be one of the most important streptococcal virulence factors
in the development of acute rheumatic fever.

Recently a streptococcal gene was cloned for a 60-kDa protein associ-
ated with hyperresponsiveness and reactivity with antimyosin antibodies
in acute rheumatic fever patients.”>’® The gene was present only in
pathogenic groups A, C, and G streptococci.’® Upon sequence the gene
was found to have sequence homology with class II HLA antigens such as
DR, DP, and DQ in humans (Fig. 5).76 The role of the 60-kDa protein in
the pathogenesis of acute rheumatic fever remains to be determined.

5.4. Genetic Susceptibility to Rheumatic Fever

The role that the group A streptococcal antigens play in the develop-
ment of acute rheumatic fever is most likely associated with an aberrant
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FIGURE 5. Homology between the amino acid sequences of human class II major histo-
compatibility antigen DQ and deduced amino acid sequence of a 67-kDa streptococcal gene
found only in streptococcal groups A, C, and G.7 (With permission from Infection and
Immunity): I, identity; :, conserved substitution; ., functional substitution.
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immune response in the susceptible host. The response of the susceptible
host to group A streptococcal antigens has been shown to be associated
with a hyperresponsiveness to these antigens.! Antigen processing is
thought to differ among individuals with different HLA phenotypes, and
in individuals with acute rheumatic fever, immune responses to strepto-
coccal antigens may differ from those of individuals with uncomplicated
infections. Studies of responses against particular M protein epitopes
have revealed overall differences in the antibody responses of rheumatic
fever patients in comparison with normals and uncomplicated dis-
ease.””78 Furthermore, an idiotype (Myl) expressed on antimyosin anti-
bodies produced in rheumatic fever is present only in streptococcal
sequelae and in the autoimmune diseases systemic lupus erythematosus
and Sjogren’s syndrome.” The idiotype is not elevated above normal
levels in uncomplicated streptococcal disease, myocarditis, IgA nephrop-
athy, Chagas disease, or rheumatoid arthritis (Fig. 6). The identification
of the Myl idiotype associated with rheumatic fever and other auto-
immune diseases suggests that these diseases are linked in expression of
particular antibody molecules with the Myl idiotype. Acute rheumatic
fever has many features of an autoimmune disease.

Despite the prevalence of streptococcal pharyngitis in populations,
only a very small percentage develop acute rheumatic fever.8° The suscep-
tible host that contracts rheumatic fever produces a greater immune
response to streptococcal antigens than the nonrheumatic host. Hyper-
responsiveness to streptococcal antigens is characteristic of the patient
with rheumatic fever. Studies in the past®-%* have suggested that the
rheumatic host was genetically predisposed to disease, and familial
studies®* have shown that the genetic factor has limited penetrance.
Other autoimmune and rheumatic diseases have often been associated
with host expression of major histocompatibility (MHC) genes of a partic-
ular human leukocyte antigen (HLA) phenotype. Ayoub has recently
described higher frequency of HLA-DR2 expression in black patients with
rheumatic fever and HLA-DR4 in Caucasian patients with rheumatic
fever.8® In South African black populations with rheumatic fever, HLA-
DR1and Drw6 were observed with increased frequency.6 The association
of different HLA phenotypes with rheumatic fever in different ethnic
groups suggests that the immunogenetics of the susceptibility is complex.
Twins do not usually both develop rheumatic fever, indicating that envi-
ronmental and host factors are important in susceptibility to the disease.
Repeated exposure to streptococcal infections is believed to be necessary
for the immune responses to reach the level of disease production.

Environmental factors such as exposure of the immune system to
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FIGURE 6. The Myl idiotype detected in sera from normal subjects (N) and from patients
with uncomplicated group A streptococcal disease (UC), acute rheumatic fever (ARF),
acute glomerulonephritis (AGN), myocarditis (MY), heart failure (HF), or systemic lupus
erythematosus (SLE).” The Myl idiotype was significantly elevated in ARF, AGN, SLE, and
Sjogren’s syndrome (not shown). (Reproduced with permission from Journal of Infectious
Diseases) .

specific antigens during neonatal life may play a role in the immune
responses of the genetically predisposed host at a later stage in life such as
early childhood through adolescence when rheumatic fever peaks at ages
5-15. Work by Vakil and Kearney and their coworkers shows that neonatal
mice exposed to pneumococcal antigen do not develop a normal anti-
body response against pneumococci.8”-88 Animals exposed neonatally to
pneumococcal polysaccharide were unable to produce the idiotype asso-
ciated with normal immune responses to pneumococci when challenged
later in life. Differences in exposure to common pathogens and normal
flora during development of the immune system in early infancy may
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change the responsiveness of the host.8788 Environmentally driven changes
in the immune repertoire linked with the expression of an influential
HLA phenotype which may present potentially pathogenic epitopes to
the immune system may elicit hyperresponsiveness, delayed type hyper-
sensitivity, and inflammatory responses in target tissues.

Idiotypes which may image the host/bacterial determinant could act
in concert with predisposing factors in the host to initiate or exacerbate
disease (Fig. 7). The presence of an antimyosin idiotype (Myl) was found
in the serum of patients with streptococcal sequelae, rheumatic fever, and
acute glomerulonephritis, but elevated levels were not found in normal
or uncomplicated streptococcal infections (Fig. 6).7° Studies of anti-
myosin antibodies in rheumatic fever show that the idiotype (Myl) is
present on antibodies in streptococcal sequelae. and two other auto-
immune diseases, systemic lupus erythematosus (Fig. 6) and Sjogren’s
syndrome (not shown). 7 These surprising data may link predisposing
and environmental factors with the autoimmune diseases expressing the
Myl idiotype. The Myl idiotype was not elevated in rheumatoid arthritis,
Chagas disease, IgA nephropathy, myocarditis, and heart failure (Fig. 6).
The data show that the Myl idiotype was not present in heart failure (Fig.
6) and other states” and support the findings of Zabriskie, ! who showed
that the antiheart antibodies in postcardiotomy or myocardial infarction
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FIGURE 7. Idiotype-antiidiotype interactions. The bacterium may express epitopes ca-
pable of inducing and reacting with antibacterial and antihost antibodies (antibody 1). The
idiotype of the cross-reactive antibody would hypothetically induce an antiidiotype response
(antibody 2) against antibody 1. An anti-antiidiotypic response (antibody 3) is then pro-
duced against antibody 2. Antibody 2 could perpetuate the production of cross-reactive,
antibacterial, antihost antibodies. The idiotypic site on antibody 2 hypothetically would
mimic the epitope originally presented to the host on the bacterium or infectious particle.
(From Ref. 134.)



28 MADELEINE W. CUNNINGHAM

sera were not absorbed by group A streptococci and were different from
the antiheart/antistreptococcal antibodies seen in acute rheumatic fever.

Host susceptibility has been defined further in recent work by
Zabriskie and colleagues.8%% They identified a strong association be-
tween the presence of a non-HLA B cell marker, known as 883 or D8/17,
and the occurrence of rheumatic fever. Using antibodies against the
B-cell antigen, B cells from patients with a history of rheumatic fever were
positive with approximately 33% of their B cells staining with the D8/17
antibody. A low level of staining (5-7%) was observed in the control
groups including a group of patients with acute poststreptococcal glomer-
ulonephritis. In familial studies using the antibody to follow the B-cell
marker, it was found that the percentage of positive parents and siblings
in rheumatic fever families was consistent with an autosomal recessive
mode of inheritance.?? Unaffected siblings or twins had approximately
15% of their B cells expressing the D8/17 marker. The D8/17 B-ell
antigen was present in unaffected individuals and controls at a lower level
of expression (5-7% of B cells) than in rheumatic fever patients, and the
marker was elevated in patients with rheumatic fever from all ethnic
groups. These studies suggest that there is a genetic factor(s) involved in
susceptibility to rheumatic fever. The nature of the D8/17 antigen is
unknown. Studies are currently in progress to further elucidate the
D8/17 antigen as well as HLA antigens associated with the disease. Like
many of the autoimmune diseases, acute rheumatic fever is a multifac-
torial disease due to a combination of susceptible host, group A strep-
tococcal infection, and other environmental and host factors affecting
the immune response.

6. AUTOIMMUNE PATHOGENESIS OF ACUTE RHEUMATIC
FEVER

6.1. Antibody-Mediated Mechanisms
6.1.1.  Antiheart Antibody

In 1945 Cavelti reported®! one of the first descriptions of antibodies
against the heart in rheumatic fever, and in 1969 with the use of
fluorescein-labeled antibodies Kaplan and Freugley demonstrated label-
ing of the heart with antibodies from acute rheumatic fever sera.? The
studies continued and heartreactive antibodies were reported to be
elevated in the sera of patients with acute rheumatic fever.?3 Antibody and
complement were found deposited in the hearts of rheumatic fever
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patients at autopsy.®* These data supported the hypothesis that acute
rheumatic fever has an autoimmune origin. Further studies®*%7 demon-
strated that rabbit antisera against group A streptococcal cell walls re-
acted with human heart and that antibodies prepared against human
heart reacted with streptococcal antigens. Antibodies against group A
streptococci in human serum could be absorbed with human heart prep-
arations, and conversely, antiheart antibodies could be absorbed from the
sera with group A streptococci or their membranes.?99 Rheumatic fever
sera or anti—group A streptococcal antisera labeled rheumatic or non-
rheumatic human heart or skeletal muscle tissue with equal intensity.100

Titers of antiheart antibodies appeared to persist in patients with
rheumatic recurrences. The studies suggested that there was a relation-
ship between the elevated antiheart antibody titers-and susceptibility to a
second attack. Usually heart-reactive antibodies declined within 5 years of
the initial rheumatic episode.1% Zabriskie suggests that repeated episodes
of streptococcal infections are required to induce elevated levels of heart-
reactive antibodies and expression of the symptoms of rheumatic fever.
However, not all agree®® that autoantibodies play a role in the develop-
ment of rheumatic heart disease, and therefore, the role of antibodies in
acute rheumatic fever remains speculative and unclear. Due to the con-
flicting clinical evidence, the approaches to study the autoantibodies
have been molecular and have dissected the cross-reactive antibody re-
sponse. The autoantibodies are likely to deposit in tissues and create
inflammation, but the permanent heart damage seen in rheumatic fever
is related to immune cells that infiltrate the heart.

6.1.2.  Streptococcal Cross-Reactive Antigens

Early work by Kaplan and colleagues?-% implicated the cell wall
containing M protein as the cross-reactive antigen recognized by the
antiheart antibodies, while studies by Zabriskie and Freimer?%19 impli-
cated the streptococcal membrane. Streptococcal antigens such as the
M-associated non-type-specific antigen and the MAP antigen were studied
by Beachey and Stollerman!?! and by Widdowson and Maxted,!%2 respec-
tively. Finally, highly purified peptide components from the group A
streptococcal membrane were shown to react with antiheart antibody in
rheumatic fever sera.l%2 However, the consensus was that the streptococ-
cal cell wall and membrane contained antigens that were reactive with
antiheart antibodies.

Studies by Goldstein and colleagues!® defining the streptococcal
heart cross-reactive antigens suggested that the group A polysaccharide
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and the glycoproteins of heart valves containing N-acetyl-glucosamine
were responsible for the antistreptococcal antibody cross-reactivity with
heart. Others such as Lyampert!%>106 published studies suggesting that
the group A streptococcal polysaccharide induced responses against host
tissues, and Sandson!%7 reported that the hyaluronic acid in the strepto-
coccal capsule might induce immune responses against the joint tissues.
The studies in the 1960s and 1970s left little doubt that the antistrepto-
coccal immune response could induce autoantibodies against the heart
and other tissues and that several group A streptococcal antigens were
involved in the process.

6.1.3. Myosin: Autoantigen Target in Human Heart

In the early 1980s with the advent of monoclonal antibodies (mAbs)
and the Western immunoblot, Cunningham and colleagues!?10? devel-
oped mouse antistreptococcal mAbs which reacted with heart tissue
sections (Fig. 8) or with heart tissue extracts in the enzyme-linked immuno-

FIGURE 8. Indirect immunofluorescence staining of a section of human heart tissue by
antistreptococcal monoclonal antibody 112.2.2. (With permission from the Journal of Immu-
nology.)
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sorbent assay. In 1985 Krisher and Cunningham!10 reported that the heart
antigen recognized by the antistreptococcal mAbs was cardiac myosin.
Subsequently, the streptococcal M protein,-113 as well as streptococcal
membranes,’>114 were shown to contain heart and myosin cross-reactive
epitopes that were recognized by antimyosin antibodies in acute rheumatic
fever and by murine and human antistreptococcal mAbs. The studies
using mAbs revealed that different streptococcal antigens, including the
M protein present in the cell wall and a 60-kDa antigen present in the
streptococcal membrane, were important in antibody cross-reactivity with
streptococci and myosin.”>11-114 The data clarified the observations of
Zabriskie and Kaplan®+99 and showed that both the streptococcal cell wall
and membrane contained heart cross-reactive antigens that reacted with
the antimyosin antibodies in acute rheumatic fever and with the antiheart/
antimyosin/antistreptococcal mAbs.”>109-116 The crossreactive specific-
ities of the mouse monoclonal antibodies are shown in Table II.

The production of the human monoclonal antibodies from patients
with rheumatic fever has been instrumental in identifying the cross-
reactive antigens and proving that antiheart antibodies can recognize
both streptococcal and heart antigens. Table III summarizes the cross-
reactivities of the human antistreptococcal mAbs. Studies using affinity-
purified human antimyosin antibodies from acute rheumatic fever sera
have been an important correlate to the mAbs studies, because they have
confirmed that the reactivities of the mAbs are similar or the same as

TABLE II
Antigen Binding of Cross-Reactive
Murine Monoclonal Antibody Probes

mAb Antigen specificity

6.5.1 Actin/M proteins 5,6

8.5.1 Myosin/streptococci

24.1.2 Myosin/tropomyosin/keratin/M protein 5,6
36.2.2¢ Myosin/tropomyosin/keratin/actin/lamanin/M proteins 1,5,6
40.4.1 Myosin/M protein 5

49.89 Vimentin/M protein 5,6

54.2.8 Myosin/tropomyosin/vimentin/DNA

101.4.1  Myosin/streptococci

112.2.2  Myosin/tropomyosin/M proteins 5,6

113.2.1  Actin/M proteins 5,6

654.1.1 Myosin/tropomyosin/DNA/M proteins 5,6

aCytotoxic for heart cells in 5!Cr release assay.



32 MADELEINE W. CUNNINGHAM

TABLE III
Cross-Reactivity of Human
Antistreptococcal Monoclonal Antibodies

Clone Cross-reactive proteins

10.2.3 Human cardiac myosin/M protein/GlcNac"

10.2.5 Human cardiac myosin/M protein/GlcNac

1.C8 Myosin/vimentin/keratin/M protein/
GlcNac

1.H9 Human cardiac myosin/keratin/M protein/
GlcNac

4.F2 Rabbit skeletal myosin/keratin/M protein/
GlcNac

5.G74 Rabbit skeletal myosin/keratin/M protein/
GlcNac -

5.G3 Rabbit skeletal myosin/keratin/M protein/
GlcNac

1.C3 Laminin/keratin/GlcNac

9.B12 Keratin/GlcNac

2.H11 Keratin/GlcNac

aRheumatoid factor.
*N-acetyl-B-p-glucosamine.

those found in acute rheumatic fever sera.!'t116 Antimyosin antibodies
purified from acute rheumatic fever sera were shown to react with M
protein.1L116 One of the myosin cross-reactive epitopes of M5, a protein
recognized by the antimyosin antibodies in acute rheumatic fever sera, is
located near the pepsin cleavage site in both M5 and M6 proteins. The
epitope contains the amino acid sequence Gln-Lys-Ser-Lys-Gln.”?

The human cardiac myosin molecule is composed of one heavy
chain and at least two light chains which form a dimeric alpha-helical
coiled coil structure (Fig. 9). The reactivity of the antistreptococcal mAbs
and the affinity-purified antimyosin antibodies from acute rheumatic
fever sera react with the heavy chain of human cardiac myosin!'” or
skeletal myosin!!3 and do not react with the light chains of myosin. Figure
9 shows the myosin molecule and its subfragments. Proteolytic fragments
of human cardiac myosin were used to identify sites of cross-reactivity of
the antistreptococcal/antiheart mAbs. Antistreptococcal mAb reactivity
was observed with either the heavy or light meromyosin (HMM and
LMM) subfragments of the myosin heavy chain.!'” The proteolytic frag-
ments were produced by cleavage with chymotrypsin. The LMM and S2
fragments contain the alpha-helical rod region of the heavy chain,
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FIGURE 9. Myosin heavy chains and light chains. The diagram illustrates the proteolytic
fragments of myosin, including the globular head containing the ATPase activity, the heavy
meromyosin (HMM) containing the S2 hinge fragment, and the light meromyosin (LMM)
tail of the a-helical rod region. The epitopes recognized by antistreptococcal monoclonal
antibodies 36.2.2, 101.4.1, and 54.2.8 are positioned in the rod region.

whereas the Sl contains the globular headpiece and the ATPase activity of
myosin. The globular headpiece or SI can be proteolytically separated
from the rod by papain digestion.!' Sites of localized mouse antistrepto-
coccal/antimyosin mAb reactivity with the myosin rod is shown in Fig. 9. A
chymotrypsin fragment was used to identify the 54.2.8 site.!'” Our subse-
quent studies have localized the sites of human antistreptococcal/
antimyosin antibody reactivity in the LMM rod region using 49 overlap-
ping synthetic peptides of human cardiac LMM (unpublished data).
Although the antistreptococcal antibody target in the heart is myosin, the
data do not preclude the reaction of antimyosin antibodies with heart
cell-surface molecules which mimic epitopes of myosin. Heart cell-
surface molecules may contribute to cytotoxicity and overall damage to
the heart. Studies of antistreptococcal mAb 36.2.2 show that this highly
cytotoxic mAb reacts with the heart cell-surface protein laminin.

6.1.4. Antistreptococcal Antibodies React with DNA:
Implications in Autoimmunity

Rheumatic fever characteristically does not present with antinuclear
antibody, which is a distinguishing feature of systemic lupus erythema-
tosus. Furthermore, our human antistreptococcal/antimyosin mAbs did
not show antinuclear reactivity, but some did cross-react with DNA. How-
ever, studies of murine mAbs indicated that antistreptococcal/antiheart
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FIGURE 10. Indirect immunofluorescence staining of acetone-fixed fibroblasts after reac-
tion with antistreptococcal monoclonal antibody 54.2.8. The strong reaction of monoclonal
antibody 54.2.8 with fibroblasts shows the intense antinuclear reactivity and the staining of
the vimentin cytoskeleton. (Taken from Ref. 112 with permission from the jfournal of
Experimental Medicine.)

antibodies in the mouse contained a population which not only reacted
with DNA but were strongly antinuclear (Fig. 10).112 These mAbs reacted
with M protein and myosin as well as with sections of human heart
(Fig. 8). In support of our findings, antistreptococcal/antinuclear anti-
bodies were identified among anti-DNA mAbs from mice with systemic
lupus erythematosus.!'8119 Furthermore, our studies demonstrated that
antistreptococcal/antinuclear antibodies had profiles of cross-reactivity
with synthetic polynucleotides that were virtually identical to the anti-
nuclear/anti-DNA antibodies from humans and mice developing sys-
temic lupus erythematosus.!'? These data suggested that the antistrep-
tococcal cross-reactive antibodies had important implications in the
development of autoimmunity.!12

By the mid 1980s the polyspecificity of antibodies and the idea thatan
antibody molecule could specifically react with more than one antigen
was recognized.!?? In addition, cross-reactivity of antistreptococcal anti-
bodies was resolved using mouse and human mAbs (Tables II and III).
Antibodies with cross-reactive specificities were found in normal sera, and
investigators!?122 demonstrated that low levels of cross-reactive anti-
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bodies or autoantibodies were present in normal individuals. Since these
discoveries, the antibody variable (V) region genes encoding cross-
reactivities and autoantibody specificities have been intensely studied for
their nucleotide sequences.?® There is no consensus hypothesis on the
molecular basis of antibody cross-reactivity, but it is most likely associated
with the antigen-binding, complementarity-determining regions (CDRs)
of the immunoglobulin molecules which are encoded by the V region,
diversity (D), or joining (J) segmentgenes.!?* The nucleotide sequence of
the V; region gene from a human antistreptococcal/antimyosin anti-
body has recently been determined (Fig. 11).125 The sequence reveals that
the V|, gene was nearly identical to the V,;26 germ-line gene sequence.
The V26 germ-line gene is known to encode anti-DNA antibodies and
rheumatoid factors.126 However, the molecular basis of the cross-reactivity
of the antistreptococcal antibodies is still under investigation. As more
sequences of the human and mouse antistreptococcal cross-reactive mAb
V-D-J genes become known, it will be possible to identify specific regions
responsible for the cross-reactivity.

