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Preface

The cordial reception accorded The Autoimmune Diseases indicated the need that
existed for a book concentrating on the basic principles of self/nonself discrimi-
nation and the practical problems encountered in the diagnosis and treatment of
an important group of human diseases. Since the first edition was published in
1985, further great strides have been made in the understanding of fundamental
mechanisms and in the treatment of autoimmune diseases.

When the time was ripe for a second edition, we faced a dilemma. If all of the
information in the first edition were to be combined with the pertinent newer
knowledge, the resulting book would have become very unwieldy. For this
reason, we decided to follow a different approach. Most of the original chapters
were still valid, with some perhaps in need of updating, whereas the information
in certain other areas had virtually exploded with new data and insights. Hence
the decision was made to advise the readers of the new book to consult the first
edition for information that had remained relatively unchanged, and to refer to
this new volume, The Autoimmune Diseases II, for knowledge gained in the past
six years.

The introductory chapter by the editors gives an account merging the histor-
ical and the contemporary study of autoimmunity and autoimmune disease.
Gustav Nossal then reports on the current understanding of mechanisms of toler-
ance, and Claude Bernard and co-workers as well as Clara Pelfrey and Alfred
Steinberg describe the newer lessons learned from experimental models. Two
topics, molecular genetics and molecular mimicry as related to autoimmunity,
have progressed greatly since the first volume was published. Gerald Nepom and
Patrick Concannon, and Robert Fujinami discuss these advances. The introduc-
tion of new and more refined methods derived from molecular biology allows for
the analyses of disease-specific antigenic determinants, with promise for great
improvements in the diagnosis of autoimmune diseases. Chapters by Morris
Reichlin, by Eric Gershwin and associates, and by Robert Rubin and Eng Tan
describe these important developments in diagnostic methodology.

Subsequent chapters review in detail those autoimmune diseases in which
quite significant progress has been made. They include diabetes mellitus by

xix
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William Hagopian and Ake Lernmark, vasculitis by Charles Jennette and col-
leagues, myocarditis by Noel Rose and colleagues, myositis by Peter Hol-
lingsworth and colleagues, ocular disease by Barbara Detrick and John Hooks,
and rheumatoid arthritis by Gary Firestein and Nathan Zvaifier.

Nothing has created more excitement in the realm of autoimmune diseases
than the possibility that antigen-specific therapy may become feasible. Expecta-
tions of this sort are discussed in the chapter by Hartmut Wekerle and Reinhard
Hohlfeld.

A new feature for The Autoimmune Diseases Il is a brief and friendly comment
by the editors on the subject matter of various of the chapters.

Finally, in “Horizons,” the editors have presented some viewpoints of their
own, looked in some dark corners for glimmers of light, and have even permitted
themselves to make a few daring predictions. They have no doubt that the stage is
set for a new and even more dramatic period of growth in the study of the
autoimmune diseases.

The editors are deeply grateful to Hermine Bongers for her expert editorial
assistance, and to Charles Arthur and Gayle Early of Academic Press for over-
seeing the publication process.



CHAPTER 1

The Immune Response in Autoimmunity
and Autoimmune Disease

NOEL R. ROSE

Department of Immunology and Infectious Diseases
The Johns Hopkins University

School of Hygiene and Public Health

Baltimore, Maryland

IAN R. MACKAY

Centre for Molecular Biology and Medicine
Monash University
Clayton, Victoria, Australia

l. IMMUNOLOGIC RECOGNITION

The immune system of the host responds to foreign molecules while avoiding
reactions against molecules (self-antigens) of the host itself. This ability to
discriminate self from nonself, otherwise expressed as self-tolerance, is a funda-
mental property of the immune system. The intrinsic immunogenicity of self-
antigens is obvious from the fact that they readily elicit an immune response
when injected into a foreign species. It was known from Ehrlich’s experiments at
the turn of the century that the injection of foreign or allogeneic erythrocytes into
goats would elicit an immune response, whereas the goat’s own erythrocytes
never did so (Mackay and Burnet, 1963). However, self/nonself discrimination is
not absolute, nor would this be expected, given the molecular similarities be-
tween self and foreign molecules. Indeed, background or “natural” autoan-
tibodies are well recognized and have even been assigned a physiologic role
(Grabar, 1975); hence, regulatory mechanisms must exist to prevent “natural”
autoimmunity from assuming pathogenic potential.

THE AUTOIMMUNE DISEASES It 1 Copyright © 1992 by Academic Press, Inc.
Ali rights of reproduction in any form reserved.



2 NOEL R. ROSE AND IAN R. MACKAY

In this introductory chapter, we shall review some basic issues on the modes of
emergence of autoimmunity, notwithstanding the various mechanisms designed
to discourage it, and reasons that autoimmunity occasionally does have patho-
genic consequences resulting in autoimmune disease.

The immune system recognizes molecules invading the host by availing itself
of three different types of recognition structures: immunoglobulin (Ig) receptors,
T-lymphocyte cell receptors (TcRs), and cell-surface products of class I or class
Il major histocompatibility complex (MHC) genes (Paul, 1989). The first two
types of recognition structures are expressed only on B or T lymphocytes, while
the class I MHC products are present on the surface of all nucleated cells of the
body. Furthermore, Igs and TcRs are clonally distributed (i.e., each mature
lymphocyte expresses a unique Ig molecule or TcR), whereas all cells of the
body express the same class I MHC gene products. Class 11 MHC gene products
are prominently expressed on cells that take up, process, and present antigen.

The generation of an immune response requires a sufficiently large repertoire
of lymphocyte recognition structures so that any foreign antigenic epitope will
find a complementary receptor. According to Burnet’s clonal selection theory, an
antigenic determinant selects its corresponding lymphocyte by binding to its Ig or
TcR recognition structure and, in so doing, provides a proliferative stimulus
resulting in a clone of cells, each bearing the same receptor (Burnet, 1959).

Lymphocytes bearing the Ig receptor are members of the B-cell lineage (Kin-
cade and Gimble, 1989) and originate from a bone marrow stem cell under the
direction of a particular mixture of the various colony-stimulating factors (CSFs)
and interleukins (ILs) (Kincade et al., 1989). The development from a precursor
into a mature functional B cell is accompanied by programmed rearrangement
and random assortment of the Ig-controlling genes (Perimutter, 1989). Mature B
cells secrete Ig molecules as antibodies of the corresponding specificity. A differ-
ent diversity of Ig specificities derives from the N-terminal variable (V) portion
of the molecule, especially the hypervariable or complementarity-determining
regions (CDRs). The specificity as well as affinity of antibody binding depends
on the amino acid sequences of these particular regions. The antibody molecule
contains two types of polypeptide chains, light chains and heavy chains, which
associate to form the functional molecule. The combining site (which relates to
the unique idiotype) is derived from the V regions of the light and heavy chains.
One constant (C) domain of the light chain and three or four C domains (of about
100 amino acids each) of the heavy chain make up the Fc region. This portion of
the Ig molecule determines the isotype or class (M, G, A, E, or D) and subclass
(G,, G,, G5, G,; Sy, Sy), on which depend many of its biological properties. The
heavy and light chains of the Igs are each encoded by multiple genes that are
physically separated on the chromosomes but are brought together to form a
single compound gene. The V portions of the light chain are constructed from a
V gene (encoding 95 amino acids) and a J gene (12 amino acids). The V domain
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of the heavy chain is created by combination of a V gene, J gene, and D gene.
Since any one of several hundred V genes can combine with any of 4 to 6 J genes
(and any of several D genes), the number of possible V regions is quite large.
Diversity is further augmented by the association of different light chains and
heavy chains.

Additional diversity is subsequently acquired because the V genes are them-
selves highly mutable and, in undergoing frequent somatic mutations, give rise
to new specificities. These are generally beneficial, but some somatic mutations
among V genes appear relevant to the acquisition of autoimmune specificities
that may not be represented as such in the germ-line genes, perhaps as a result of
evolutionary elimination (Mamula et al., 1990). There is then no problem in
envisioning a sufficient number of Ig receptors, >109, required to recognize any
possible antigenic determinant, whether as a linear peptide sequence or a three-
dimensional conformational configuration. The stages of development of B cells
at which distinctions are made between antigenic determinants of self and non-
self, and how this is effected, is discussed later in this chapter and by Nossal in
Chapter 2 of this volume. However, we can note that even in health, a proportion
of mature B cells is capable of binding self-antigens, albeit perhaps by a low-
affinity IgM receptor (Roberts et al., 1973).