We have postulated that the purpose of antibody cross-reactivity in
the hostis to protect the host against a plethora of infectious agents.!?” An
antibody molecule that can neutralize several different infectious agents
is an important first line of defense. This is shown in studies by Cunning-
ham and colleagues where monoclonal antistreptococcal antibodies were
demonstrated to neutralize specific enteroviruses.!?” In the study it was
shown, however, that one of the antistreptococcal antibodies (mAb
36.2.2) with broad cross-reactivity was highly cytotoxic in the presence of
complement against heart cells and fibroblasts. The data suggested that
the cross-reactivity or polyspecificity could lead to detrimental cytotoxic
side effects on the host although initially well intended to neutralize
infectious microorganisms. Table IV lists the bacterial, viral, and host
proteins with which the streptococcal M protein shares immunological
characteristics. Included in this group is the mycobacterial heat-shock
protein hsp65, which is thought to play a role in adjuvant arthritis. Shared
epitopes of strong microbial antigens may be important in triggering
autoimmune diseases.

6.2. Molecular Mimicry of Host Antigens

Molecular mimicry may be due to an identical sequence shared
between host and bacterial or viral proteins,'28129 or to structural sim-
ilarities shared between proteins with homologous but nonidentical
sites.’?’ In addition, molecular mimicry has been shown to occur between
dissimilar molecules such as proteins and carbohydrates,!3%-132 proteins
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TABLE IV
Proteins with Immunological Similarity
to Streptococcal M Protein

Host antigens
Cardiac myosin
Skeletal myosin
Tropomyosin
Keratin
Vimentin
Laminin
Retinal S antigen
DNA
Microbial antigens
Coxsackievirus capsid proteins-VP1,2,3
Mycobacterial heat-shock protein-hsp65
Streptococcal 60-kDa actin-like protein
Streptococcal group A carbohydrate (N-Ac-Gln)

and DNA,!'2 and carbohydrate structures and DNA.13% Molecular mimi-
cry between bacterial and host antigens has been recently reviewed.!34
The streptococcal antigens implicated in cross-reactivity with host tissues
have been investigated on a molecular level over the past 10 years. The
findings reveal the importance of the streptococcal M protein and its
similarities with a number of host antigens present in the myocardium,
valve, joint, and skin as summarized in Table IV. The data suggest that the
host antigen targets myosin, tropomyosin, laminin, vimentin, and kera-
tin, are at least in part, the basis of the clinical manifestations observed in
rheumatic fever. Antistreptococcal antibodies that bind to these host
antigens may target inflammation to the specific tissues. Cell adhesion or
extracellular matrix molecules such as laminin may act like a sieve to trap
cross-reactive antibodies in tissues and induce inflammatory responses.
Inflammation caused by the antibodies alone might be expected to be
self-limiting and transient such as that seen in arthritis and chorea in
rheumatic fever. However, more permanent damage such as that in the
valve in rheumatic carditis may result from cell-mediated immune re-
sponses against the streptococci and host antigens.

6.2.1. Alpha-Helical Coiled-Coil Molecules

The structure of alpha-helical coiled-coil molecules such as myosin
and streptococcal M protein is composed of a heptad repeat pattern
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which contains a periodicity of seven amino acid residues where specific
amino acid residues are positioned to produce an alpha-helix.*® In the
helical coil conformation, hydrophobic nonpolar residues, such as leu-
cine, seek the buried environment away from the solvent, while the polar
‘residues, such as lysine, are solvent-oriented. The continuous heptad
repeat pattern generates an alpha-helical coiled-coil conformation with a
rod region that forms dimers. Although the amino acid sequence of the
heptad repeat may differ, helix-promoting residues are present in the
correct positions to achieve the alpha-helical structure. Dimers form as
the hydrophobic side of the molecule joins with another like molecule
along its hydrophobic face. The alpha-helical coiled-coil molecules in-
volved in mimicry between streptococcus and host include myosin, tropo-
myosin, keratin, vimentin, and laminin. -

6.2.1a.  Streptococcal M Protein: Heart Cross-Reactive Epitopes. The pri-
mary structure of the streptococcal M protein has been determined over
the past 15 years.37-53 The definition of the true primary structure of M
protein has been instrumental in identification of immunologically and
structurally similar proteins in the host. Manjula and Fischetti**45 investi-
gated the primary sequence of the streptococcal M protein for sequence
identity with host proteins before the M protein genes were cloned and
their nucleotide sequence determined.*6-52 Determination of the M pro-
tein sequence confirmed its alpha-helical coiled-coil structure, resem-
bling host proteins such as tropomyosin and the desmin-keratin family of
host alpha-helical coiled-coil molecules.43-45 At the same time, antistrep-
tococcal mAb studies by Cunningham and colleagues revealed that the
target of antistreptococcal antibodies in human heart was myosin.!10-117
Dale and Beachey discovered that PepMb induced antibodies to myosin
in rabbits.!!! They also found that a myosin cross-reactive epitope of M
protein was present in M6 and M19 serotypes.!!!

The proposed model of the M protein24 shows it as a coiled coil rod
extending from the streptococcal cell wall. The M protein is anchored in
the membrane, and its fimbriae extend through the peptidoglycan and
group carbohydrate at the cell wall (Fig. 2). Once the complete nucleo-
tide sequence of the M proteins was known, it was determined that the M
protein molecule was divided into regions containing amino acid se-
quence repeats which were designated the A, B, C, and D repeat regions
(Fig. 2).%

The first epitope mapping studies of the myosin cross-reactive epi-
topes of M protein were performed using peptides of the PepM5 protein.
These studies identified two regions in the M protein which were reactive
with antimyosin antibodies. The Gln-Lys-Ser-Lys-Gln site was found to
react with antimyosin antibodies affinity-purified from acute rheumatic
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fever patients.”” A synthetic M5 peptide containing this sequence (resi-
dues 164-197) induced antibodies against the sarcolemmal membranes
of heart.136 The other site was located at residues 84-116 of the PepM5
molecule.””136 Furthermore, a site at the N-terminus of M19 was shown to
cross-react with heart tissue.!3” The determination of these cross-reactive
sites began the studies to identify sites in the M protein that might be
responsible for manifestations observed in acute rheumatic fever.?7,136-138
Once the genes for the M proteins were cloned and the nucleotide
sequence determined, overlapping synthetic peptides were produced
spanning the A, B, and C repeat regions of the M5 molecule (Table Vand
Fig. 12). Recent studies!3? using these overlapping M5 peptides have
revealed B-cell and T=cell epitopes of the M protein which are cross-
reactive with host tissues. Table VI summarizes the.M protein sequences
that are cross-reactive with myosin. Sites of myosin cross-reactivity have
been associated with a region in the Arepeat (NT3-7), B repeat (B2B3B),
and C repeat (see Tables V and VI) (unpublished data). The B2B3B
peptide contains the QKSKQ) sequence previously reported to react with
antimyosin antibodies affinity-purified from acute rheumatic fever sera.””
The B2B3B peptide is a site in the B repeat region which induces anti-
myosin antibody responses in mice.

The synthetic overlapping M) peptides have been utilized in the
ELISA, immunodot blots, and ELISA inhibition to map the sites recog-
nized by the cross-reactive antistreptococcal/antimyosin mAbs. The mAb
mapping data suggest that homologies are shared among regions within
the M protein (unpublished data). Furthermore, the repeated regions
may contribute to the cross-reactivity of the antibody molecules and
enhance induction of cross-reactive antibodies. The M protein serotypes
that contain amino acid sequence repeats identical or similar to those of
host antigens may enhance cross-reactive and autoantibody production
in the host. Antistreptococcal mAb reactivity with multiple sites in particu-
lar regions of the M molecule (unpublished data) may be attributed to
the repeated amino acid sequences found in the overlapping peptides
and to the heptad repeat pattern necessary to maintain the alpha-helical
coiled coil. Therefore, repeated amino acid sequences found in the A, B,
or Crepeatregions of the M protein may be importantin the induction of
immune cross-reactivity in the host and in antigenic reactions with cross-
reactive antibodies. Specific repeats have been observed in the M5 and
M6 proteins, and the M24 serotype contains a hexapeptide from tropo-
myosin repeated five times.?* It is possible that certain repeated primary
amino acid sequences influence the level and specificity of cross-reactive
immune responses and antigen processing in the susceptible host.

We have found at least two major sites within the M5 protein to
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TABLE V
Overlapping Synthetic Peptides
of Streptococcal M5 Protein®

Peptide Sequence Amino acid residue
NT1 AVTRGTINDPQRAKEALD 1-18
NT2 KEALDKYELENHDLKTKN 14-31
NT3 LKTKNEGLKTENEGLKTE 27-44
NT4 GLKTENEGLKTENEGLKTE 40-58
NT5 KKEHEAENDKLKQQRDTL 59-76
NT6 QRDTLSTQKETLEREVQON 72-89
NT7 REVONTQYNNETLKIKNG 85-102
NT8 KIKNGDLTKELNKTRQEL 98-115
B1A TRQELANKQQESKENEKAL 111-129
BIB ENEKALNELLEKTVKDKI 124-141
B1B2 VKDKIAKEQENKETIGTL 137-154
B2 TIGTLKKILDETVKDKIA 151-167
B2B3A  KDKIAKEQENKETIGTLK 163-180
B3A IGTLKKILDETVKDKLAK 176-193
B2B3B  DKLAKEQKSKQNIGALKQ 189-206
B3B GALKQELAKKDEANKISD 202-219
ClA NKISDASRKGLRRDLDAS 215-232
C1B DLDASREAKKQLFAEHQK 228-245
C1c2 AEHQKLEEQNKISEASRK 241-258
C2A EASRKGLRRDLDASREAK 254-271
C2B SREAKKQLEAEQQKLEEQ 267-284
C2C3 KLEEQNKISEASRKGLRR 280-297
C3 KGLRRDLDASREAKKQ 293-308

%From Ref. 215.

induce antibody reactivity with myosin when BALB/c mice or Lewis rats
were immunized with each of the 23 overlapping M5 peptides (Tables V
and VI; Fig. 12) (unpublished data). The NT4 peptide (M5[40-58])
contains a sequence repeated in the N-terminal or A repeat region of M5
protein which shares 80% identity with a site in the LMM region of
human cardiac myosin (Fig. 13).14% Immunization of BALB/c mice with
the NT4 peptide alone or linked to keyhole limpet hemocyanin (KLH)
resulted in the production of antimyosin antibody (unpublished data).
Immunization with NT4 produced inflammatory infiltrates in the hearts
of BALB/c mice (Table VI) and MRL mice.? In addition, the M protein
peptide NT4 was found to contain a myosin cross-reactive T-cell epi-
tope.139

A second site, M5 peptide C3 (M5[293-308]), is important because
it contains the class I M protein epitope believed to be associated with
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TABLE VI
M5 Peptide Sequences Responsible
for Induction of Antimyosin Antibody
in Balb/c Mice,? Lewis Rats, or Humans

A Repeat region B Repeat region  C Repeat region

NT3 B2B3B ClA
NT4¢ CI1B
NT5¢ C2A
NT6* C2B
NT7¢ C2C3
C3

sImmunization of mice with 500 pg peptide in CFA with three
boosters in IFA at 2-week intervals. Mice were euthanized at 8 weeks
following immunization. Sera were tested in Western blot and
ELISA and compared with prebleed and CFA adjuvant controls
which were negative.

*Produced inflammatory lesions in the myocardium of Balb/c mice.

rheumatogenic serotypes.’®78 The evidence strongly implicates C3 as a
myosin cross-reactive site in M5 protein. First, affinity-purified antimyosin
antibodies from acute rheumatic fever serum recognize M5 peptide C3.
Second, anti-C3 antibodies affinity-purified from acute rheumatic fever
serum recognize human cardiac myosin.”® Antibodies against peptide C3
(M5[293-308]) are not present in normal sera and are not significantly
elevated in uncomplicated streptococcal infections.”® The peptide C3
(M5[293-308]) site contains a sequence repeated throughout the C
repeat region of Mb protein. The C3 site has identity with a site in human
cardiac myosin as shown in Fig. 14. If this site isimportant in the abnormal
immune responses in rheumatic fever, as the data would suggest, the
susceptible host response to and presentation of this site in M protein to
the immune system might be a key factor in development of disease.
Although the C3 peptide does not appear to induce cardiac inflammation

NT4 GLKTENEG--LKTENEG--LKTE
I I Il
MYO KLQTENGE LQTENGE LQTE

FIGURE 13. Homology between the NT4 peptide sequence and a sequence in myosin. The
sequence repeat in NT4 repeats four times in the M) A repeat region, but it does not repeat
in myosin. The NT4 sequence is a Bcell and Tell epitope of M5 protein that induces
antimyosin responses in animals as well as cardiac inflammation. The repeated sequences
within M proteins, which are similar to sequences in myosin, may be important in inducing
an autoimmune response against myosin.
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QKMRRDLE HUMAN CARDIAC MYOSIN [1168-1175]

KGLRRDLDASREAK M5 PEPTIDE C3 [282-299]

FIGURE 14. Homology between human cardiac myosin and M5 peptide C3. The M5
sequence RRDL is within the class I epitope in the M5 protein. Class I M protein serotypes
such as type 5 are associated with rheumatic fever outbreaks. Peptide C3 contains an epitope
of M protein which not only reacts with antimyosin antibodies, but induces immune
responses against myosin in animals.

in BALB/c mice or Lewis rats (unpublished data), it may be responsible
in part for the antimyosin antibody responses in animals and man.141.142
Although antistreptococcal antibody deposition may play an important
role in development of cardiac murmurs and rheumatic heart disease,
cell-mediated immunity and heartreactive T cells are implicated in the
development of the permanent heart damage that is discussed in Section
6.4. Transient manifestations such as arthritis, chorea, and erythema
marginatum may result from the deposition of cross-reactive antibodies
in tissues.

6.2.1b. Host Antigens. Studies using human and mouse antistrep-
tococcal mAbsl10-112.115-117,125,127,130-132,136-139,142,143 have shown that the
cross-reactive proteins in the host include myosin, tropomyosin, laminin,
vimentin, and keratin. Cunningham and colleagues have defined epi-
topes of myosin recognized by human and mouse antistreptococcal
monoclonal antibodies. Dell'? first described the fragments of human
cardiac myosin which reacted with antistreptococcal mAbs, and Quinn!?5
utilized a panel of 49 overlapping synthetic peptides of human cardiac
LMM to map human mAb 10.2.3, which reacted with M protein and
myosin. The sites of cross-reactivity between M protein and myosin may
share as much as 80% identity. However, some sites have very little amino
acid sequence homology, suggesting that conformational constraints on
the peptides as well as the primary structure may affect antibody cross-
reactivity with M protein peptides.

Although the role of molecular mimicry in the pathogenesis of
rheumatic fever is not entirely clear, our studies suggest that certain cross-
reactive antistreptococcal antibodies are cytotoxic.!2” Most of the cross-
reactive alpha-helical host antigens are cytoskeletal proteins located
within host cells and are unlikely to be cell-surface targets that would
contribute to the cytotoxicity of antistreptococcal antibodies. However, a
highly cytotoxic antistreptococcal/antimyosin antibody reacted strongly
with laminin, a heart cell-surface molecule.!3?1%2 Laminin is an alpha-
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helical molecule located on the surface of muscle cells, including those in
the myocardium. Laminin is composed of three chains that form a large
800-kDa structure in the extracellular matrix. Domains I and II of each of
the three laminin chains, A, B1, and B2, are alpha-helical (Fig. 15) 44 The
trimer is maintained through an alpha-helical coiled coil structure within
domainsIand II. The M protein shares homology with these alpha-helical
regions. The importance of laminin or other similar extracellular matrix
proteins in rheumatic fever may be their recognition by antistreptococcal
antibodies on the heart cell surface. This was demonstrated using mouse
antistreptococcal mAb 36.2.2 which was shown to be highly cytotoxic in
the presence of complement for heart cells and fibroblasts but not
cytotoxic for liver cells that did not express laminin.!3%142 Only the cyto-
toxic antistreptococcal mAb recognized laminin, while the other anti-
streptococcal mAbs did not react with laminin and were not cytotoxic.
Cytotoxic antistreptococcal antibodies recognizing host cell-surface epi-
topes may be, in part, an explanation for inflammation and tissue damage
in acute rheumatic fever.

6.2.2. Group A Streptococcal Carbohydrate Antigen

Recent studies have shown that a subset of cross-reactive antistrep-
tococcal mAbs reacted with the N-acetyl-3-p-glucosamine epitope of
group A streptococcal carbohydrate.!3%-132 Antibodies against group A
carbohydrate are important due to their persistence in serum of acute
rheumatic fever patients with valvulitis.'*> The group A carbohydrate
consists of repeating polysaccharide units of rhamnose O-linked to
N-acetyl-B-p-glucosamine.!#6 McCarty suggested that the terminal O-
linked sugar might cross-react with antibodies against the group A car-
bohydrate and host tissues.!4” N-acetyl-glucosamine is found in host tissue
glycoproteins and mucopolysaccharides.!¥¥ Previous work by Goldstein
and colleagues!%* demonstrated cross-reactivity of anti—cardiac valve anti-
bodies with N-acetyl-glucosamine and the streptococcal group A carbo-
hydrate. Lyampert et al.10519 demonstrated that antibodies produced in
rabbits to group A streptococcal carbohydrate reacted with thymus and
skin. Other studies have implicated the anti-group A carbohydrate anti-
bodies in cross-reactions with epithelium of various tissues.48149 Specific
cross-reactions of anti-N-acetyl-glucosamine antibodies was recently inves-
tigated by Shikhman ez al.130-132 First, a subset of antistreptococcal mouse
mAbs was found to recognize N-acetyl-B-D-glucosamine and the cytoskele-
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tal proteins myosin and keratin.!*® Once human mAbs against the
N-acetyl-glucosamine epitope were produced from rheumatic fever pa-
tients,!3! it was shown that many of them recognized keratin, which may
be the basis of the previously reported anti—group A carbohydrate anti-
body reactivity with skin and epithelium (Table II). Epitopes of cyto-
keratin 14 were recently mapped to specific sites within the keratin
molecule using the Geysen peptide pin technique.!® The cumulative data
proved that the anti-N-acetyl-glucosamine antibodies cross-reacted with
peptide determinants of the keratin molecule as well as with peptides
from M protein and other microbial and host antigens.130:13! Interestingly,
all of the human antimyosin mAbs reacted with N-acetyl-glucosamine and
with sites in the LMM region of human cardiac myosin (unpublished
data, Table III). The discovery that anti-N-acetyl-glucosamine antibodies
can also recognize peptides within the alpha-helical coiled coil molecules
of the host and the streptococcus revealed important insights into the
nature of cross-reactivity between the streptococcus and host tissues. The
nucleotide sequence analysis of human and mouse mAb V regions will
provide a base for comparison of the immunoglobulin V region gene
families used for production of anti-N-acetyl-glucosamine antibodies in
humans. Furthermore, idiotypic analysis of the human antibodies will
lead to a better understanding of the profiles of cross-reactive antibodies
in rheumatic fever and in unaffected individuals. Considering the data of
Dudding and Ayoub,!45 pathogenic crossreactive antibodies in rheumatic
fever may result from responses against the group A carbohydrate.