The binding of its complementary antigenic determinant is an essential step for
the B cell in the process of proliferation and differentiation. This process usually
requires hormonelike factors, the ILs, supplied by accessory cells and cooperat-
ing (helper) T cells (Kincade er al., 1989). The affinity of Ig for its antigenic
determinant increases during the response, probably because somatically mutat-
ed B cells with a higher degree of affinity for antigen are favored.

T cells develop from the bone marrow stem cells as do B cells, probably under
the direction of a slightly different mixture of CSFs (Sprent, 1989). However, T
cells need to undergo an additional stage of maturation in the thymus, where
products of the thymic stromal cells induce expression of TcR genes as well as
CD4 or CD8 auxiliary surface markers. The TcR is a disulfide-linked hetero-
dimer composed of a and B polypeptide chains. A minority of the T-cell popula-
tion express TcRs consisting of -y and & chains. The genes that encode the TcR
chain show a striking homology to the V and C genes of the Ig molecule and so
belong to the Ig supergene family. The genetic mechanisms that provide the
necessary diversity of antigen-binding recognition structures are similar for T
and B cells.

Although phylogenetically related to Ig molecules, the TcR gene products
have quite distinctive recognition properties. T cells, unlike B cells, do not
recognize antigenic determinants by their spatial configurations but actually
“see” only short peptide sequences of the antigen, up to 10 or 12 amino acid
residues. However, these must be recognized by the TcR in a dimensional pattern
of which the antigenic peptide is just one component; TcR recognition requires
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joint presentation of the peptide sequence in the context of the cell-surface
product of an MHC gene, class I or class II (Marrack and Kappler, 1987; Sinha et
al., 1990).

As stated above, TcR diversity is generated by processes of genetic rearrange-
ment and reassortment similar to those regulating the formation of the Ig recep-
tor. The complex processes that shape the T-cell repertoire are referred to in
Chapters 2, 3, and 4 and discussed in the final Chapter 17. Somatic mutation
does not seem to occur in mature lymphocytes of the T-cell lineage. After the T
cells leave the thymus, therefore, they are incapable of changing the specificity
of their antigen recognition. Hence if TcRs directed to self-antigens were to be
totally eliminated in the thymus, they would not be regenerated in peripheral
sites by somatic mutation of T-cell receptor genes.

When confronted by a congruent class Il MHC product on an antigen-presenting
cell, together with the appropriate antigenic fragment, the CD4+ T cell enters a
reproductive cycle. Its reproduction is supported by the elaboration of growth
factors, also members of the interleukin family, and the concurrent expression by
the activated T cell of receptors for the ILs, particularly IL-2.

Class I MHC gene products are expressed on virtually all cells of the body and
are the primary targets of CD8+ T cell-mediated cytotoxicity, such as seen in
responses to viral, transplantation, or tumor antigens. Class I MHC products, on
the other hand, are expressed mainly on antigen-presenting cells, including mac-
rophages, dendritic cells, and B lymphocytes. Since the MHC locus is highly
polymorphic, each individual is likely to differ in MHC phenotype. The MHC
constitution of the antigen-presenting cell determines the ability of the CD4+ T
cell to recognize a particular antigenic determinant; therefore, MHC class 11
genes act as immunoregulatory genes.

One function of the antigen-presenting cell is to prepare an antigenic molecule
for T-cell recognition. The process involves hydrolytic cleavage of the antigenic
protein into small peptide fragments, which then bind to the class I MHC receptor
and are transported on the surface of the antigen-presenting cell. Antigen-present-
ing cells also secrete ILs that provide a “second” signal in concert with the
antigenic signal to initiate T-cell proliferation (Weaver and Unanue, 1990; Di-
ghiero et al., 1986). The antigenic signal in the absence of the second signal is
thought to be tolerogenic rather than immunogenic.

Il. NORMAL SELF/NONSELF DISCRIMINATION
AND TOLERANCE

A. B-LympHOCYTE TOLERANCE

In general, B cells are capable of recognizing many self-antigens, as judged by
the frequency of “natural” autoantibodies among the immunoglobulin molecules
of normal individuals. On stimulation with a polyclonal activator like bacterial
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lipopolysaccharide, a high proportion of B cells produce autoantibodies to partic-
ular structures. These include cytoskeletal elements including laminin, vimentin,
actin, and myosin; nuclear elements including single-stranded DNA; and even
circulating proteins, e.g., thyroglobulin (Underwood et al., 1985). Furthermore,
B-cell hybridomas formed by fusion of B cells of normal mice (or normal
humans) with plasmacytoma cells frequently produce monoclonal antibodies to
self-antigens (Underwood et al., 1985; Notkins and Prabhakar, 1986). The dem-
onstration of naturally occurring autoantibodies in the sera of normal individuals
indicates that B cells responsive to many self-antigens can persist under certain
physiological conditions of the body. The fact that a pathological autoantibody
response by self-reactive B cells does not occur under normal conditions could be
because of the lack of appropriate T-cell help, or to regulatory effects that in-
clude antiidiotypic responses and suppressor influences (see Chapter 2 in this
volume.

B. T-LympHoCYTE TOLERANCE

The classic experiments of Billingham et al. in 1953 showed that tolerance is an
acquired, not an innate property. The first suggestion by Burnet (1959) was that
tolerance depended on clonal deletion of self-reactive cells, possibly in the
thymus: exposure of immature cells to their corresponding antigen would result
in their complete elimination. Direct evidence supporting this concept has be-
come available only recently. The thymus receives from the bone marrow immi-
grant T-cell precursors with the genetic capacity for expressing TcRs for any
antigenic determinant; the thymus exports only those T cells capable of respond-
ing to nonself-determinants. Therefore, positive and negative selective processes
must take place in the thymus during T-cell maturation. T cells capable of
recognizing MHC class II molecules in conjunction with a foreign antigenic
determinant are favored, whereas T cells recognizing self-determinants are effec-
tively eliminated. In fact, only a small proportion of precursor cells entering the
thymus leave as mature T cells (Scollay and Shortman, 1985). The remainder of
the precursor proportion is probably “programmed” for death by cell-suicide,
referred to as apoptosis.

C. SeELECTION PROCESSES IN THE THYMUS

An initial stage of positive selection, favoring T cells recognizing self-MHC
molecules, probably only with low or intermediate affinities, occurs in the thy-
mic cortex. Encountering thymic epidermal stromal cells that present the host’s
MHC molecule, such immature T cells remain viable and even proliferate,
whereas all other T cells undergo apoptosis (Sha et al., 1988). Thus only T cells
that can recognize self-MHC continue the process of differentiation. In the
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thymic medulla, the maturing T cells may encounter self-antigens presented by
bone-marrow-derived dendritic cells in conjunction with autologous MHC class
II molecules. If a positively selected T cell reacts to high affinity with self-MHC,
or with self-peptide/self-MHC complexes, it is eliminated (Adorini, 1990). This
negative selection process can of course apply only to self-peptides that are
represented in the medulla of the thymus. This would include self-MHC and
other prominent cell-surface molecules, as well as autologous constituents trans-
ported by the blood to the thymic medulla. Many organ-specific and intracellular
molecules would not get the opportunity to act as “deletogens.”

D. SUPERANTIGENS

The result of positive and negative selective processes is that only T cells that
recognize foreign peptides in conjunction with self-MHC determinants survive.
It has been difficult to document these dual processes because the number of T
cells responsive to any particular peptide fragment is very small. However, a
high proportion of T cells from nonimmunized mice respond to a few exceptional
molecules referred to as superantigens. The minor lymphocyte-stimulating (Mls)
alloantigen of the mouse, in conjunction with the appropriate MHC molecule,
stimulates a significant portion of T cells. Moreover, most T cells recognizing the
Mls determinant utilize a particular family of V genes, that is, genes coding for
the variable combining portion of the TcR. Monoclonal antibodies specific for
this V-gene family (V8.1) provide a means for enumerating T cells with this
particular specificity without depending on stimulation by the respective Mls
antigen. Direct examination using labeled antibodies in mice has shown that
many T cells with V8.1 enter the thymic cortex, but most are eliminated when
the T cells migrate to the medulla; consequently, they are not found in peripheral
blood or lymphoid organs (Kappler et al., 1988). Similar experiments have
shown deletion of T cells specific for the class I MHC molecule I-E, for the
MHC-like determinant on male cells, H-Y, and for superantigens, such as sta-
phylococcal enterotoxin, which stimulate a large proportion of T cells (Kappler
et al., 1987; Kappler et al., 1989). The effect of superantigens on the T-cell
repertoire is discussed in Chapter 17. '