6.3. Summary: Three Major Groups of Heart Cross-Reactive
Antibodies

In the investigation of antistreptococcal antibodies that recognize heart
tissue, three major groups were delineated. The first group recognized
myosin, tropomyosin, or o-helical coiled coil molecules in host tissues.
Cytotoxic mAb 36.2.2 was in the first group and recognized laminin, a
distinguishing feature of this mAb. A second group reacted with DNA and
was strongly antinuclear. These antibodies were lupus-like in their reac-
tivities with DNA and synthetic polynucleotides. Prototype antinuclear/
antistreptococcal mAbs are 54.2.8 and 654.1.1, which strongly recognized
epitopes within M protein. The third group was found to react with the
group A carbohydrate epitope N-acetyl-glucosamine. Human antistrepto-
coccal/antiheart mAbs do not demonstrate antinuclear activity, are not in
the second group, and demonstrate characteristics of group 3.
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6.4. Cell-Mediated Immunity and the Rheumatic Lesion
6.4.1.  Cellular Immune Responses in Rheumatic Fever

Cell-mediated immune responses against the group A streptococcus
in rheumatic fever are not as well defined as antibody responses and their
cross-reactivity with host antigens. However, it is well known that lympho-
cytes from acute rheumatic fever patients are hyperresponsive to group A
streptococcal antigens. Skin tests for delayed-type hypersensitivity dem-
onstrated that acute rheumatic fever patients were more reactive than
controls when streptococcal components were used for skin testing.130
Beachey et al. used better defined streptococcal M protein to demonstrate
delayed-type hypersensitivity in guinea pigs and man.!5! Abnormal re-
sponses were observed by Read and Zabriskie and colleagues!52-15 and by
Gray et al.15% in in vitro tests of lymphocyte responsiveness to streptococcal
membranes or extracellular products in acute rheumatic fever. Gibofsky
et a1 have recently reviewed the importance of cell-mediated immunity
in rheumatic fever.

6.4.2.  Cellular Immune Responses against Myosin and Streptococcal
M Protein

A few studies of T-cell responses in animals to streptococcal and
cardiac antigens!'57-15% have suggested that lymphocytes from humans
with acute rheumatic heart disease or from animals sensitized with group
A streptococcal antigens were cytotoxic for cardiac myofibers in vitro.
Further work has shown that streptococcal PepMb protein stimulated T
lymphocytes that were cytotoxic for several human cell lines.16® Recent
work to identify T-cell epitopes of M protein crossreactive with cardiac
myosin that one T-cell epitope of M protein, type 5, resides in the
N-terminal region in the M5 peptide NT4 (M5[27-44]).14 BALB/c mice
were immunized with human cardiac myosin and the myosin-sensitized
lymphocytes were found to be stimulated by M protein peptides NT4
(M5[27-44]) and B1B2 (M5[138-155]). The NT4 peptide also induced
production of antibodies against myosin. Studies of T-cell clones respon-
sive to M5 protein indicate that the clones respond to regions in the
N-terminus!®! (M5 residues 1-35) or the C-terminus!62163 (M5 residues
300-319). T=cell lines/clones cross-reactive with M5 peptides and heart
proteins have been produced from rheumatic heart valves of humans.!”®
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6.4.3.  Streptococcal Superantigens

Superantigens are bacterial or viral proteins that differ from typical
antigens in several aspects.164165 The superantigen recognizes the beta
chain of the T-cell receptor, while other parts of the receptor play little or
no role in recognition and are not processed as conventional antigens.
The unprocessed superantigen is recognized and presented by the classII
MHC molecule, and the entire complex of superantigen and MHC is
recognized by certain beta chains (V) of the T-cell receptor. The super-
antigen binds outside the conventional site or groove of the MHC mole-
cule, where recognition of processed peptide antigens usually occurs.
When this complex is recognized by the V3 of the T-cell receptor, the T
cells are stimulated nonspecifically, and large numbers of T cells can
become activated unlike conventional antigens that specifically stimulate
small numbers of T cells in a population. Although the superantigens are
not true mitogens, they behave very much like mitogens to activate large
populations of T cells.164-166

The most potent of the streptococcal superantigens are streptococ-
cal erythrogenic toxins A, B, and C, which stimulate the VB8+ subset of T
cells.®6.166 The erythrogenic toxin A is most well known for its role in the
symptoms of scarlet fever and toxic shock-like syndrome during strepto-
coccal infections.%%66 In addition to the streptococcal toxins, PepM pro-
tein has been shown by Kotb and colleagues!67-168 to act as a superantigen
only in humans by stimulating T-cell subsets V(3 2, 4, and 8. It has been
proposed that superantigen exposure could lead to activation of self-
reactive T cells and to autoimmunity and tissue damage.!%5 It is possible
that cross-reactive T cells in rheumatic fever are activated by streptococcal
superantigens. The hyperresponsiveness to all streptococcal antigens
could be due to the exposure of the host to streptococcal superantigens.

6.4.4. Nature of the Rheumatic Cardiac Lesion

Characterization of the rheumatic lesion has been important in our
current understanding of the permanent heart damage in rheumatic
fever. Although the cardiac lesions that develop in rheumatic carditis can
involve all parts of the heart, the valves are affected most often.! The
characteristic lesion described in the rheumatic heart was the Aschoff
body or a focal lesion which developed in myocardial tissue.l Although
pathologists may still disagree as to the nature of the lesion, recent studies
of rheumatic hearts by McManus and colleagues!®? suggest that the cells
in the lesion stain with macrophage markers and have the characteristics
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of cells of the macrophage lineage. The components of the Aschoff body
have been in dispute since Murphy!7? suggested that the cells in Aschoff
nodules were degenerating muscle cells and Wagner!”! suggested that
they were more like connective tissue cells than muscle fibers. In one
study!72 biopsy specimens from a patient with rheumatic carditis revealed
the predominance of T lymphocytes of both CD4+ and CD8+ subsets,
although macrophages, B lymphocytes, and mast cells were present.
Stollerman has pointed out that interstitial myocarditis seen in rheumatic
fever was more likely to be the cause of heart failure than the focal Aschoff
bodies.}'73 The myocardial lesions contained predominantly infiltrates of
lymphocytes. In the heart muscle, myocardial fibers are damaged, with
the greatest damage observed near Aschoff bodies and around blood
vessels.1173 This is not surprising since the interaction of circulating
lymphocytes with the endothelial lining of blood vessels precedes cellular
infiltration into tissues.'’* Figure 16 illustrates the hypothetical steps
leading to heart damage in acute rheumatic fever.

Cardiac failure in acute rheumatic fever is most likely due to damage
of the heart muscle by an immune response against myosin and other
heart autoantigens. Muscular portions of arteries may also be involved in
the inflammatory changes. Valvulitis with subsequent fibrosis is also an
important part of the development of the scarred valves, which can no
longer function properly, and can lead to heart failure and valvular
insufficiency.! Studies by Gulizia et al.l’> suggest that cross-reactive anti-
streptococcal antibodies react with specific sites on the valve, including
the endothelial lining where inflammation signals upregulation of inte-
grins, MHC class II molecules, and subsequent infiltration of tissue.174
Increased numbers of valvular interstitial cells in the rheumatic valve may
be importantin the scarring process.!”> However, Stollerman states that in
rheumatic fever there is a ‘“‘remarkable tendency for the disease to heal
rather than to scar tissues it affects, with the exception of some cardiac
lesions.”173 Although antibodies may target the immune and inflamma-
tory response to the heart, joints, brain, and skin, the infiltration of the
target organ by T-cell subsets may be the pivotal point leading to tissue
damage or healing. One hypothesis for the pathogenesis of acute rheu-
matic fever is that antibodies mediate many of the disease manifestations
but T-cell subsets that mediate delayed-type hypersensitivity and/or cyto-
toxicity become activated and produce the chronic lesions in the valve
(Fig. 16). The T-cell response to particular epitopes by the susceptible
host may lead to production of influential cytokines by specifically acti-
vated T-helper subsets which can lead to inflammation and tissue dam-
age.1’6177 Cytokines may play a pivotal role in the regulation of tissue-
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specific injury by inducing vascular cell adhesion molecules (VCAMs)
which leads to infiltration of tissue by lymphocytes.174178.182-185 1 gcal
production of cytokines may be very important in the course of perma-
nent heart damage in rheumatic heart disease. Much has been learned
about cytokine patterns of T-cell helper subsets Thl and Th2 and their
functions in delayed-type hypersensitivity reactions and in antibody pro-
duction, respectively.18018] A new understanding of the T-cell subsets and
their cytokine patterns should help in the investigation of the T cells that
are activated in rheumatic fever. T-cell clones, cross-reactive with M pro-
tein and myosin from M protein—immunized rats developing myocarditis,
produce interleukin-2 (IL-2) and interferon-y (Quinn and Cunningham,
unpublished data). These data suggest that the cross-reactive T cells may
be the Thl phenotype which produce the proinflammatory cytokines
IFN-y and IL-2. The continued investigation of T-cell clones and the
pathogenetic mechanisms in rheumatic fever will provide insights into its
pathogenesis as well as other related rheumatic and autoimmune dis-
eases.

7. ANIMAL MODELS OF RHEUMATIC HEART DISEASE

Although many would say that there has not been a good model for
rheumatic fever, models of the disease have been investigated in rabbits,
mice, rats, and monkeys.18¢-19 A review on rheumatic carditis describes
many studies using streptococcal components, different types of immun-
ization protocols, and different animal species.!9 Studies in decades past
used whole streptococci and crude streptococcal preparations, lacked

FIGURE 16. Hypothetical scheme of the pathogenesis of rheumatic carditis. In vitro data
support the hypothesis that antistreptococcal antibodies bind to valvular endothelium,!?
and may deposit in myocardium to extracellular matrix proteins such as laminin or to
extruded myosin. Cytokine production and upregulation of MHC class II molecules in
localized tissue may lead to the expression of cell adhesion molecules on vascular endo-
thelium!7# and promote infiltration of the valve and myocardium by trafficking autoreactive
lymphocytes. Both CD4+ and CD8+ lymphocytes have been demonstrated in rheumatic
valves.!®9 Observation of the Lewis rat following immunization with recombinant M6
protein shows foci of myocarditis with destruction of myofibers at the site of cellular
infiltration. Destruction of myofibers was observed in myocardial lesions in ARF. The
production of interferon-y (YIFN) by CD4+ T lymphocytes of the T helper—1 subset may
activate adjacent CD8+ T lymphocytes and lead to their cytotoxic destruction of myocar-
dium. Valvulitis ultimately will lead to scarring of tissue due to collagen deposition within
the inflamed valve.
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appropriate controls, and had equivocal results. Murphy and Swift!8!.182
produced focal cardiac lesions in rabbits which were reproducible by one
group but not by another. However, the investigations of Schwab and
colleagues!®6-190 are highly reproducible and have been studied for many
years. In these studies large amounts of streptococcal cell walls or
peptidoglycan-polysaccharide complexes were given to mice or rats that
developed carditis, arthritis, or uveitis.186-190.192-197 None of the models
have been used to study adequately the immune mechanisms of rheumatic
carditis, but antibody and cell-mediated immunity have been studied in
the arthritis-uveitis model, and cross-reactivity between streptococcal
mAbs and uveitogenic proteins has been noted.!12-1% The hypothesis of
Schwab and associates is that the peptidoglycan-polysaccharide and/or
cell-wall antigens persist in tissues and act as a chronic stimulus for
continued tissue injury and production and deposition of immune com-
plexes.

Recently, Quinn and Cunningham found that recombinant M6 pro-
tein produced focal lesions of myocarditis in 50% of Lewis rats tested,
while the adjuvant controls did not develop heart lesions (unpublished
data). The Lewis rat is known to develop a granulomatous myocarditis
when injected with cardiac myosin.!® Lewis rats given the recombinant
M6 protein developed the same signs and symptoms as rats with myosin-
induced myocarditis. In a small percentage of the rats, valvulitis was
observed (unpublished data). The cellular infiltrates appeared to con-
tain both lymphocytes and macrophages. The model is being used to
investigate T-cell clones cross-reactive with M protein and myosin. Further
study of the model will determine its usefulness in elucidating the poten-
tial mechanisms in rheumatic fever.

8. TREATMENT AND PREVENTION

8.1. Antibiotic Therapy and Prophylaxis

In the 1940s penicillin first became available and was used suc-
cessfully to treat group A streptococcal infections.2?? The treatment for
group A streptococcal pharyngitis or tonsillitis for the past 40 years has
been penicillin. In addition, penicillin prophylaxis is used as a measure to
prevent recurrences of rheumatic fever.2! Early treatment of streptococ-
cal infection with penicillin prevents an immune response against strep-
tococcal antigens. Treatment failures have been reported?92:203 but are
thought to be due to the coexistence of lactamase-producing bacteria in
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the tonsillopharynx. Bacteria degrade penicillin in the infected area and
allow survival of the group A streptococci. Streptococci can be eradicated
in these situations by administering amoxicillin and clavulanate to-
gether.202 Group A streptococci have not developed resistance to peni-
cillin, and they remain exquisitely sensitive. However, some strains have
developed a penicillin tolerance by inhibiting the bactericidal effects of
the antibiotic.293 In penicillin-tolerant strains, the minimal bactericidal
concentration will be at least 32-fold higher than the minimal inhibitory
concentration. Other choices for treatment of streptococcal pharyngitis
include cephalosporins and erythromycin, but penicillin remains the
drug of choice.

8.2. M Protein Vaccine Strategies

Investigators have worked over the past two decades to develop a safe,
efficacious vaccine to be used for immunization against rheumatogenic
serotypes. With the resurgence of rheumatic fever and serious streptococ-
cal infections, it is prudent to continue to pursue a group A streptococcal
vaccine. The development of a vaccine has always been met with enthusi-
asm, but it has certain problems. First, one does not want to exacerbate
the rheumatic disease that the vaccine would be designed to prevent.
Thus, the M protein sites associated with allergy, tissue cross-reactivity, or
tissue infiltrates should be avoided and selected sites should be thor-
oughly tested in animals. Second, the immune response should be long-
lived and provide lasting protection. Third, there are over 80 different M
serotypes which cause infections, but only a limited number of M protein
serotypes is practical for a vaccine. Sites common to all or some of the M
proteins might be an effective vaccine against a number of serotypes;
however, the serotype specificity is shown to reside at the highly variable
N-terminal region of the molecule.

In a recent review, Fischetti24 discussed the development of M pro-
tein vaccines. Many outstanding scientists have made contributions to our
understanding of the M protein antigen since its discovery by Lance-
field.30In the 1970s, Fox and Wittner studied M protein vaccines and their
immune response in mice.204205 By 1979, Beachey ¢t al. had taken advan-
tage of the pepsin extraction method and produced highly purified
PepM24.206 PepM24 contained the N-terminal half of the M protein
molecule and was mixed with alum as an adjuvant and used to immunize a
small group of 12 human volunteers. The studies by Beachey et al. were the
first studies in humans with a defined synthetic M protein vaccine anti-
gen.206.207 The volunteers developed opsonic antibody against the type 24
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streptococcus but had no delayed-type hypersensitivity reaction, and no
heart cross-reactive antibodies were observed by immunofluorescence
tests of heart sections.

One of the major problems of immunization with the streptococcal
M protein as an effective prevention of group A streptococcal infection is
the number (>80) of M protein serotypes. For effective protection
against rheumatic fever, a combination of M protein serotypes from
rheumatogenic strains would be required. Studies in 1986 by Beachey et
al2%8 described opsonic antibodies against a hybrid peptide containing
copies of the type 5 and type 24 M proteins synthesized in tandem. The
peptide induced antibodies against both serotypes of M protein, suggest-
ing that effective immunization with multivalent synthetic vaccines was
possible. More recently, Dale et al. have examined a multivalent, hybrid,
recombinant tetravalent M protein vaccine.?0? Four M protein serotypes
were represented in the peptide, which contained the N-terminus of M
types 24, 5, 6, and 19. The immune sera from rabbits immunized with the
multivalent peptide proved to opsonize all four serotypes of group A
streptococci. However, in some instances one of the M serotypes included
in the multivalent vaccine would not elicit an immune response. The
reasons for this are unclear, but recombinant vaccines containing as many
as eight M type sequences have been shown to be effective at inducing
opsonic, serotype-specific responses in rabbits (Dale et al., personal com-
munication).

The enhancement of mucosal immunity has also been investigated
using synthetic peptides corresponding to conserved epitopes found in
the C-terminal region of M protein.2!® The M protein sequences were
conjugated with cholera toxin B subunit to enhance immunogenicity.
Other studies by Bronze et al. also suggest that mucosal immunity will be
enhanced by local administration of vaccines.?!! Recently, the C-terminal
region of the M protein was expressed in vaccinia virus?'? and in Strepto-
coccus gordoni.13-214 The administration of these mucosal vaccines in-
duced both IgA and IgG antibody in the recipient animals. Animals
immunized intranasally were resistant to mucosal infection by Strepto-
coccus pyogenes.

The most serious concern is that the M protein vaccines be safe and
not contain deleterious epitopes that might generate high levels of heart-
reactive antibody, cardiac inflammation, or rheumatic fever—like symp-
toms in vaccine recipients. Further testing of M protein vaccines will be
required to assure their safety for human use.
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HI.A-B27, Enteric Bacteria,
and Ankylosing Spondylitis

JOHN S. SULLIVAN and ANDREW F. GECZY

1. INTRODUCTION

Ankylosing spondylitis (AS) is an inflammatory arthropathy of the axial
skeleton and large peripheral joints whose characteristic pathological
feature is its tendency to show bony ankylosis around affected joints.
Patients with the disease complain of chronic lower back pain and stiff-
ness and a restriction of chest expansion. Other respiratory complica-
tions and even cardiovascular disease may sometimes develop.
Although many theories have been advanced as to the cause of AS,!
the close association between the major histocompatibility complex
(MHC) class I antigen HLA-B27 and AS probably provides a clue to
understanding the pathogenesis of the disease. In most racial groups
studied, more than 85% of individuals who present with AS are also HLA-
B27-positive (HLA-B27+), but this antigen is found in no more than 8-
10% of most healthy controls.? The strength of the HLA-B27 and AS
association is striking,? but it is important to note that 1) the association is
notabsolute; 2) the occurrence of other diseases (psoriasis, inflammatory
bowel disease, and Reiter’s syndrome) may influence susceptibility to AS,
and 3) although HLA-B27+ relatives of AS probands are more likely to
develop the disease, the incidence of AS in HLA-B27+ individuals in the
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general population is less than 2%. Thus, apart from genetic predisposi-
tion, other factors, possibly environmental, play an important role in the
development of the disease.

2. ONE- AND TWO-GENE THEORIES

The strength of the HLA-B27-AS association has resulted in the
development of two main theories which might explain this connection.
The “one-gene” theory? proposes that the HLA-B27 antigen itself is
directly involved in the disease process, while the “two-gene” theory*5
suggests that HLA-B27 is merely a marker for an as yet unidentified,
closely linked disease gene(s). The discordance for AS in some pairs of
identical twins, the lack of evidence of independent segregation of the
HLA-B27 antigen from AS in a family (except where other diseases such
as psoriasis or inflammatory bowel disease also occur), and finally the
failure to detect such a disease susceptibility gene have cast doubts on the
relevance of the two-gene theory in explaining the HLA-B27-AS correla-
tion. Most studies have concentrated on the one-gene theory as it is more
readily addressed from an experimental point of view, but in situations
where this approach has not proven satisfactory, the two-gene theory has
been supported by default rather than by the availability of convincing
data.® We have chosen not to embrace the one-gene or the two-gene
theories, as neither satisfactorily explains our observations and as these
terms are often imprecise and misleading. As we will explain later, we
prefer to interpret our data in terms of cross-reactivity between an HLA-
B27-associated structure and certain bacteria. Such cross-reactivity is
proposed to occur at both the humoral and cellular level and this inter-
pretation does not of course rule out either the one-gene or two-gene
theory.

The concept that a unique HLA-B27 antigen might distinguish HLA-
B27+ normal individuals from those with AS has received much atten-
tion, and both cellular and biochemical techniques have revealed the
complex heterogeneity of the HLA-B27 molecule.”3 At least eight dis-
tinct subtypes of the B27 molecule have been identified, but no single
subtype has yet been reliably correlated with disease expression, although
B27(B*2703) is thought not to be an associated risk factor for the se-
ronegative arthropathies.!* Furthermore, direct comparison between
B27+AS+ and B27+AS— individuals has failed to reveal specific B27-
related differences at either the phenotypic!® or genotypic!® levels.

Another version of the one-gene theory is the molecular mimicry
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theory, which proposes that the B27 molecule possesses epitopes that
cross-react directly with antigen(s) expressed by a number of bacteria. On
exposure to the relevant bacterium, the B27+ individual generates an
antibody response that is incapable of eliminating the organism, and its
persistence then leads to the continued production of an antibody which
partially cross-reacts with host cells. Evidence favoring such cross-reactivity
has come from a number of laboratories,!’-2° and a number of different
bacterially derived cell-surface molecules have been identified which
appear to cross-react with the B27 molecule. However the relevance of
this mechanism in vivo has recently been questioned.?! Recently, Scofield
et al.?2 have shown that unique among HLA-B molecules, the hypervari-
able regions of HLA-B27 unexpectedly share short peptide sequences
with proteins from a number of gram-negative baeteria. With respect to
the role of a class I antigen in the presentation of peptides, Madden and
associates?? recently determined the sequence of endogenous peptides
found in the binding cleft of crystallized B27, and Ohno?* expanded on
these sequences to develop a B27 binding motif. This motif includes an
invariant arginine in position 2 of a nonapeptide. The B27 molecule
contains a nonapeptide sequence that fits the motif at positions 168-172
within the third hypervariable region. Scofield’s group?? found that
proteins from gram-negative enteric organisms contain this binding mo-
tif significantly more often than proteins from other organisms.

We have developed a fundamentally different theory of cross-
reactivity on the basis of our work on the B27-AS connection. Our results
suggest that the cells of B27+AS+ individuals (but not of B27+ normal
individuals) display a cell-surface antigenic structure which cross-reacts
with a determinant expressed by a wide range of enteric bacteria. Al-
though it is generally assumed?> that our results fall into the one-gene
theory category, we have interpreted our data in terms of cross-reactivity
between a B27-associated structure and a limited number of enteric
bacteria.26

2.1. Debates and Controversies Surrounding These Theories

The nature and extent of the specific cross-reactivity between certain
enteric bacteria and the tissues of B27+AS+ individuals has been the
subject of intense and spirited debate.®27-28 The skepticism surrounding
these studies has stemmed from a number of nonconfirmatory reports
which cast doubt on the validity of these findings.2? However, the first
confirmatory work by Archer et al. was based on cells from AS patients
from a London population, but we supplied the reagents and the assays
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were performed in our laboratory in Sydnev.3’ A more objective and
comprehensive approach, initiated by a Dutch group,® involved the
collection of cells from 26 Dutch AS patients and 19 healthy controls and
the shipment of these cryopreserved cells under code to Svdney where
-they were tested for the HLLA-B27-associated determinant. The reassuring
outcome of this series of studies was that the specific cytotoxicity of a
range of antibacterial sera for B27+AS+ cells would be reproduced in a
blind trial.3! In a follow-up blind study,3? the ability of crossreactive
antisera to distinguish between the cells of Dutch patients with AS and
normal controls was investigated. Of the 45 samples tested, 29 were fresh
peripheral blood mononuclear cells (PBMC), while 16 were cryopre-
served PBMC. No false positives were identified, but there was one false
negative among the 45 samples, and the negative sample was confirmed
after the recoded cryopreserved cell sample from this patient was re-
tested. It was concluded from this exercise that the ‘“‘cross-reactive”
antisera raised in Sydney gave good discrimination between patients and
normals.?2 The possible reasons for the failure of some other laboratories
to confirm these observations still remain unknown.

3. DESCRIPTION OF HLA-B27-ASSOCIATED DISEASE MARKERS
IN THE PATHOGENESIS OF ANKYLOSING SPONDYLITIS

The basis of our research work has been to analyze the nature of the
observed cross-reactivity between B27+AS+ cells and enteric organisms
and to elucidate the possible relevance of this cross-reactivity to the
pathogenesis of AS. So far, strains of Kiebsiella, Escherichia coli, Salmonella,
Shagella, Staphylococcus, and Clostridium have been identified which express
a factor that cross-reacts with B27+AS+ cells.333¢ Antisera to these strains
raised in rabbits specifically lyse B27+AS+ lymphocytes in a complement-
dependent chromium release assay while having no effect on cells from
B27+ or B27— normal individuals. These organisms have been found to
shed a cross-reactive factor (the “modifying” factor; MF) into their cul-
ture media. This factor modifies B27+ normal cells so that they become
serologically similar to B27+AS+ cells and are lysed by the specific
antisera in the chromium release assay.?> Results which are consistent
with the modification of HLA-B27 by a putative arthritogenic peptide
have recently been reported by Wang and associates.3¢ This group identi-
fied three anti-HLA-B27 monoclonal antibodies (B27.M1, B27.M2, and
Ye-2) which did not react with “‘empty” HLA-B27 but which recognized
HLA-B27 only in the context of certain peptides, either added exog-
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enously or expressed endogenously. These findings raise the possibility
that these peptides represent arthritogenic factors which playarole in the
pathogenesis of the spondyloarthropathies. It is possible that our anti-
sera, which discriminate between B27+AS+ and B27+AS— individuals,
recognize foreign peptides in the context of HLA-B27.

With reference to our previous work, MF can be isolated from the
outer membrane of cross-reactive organisms, where it is associated with a
specific protein component with an isoelectric point of 5.5 and an ap-
proximate molecular weight of 30,000 kDa.3738 The activity of MF seems
to be associated with a subunit of this protein, since trypsin treatment
does not inactivate it; the modifying activity seems to be associated with a
lower molecular weight fraction.3” The significance of this finding is still
to be determined. It is tempting to suggest that an MF may be a precursor
of the arthritogenic peptide(s), proposed by other workers. The bio-
chemical properties of the modifying factor are common to all other
cross-reactive organisms investigated so far3? and also to the cross-reactive
determinant expressed on B27+AS+ lymphoblastoid cell lines.3? This
similarity suggests that there must be a common genetic sequence in the
cross-reactive organisms and B27+AS+ cell lines.

Studies have suggested that the gene coding for the MF in Klebsiella
K43-BTS1 and other cross-reactive organisms is carried on an extra-
chromosomal element or plasmid.4? Cesium chloride—purified plasmid
preparations from cross-reactive organisms can transform previously non-
cross-reactive bacteria so that they permanently acquire the genetic ele-
ment coding for MF (unpublished results). Transconjugation experi-
ments produce similar results.?’ The indication that the MF gene resides
on a mobile genetic element raises interesting possibilities with regard to
triggering the expression of the factor.

3.1. Relevance of MF and MF-Producing Organisms
in the Pathogenesis of AS

The in vitromodification of B27+AS— cells by MF has been found to
be dependent on a large variety of metabolic events such as protein
synthesis and prostaglandin metabolism.4-42 It is not yet known whether
specific metabolic events are directly involved in the modification of
B27+AS— cells or whether the only requirement is a metabolically com-
petent cell. It seems, though, that the in vitro modification process in-
volves more than just the passive attachment of MF to the cell membrane
of B27+AS— cells.#1:42

The essential difference between in vitro modified B27+AS— and
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B27+AS+ cells is that in the former, the expression of the cross-reactive
factor is only transient, since the cells lose their susceptibility to lysis by
cross-reactive antisera after washing and resuspension in fresh media in
the absence of additional MF after 8—12 hr.#3 However, B27+AS+ cell
lines continuously express the cross-reactive determinant in culture in
the complete absence of exogenous MF.#* In order to reconcile these
facts, we have proposed that the B27+AS+ cells have permanently ac-
quired the genetic element that codes for the cross-reactive determinant,
whereas the modification of B27+AS— cells in vitro is mediated by the
product of this genetic element, i.e., MF.#5 The permanent modification
of B27+AS+ cells could have occurred through an interaction between a
member of the bowel flora carrying the plasmid coding for MF and a
B27+ susceptible cell, resulting in the transfer of genetic material from
the bacterium to the human cells. This idea represents a novel patho-
genic mechanism, and although unconventional, it is fully consistent with
our results. The verification of this controversial hypothesis remains a
major research priority.

This postulate is supported by data demonstrating the presence and
maintenance of specific cross-reactive bacteria in the bowel flora of all
B27+AS+ patients tested,34%6 and it is likely that the majority of bowel
organisms from B27+AS+ patients express the MF determinant. Re-
peated sampling of a number of B27+AS+ patients revealed that the
cross-reactive organisms persist over long periods.3* In contrast, cross-
reactive organisms were isolated from only one of 35 B27—AS— and one
of 20 B27+AS— individuals.34 The intriguing fact that the cross-reactive
organisms are stably maintained in B27+AS+ patients remains unex-
plained but may suggest that the infectious process in AS may result from
a subtle, ongoing pathogenetic process rather than an acute infectious
episode typical of many other seronegative arthropathies.

4. EVIDENCE FOR HLA-B27-RESTRICTED CYTOTOXIC
T LYMPHOCYTES IN THE PATHOGENESIS OF ANKYLOSING
SPONDYLITIS AND OTHER SERONEGATIVE
ARTHROPATHIES

One possible consequence of the modification of B27-positive cells
in vitro may be the production of B27-restricted cytotoxic T lymphocytes
(CTL), which could kill target cells bearing the B27-associated modified
determinant. About ten years ago we reported that CTL, raised by stimu-
lating the PBMC of an HLA-B27-positive clinically normal individual
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(B27+AS—) with the PBMC of an HLA-identical sibling suffering from
AS (B27+AS+), will specifically lyse B27+AS+ PBMC but not PBMC
from HLA-B27+ (B27+AS—) or HLA-B27— (B27—AS—) normal individ-
uals.4’ Moreover, the “disease-specific’” CTL will lyse B27+AS— PBMC
that have been modified in vitro with culture filtrate from one of our
arthritogenic bacteria (e.g., Klebsiella, Salmonella, Shigella). The CTL of
similar specificity can also be raised by immunizing B27+AS— PBMC with
autologous cells modified in vitro by certain arthritogenic antigens.*’
Furthermore, we have also isolated CTL of similar specificity from the
peripheral blood of B27+AS+ patients.*®

In a recent study Herman and coworkers® tested a panel of 354
CD8+ T-lymphocyte clones (TLCs) derived from the synovial fluid of four
patients with reactive arthritis and two patients with AS. In one patient
with Yersinia-induced reactive arthritis, two TLCs were identified that
specifically killed Yersinia-infected B27-positive target cells. In another
patient with Salmonella-induced reactive arthritis, one B27-restricted
CD8+ TLC that recognized both Salmonella and Yersinia was identified.
Further, in five of the six patients autoreactive CTLs were found and
showed B27-restricted Kkilling of uninfected cell lines. These findings,
together with our previous demonstration of B27-restricted CTL directed
against a B27-modified determinant, should provide new insights into the
nature of the arthritogenic determinant recognized by T cells as well as
the significance of this recognition as part of an early event in the
initiation of the spondyloarthropathies. While many questions still re-
main unanswered, such as why many HLA-B27-positive individuals do not
develop arthritis following infection with arthritogenic bacteria, our CTL
data and those of Hermann and associates*? may represent an important
clue in understanding the pathogenic mechanisms in these B27-associated
diseases.

If the effector mechanisms suggested by our studies are significantin
the pathogenesis of AS, then certain cell types in the affected sacroiliac
region may present cytotoxic effector cells a more ““recognizable” struc-
ture than cells in the vicinity of the peripheral joints. Another possibility is
that the activity or the density of CTL, or both, may be greater in the
sacroiliac region. The demonstration that neutrophils and monocytes
from B27+AS+ individuals function as targets for these CTL (Sullivan
and Geczy, unpublished results) raises the possibility that such cells might
have some pathological relevance, as exaggerated inflammatory episodes
are thought to play a major role in the development of AS.

Ileocolonoscopic studies of the distal small bowel have suggested
that subclinical abnormalities are extremely common in AS.50 This obser-
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vation is relevant to our results on fecal carriage, as it could be proposed
that the carriage of these nonpathogenic cross-reactive bacteria might
initiate an inflammatory reaction at the level of the small bowel and that
this subclinical damage may reflect an early pathological lesion in AS.
Indeed, it is possible that these inflamed regions of the bowel may
facilitate the transfer of either bacterial products or DNA into the circula-
tion, thereby allowing them to elicit an effect in the susceptible individ-
ual. More extensive work both on the nature of the subclinical bowel
abnormalities and on their possible relationship to gut microflora is
required to adequately explore such a possibility.

5. CONCLUSIONS AND FUTURE DIRECTIONS

The significance of gastrointestinal infection and of the serological
cross-reactivity between certain organisms and B27+AS+ cells in the
clinical manifestations of AS has yet to be elucidated. Fundamentally
different theories of cross-reactivity as advocated by the Ebringers and our
group will remain theories unless specific pathological processes can be
related to either. Our own ‘‘altered self”’ theory of cross-reactivity pro-
vides a possible disease mechanism in the generation of specific CTL
which is amenable to experimental verification. It is noteworthy that the
specific CTL activity is essentially identical to the pattern of reactivity seen
with the cross-reactive antibacterial sera. The next step in this part of the
work is to clone CTL against HLA-B27-associated determinants with the
expectation that cloned CTL will provide us with a more reliable typing
reagent than the rabbit antisera that we have been using for the serologi-
cal detection of these determinants. As well as typing for B27-associated
determinants on the cells of AS patients, CTL should enable us to detect
putative disease-associated structures on the cells of normal HLA-B27-
positive family members of AS patients who harbor cross-reactive bowel
organisms but who do not express the serologically defined cell-surface
modification. The PBMC of these family members will also be used as
stimulator cells, with the PBMC of other family members acting as re-
sponder cells. The object of these in vitro stimulations would be to induce
CTL to serologically “‘latent” B27-associated determinants. It is antici-
pated that these CTL may uncover, on the cells of clinically normal
individuals, hitherto undetected B27-associated determinants that may
precede the serologically detectable antigens; that is, these determinants
may be an early clinical manifestation of disease. Ultimately, molecular
biological techniques should contribute significantly to clarifying the



ANKYLOSING SPONDYLITIS 75

mechanisms controlling disease susceptibility in AS. Moreover, such tech-
niques will simultaneously clarify the precise role of HLA-B27 and envi-
ronmental triggering agents in the etiology of AS.
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Triggering of Autoimmune
Antibody Responses
in Syphilis

ROBERT E. BAUGHN

1. INTRODUCTION

Early stimulation of the humoral and cellular immune response is clearly
one of the hallmarks of natural and experimental syphilis.! The depth
and breadth of the humoral immune response in the early stages of
disease is represented by antiphospholipid/anticardiolipin antibodies,
antitreponemal antibodies (the majority exhibiting extensive cross-
reactions with other pathogenic and nonpathogenic treponemes), and a
vast array of autoantibodies to blood cells, serum components, and tissue
constituents (Table I). Although certain autoimmune diseases may have a
microbial etiology, syphilis is unquestionably an infectious disease. It is
not, nor does it represent, an autoimmune state. The varied autoimmune
antibody responses associated with or accompanying infection do, how-
ever, appear to be triggered as secondary reactions. Were it not for the fact
that Treponema pallidum subsp. pallidum is capable of inciting immuno-
pathologic mechanisms, it would be easy to discount the presence of
autoantibodies as little more than the end result of an infection-related
immune injury. In fact, tissue destruction alone can favor the induction
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TABLE I
Types of Autoantibodies
Detected in Natural and
Experimental Syphilis?

Antiphospholipid antibodies

Cold autoantibodies to erythrocytes
Cold autoantibodies to lymphocytes
Rheumatoid factors

Cryoglobulins

Antifibronectin antibodies
Anticollagen antibodies
Antilaminin antibodies
Anti—creatine kinase antibodies

aSee Ref. 2 for additional information.

of autoimmune antibodies if host proteins are sufficiently altered through
the enzymatic actions of an offending organism. Although the contro-
versy concerning the nature of the cardiolipin responsible for elicitation
of anticardiolipin antibodies reactive in the Wassermann and Venereal
Disease Research Laboratories (VDRL) type tests has not yet been re-
solved, the inciting event may simply be the release of cardiolipin from
infected host cells via enzymatic action.? As isotype switching (IgM —
IgG) and increases in affinity are seen with respect to other autoanti-
bodies in this disease (discussed below), alternative triggering mecha-
nisms must be considered. These include conformational changes in host
proteins through attachment and binding, the possible involvement of
multiple mechanisms in the evolution of unlinked responses, and flaws in
immunoregulatory mechanisms. Several factors or mechanisms appear
to impact immunoregulation and incite autoimmune responses;? these
are listed in Table II. My intent in this chapter is to focus on three of these
factors (polyclonal B-cell activation, idiotypic networks, and molecular
mimicry), which in the early stages of syphilitic infection may contribute
to flawed immunoregulation, rather than deal at length with the various
autoantibodies detected. Emphasis on these factors stems from earlier
work suggesting that a relationship exists between circulating immune
complexes and specific autoimmune responses and that the latter may be
elicited by different mechanisms.

There are a number of inherent problems in examining auto-
immune events in syphilitic infections and subsequently attempting to
determine whether the autoantibodies invoked have any pathogenic
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TABLE I
Factors or Mechanisms that Possibly
Affect Inmunoregulation
of Autoantibody Responses?

Polyclonal B-cell activation  Infectious agents

Intrinsic Tcell defects Molecular mimicry
Suppressor cells Heat-shock proteins
Idiotypic networks Superantigens

aSee Ref. 3 for additional information.

potential. As this microaerophilic spirochete cannot be propagated in
vitro under standard cultural conditions, the infection of appropriate
animal models with organisms harvested from orchitic testes creates a
problem, especially if the preparations used for injection contain host
proteins, enzymes, or cells. This problem may be compounded if guinea
pigs are injected with treponemes from orchitic rabbit testes. Secondly,
just as mice are less than ideal models for syphilitic infections, rabbits and
guinea pigs are not the models of choice for examining autoimmunity.
Our present knowledge of essentially all of the basic principles of auto-
immunity stems from experiments in laboratory mice, including those
with intrinsic abnormalities and transgenic and gene knockout mice.
Despite these obstacles, one has to rely principally on animal studies.
Ethical considerations preclude studying the disease in man over a pro-
tracted time course. In addition, the significance of seroepidemiological
results for a sexually transmitted disease and for an organ-specific auto-
immune disorder are not comparable. With respect to the latter, parame-
ters such as clustering within families or communities and geographical
distributions may be very important. Although the obstacles related to the
animal models are not insuperable, they have made it difficult to identify
potentially pathogenic autoantibodies in syphilis. Much of the evidence is
indirect or inferred from similar findings in other autoimmune states.
Pathogenic autoantibodies appear to result from mechanisms that medi-
ate B-cell responses to conventional antigenic stimuli. Thus, they are
antigen-driven, influenced by T-cell help, and forced to undergo clonal
selection. The prominent features of clonal selection are class switching,
increased antibody affinity, and somatic hypermutation of immunoglobu-
lin variable region genes as demonstrated in murine and human systemic
lupus erythematosus (SLE).+6
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2. OVERVIEW OF THE DISEASE

Syphilis is an excellent example of an acute symptomatic infection,
which if allowed to progress, will ultimately result in a chronic bacterial
disease syndrome.” Progression of the disease in humans through several
distinct stages, in the absence of treatment, attests to this fact. The
appearance of specific antitreponemal antibodies during the first week of
infection (primary syphilis) constitutes evidence that immunorecogni-
tive and stimulatory forces are invoked early in the disease. Yet the
organisms are not eradicated; T. pallidum persists in the tissues and the
clinical manifestations of disease progress despite the development of
profound humoral and cellular immune responses. The secondary stage
is accompanied by recognition of spirochetal antigens by an expanded
number of antibodies; such an expansion would not be possible if the
treponemes were completely eradicated. This fact, together with the
induction of autoimmune antibodies to several endogenous host proteins
and the subsequent formation of circulating immune complexes (IC) in
both natural and experimental syphilis,®° led us to postulate that the
hosts’ failure to eradicate the organism is a reflection of abnormalities in
immunoregulation. In terms of possible mechanisms, we reasoned that
the interaction of immune complexes with Ty cells might lead to an
irreversible loss of Fc receptors for IgG. As in several parasitic infec-
tions,1-14 the chronicity of latent syphilis with persistence of treponemes
suggests that the immune system and the organism evolve into a stable,
balanced host-parasite relationship. Maintenance and control of this
relationship appears to be dependent on immunoregulatory interactions
which involve relevant idiotypic relationships (discussed below).