E. THymic DeLeTioNn—LACK OF INTERLEUKINS?

The question arises why contact between a committed T cell and self-peptide/
self-MHC in the thymus should result in clonal deletion, whereas a similar
encounter in peripheral sites produces clonal proliferation. Evidence suggests
that auxiliary growth factors, ILs, are required for the clonal proliferation in
peripheral sites. The requisite ILs may not be available in the thymus and cannot
save the self-reactive T cells from antigen-induced suicide.
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F. Escape FROM DELETION

The central process of clonal deletion probably operates for potent and accessible
self-antigens. Central (thymic) clonal deletion would not occur with antigens that
are absent from the thymus or present only in small amounts. Organ-specific
antigens, thyroglobulin for example, are probably not available in the thymus in
significant amounts at any time during embryonic or later life. One can expect,
therefore, that negative selection of T cells responsive with such self-antigens is
either ineffective or lacking. The demonstration of T cells responsive to autol-
ogous thyroglobuiin, described above, accords with this prediction. Therefore, a
search for risk factors for autoimmunity may have to go back to the processes that
dictate repertoire generation in the thymus.

As described above, T cells reactive with certain major self-antigens are
generally deleted during their maturation in the thymus by lethal contact with
antigen plus MHC, but there is cogent evidence that all autoreactive T cells are
not eliminated. As one line of evidence, there are the many examples of experi-
mentally induced autoimmunity in which an organ-specific antigen, administered
with a potent adjuvant, induces an experimental autoimmune disease. These
examples include experimental autoimmune encephalomyelitis (EAE), thy-
roiditis (EAT), myasthenia gravis (EAMG), orchitis (EAO), each of which results
from immunization with autologous or cross-reactive allogeneic or xenogeneic
antigen (Rose, 1979) (and see Chapter 3 in this volume). In each case the
autoimmune disease is T-cell dependent, since removal of T cells by neonatal
thymectomy or treatment with specific monoclonal antibody to helper CD4+ T
cells prevents their development (Vladutiu and Rose, 1975). The inducibility of
these diseases means that a responsive autoimmune T-cell population must pre-
exist, and can be called into action by an appropriate immunization procedure.

G. CHecks oN BrReakING OF TOLERANCE

We may well ask why self-destructive T-cell responses do not occur more often.
The reasons may be that (1) the requisite antigen is sequestered and, therefore,
not available in sufficient amounts to activate T cells; (2) antigen-presenting cells
are unable to process and present self-antigens in an immunogenic form; (3) T
cells are made unresponsive by particular concentrations of self-antigens; (4) T-
cell responses become actively suppressed, nonspecifically or specifically; and
(5) after antigenic contact, T cells do not receive a required second signal from a
factor released by the antigen-presenting cell (Weaver and Unanue, 1990) and are
thereby rendered anergic. As a further explanation, we suggest that T-cell toler-
ance is a quantitative phenomenon and that under normal circumstances only
high-avidity T cells to self-antigens are likely to be eliminated during thymic
maturation (Ada and Rose, 1988; Gammon and Sercarz, 1990). The low-avidity
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T cells remaining at peripheral sites would be capable of reacting with a self-
antigen only if it were presented in a sufficiently potent form, for example with
an adjuvant.

H. ToLErRaNCE AND ANTIGEN-PRESENTING CELLS

Does self-tolerance reside in the antigen-presenting cell? The ability of antigen-
presenting cells to handle a number of self-antigens has been investigated. Some
autologous antigens, including lysozyme and cytochrome c, bind to class II
MHC products as effectively as do equivalent foreign molecules (Babbitt ez al.,
1986; Lakey et al., 1986), and would presumably be recognized by the corre-
sponding T cells, if they were present. An even more convincing experiment has
been reported in mice genetically lacking the circulating complement component
C5. Transgenic mice given the gene for this complement component are able to
process and to present the antigen to competent T cells in conjunction with
syngeneic class II molecules (Liu and Stockinger, 1989). Therefore, all of the
machinery necessary for antigen processing and presentation of many self-
antigens is intact.

l. PeripHERAL TOLERANCE AND CLONAL ANERGY

In view of experimental evidence that the cell populations required to generate an
immune response to many self-antigens are normally not deleted, other mecha-
nisms of self-tolerance must be considered. A critical requirement for the devel-
opment of autoimmune disease is the proliferation of helper CD4+ T cells.
These cells are capable of responding to fragments of antigen only when present-
ed in conjunction with syngeneic class Il MHC determinants. Helper T cells then
induce the production of high-affinity autoantibodies by B cells, and facilitate the
generation of cytotoxic CD8 T cells.