3. IMMUNE COMPLEXES AND AUTOIMMUNE RESPONSES
IN SYPHILIS

While secondary syphilis in man is often cited as a classical example
of a type III hypersensitivity reaction or an immune complex disorder,!®
no direct evidence, prior to 1980, had implicated a functional role for IC
in mediating the lesions seen in this disease. Moreover, the possibility that
these immune complexes contained endogenous host antigens, and
therefore merely reflected manifestations of the autoimmune phenom-
ena known to accompany syphilitic infection, had not been examined.

Those considerations led us to study systematically the incidence of
elevated IC levels in T. pallidum—infected rabbits and later to characterize
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the putative host and treponemal antigens present in purified IC.8-10 The
results of those studies, which demonstrated the presence of treponemal
antigens, host antigens, and antibodies to those components in IC from
infected rabbits, provided a framework for later experiments aimed at
characterizing IC from the sera of patients with secondary syphilis,®
infants with congenital syphilis,!” and a second animal model, the guinea
pig.18

Common threads appeared to be woven into the fabric of purified
immune complexes from the sera of all infected species. Demonstration
of an 83-kDa fibronectin (Fn) binding protein of treponemal origin, Fn
degradation products, and IgG antibodies directed against these compo-
nents provided us with the first direct link between the induction of
autoimmune antibodies and IC formation. In addition, those results
suggested that the importance of Fn in syphilis, and particularly that of
the RGD (Arg-Gly-Asp) amino acid sequence in the cell-binding domain
of Fn, extended beyond that of mediation of cytoadherence of the
organism.

Purified complexes from patients with secondary syphilis, infants
with congenital syphilis, and animals with experimental infection also
were found to contain creatine kinase (CK) and autoantibodies directed
against this host component. The possible mechanism leading to the
induction of anti—creatine kinase antibodies is still not known. In all
likelihood it may simply reflect tissue destruction. Creatine kinase, like
cardiolipin, appears to be released from affected mitochondria. Unlike
Fn, specific T. pallidum ligands for this host protein have never been
identified.

Intrigued by the fact that different control mechanisms might be
responsible for both the induction and regulation of various humoral
immune responses expressed during syphilitic infection, we embarked on
quantitatively assessing specific antibody responses with respect to isotype
profiles. Those studies led first to the discovery that secondary syphilis was
characterized by coordinate, restricted expression of IgGl and IgG3
responses to 1. pallidum zmtjgens.lg Later, using similar approaches, auto-
immune responses were quantified with respect to isotype profile in the
hope of determining the extent of coordination between class and sub-
class responses to host components and those invoked against 7. pal-
lidum.?® Anti-Fn and anti-CK responses were shown to be predominantly
IgGl and IgG3, much like the responses to treponemal antigens. This
finding was interpreted as possibly reflecting basic functional and/or
mechanistic linkages, as two of the most plausible explanations involved
immaturity of the immune response or polyclonal B-cell activation.
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That study also raised the question as to whether multiple mecha-
nisms were involved in the evolution of the various autoimmune re-
sponses associated with syphilis. An inverse relationship was noted be-
tween anti-Fn IgG and antitreponemal IgG. This led us to postulate that
Fn, unlike CK and cardiolipin (as in the VDRL antigen) with its high
binding affinity for the 83-kDa antigen, might be presented differently
from a normally sequestered antigen which would be freed only after
tissue damage. In addition, anti-VDRL reactivity was predominantly IgM
with all of the detectable IgG confined to IgGl. Thus, the anticardiolipin
responses did not appear to be linked to specific antitreponemal re-
sponses or to the anti-CK and anti-Fn responses.

4. POLYCLONAL B-CELL ACTIVATION

Secondary syphilis in man and the intravenous (IV) or disseminated
rabbit model, much like the acute stage of parasitic infections, such as
African and American trypanosomiasis and malaria, are associated with
polyclonal B-cell activation and immune complex-like symptomatology.’
As mentioned above, this triad of events preceding latency constitutes
evidence that normal immune functions are skewed in favor of the
organism. Until recently, much of the evidence for polyclonal B-ell
activation was essentially indirect, despite the fact that hypergamma-
globulinemia in syphilis had been well established.?! As described below,
the results of our epitope mapping studies with the 15- and 17-kDa
lipoproteins of T. pallidum, designated TpN15 and TpN17, respectively,
strongly supports the existence of polyclonal B-cell activation throughout
the first few weeks of a syphilitic infection. Alternatively, the hypergamma-
globulinemia might simply reflect the symmetric expansion of comple-
mentary B-lymphocyte clones within the idiotypic network or the unregu-
lated proliferation of a relatively small number of clones. Of the 15
patients with secondary syphilis who were examined in one of our earlier
studies,!6 three exhibited IgG levels > 3 SD above the normal mean and
four others had IgG levels > 2 SD above the normal mean. Although IgA
and IgM levels in four of the patients were above normal range values,
those slight elevations were not statistically significant. For 50 patients
with secondary syphilis who were examined since that time, the trend
continues (Baughn, unpublished results); of these, 34 have exhibited
significantly elevated IgG levels using a direct ELISA for quantitation. In
the IV rabbit model, concomitant elevations in circulating immunoglobu-
lins, especially IgG, appear to be consistent with the hyperimmunoglobu-
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linemia that develops during natural disease in man.? Slight to moderate
increases in IgM levels were noted at days 14 and 21 postinfection. Ex-
pressed as a percent increase over preinfection baseline values, increases
0f 19.6 * 12% and 16.3 * 9% were seen at each time point, respectively.
The IgG levels were significantly (p < 0.05) elevated on days 28 and 35,
represented by increases of 35.7 £ 17% and 29.8 = 13%, respectively.
Again, even though direct ELISAs are currently used in my laboratory for
quantitation of rabbit Ig levels, those general trends have not changed
over the past 15 years.

Based on inferences from human and murine SLE and chronic
parasitic infection, polyclonal B-cell activation usually results in autoanti-
bodies with no apparent relevance to the underlying disorder. In addi-
tion, the resulting autoantibodies are predominantly IgM and thus not
pathogenic. Almost all of the autoantibodies detected in primary syphilis
and in the first few weeks of experimental syphilis meet this criteria.
However, the mechanisms leading to polyclonal B-cell activation in syph-
ilis are not known. Presumably, those unidentified activators would trig-
ger lymphocytes to express their total V-gene repertoire, which, in turn,
would activate self-reactive B cells to produce antibodies to self antigens.??
In direct contrast, other investigators?® have argued that the serologic
response to infection develops slowly, since patients may be serononreac-
tive many weeks after exposure. This opposing view is difficult to recon-
cile, except that there are many variables that possibly impact such a
conclusion, such as the initial inoculum size and the sensitivity and type of
test used. While only 80 to 86% of patients with primary syphilis are
reactive in conventional, nontreponemal tests,! both the sensitivity and
the specificity are much greater if the VDRL antigen is used in an ELISA 24

In early 1992, we began a series of B-cell epitope scanning studies on
two of the smaller treponemal lipoproteins with known sequences,
namely TpN15 and TpN17. These two proteins were chosen because of
their potential diagnostic importance in congenital and primary syphilis;
they are described in detail elsewhere.?> Using previously described pro-
cedures,?0 our strategies for these mapping studies consisted of initially
synthesizing overlapping peptides (decapeptides and octapeptides) cov-
ering the entire sequences of each lipoprotein. These ‘‘general net”
syntheses were carried out using commercially available kits; peptides
were synthesized in duplicate with Fmoc chemistry according to the
software and manuals supplied with the kits. The peptides were then
tested repeatedly in indirect ELISA with sera and immunoglobulin frac-
tions from normal and syphilitic sera (both animal and human) to
identify those B-cell stimulants that might be suitable for diagnostic



86 ROBERT E. BAUGHN

purposes, in addition to those with the potential to elicit polyspecific
antibodies capable of cross-reacting with host proteins by virtue of se-
quence homology (molecular mimicry). The second and third phases of
our strategies consisted of resynthesizing “windows” of 5-, 6-, 7-, and
8-mers to define the boundaries of those epitopes of interest and then
synthesizing peptides with alanine replacements in each position so as to
determine which amino acid residues were critical for antibody binding.

Although the results obtained in subsequent antibody binding
studies with these synthetic peptides failed to identify any epitopes on
TpNI15 and TpN17 that might be directly involved in molecular mimicry
as it relates to the induction of autoimmune events, they did provide us
with several important insights.27 First, the results with both of these
relatively small proteins confirmed that, in general, several linear or
continuous epitopes were involved in polyclonal response. Figure 1 illus-
trates the fact that IgM antibodies to multiple epitopes of TpN15 were
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FIGURE 1. Reactivities of normal preinfection (A) and syphilitic 7 days after infection (B)
rabbit IgM with 134 overlapping octapeptides covering the entire sequence of the 15-kDa
lipoprotein of Treponema pallidum (TpN15). The arrow indicates the consensus signal
peptidase II cleavage site which givesrise to a signal peptide and a mature protein consisting
of 17 and 124 residues, respectively. The black bars represent the two predicted regions of
B-cell determinants using the algorithm of Chou and Fasman.36
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present within the first week of an IV infection in rabbits. These IgM
responses were not restricted to only those overlapping peptides within
the mature protein; responses were also seen against those within the
signal peptide (first 17 peptides in Fig. 1). Specific IgM antibodies to
several individual peptide motifs of TpN17 also were detectable within the
first week of an experimental animal infection. Similar response patterns
were seen with the TpN15 and TpN17 synthetic peptides and individual
IgM fractions from the sera of patients with primary syphilis. Basically,
these results constitute compelling evidence that polyclonal B-cell activa-
tion occurs early in syphilitic infection. With time, IgM responses ap-
peared more narrowly restricted and peaked between 14 and 21 days
postinfection. Maturation and isotype switching occurred at approx-
imately the same time. Between days 21 and 56, IgG reactivity was princi-
pally directed against four B-cell epitopes within two regions of TpN15
spanning amino acid positions 49-62 and 70-99.

Identification of B-cell epitopes on those lipoproteins with predictive
algorithms would have completely missed the mark. In fact, the immuno-
dominant B-cell epitopes of TpN15 and TpN17 identified in our mapping
studies did not even overlap with the predicted windows. Conserved
sequences were identified which also must exist on avirulent treponemes,
as extensive reactions were seen with the majority of the immunodomi-
nant B-cell epitopes and antisera to T. phagedenis biotype Reiter, T. re-
fringens, and T. vincentii. With the various sets of synthetic peptides, testing
for IgM reactivity required fractionation so as to avoid competing reac-
tions with higher-affinity IgGs present in both animal and human sera.

Aside from the extensive cross-reactions seen when peptides were
tested with antisera to avirulent organisms, immunization of animals with
synthetic peptides corresponding to the immunodominant motifs or
mimetics of those motifs resulted in polyspecific antibodies capable of
recognizing treponemal proteins other than TpN15 and TpN17. As shown
in Table III, affinity-purified IgGs directed against single peptide or
mimetic motifs of TpN15 exhibited polyspecific responses in that they
were capable of recognizing treponemal proteins other than the 15-kDa
lipoprotein on immunoblots.

In all likelihood, the B-lymphocyte-stimulating activity is due to the
lipoprotein nature of many of the membrane-associated polypeptides of
T. pallidum.?> Amino-terminal synthetic lipopeptide analogs of spiro-
chetal antigens have been investigated as immunomodulators.?® Al-
though they were shown to be potent macrophage activators, inducing
interleukins IL-1B, IL-6, and IL-12, their role in polyclonal B-cell activa-
tion was not examined. Even though the cytokine IL-12 tends to shift
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TABLE I
Polyspecific Nature of Antibodies Raised
in Rabbits against Individual Peptide Motifs

Reactions with antigens? of

Immunizing motif T. patlidum on immunoblot
;sMVQVVYD59 94, 83, 60, 47, 44.5
7sDYARVMY79 94, 83, 60, 47, 44.5, 42, 37, 15
7YMYASSG83 94, 83, 60, 47, 445, 42, 37, 15
¢7EAAFREL93 94, 83, 60, 47, 44.5

Weights are expressed in kilodaltons (kDa).

cellular responses toward Thl cells, it would seem that in early syphilis,
secretion of IL-12 alone is not sufficient to retard the profound antibody
induction by Th2 cells.

5. IDIOTYPIC NETWORKS

The network theory of immune regulation, first proposed by Jerne,?
suggests that idiotype (Id)-anti-Id reactions control the response of a
host to an antigen via a positive (enhancing) or negative (suppressing)
feedback mechanism. Despite numerous studies which had implicated Id
networks in regulation of the immune response to a variety of antigens,
infectious agents, and tumors, the role of anti-Id responses in syphilitic
infection had not been explored. This seemed unfortunate, as anti-Id
responses undoubtedly affect the induction and downregulation of both
humoral and cellular responses to 7. pallidum. More importantly, as
network controls also regulate the formation of autoantibodies, we
deemed it imperative to examine the possibility that the autoimmune
responses seen in syphilis might result from flaws in immunoregulatory
mechanisms, principally involving the Id network. Drawing upon hypoth-
eses concerned with functional Id networks, we reasoned that autoanti-
bodies to host proteins, particularly to Fn, might arise from perturbations
in the idiotypic network. Conceivably, as diagrammed in Fig. 2, anti-Fn
antibodies might in fact be antiidiotypic (anti-Id) antibodies to anti-
treponemal antibodies, specifically those directed against the 83-kDa, Fn-
binding protein or receptor of 7. pallidum. In addition, it seems plausible
that anti-Id antibodies might suppress efficient immune responses to 7.
pallidum by binding to and blocking idiotypes from reacting with the
antigen binding sites on this or other treponemal proteins.
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A Treponema pallidum - FIBRONECTIN INTERACTIONS:

83-kDa protein of
T. paliidum (83) binds
83 fibronectin (Fn)

B INDUCTION/GENERATION OF FIRST ANTIBODY (Ab-1) DIRECTED
AGAINST THE 83-kDa PROTEIN OF T. pallidum:

Anti-83

anti-83 binds the
83 83-kDa protein

C INDUCTION/GENERATION OF ANTI-ANTI-83 OR ANTI-Id (Ab-2 B]
DIRECTED AGAINST THE Id OF Ab-1:

Antl-ant|-83 Anti-83

anti-ld binds the
id of Ab-1

D THE Ab-ZB COULD BLOCK THE Ab-1 FROM REACTING WITH THE
83-kDa PROTEIN
OR
Ab-2B COULD BIND TO FIBRONECTIN AND MIMIC AUTOIMMUNE ANTIBODY

Anti-anti-83

FIGURE 2. Figurative explanation of one possible mechanism involving the Id network in
secondary syphilis. (From Ref. 29.)
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Our initial Id-anti-Id study®® was aimed at determining whether
naturally occurring autologous anti-Id (autoanti-Id) antibodies to T
pallidum—specific F(ab’), fragments could be demonstrated at any time
during the first 6 months of experimental syphilis or within a comparable
period after reinfection. Such experiments were considered prerequisites
to undertaking studies designed to assess the role of anti-Id in resistance
to reinfection in this model and the impact of the Id network on auto-
immune and T. pallidum—specific responses in human infection. In that
study, IgGs from serial bleeds were obtained one week to 5 months after
infection of rabbits with T. pallidum and examined for autologous anti-Id
antibodies. The capacities of IgGs to bind radiolabeled ?%I-F(ab’), of
anti-T. pallidum1gG prepared from earlier bleeds were determined using
radioimmunoassays. Autoanti-Id IgGs were found to be demonstrable
between 60 and 180 days postinfection. Following reinfection, 90 days
after the initial infection, autoanti-Id IgGs peaked 6 to 8 weeks later, even
though they were first noted as early as 2 weeks postreinfection. In the
reinfection model the autoanti-Id continued to persist throughout the
remaining 3 months of the study. Since autoanti-Id antibodies to anti-Fn
antibodies also were demonstrable in reinfected animals, those findings
raised questions regarding the possible role of the anti-Id in modulating
the Id expression of both T. pallidum—specific and autoimmune humoral
responses. Overall, the success achieved in that study fulfilled the first
criterion of the network theory in that autoanti-Id antibodies were shown
to be an integral part of the normal immune response of rabbits experi-
mentally infected with T. pallidum.

Subsequent attempts were made to specifically address the hypoth-
esis that anti-Id to anti-83-kDa antibodies might mimic autoantibodies to
the amino acid sequence (Arg-Gly-Asp) RGD site of Fn.” Rabbits were
immunized with either affinity-purified 83-kDa antigen or the synthetic
Fn-7 peptide, KYGRGDS and subsequently challenged with T. pallidum.
Compared with nonimmunized and sham-immunized control rabbits,
accelerated lesion development was noted in the rabbits immunized with
the 83-kDa antigen. Surprisingly, profound differences were noted in the
animals immunized with Fn-7 and later challenged. In those animals
challenged with 4 x 107 organisms intravenously, a minimal number of
lesions (< 20) developed with delayed onset and an atypical appearance.
Unlike the control animals, immune complexes were not detectable in
serum samples obtained from these animals between the third and tenth
week following infection. In the Fn-7-immunized rabbits challenged in-
tradermally at four sites with 108 70 pallidum, lesion development also was
delayed and atypical since lesions were smaller, were minimally ulcerated,
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and healed rapidly. Anti-Id to anti-RGD F(ab’), were demonstrable within
2 weeks following infection of Fn-7-immunized rabbits. In addition, bind-
ing reactions between Id and anti-Id were significantly inhibited by free
Fn and RGD-containing peptides. Chemical cross-linking experiments
indicated that anti-Id also reacted with the 83-kDa antigen. We also found
that anti-Ids from these 7. pallidum—challenged animals were capable of
suppressing RGD-induced lymphocyte proliferation. Compared with non-
challenged Fn-7-immunized rabbits, the induction and development of
anti-Ids in the challenged animals was accelerated.

Collectively, those results suggested that downregulation of a specific
autoimmune response could affect directly the progression of syphilis, at
least in an experimental model. Such findings were not without prece-
dent. Patients with systemic lupus erythematosus?! in early remission had
been shown to develop detectable serum levels of anti-DNA anti-Ids,
which are not present during active phases of disease. In contrast, a
reciprocal arrangement of DNA antibody (Id) and autoanti-Id seems to
exist in patients with severe SLE, implying failure of the network. Even
though these studies directly implicate network interactions in syphilis in
downregulating autoreactive clones, there is little evidence that they
contribute to the elicitation of cross-reactive autoantibodies.

This in turn raised several intriguing questions. Are generalized
lesions, such as those present in secondary syphilis and those best exem-
plified by the disseminated rabbit model, indicative of the network fail-
ure? Network failure, in this context, would be best described as the host’s
inability to downregulate polyspecific antibodies to specific epitopes, that
is, those antibodies having the potential to cross-react with host proteins
and initiate damage. Is lesion resolution associated with restoration of
network function? If so, does this represent an attempt to bring the varied
autoimmune responses in syphilitic infection under control and restore
balance/self-tolerance? Are the occasional relapses which are seen follow-
ing clinical recovery or the establishment of latency also indicative of
network failure? Is “chancre immunity” in the rabbit a valid model of
protection or does it perhaps more accurately reflect restoration of self-
tolerance? In other words, are polyspecific cross-reactive antibodies major
players in lesion formation and progression?

6. MOLECULAR MIMICRY

According to the hypothesis advanced to describe molecular mimi-
cry in a variety of bacterial and viral diseases,3? autoimmune responses
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may develop as the result of structural similarities between self determi-
nants on host antigens and antigenic determinants (epitopes) of the
organism, which in turn elicit adverse host reactions. The relationship
between infection with specific “rheumatogenic” strains of group A
streptococci, the development of a vigorous humoral response to anti-
gens in the bacterial capsule, cell wall, and cell membrane, and the
subsequent development of rheumatic fever and carditis has been exten-
sively studied and well reviewed.3? Rheumatic fever is prototypic of dis-
eases that cause tissue injury because of an unfortunate biologic accident
resulting from molecular mimicry.

Although such a mechanism had been described in another spiro-
chetal infection, Lyme disease,3 its role in syphilitic infections had not
been examined. To address this possibility, as mentioned above, our
research in early 1992 was directed at comprehensively mapping B-cell
epitopes on lipoproteins of T. pallidum. Following the mapping studies of
the TpN15 and TpN17, which failed to identify any linear sequences with
the potential to elicit autoimmune responses, our efforts were redirected
at the immunodominant 47-kDa (TpN47) lipoprotein. In sharp contrast,
the epitope mapping studies of this protein led to the early identification
of linear amino acid motifs which we believe are unquestionably ideal
paradigms of molecular mimicry in syphilis.

Our strategy for epitope mapping of TpN47, because of its size,
differed slightly from that taken with the smaller lipoproteins. As this
lipoprotein has 434 residues, our plan of attack consisted of first synthesiz-
ing 12-mers with an offset of four amino acids and an overlap of eight
amino acids so as to identify regions of B-cell reactivity and then at a later
time at confirming our findings by resynthesizing overlapping 8-mers
with an offset of 1 within those reactive regions for retesting of sera and Ig
fractions. Using this approach, 106 synthetic 12-mer peptides plus six
control peptides were synthesized in duplicate for epitope scanning
purposes. The completed peptides obtained in this manner were then
subjected to repeated antibody reactivity testing by the modified indirect
ELISA.

Figure 3 shows the results obtained in a representative epitope
scanning study with this set of noncleavable peptides. Altogether, these
peptides were tested in 37 ELISA using IgM fractions and sera (for IgG
reactivity) from syphilitic animals and patients (both pooled and individ-
ual samples).

Based on composite results from those individual ELISA we resynthe-
sized overlapping octapeptides (offset = 1) within the immunodominant
regions identified in the above studies. Figures 4 and 5 show representa-
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FIGURE 3. Epitope scan of 12-mer peptides (overlap = 8; offset = 4) encompassing the
entire sequence of TpN47. Pooled IgG from six rabbits 38 days after IV infection with T.
pallidum (1:400 dilution). The bifurcated arrows indicate in each case the pairs of 12-mers
containing the designated sequences or motifs.

tive results obtained within two of the nine regions. As an adjunct to these
epitope scanning studies, the immunoreactive sequences within these
regions were then entered into the Hitachi DNASIS/PROSIS Analysis
System for homology searches in the NBRF-PIR and SWISS-PROT data-
bases. The modified results of those searches as shown in Figs. 6 and 7
seemed to directly implicate the 411PGTEYT416 and 325KGSGPGYY332
motifs of TpN47 as potential molecular mimics.

To further explore the importance of the 411PGTEYT416 motif as a
probable culprit or instigator in the induction of polyspecific cross-
reactive antibodies, peptides were resynthesized with alanine replace-
ments in each of the positions throughout an 8-amino acid stretch,
FTPGTEYT (amino acid positions 409 through 416 of the sequence as it
occurs in TpN47). The results of six representative experiments with
those alanine-substituted peptides are presented in Table IV. Basically,
they suggest that within PGTEYT, the phe(F), glu(E), tyr(Y), and second
thr(T) residues are critical for antibody binding and that the identifica-
tion of antibody-binding contact residues is an important step toward
understanding immune recognition at the molecular level.

Preliminary efforts have also been directed at examining the on-
togeny or maturation of autoantibody responses to this culprit motif in
syphilitic rabbits. As illustrated in Fig. 8, IgM antibodies to this motif peak
14 days after IV infection and are basically short-lived. In contrast, the IgG



94

1200
1000
800
600
400
200

1200
1000
800
600
400
200

X 1000

ELISA O.D.

1200
1000
800
600
400
200

AMINO ACID RESIDUE

ROBERT E. BAUGHN

VSDQAVSLGONVLSADFTPGTEYTVEVRFKEF

VSDQAVSLGQNVLSADFTPGTEYTVEVRFKEF

VSDQAVSLGQNVLSADFTPGTEYTVEVRFKEF

FIGURE4. Epitope scan of octapeptides (overlap = 7; offset = 1) encompassing amino acids
393 through 424. (A) Pooled IgM from six rabbits 14 days after IV infection with T pallidum
(1:100 dilution). (B) Pooled IgG from six rabbits 35 days after IV infection with T. pallidum
(1:400 dilution). (C) Pooled IgG from six patients with secondary syphilis (1:200 dilution).
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FIGURE5. Epitope scan of octapeptides (overlap = 7; offset = 1) encompassing amino acids
320 through 335. (A) Pooled IgM from six rabbits 14 days after IV infection with T pallidum
(1:100 dilution). (B) Pooled IgG from six rabbits 35 days after IV infection with T. pallidum
(1:400 dilution). (C) Pooled IgG from six patients with secondary syphilis (1:200 dilution).

response to the motif is biphasic. The first peak is at day 14 with lesser
activity noted at day 21, the time at which the disseminated rash is
prominent. The major IgG response peaks between days 35 and 56
postintravenous infection. Antibodies at 90 or 120 days postinfection had
declined to baseline levels. More importantly, animals reinfected after 6
months and bled 1 to 4 weeks later failed to exhibit a typical anamestic
response; the magnitude and duration of those responses were less than
those seen following the initial infection. These results suggest that
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411 PGTEYT 416 TpN47(A43852)

1844 ;(:;’;‘1:3;{';‘1849 Fibronectin, Bovine (FNBO)

1965 ;(:;’;';J;';'wm Fibronectin, Precursor, Human (FNHU)
101 PGSEYT106 Fibronectin ED-A, Human, Fragment (S03917)

85 ;’(:Sé}:ir‘i";‘go Fibronectin, Guinea pig, Fragment (A40790)

867 ;’é';'E:!;{Kan Type XIV Collagen Alpha 1 Chain, (A45974)
582 PGTEYK587 Collagen Alpha 1[XIV] Chain (S22916)
472 ;(;';I:Z;V477 Fibronectin, Bovine, Fragments (A23292)

FIGURE 6. Selected results of homology searches using the SWISS-PROT and NBRF-PIR
databases and the PGTEYT motif. The above examples were selected from a total of 52
entries showing > 83.3% homology in five or more amino acid positions. Amino acid
sequence identity with TpN47 is denoted by a colon above the residue, whereas sequence
similarity is denoted by a dot. Nonidentity is denoted by the absence of a colon or a dot. The
NBRF-PIR ascension numbers are in parentheses.

control mechanisms, possibly involving the Id network, develop late in in-
fection to limit these cross-reactive, polyspecific antibodies with immuno-
pathogenic potential.

The PGTEYT motif, as designated in Fig. 3, islocated in the carboxyl-
terminal region of the lipoprotein. Most of the reactivity against linear
epitopes of this immunodominant lipoprotein is, in fact, located within
this region. In disseminated syphilis, whether in humans or rabbits, the
antibodies against this motif are predominantly IgG. Our hypothesis is
that with the antigen-driven IgM switch to IgG, those IgG antibodies with
greater binding affinity recognize and bind to the variant motifs on
fibronectin and collagen that mimic the triggering epitope. Such events

FIGURE 7. Selected results of homology searches using the SWISS-PROT and NBRF-PIR
databases and the KGSGPGYY motif. The above examples were selected from a total of 436
entries showing > 50% homology in five or more amino acid positions. Amino acid
sequence identity with TpN47 is denoted by a colon above the residue and sequence
similarity is denoted by a dot. Nonidentity is denoted by the absence of a colon or a dot. The
NBRF-PIR ascension numbers are in parentheses.
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325 KGSGPGYY332 TpN47 (A43852)
123 SAAGPGYY130 g Heavy Chain V Region, Human (S31589)
53 PGSGSAYYGO Ig Heavy Chain V-D-J Region Alpha CD4 (S19964)
53 PGSGSNYYGO Ig Heavy Chain V-D-J Region Alpha CD4 (S19969 & S19966)
389 KGLGPG!L:;QG Collagen Alpha 4(IV) Chain, Rabbit (A45137)
238 l:t;rc;;t;;m«as Collagen Alpha 4(1V) Chain, Human (S36854 and S28777)
54 HBSGPTYYM |g Heavy Chain V Region, VH4DJH6 (S19668 & S24445)
33 GGSGTTYY40 Ig Heavy Chain V-A1 Region (H30517)
1813 EC;S:};I:’PY:Y:1820 Proteoglycan 24K Core Protein Precurs (A60979)
309 RACGPDYYB18 Epidermal Growth Factor Receptor (A36325 & A43818)

180 CICDPGYY187 Adhesion Molecule LECAM-1, Rat (S23936)

1592 ELCAPGYY1599 Heparan Sulfate Proteoglycan HSPG2/PE (A38096)

94 l.((:;l.{vé;\§§1o1 |g Heavy Chains V-ill Regions (H3HUTL)

53 PGSGNT!YGO Ig Heavy Chain V Region, Clone 26F.1 (PH1165)
915 GTC]Z;P:(;!:Y:922 Laminin Chain B2 Precursor, Mouse (MMMSB2)

53 PGSGNTYYGO |g Heavy Chain V Region, Clone 202.10 (PH1000)
914 LKVAPGY!921 Integrin Beta-4 Chain Precursor {(JN0O786)
436 VFSGPRYYMS Neutrophil Collagenase, EC 3.4.24.34 (KCHUN)
243 VF;(;I:?R;;ZSO Procollagenase, Human (S11026)

4 GGSFSGYYﬂ Ig Mu Chain, Human Fragment (S37454)

26 GGSFSGYY33 Ig Heavy Chain V Region, Human (S26806, S26805, S14474)
502 Y:G;;é;;ssos Keratin K5, 58K Type I, Epidermal (A29904)

8 SoPey MAC-2 Antigen, Human (A36071)
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86 GGSGAGYGY3 Keratin 3, Type 1, Cytoskeletal (KRXL)
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FIGURE 8. Maturation of the IgM (®) and IgG (M) responses against the PGTEYT motif in
rabbits with experimental syphilis. The synthetic peptide, acPGTEYTGSGSK, was chem-
ically coupled to bovine serum albumin. For a solid-phase ELISA, 20 p.g/well of this material
was then used to coat Immulon 2 plates. Pooled sera from six animals at each time point
were assayed in triplicate at 1:100 dilutions.

might in turn set off a cascade so that additional epitopes on those host
proteins become targets for further antigen presentation and processing
and the subsequent loss of tolerance. It is tempting to speculate that those
molecular mimics on host proteins are actually the selecting antigens for
clonal expansion in syphilis, although this may be difficult if not impos-
sible to prove. Nonetheless, we do not feel that these paradigms of
molecular mimicry merely represent ineluctable statistics.

Clearly, several rather important questions remain unanswered: Why
aren’t these responses controlled earlier in the course of a syphilitic
infection? How are these responses eventually controlled? How do the
control mechanisms relate to the development of the so-called chancre
immunity? Is it possible that responses to immunodominant epitope (s)
within the carboxyl-terminal portion mask epitopes at the amino-terminal
portion that are perhaps capable of stimulating protective responses?
Such a phenomenon has been observed in Trypanosoma cruziinfections,
leading to the speculation that organisms may evade lethal host immune
responses through the strategic placement of immunodominant epitopes
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on surface-associated proteins. In this regard, we have demonstrated that
high-affinity antibodies against one epitope can inhibit binding of anti-
bodies directed against two other epitopes when these three sites are
linked in tandem on a 22-mer synthetic peptide of TpN15.27

Despite these gaps in our understanding, the importance of these
findings would seem to relate directly to vaccine development. Over the
past few years there has been considerable interest in the use of recombi-
nant-derived polypeptides of T. pallidum as potential immunogens. If
certain motifs on treponemal antigens ultimately lead to the induction of
deleterious antibodies or cellular responses by virtue of their molecular
mimicry, it is imperative to ensure that those sequences are not included
so as to preclude immunopathological consequences. Otherwise, the
testing of such a potential vaccine candidate would be moot.

7. CONCLUDING REMARKS

Of necessity this chapter has been limited to a brief discussion of
those mechanisms/factors that affect immunoregulation in early syphi-
litic infection and induce the production of certain autoantibodies. All of
these humoral responses appear to be secondary reactions, despite the
fact that multiple mechanisms may be involved. As such, the autoreactive
phenomena in this disease are contributory but not the sole reason for
the immunopathogenesis of syphilis.

Our focus also has been limited to early events in syphilitic infection
and then to only a few of the varied autoantibody responses. It is possible
that the Id network and molecular mimicry both affect immunoregula-
tory mechanisms in later stages (tertiary and neurosyphilis) of the dis-
ease. The flagella of spirochetes are quite similar in structure, with a
central viable region together with conserved regions in their amino- and
carboxy-terminal ends.?® In addition, N-terminal sequence similarity has
been documented between the flagella of T. pallidum and Borrelia burgdor-
feri, and species with the genus Borrelia contain cross-reactive epitopes.
Monoclonal antibodies directed against B. burgdorferi flagellin have been
shown to cross-react with antigens on myelinated nerve fibers, neurons in
the central nervous system, cardiac muscle, and synovial cells. The preva-
lence of autoimmune antibodies to host cell determinants, specifically
myelin, cardiolipin, galactocerebrosides, and myelin basic proteins, in
patients with Lyme neuroborreliosis raises questions as to whether similar
autoantibodies are characteristic of neurosyphilis, and if so, what mecha-
nisms are involved.
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Immunoregulatory mechanisms in this infectious disease are un-
questionably complex,’ involving interleukins, the generation of T-helper
and T-suppressor cells, and other factors such as antigen clearance and
localization. It would seem that the missing component in our discussion
relates to the inherent defenses against autoimmunization, such as T-cell
clonal deletion and inactivation.?> Whether these defenses are intact in
the individual or animal infected with T. pallidum is neither known nor
understood.
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Viruses and Diabetes
Mellitus

THOMAS DYRBERG, PETER MACKAY,
BIRGITTE MICHELSEN, JACOB PETERSEN,
ALLAN KARLSEN, and VAGN BONNEVIE

1. INTRODUCTION

Insulin-dependent (type I) diabetes appears on a background of inher-
ited predisposition localized mainly to the major histocompatibility com-
plex (MHC)! and is believed to be mediated by mononuclear leukocytes
which infiltrate the islets of Langerhans (insulitis) and selectively destroy
the insulin-producing B cells.? The triggering event is unknown, butsince
the concordance rate in human monozygotic twins is only about 50%,3 it
has been suggested that environmental viruses might play a role. This
notion finds support in the seasonal variability of disease incidence? and
from the observation made in the 1920s that cyclical peaks of diabetes
incidence paralleled previous outbreaks of mumps.® Since then, case
reports of infections with rubella or Coxsackievirus’ and subsequent
development of diabetes have supported the possibility that infectious
microorganisms are involved. Further evidence was provided by Yoon et
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al. who isolated from the pancreas of a child with acute-onset diabetes a
Coxsackievirus that induced diabetes when inoculated into mice.?

In murine model systems, B-cell tropic strains of encephalomyocar-

ditis virus (EMCV),? mengovirus,!® and Coxsackievirus!! produce dia-
-betes upon inoculation ¢ vive. There is no evidence for autoimmune cell-
mediated B-cell toxicity induced by these fast viruses which seem to infect
and lyse the host B cells directly. The diabetogenicity of the EMCV D
strain, compared to the nondiabetogenic B strain, may be related to the
lower interferon (IFN) levels induced by the former strain'? and to its
lower IFN sensitivity,13 by which it escapes clearance and infects and lyses
B cells within days of inoculation.!*

More consistent with the long prodromal period in human dia-
betes! are the reports that persistent infection of rodents with slow
viruses like reovirus type 1'® and rubella virus!? is associated with auto-
immune phenomena such as insulitis and islet cell autoantibodies. In the
spontaneously diabetic non-obese diabetic (NOD) mouse, an endoge-
nous type C retroviral product is found in a subpopulation of B cells,'8.1?
but its possible role in diabetes has not been clarified. In humans, case
reports of individuals with congenital rubella syndrome have linked
rubella virus with insulitis and diabetes,20-2! but this association has not
been confirmed by others.?2 In vitro infection of rat and human B cells
with reovirus has been found to upregulate MHC class I expression on the
cell surface,?? thus making them potentially better targets for cytotoxic T
cells. This observation is of interest since residual B cells in newly diag-
nosed patients hyperexpress class I MHC.24

All the viruses mentioned above can be detected in the 8 cells of
inoculated mice or, in the case of NOD mice, as endogenous particles. In
those mouse models of virus-induced diabetes where there is evidence of
cell-mediated B-cell destruction it is not known whether viral or self
antigens are recognized by the islet-infiltrating lymphocytes or whether
an autoimmune component is involved. Classical tissue-specific auto-
immune disease results from loss of tolerance to self antigens and im-
mune reactivity to the cells that elaborate them, and although little is
known about how self-tolerance is broken, virus infections may in some
cases be involved.

In human type I diabetes patients, the presence of insulitis at diag-
nosis,? the in vitro T-cell reactivity to B-cell antigens,” the ability of
cyclosporin treatment to suppress disease,26 and the failure to detect
genomic sequences from candidate viruses in diabetic pancreata®’.8
together argue against viruses as direct effectors of B-cell destruction.
However, current evidence does not preclude that viral infection can
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initiate or enhance autoimmune reactivity in some individuals. Our re-
cent finding that the interferon inducer polyinosinic:polycytidylic acid
(poly I:C) precipitates diabetes in diabetes-prone (DP) BB rats that have
remained normoglycemic throughout the age period during which spon-
taneous disease normally occurs? suggests that even an agent that in-
creases cytokine production in an antigen-nonspecific manner can reacti-
vate an autoimmune state which is otherwise quiescent.

In the following sections we will review some of the evidence for virus
involvement in autoimmune diabetes and some mechanisms by which
these viruses may exert their effect.

2. VIRUSES AND AUTOIMMUNE DIABETES -

2.1. Virus Infection Prevents Autoimmune Diabetes

Inadvertent exposure of an NOD mouse colony to mouse hepatitis
virus (MHV) resulted in a decreased diabetes incidence in both sexes.30
In female mice the incidence dropped from about 80% prior to MHV
exposure to 25% after but rose dramatically to 95% in MHV seronegative
female progeny of new founders delivered by cesarean section and main-
tained in a specific pathogen—free environment. Experimental infection
with lymphocytic choriomeningitis virus (LCMV),3! lactate dehydroge-
nase virus (LDV),32 or EMCV33 has also been found to prevent diabetes in
NOD mice.

Protection of NOD mice by LCMV was associated with the selective
infection of a small population of CD4+ T cells that may have closely
delineated a diabetogenic subset, since immunity to a panel of standard
CD4+ T cell-dependent antigens was not found to be affected.?* In other
mouse strains, LCMV infection reportedly leads to polyclonal activation
of as much as half of the CD8+ T-cell compartment, only a minority of
which is LCMV—speciﬁc,35 and other effects include modulation of adhe-
sion molecules and downregulation of the CD8 accessory structure. In
LCMV-infected NOD mice any of these effects on CD4+ and CD8+ T
cells may play a role in the preventive effect of virus on diabetes.

While LCMV and LDV are known to affect T-cell immunity36 and
antigen-presenting cell function,?” respectively, the mechanisms by which
EMCV and MHV prevent diabetes are less well understood but may
include increased production of lymphokines which correct NOD sup-
pressor cell deficiency® and/or induce dormancy in the effector path-
way.3? The suppression of spontaneous diabetes in NOD mice by EMCV is
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particularly interesting since it was the B-cell tropic D strain which had
this effect.3? After initial transient hyperglycemia was observed in a few
inoculated mice, all EMCV-infected NOD mice were completely pro-
tected against disease, with no evidence of general T-cell suppression. In
view of the fact that treatment with poly I:C also prevents diabetesin NOD
mice*? the possibility must be considered that IFNs induced by EMCV and
MHYV interfere with endogenous viruses such as the retrovirus detected in
NOD mouse B cells (see below).

In the BB rat we have shown, as in NOD mice, that infection with
LCMV prevents insulitis and diabetes,*! possibly by a transient depletion
of T cells which in DP BB rats were found to be uniquely susceptible to
binding and replication of LCMYV, as compared to cells from diabetes-
resistant (DR) BB rats.*? In both DP BB rat and NOD mouse colonies, the
incidence of spontaneous diabetes is decreased if environmental patho-
gens are not strictly eliminated,*333 and in both animal models early
immune stimulation with complete Freund’s adjuvant (CFA) prevents
diabetes,*45 possibly by inducing natural, antigen—nonspecific sup-
pressor cells.

2.2. Virus Infection Promotes Autoimmune Diabetes

Currently, the best direct evidence for viral involvement in auto-
immune diabetes comes from the DR BB rat substrain where inoculation
of viral antibody—free (VAF) rats with Kilham’s rat virus (KRV) was found
to reproducibly induce insulitis and diabetes.*” The KRV antigens were
not detectable in the islets but were abundant in peripancreatic lymph
nodes, cervical lymph nodes, and spleen, suggesting that diabetes was
caused by self-reactive inflammatory cells that appeared in the islets and
not by viral lysis or immunity to membrane-bound viral antigens.® The
KRV did not induce diabetes in non-BB rat strains, nor did it accelerate
disease in rats from the DP substrain unless these were first reconstituted
with DR spleen cells.#’ Lymphocyte subset distributions in KRV- infected
DR rats, including that of the normally diabetes-suppressive RT6+ T-cell
subset, did not differ from noninfected control rats. Therefore, it did not
appear that virus infection had depleted or increased any particular
population of immunocytes, but rather had triggered a genetically pro-
grammed pathogenic immune response unique to DR BB rats.

In the murine EMCV model of virus-induced diabetes, contrasting
results have been published concerning the role of the immune system.
Thus, Yoon et al. found no signs of immunity to B cells in mice made
diabetic by infection with the EMCV D variant.® Immunosuppression by
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treatment with antilymphocyte serum or by thymectomy did not decrease
diabetes incidence in infected mice, nor could the disease be adoptively
transferred into irradiated recipients by spleen cells. Conversely, a study
by Jansen et al. showed that immunosuppression by X-irradiation prior to
infection with EMCV M variant decreased disease incidence, even in the
face of increased virus multiplication.49 This study, as well as others where
immune phenomena were invoked by the observation that treatment
with anti-T cell antibody reduced the incidence of disease induced by
EMCV M variant,5%51 suffer from the fact that no insulitis, and thus no
direct sign of cell-mediated immunity, was evident in those mice made
diabetic by EMCV infection alone. It is unclear what importance the
depletion of distal T cells has in these studies, one of which did show the
appearance of T cells in EMCV-infected mice which were cytotoxic to
normal B cells in vitro.5!

In the murine model of reovirus-induced diabetes, a virus strain that
had been passaged iz vitro in murine B cells induced transient glucose
intolerance upon inoculation, but no overt diabetes.!® This glucose intol-
erance appeared to be immune-mediated, since it was accompanied by
lymphocytic islet inflammation and islet cell autoantibodies and could be
prevented by antilymphocyte serum or cyclophosphamide.?? Although
immune reactivity in this model may contribute to B-cell pathology, it is
not known whether islet-infiltrating immunocytes recognize virally mod-
ified or normal B-cell antigens or whether repeated virus inoculation
would induce overt diabetes.

As mentioned in the introduction, endogenous retroviral particles
are detected in the B cells of NOD mice.!8 These particles were found less
frequently in the related but non-diabetes-prone NON strain,!° they were
presentonly in endocrine B cells, and their frequency could be correlated
with the occurrence of both insulitis and diabetes.53 Cyclophosphamide
treatment of normal NOD mice accelerates diabetes, and in the latter
study®? this agent enhanced both the expression in B cells of retroviral
particles and the intensity of insulitis. Since cyclophosphamide inhibits
DNA synthesis it may be speculated that it enhances retrovirus expression
by inhibiting the synthesis of a factor that otherwise suppresses expres-
sion of retroviral particles. The type C retrovirus has been partially
cloned, and results indicate that the virus is replication-defective and that
it differs from other known retroviruses.5*

Treatment of genetically susceptible mouse strains with multiple low
doses of streptozotocin (STZ) induces insulitis and diabetes. In a study by
Appel et al. it was shown that lymphocytic infiltration in the islets of STZ-
treated CD-1 mice was preceded by the appearance of type A and type C
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murine leukemia virus particles within the B cells.5® Multiple STZ-
induced diabetes is dependent on cellular immunity in susceptible mouse
strains® and since B-cell necrosis in the study of Appel et al. was observed
only after the development of insulitis the authors speculated that STZ-
induced leukemia virus products had caused structural changes in the 8
cells which were then recognized by the immune system. Because STZ-
induced diabetes in our experience can only be adoptively transferred
into hosts that have been primed with STZ,57 it is possible that structural
changes may occur in the B cells after STZ exposure, but whether these
are caused by STZ itself or by an induced virus is not known.

3. INTERFERON AND DIABETES

Interferons are a group of proteins, classified in mouse and man into
IFN-a, IFN-B (type 1 IFN), and IFN-y (type II IFN}), that serve as antigen-
nonspecific defense against viral infection®® and complement the later
antigen-specific T-cell and B-cell responses. IFN-o and IFN-B can be
produced in virus-infected tissue cells, while IFN-y is a product of acti-
vated immune system T and NK cells.5%-60 However, all three classes can be
produced by blood mononuclear cells, including B cells®! or macro-
phages,%? depending on the stimulus, and target cells bear IFN receptors
on their surface thatdiscriminate between type I and II IFNs.5% Interferon
increases the cytotoxic potential of NK cells,* T cells,®® and macro-
phages,% cell types that are found in the insulitis lesion and which are
cytotoxic to B cells in BB rats768 and/or in NOD mice.%?70 Treatment
with IFN has been found to accelerate spontaneous autoimmune disease
in a murine lupus model,”! an effect that mimics the enhancement
obtained with LCMV infection in the same model.”?

Evidence for IFN involvement in type I diabetes comes from the
observation that antibodies to both IFN-a and IFN-y prevent spontaneous
disease in BB rats’®7¢ and from the observation that the IFN inducer poly
I:C accelerates disease in this model.”® Upon poly I:C administration, the
time of diabetes onset in DP BB rats was found to be inversely correlated
with both the poly I:C dose and the serum level of IFN-a.7> At a given poly
I:C dose, serum IFN-a levels were higher in non-diabetes-prone Wistar
control rats than in (T-lymphopenic) DP BB rats, but Wistar rats never
became diabetic, showing that poly I:C-induced lymphokines cannot
precipitate autoimmune diabetes in a normal immunological milieu.

In the DR BB rat, the immunological milieu includes both diabeto-
genic and suppressive T-cell populations, the latter of which keeps the
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former in check.”® Thomas et al. found that removal of the suppressive
RT6+ T-cell subset by injection of RT6-specific antibody resulted in
diabetes, but only if the animals were maintained in an environment
where viral pathogens, including KRV, were present.” If VAF DR rats from
a more strictly controlled environment were subjected to a combined
treatment of anti-RT6 antibody and poly I:C, 94% became diabetic versus
0% by RT6 lymphocyte depletion alone and 22% by poly I:C alone.

These data show first that upon perturbation of the immune system
(depletion of regulatory cells), the environment has a profound effecton
diabetes incidence in this model, and second, that the effect can be
mimicked by treatment with a synthetic IFN inducer and therefore may
be related to immune activation and increased cytokine production.
Because KRV was present in the non-VAF environment that made DR rats
susceptible to anti RT6-induced diabetes,”” and because this virus is
diabetogenic in VAF BB DR rats upon inoculation (Section 2.2),%7 one
may speculate that it activates local immunocytes during its occupation of
lymphoid tissues, upon which a diabetogenic population migrates into
the islets. Whether or not the T-cell response to KRV infection is clonally
limited is unknown, but both the poly I:C data and the finding that the
diabetes-promoting effect of environmental pathogens in the RT6-
depleted DR rat can be reproduced by inducing peritoneal inflammation
with a suspension of sterile feces® suggest that diabetogenic T cells can be
activated by antigen-nonspecific means.

In the NOD mouse, IFN also seems to play a role in disease patho-
genesis, since anti-IFN-y antibody prevents diabetes” and since IFN-y is
expressed by T cells in the islet infiltrate.® As noted above, however, poly
I:C prevents diabetes in this model, possibly because regulatory lympho-
kines other than IFN are induced which are important in NOD mice. Itis
not currently understood why poly I:C has opposite effects on diabetes
development in NOD mice and BB rats.

In human type I diabetes, a role for IFN-a and IFN-y was indicated by
the finding by Foulis et al. that IFN-a was present in the residual 8 cells of
newly diagnosed diabetes patients®! and that periinsular and infiltrating
lymphocytes stained positive for IFN-y.82 Nearly all remaining B cells
hyperexpressed MHC class I and some had aberrant expression of class I1.
Expression of B-cell IFN-a was unique to type I diabetic pancreasin that it
was absent in type II (maturity onset) pancreatic islets and in chronic
pancreatitis specimens,?! the latter observation suggesting that IFN-
induction in type I patients was not the result of general pancreatic
inflammation. All these observations are compatible with viral infection
of B cells, and indeed, when studying control pancreata, these authors
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only found similar B-cell IFN-a expression in a few individuals with
neonatal acute Coxsackie B or congenital rubella virus infection. On this
basis Foulis has speculated that B-cell IFN-o expression represents a link
between virus infection and autoimmune diabetes and proposed a model
where a latent virus infection induced B-cell IFN-a synthesis and hyper-
expression of MHC class 1.83 The combined effects of virus infection and
IFN-y secreted by infiltrating immunocytes could lead to the aberrant
MHC class II expression observed by Bottazzo et al. on the B cells of acute-
onset human diabetics.84 Aberrant MHC class II expression on endocrine
cells has been suggested as a mechanism by which autoantigens can be
presented in a context not previously encountered by T cells and to which
they are not tolerant.8

Our finding that basal 2',5"-oligoadenylate synthetase activity is en-
hanced in peripheral blood mononuclear cells from diabetic subjects is
compatible with a latent virus infection.86

3.1. Interferon Effects on Beta Cells

Consistent with the hypothesis that IFN synthesis in human diabetic
B cellsis a response to a viral infection is the observation that IFN reduces
viral replication and cell damage in mouse islet cells infected with EMCV
in vitro.8” The effect is likely mediated at least in part by the activity of the
antiviral 2',5'-A synthetase pathway which is upregulated in rat 8 cells by
IFN-o treatment in vitro.88

In addition to antiviral activity, IFN has several effects on B cells that
may be conducive to destruction by islet-invading effector cells. Thus,
IFN-y upregulates MHC class I expression on rodent and human B
cells,#-91 and while there was no evidence of MHC class II induction in
these studies, other investigators found that IFN-y also induced the latter
restriction elements on mouse and rat B cells.??9% The discrepancies
may be due to species differences in the recombinant IFNs and the target
cells used.

In human B cells, a combination of IFN-y and either tumor necrosis
factor (TNF) or lymphotoxin was found to induce de novo expression of
class II molecules.* Other investigators found this combination to inhibit
insulin release® and ultimately to cause cell destruction in normal rodent
islets.% A later study in BB rats showed that IFN-y sensitized islet cells to
the in vitro cytotoxic action of effector lymphocytes and also to the toxic
effect of IL-1 and TNF in combination.%” In addition to its MHC-inducing
and sensitizing functions, IFN-yinduces intercellular adhesion molecules
(ICAM-1) on human islets,?® further improving their potential as targets
for effector lymphocytes.
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While these experiments have addressed the effects of exogenous
IFN on B cells, experiments with transgenic mice have investigated the
effect of IFN expression by the B cells themselves. In the experiments by
Sarvetnick et al. transgenic mice expressing a mouse IFN-y gene under
government of the human insulin gene promoter (ins-IFN-y mice) devel-
oped insulitis and diabetes, suggesting that IFN is an effective recruiter
of immune cells when expressed in islets, even in a non-diabetes-prone
mouse. Lymph node cells isolated from ins-IFN-y mice were cytotoxic to
nontransgenic, histocompatible islets in vitro, supporting the notion that
recruited immunocytes recognized normal and not altered -cell mem-
brane structures. When the ins-IFN-y transgene was backcrossed onto
mice of the severe combined immune deficiency (SCID) strain, which
cannot produce mature T and B lymphocytes, no B-cell necrosis was
observed, indicating that recruited effector cells, and not IFN-y itself,
were responsible for the islet cell destruction.!00

Since IFN-o was the cytokine type seen by Foulis et al. in human B
cells, it is of particular interest that transgenic mice expressing the gene
product in B cells also develop diabetes,!%! with islet inflammation that
includes both CD4+ and CD8+ T cells. Prophylactic treatment with
antibody to IFN-a reduced mononuclear cell infiltration and prevented
B-cell necrosis and diabetes, suggesting that local production of biolog-
ically active IFN was the instigator of islet inflammation in this model.

4. MOLECULAR MIMICRY BETWEEN VIRUSES AND BETA-CELL
AUTOANTIGENS

Among the pathogenic mechanisms that have been implicated in
autoimmunity, the “molecular mimicry’” hypothesis has received consid-
erable interest. The term was originally coined to suggest a mechanism by
which microbes could adapt to a given host milieu by mimicking host self
proteins, thus escaping immune detection.!?2 Subsequently the term has
been taken to imply the generation of an immune response cross-reactive
between a microbial epitope and a host antigen.103

Humoral crossreactivity between endogenous retroviral particles
and insulin has been observed in the NOD mouse.!* Cellular cross-
reactivity between these antigens was not investigated, but the result is
likely to have been negative since spontaneous T-cell reactivity to insulin
is not seen in NOD mice.19 However, since immunization with porcine
insulin or human insulin B chain,!% in addition to oral tolerance induc-
tion with porcine insulin,7 has been reported to prevent diabetes in this
animal model, insulin peptides and/or microbial peptides with similar
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epitopes cannot be excluded as contributing antigens in the insulitis
lesion.

Human type 1 diabetes is characterized by the presence of islet cell
autoantibodies!%®199 and T-cell reactivity against islet cell antigens,2110
and among these autoantigens interest has centered on the two isoforms
of the GABA-synthesizing enzyme glutamic acid decarboxylase, GAD,
and GAD,,.!'l112 GAD autoimmunity is suggested to play an important
role in the initial pathogenic events leading to clinical diabetes since
humoral and cellular anti-GAD reactivity is seen in 70-80% of type 1
diabetes patients at diagnosis''3!1* and can be detected several years
before clinical onset.!’> Furthermore, tolerization of NOD mice with
GADg, not only protects the animals from developing insulitis and dia-
betes, but also reduces the spreading of the immune response to other
islet cell antigens such as heat-shock protein and carboxypeptidase
H.16-118 Taken together, these data suggest that the initiating target
antigen for the B-cell-destructive autoimmune response in diabetes could
be GADg; or a structurally related antigen.

A complementary approach to studying immune cross-reactivity to
self and foreign antigens, such as that seen in NOD mice between insulin
and retroviral particles, has been to search for common amino acid
sequences in autoantigens and virus proteins.1 For example, the acetyl-
choline receptor alpha chain has been found to share an epitope with a
herpes simplex virus glycoprotein,!!® and autoanbitodies to this acetyl-
choline receptor epitope from patients with myasthenia gravis cross-react
with the virus, implicating herpes simplex virus as an etiologic agent in
some cases of myasthenia.l’® From studies in experimental allergic en-
cephalomyelitis (EAE) it is known that immunization with a 6—amino
acid residue from the N-terminal region of myelin basic protein is suffi-
cient to induce the disease,’?0 and since immunization with smaller
peptides could not induce EAE, a hexamer may define the minimum
sequence identity of interest for molecular mimicry in T cell-dependent
autoimmune diseases.

A search for structurally similar epitopes between GAD65/ GAD67 and
viral proteins has revealed numerous homologous sequences of six and
seven amino acids (Table I and Fig. 1). Several of the viruses sharing
sequences with GAD65/ GAD67 have been implicated in the pathogenesis
of diabetes, notably Coxsackievirus B47-# and cytomegalovirus (CMV).12!
The P2-C protein of Coxsackievirus B4 shares sequence homology with a
fragment of GAD,, 122123 (Table I) that has been suggested to represent an
immunodominant T-cell epitope because it is recognized by T cells from
NOD mice several weeks before manifest diabetes.!'” Thus, it is possible
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TABLE I

Shared Epitopes on Glutamic Acid Decarboxylaseg,
and Glutamic Acid Decarboxylaseg, and Virus Proteins”

Glutamic acid decarboxylaseg,

Visna virus
Human rotavirus A
Human herpes virus 1

Human herpes virus 2
Human herpesvirus 3
Human herpesvirus 4
Rubella virus

Japanese encephalitis virus
Vaccinia virus

Coxsackievirus Bl and B4
Human papillomavirus
Human cytomegalovirus

Influenza A virus
Sendai virus

Measles virus

Variola virus

Semliki Forest virus
Ross River virus
O’nyong-nyong virus

Glutamic acid decarboxylase,

Human papillomavirus

Vaccinia virus
Hepatitis B virus
Human herpesvirus 1

Human herpesvirus 3

Human herpesvirus 4

Human herpesvirus 6
Human immunodeficiency
virus

Human hepatitis A virus
Human adenovirus
Human cytomegalovirus

Reovirus type 1
Reovirus type 3
Reovirus type 1, 2, and 3

Transregulatory splicing protein [67-73]

Inner capsid protein VP6 [48-54]

Immediate-early protein IE175 [250-256], glvcoprotein B
[53-59], major capsid protein [469—475]

Immediate-early protein RL2 [422-428]

Glycoprotein E [539-545]

Probable nuclear antigen [55-61]

Genome polyprotein [11-17]

Genome polyprotein [261-267]

CIL protein/ 74K HindIII-C protein [119-126], H4L/H5
protein [521-527]

Genome polyprotein [1134-1141]

E6 protein [25-31]

HVLF4 protein [310-316), HXLF3 protein [178-184],
hypothetical protein UL88 [411-417]

Hemagglutinin precursor [415-412]

Nucleocapsid protein [477-483]

Nonstructural protein C [168-174]

D7L protein [101-110]

Structural polyprotein [303-309]

Structural polyprotein [304-310]

Structural polyprotein [295-301]

L2 protein [211-217], E7 protein [48-54], hypothetical
protein L1 [66-72]

Hemagglutinin precursor [17-23]

Structural protein 2 precursor [453-459]

ULY7 protein [118-124], UL41 protein [237-243], major
capsid protein [469-475]

Major capsid protein [867-873], glycoprotein B [539-
545]

BVRF1 (EC-RF2) protein [266~-272], membrane antigen
gp220/350 [439-445], nuclear antigen EBNA-3A
[279-285]

SFLG protein [34-40]

Pol polyprotein [954-960]

Genome polypeptide [278-284], [1310-1316]

Terminal protein [598-604]

UL104 protein [217-223], hypothetical protein UL102
[304-310], hypothetical protein UL70 [580-586]

Mu?2 protein [300-306]

Sigma 1 protein precursor [265-271]

Lambda 3 protein [802-808]
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TABLE I
(Continued)
Human rotavirus A Glycoprotein VP7 precursor [17-24]
Yellow fever virus Genome polyprotein [792-798], [1677-1683]
Bunyamwera virus Hypothetical 14.7K protein [39-45]
Japanese encephalitis virus ~ Genome polyprotein [825-831], [1649~1655]
Kunjin virus Genome polyprotein [822-828]
Fowlpox virus F4 protein [63-69]
Measles virus Fusion glycoprotein [121-127], nonstructural protein C
[168-174]
Rinderpest virus Fusion glycoprotein [114-120]
Middelburg virus Nonstructural protein NS72 [945-951]
Human poliovirus Genome polyprotein [1618-1624]
Berne virus Envelope protein [154-161]
Human immunodeficiency  Pol polyprotein [535-541]
virus type 2
Human adenovirus 7 Terminal protein [284-290]
Human adenovirus 12 Terminal protein [249-255]

%Viruses with amino acid sequence similarities to human islet glutamic acid decarboxylase,, (GADg;)
and/or rat islet glutamic acid decarboxylase;;, (GADg;). The specific virus proteins and amino acid
positions (within square brackets) are shown for each virus. The homologous sequences in GAD; and
GADg; are shown in Fig. 1.

that infection with Coxsackievirus B4 can initiate a T-cell response against
a viral protein and that the responding cells may cross-react with GAD,.

Cytomegalovirus has also been implicated in human diabetes since
viral genomic material was detected in peripheral blood lymphocytes of
22% of recent-onset type 1 diabetes patients compared to only 3% of
healthy control subjects.’? Human CMV contains a total of six sequences
mimicking epitopes on the GADg,/GAD;, molecules (Table I), and T
cells that react with any of these may also recognize GAD. However, the
majority of the viruses with sequence homology to GAD have not been
associated with the development of type 1 diabetes (Table I), and the
homologous determinants in GAD appear to be evenly spread through-
out the molecules rather than being confined to specific regions (Fig. 1).
These and other data!?? indicate that the mere presence of a sequence
identity between a viral protein and an autoantigen does not by itself
implicate the virus as a pathogenic factor.

5. TRANSGENIC MODELS OF VIRUS-INDUCED DIABETES

Several studies of tissue-specific tolerance have provided insight into
how virus infection can lead to islet autoimmunity and diabetes, for
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example, in transgenic mice carrying genes coding for the LCMV glyco-
protein (GP) 124126 the nuclear protein (NP),'?4 or influenza virus hem-
agglutinin (HA)!27 under the control of the rat insulin promoter (RIP).
These systems permit studies of immunological tolerance to non self
antigens expressed in B cells and the occurrence and consequences of
tolerance loss subsequent to infection with virus.

Mice expressing a viral sequence on their § cells did not sponta-
neously develop diabetes. Infection with LCMV of RIP-GP mice, but not
of nontransgenic mice, caused insulitis and persistent hyperglycemia 9—
11 days postinfection, whereas infection with vaccinia virus had no ef-
fect.124126 These findings suggested that LCMV infection could induce
diabetes in RIP-GP mice by breaking tolerance to GP on the § cell.
However, the situation appeared to be different in transgenic RIP-HA
mice, in which neither influenza virus inoculation nor a vaccinia-HA
recombinant virus inoculation caused B-cell destruction.128

In mice that were made transgenic for genes coding for both RIP-GP
and a rearranged T-cell receptor (TCR) specific for the transgenically
expressed GP peptide p32-42 (RIP-GP/TCR mice), the onset of diabetes
was accelerated due to the larger number of responding T cells.?6 Only
activated T cells seemed able to recognize the GP peptide on the B cells,
since both RIP-GP and RIP-GP/TCR mice remained unresponsive to GP
prior to virus inoculation. Infection with LCMV induced GP-specific
cytotoxic T lymphocytes in RIP-GP and RIP-GP/TCR mice, and diabetes
could be adoptively transferred by spleen cells from LCMV-infected mice
to naive RIP-GP recipient mice.?6 These experiments show that in a
model system, antigen-specific cytotoxic T cells generated in response to
virus infection can destroy B cells expressing viral antigens.

Somewhat surprisingly, the RIP-GP transgenic mice were not tolerant
to the transgenic antigen. Thus, in RIP-GP/TCR mice, transgenic thymo-
cytes were positively and not negatively selected, as shown by skewing of
thymocytes to the CD8+ population. Furthermore, after :n vitro stimula-
tion, cytotoxic T lymphocytes derived from uninfected RIP-GP/TCR
double transgenic mice were able to lyse target cells expressing LCMV
GP.126 Peripheral tolerance to GP in this model was therefore maintained
because the viral sequence-specific T cells were not activated in unin-
fected RIP-GP mice. In contrast, in RIP-HA transgenic mice both CD4+
and CD8+ T cells (but not B lymphocytes) were tolerant to HA, and
inoculation with influenza virus or vaccinia virus expressing HA did not
break the tolerance or lead to B-cell destruction.12?

It is not clear why RIP-HA mice develop tolerance toward the trans-
gene product while RIP-GP mice do not. One possibility not investigated
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in detail in these studies could be differences in the time of expression of
the antigens during development, as this has previously been shown to
influence the induction of tolerance.'?® Furthermore, although the ex-
pression site of the transgene to a large extent will be defined by the
insulin promoter, expression in other tissues can occur, for example, in
the thymus, and markedly change the time course of disease develop-
ment.!?? Still other factors may modulate the expression and conse-
quences of the transgene. Thus, approximately 50% of RIP-GP/TNFa
double transgenic mice spontaneously became hyperglycemic,!30 data
which suggests that local production of TNF-« in the islets attracts and
activates GP-specific T cells which lyse the B cells.

Overall, work in transgenic mice expressing viral sequences in the
cells demonstrates that B-cell destruction is influenced not only by the
infectious agent, but also by the MHC haplotype, the level and site of
expression of cytokines, and the number of self-reactive cytotoxic T
lymphocytes generated. In these respects, the transgenic models resem-
ble spontaneous diabetes in man where multiple factors are believed to
govern whether islet cell autoimmunity develops and whether this in turn
will progress until a sufficient number of B cells are lost to cause clinically
manifest diabetes. In conclusion, the virus/ cell transgenic mice provide
an experimental model to study tolerance and immunity to B cell-
expressed viral antigens. Furthermore, these models may eventually be
useful in studies of therapies to intervene in the preclinical disease
process.

6. CONCLUDING REMARKS

Atpresent there is little data in humans that unequivocally implicates
viruses as being directly responsible for the selective B-cell loss that causes
type I diabetes. However, circumstantial evidence does not exclude the
possibility that virus infection of the 8 cells can instigate events, such as
lymphocytic cross-reactivity and upregulation of MHC and adhesion mol-
ecules, which ultimately promote an autoimmune cascade. Since trans-
plantation of ‘“normal” pancreatic tissue from a nondiabetic twin to a
long-term diabetic identical sibling results in rapid B-cell destruction,!3! it
appears that the immune system of diabetes patients can recognize un-
modified B-cell antigens, even years after clinical onset.

The findings that KRV induces diabetes in DR BB rats and that
antigen-nonspecific IFN induction by poly I:C accelerates disease in DP
BB rats suggest that immune-activating events distal to the islets can
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modulate a genetically predisposed immune milieu and precipitate or
enhance the occurrence of diabetes. It is possible that environmental
viruses have similar effects in diabetes-prone human beings, and this
notion should be considered in future research into the possible role of
viruses in human type I diabetes mellitus.
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The Role of Coxsackie B
Viruses in the Pathogenesis
of Type I Diabetes

JI-WON YOON and HELEN KOMINEK

1. INTRODUCTION

Insulin-dependent diabetes mellitus (IDDM) is believed to result from
the destruction of insulin-producing pancreatic beta cells over a lengthy
asymptomatic period.!-3 It is thought that a variety of etiological factors,
including both genetic and nongenetic environmental factors, are associ-
ated with this destruction.*? Viruses have been considered for many years
as one possible environmental factor associated with the development of
IDDM. It is thought that in some cases, viruses may act as injurious agents
to beta cells and that in other cases viruses may trigger or somehow
contribute to beta cell-specific autoimmunity (reviewed by Yoon).6 En-
cephalomyocarditis (EMC) virus and mengovirus are viruses which can
cause diabetes in genetically susceptible mice by cytolytic infection of beta
cells, while retroviruses and Kilham’s rat virus have been implicated in the
initiation of beta cell-specific autoimmunity in non-obese diabetic
(NOD) mice and diabetes-resistant BioBreeding (DRBB) rats, respec-
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tively. In humans, mumps virus, rubella virus, reovirus, cytomegalovirus,
and Coxsackie B viruses appear to be associated with the development of
IDDM.

Indications that Coxsackie B viruses may be involved in the etiology
of IDDM have come from epidemiological studies describing high fre-
quencies of anti—Coxsackie B virus IgM antibody in newly diagnosed
diabetic children,”23 as well as from anecdotal case reports associating
recent-onset IDDM with a preceding or coinciding Coxsackie B viral
infection. The presence of Coxsackie B virus-specific antigens in the
islets,?* and beta-cell damage and destruction in children who have died
from severe Coxsackie B viral infections?>26 further suggest the involve-
ment of Coxsackie B viruses. Isolation of Coxsackie B4 and B5 viruses
from the pancreata of patients with acute-onset IDDM, followed by the
development of diabetes in susceptible mice infected with the isolates?>27
provides further support for a role for the virus in the pathogenesis of the
disease.

In this chapter, we will discuss studies on the involvement of Cox-
sackie B viruses in the induction of diabetes, the difficulties in studying
the relationship between Coxsackie B viral infection and diabetes, the
possible mechanisms for Coxsackie B viral involvement, as well as future
research directions needed in this area of study.

2. EPIDEMIOLOGICAL STUDIES

2.1. Seroepidemiological Studies

Twenty-five years ago, Gamble et al” conducted one of the first
epidemiological studies to compare anti—Coxsackie B antibody levels in
patients with recent-onset diabetes and those in nondiabetic controls.
They reported that patients with recent-onset IDDM (less than 3 months
duration) had higher titers of antibody to Coxsackie B virus, especially
the B4 serotype, than the nondiabetic subjects. Since that time, re-
searchers have continued to compare levels of anti—Coxsackie B virus
neutralizing antibodies in sera from diabetic and nondiabetic subjects.
Most studies have examined levels of Coxsackie B1-6 virus-specific IgM in
patients with recently diagnosed IDDM, and many of these studies have
found a positive correlation between a recent Coxsackie B viral infection
and the onset of diabetes.8-23 There have been several studies, however,
that have found no difference in anti—Coxsackie B virus antibody titer
levels between IDDM patients and nondiabetic controls,?-3% while in
other studies, some researchers have found that antibody titers to Cox-
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sackie B viruses are actually lower in diabetic patients than in control
subjects.3435 The results from the studies that find a negative correlation
may indicate that some individuals with less previous exposure may have a
more serious response and illness when finally exposed. The results from
seroepidemiological studies are summarized in Table L.

2.2. Genetic Epidemiology

Other epidemiological studies have reported a definite correlation
between HLA haplotype and the presence of IgM antibodies against
Coxsackie B viruses. As well as assaying sera from 36 recent-onset IDDM
patients for IgM antibodies against Coxsackie virus serotypes Bl1-5, Fohl-
man et al20 assayed the sera for restriction fragment length polymor-
phism (RFLP) patterns associated with HLA-DR3 or HLA-DR4, or HLA-
DQIII or HLA-DQIV beta (patterns thought to be associated with genetic
predisposition to IDDM).36:37 Eleven out of the 18 Coxsackie B—positive
patients had HLA-DQ III and HLA-DR3 (61%) versus only 28% of the
Coxsackie B-negative patients. All of the patients positive for antibodies
against Coxsackie B2, B3, and B5 had HLA-DR4 and HLA-DR IV patterns.
There was a statistically significant difference between these patients and
all five of the Coxsackie B4—positive patients, who in contrast all had HLA-
DR3 or HLA-DQ III patterns. These findings appear to support the view
that susceptibility to Coxsackie B4 infection is associated with a different
host genetic constitution from susceptibility to other serotypes of Cox-
sackie B virus.

The Pittsburgh IDDM study?®39 examined 172 newly diagnosed pa-
tients with IDDM. It found that HLA-DR3 haplotypes were found more
frequently among male subjects, while HLA-DR4 was found more fre-
quently among female subjects. The patients with an HLA-DR4 haplotype
more frequently reported recent viral infections and had a greater fre-
quency of anti-Coxsackie B virus antibodies.

Field et al. 4% measured IgG antibody titers to Coxsackie B1-6 virus in
sera from children with IDDM of several years duration (mean = 4.6 years)
and 87 of their nondiabetic siblings. Compared with their nondiabetic
siblings, the children with IDDM had a significantly increased frequency
of high response (titers > 1:320) to Coxsackie B2 (8% for IDDM patients
versus 1% for nondiabetic siblings), Coxsackie B4 (15% versus 1%), and
Coxsackie B viruses in general (25% versus 5%). However, Field et al.
found that the frequencies of HLA-DR and immunoglobulin (GM, KM)
antigens did not differ between IDDM patients with or without high
responses to Coxsackie B2, B4, or B viruses in general.

The 1989 Genetic Analysis Workshop 5 (GAW5)4142 assayed serum
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TABLE 1
Coxsackie B Virus Association with IDDM
Serotype Findings Reference
B2, B3 IDDM patients had higher titers to Coxsackie B virus than non- 7

diabetic controls; titers were inversely proportional to the
duration of the disease.

B4 Of 162 patients with recent-onset IDDM, 70% had Coxsackie B4 8
neutralizing antibody (titer > 1:4) compared to 58% of age-
matched controls.

B1-6 IgM responses to Coxsackie B1-6 viruses were detected by 9
ELISA in 39% of children with IDDM, while Coxsackie B
virus—specific IgM responses were present in only 5.5% of age-
matched controls.

B1-6 80% of 166 children with recent-onset IDDM and a clinical 10
history of recent infectious illness had antibodies against at
least one Coxsackie B serotype. In those with an antibody titer
of greater than 1:256, 44% had specific neutralizing IgM
antibodies against Coxsackie B viruses.

B4 2/24 recent-onset IDDM patients had IgM against Coxsackie B4 11
virus.
B3, B4, B5 Alongitudinal study of viral antibodies against Coxsackie B3, B4, 12

and B5 viruses in 17 IDDM patients showed that Coxsackie B4
antibody titers fell from the levels at diagnosis and 5 months
after diagnosis to a lower level 2 years after diagnosis. Over the
same period, titers of antibodies against Coxsackie B3 rose.

Be Coxsackie B virus—specific IgM responses were detected in 67% 13
of diabetic patients on the day of diagnosis, while none of the
age-matched nondiabetic control subjects had these anti-
bodies detected in their sera.

B1-5 30% of the diabetic patients had neutralizing antibodies present 14
in their sera compared with only 6% of the nondiabetic con-
trols.

B1-5 16/24 (67%) of recent-onset IDDM patients showed Coxsackie 15

B virus—specific IgM responses, suggestive of a recent Cox-
sackie B viral infection.

B4 32% of new IDDM patients had Coxsackie B4 neutralizing anti- 16
body titers greater than 1:16, compared to only 10% of the
control subjects.

B1-5 50% of recent-onset IDDM patients had IgM against Coxsackie 17
B1-5.

B2, B4, B5 IgM antibodies against Coxsackie B2, B4, or B5 were found in 18, 19
57% of children with IDDM versus 6% of healthy controls.

B2 75.5% of diabetic children had antibodies against Coxsackie B2 20
virus versus 46.4% of controls.
B4 42% of children with recent-onset IDDM had significantly 21

higher titers of neutralizing antibodies to Coxsackie B4 virus
(1:64~1:256), compared to 14% of the control group.
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TABLE I
(Continued)
Serotype Findings Reference
B1-5 Half of 35 newly diagnosed diabetic children and 93% of their 22

siblings were Coxsackie B1-5 virus IgM antibody-positive,
indicating an intrafamilial spread of the virus. The most fre-
quent serotype against which the IgM was directed was Cox-

sackie B4.

No correlation

B No difference in titers between patients with diabetes and con- 29
trol subjects.

B No difference in titers between patients with diabetes and con- 30
trol subjects.

B No relationship between Coxsackie B viral antibodies and the 31
onset of IDDM.

B1-6 No difference in levels of neutralizing antibody titer between 32
groups.

B No positive serotypes for Coxsackie B viruses in 91 newly diag- 33

nosed children with IDDM.

Reverse correlation

B3, B4, B5 Antibody titer levels to Coxsackie B5 virus were comparable in 34
diabetic and nondiabetic subjects, but levels against Coxsackie
B3 and B4 virus were lower in diabetic patients than controls,
and the lower antibody titer was associated with a significantly
increased risk of IDDM.

B 15%-3% of children with IDDM had Coxsackie B virus—specific 35
IgM compared to 19%-10% of healthy controls.

9B indicates serotype was not specified.

samples from North American IDDM families and found that Coxsackie
B4 level was higher than that of any other B serotype and that the level of
Coxsackie B4 antibodies in nondiabetic siblings appeared to differ based
on the degree of haplotype sharing with the diabetic sibling.

In a three-year study, D’Alessio*? also compared Coxsackie B IgM
neutralizing antibody titers and HLA-DR typing in 194 newly diagnosed
diabetic children and age- and sex-matched controls. The data from this
study demonstrated an association between Coxsackie B viral infection
and the onset of IDDM only in HLA-DR3-positive persons age 10 years or
older and supports the theory that diabetogenic Coxsackie B strains
circulate only periodically.

A further study of Coxsackie B virus—specific IgM responses and
HLA-DR antigens in diabetic patients was done by Schernthaner et al. It
was found that 81% of the patients studied had HLA-DR3 or HLA-DR4, or
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both, and that 96% of patients with Coxsackie B virus—specific IgM
responses had at least one of these two HLA haplotypes compared with
76% of patients without Coxsackie B virus—specific IgM responses. In
addition, C-peptide secretion was significantly lower in patients with
Coxsackie B virus—specific IgM antibodies.

Bruserud et al.#>6 studied the relationships between responses to
viral antigens and the HLA-DR3 and HLA-DR#4 association with IDDM.
They found that there was an increased frequency of T lymphocytes
responding to Coxsackie B4 antigens together with DR4, compared with
other DR determinants. Since similar results were seen in nondiabetic
control subjects, it was suggested that elements on the DR4 molecule may
control T-lymphocyte responses to Coxsackie B4 virus. Although some
reports describe both genetic susceptibility to IDDM and immune re-
sponses to Coxsackie B4 infection as being linked to HLA haplotypes, no
definitive pattern has emerged, though HLA-DR3 and HLA-DR4 haplo-
types appear to be associated somehow with both of these phenomena.
More studies on the relationship between specific HLA haplotypes, the
development of Coxsackie B virus—associated IDDM, and immune re-
sponses to Coxsackie B viral infections are needed.

2.3. Other Epidemiological Studies

It was first noted almost 70 years ago*’ that there appeared to be a
seasonal incidence in the onset of acute IDDM, with a peak in the
autumn. Since diseases with seasonal incidences are often caused by viral
infection, Gamble and Taylor*® examined the incidence of the onset of -
IDDM in patients younger than 30 years of age and found a peak in the
autumn. The pattern of incidence showed a positive correlation with the
annual prevalence of Coxsackie B4 infection, but not for infection by
other viruses. A later study by Gamble*® found that peaks have also been
seen in the onset of diabetes at school entry around age 5, at ages 8-9
when children enter elementary school, and at the age of high school
entry. This also correlates with increased exposure to viruses known to
take place at these times.