Given that not all self-reactive cells will be deleted intrathymically, additional
peripheral mechanisms must operate to effect functional inactivation of self-
reactive T and B cells. Among the several mechanisms suggested for peripheral
immunoregulation are clonal anergy and active suppression.

The concept of anergy, developed by Nossal and Pike (1980) (see Chapter 2 in
this volume) and initially applied to B cells, also applies to T cells (Adelstein et
al., 1991; Qin et al., 1989; Rammensee e al., 1989). The implication is that
lymphocytes reactive with tolerated antigens are not physically deleted from the
lymphocyte repertoire in vivo. In other words, lymphocytes capable of binding
self-antigen are present, but incapable of proliferation in response to that antigen.
The most striking evidence for the importance of anergy of peripheral lympho-
cytes has come from experiments using transgenic mice (Adelstein ez al., 1991).
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When genes coding for an exogenous antigen, such as hen egg lysozyme, are
inserted into the murine genome, the transgenic mice are incapable of responding
to this otherwise exogenous antigen, because the antigen is present during em-
bryogenesis and therefore is regarded as self. B cells capable of binding
lysozyme can still be demonstrated in the peripheral lymphocyte population, but
fail to proliferate. However, these B cells can undergo at least limited prolifera-
tion, if large quantities of ILs are added to the culture medium. These findings
suggest that clonal anergy is not attributable to a failure of antigen recognition by
the B cell; the anergic B cells recognize antigen but respond feebly or not at all,
perhaps because they require supernormal amounts of auxiliary growth factors
(Adams et al., 1990). The question of peripheral T-cell anergy is readdressed
later in this chapter, in Chapter 2, and in Chapter 17.

J. SuppreSsION

When stimulated by their appropriate antigen, T lymphocytes undergo a process
of repeated cell division that, if unchecked, could be disastrous. There must be
means, therefore, of regulating immune responses, just as other physiological
reactions of the body are controlled. These regulatory mechanisms can be
grouped under the general heading of active suppression. A number of non-
antigen-specific factors are capable of arresting the proliferation of T-cell clones
(Peavy and Pierce, 1974). Certain mitogens, including concanavalin A, appear
capable of initiating the production of suppressor factors by T lymphocytes
(Dutton, 1972). In addition, specialized populations of T cells produce peptides
that actively suppress T-cell proliferation. In general, these suppressor factors are
produced by CD8+ T cells, and they act directly on CD4+ helper T cells (Jensen
and Kapp, 1985). Some investigators suggest that antigen-specific CD4+ T cells
serve as inducers of the CD8+ suppressor/effector cells. One idea is that elabo-
rate suppressor circuits develop in which antigen-specific inducer T cells produce
a factor that acts on suppressor-effector T cells to generate nonspecific suppressor
factors that act, in turn, on the inducer (Eardley et al., 1978). The concept
remains controversial because the critical suppressor/effector T cell cannot be
unequivocally identified.

Various types of suppressor T cells have been described. One type of sup-
pressor T cell, which is antigen-specific at the effector level, is stimulated by the
corresponding antigenic determinant (Green er al., 1983); whether these are
MHC:-restricted, secrete cytokines, or display memory is uncertain. Another type
of antigen-specific suppressor T cell is referred to as antiidiotypic; this type
reacts with the variable portion of a particular TcR and thus can inactivate a
specific population of T cells. Does this type of suppressor T cell see a T-cell
receptor peptide in the context of MHC class II, and react with it in that context?
Are there two types of suppressor factors, idiotypic and antiidiotypic, that bind,
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respectively, antigen or the antigen-specific T cell? Then there are types of
suppressor T cells that are non-antigen-specific at the effector level; these appear
to be activated after virus infections, e.g., measles, ultraviolet irradiation, and
other stimuli. There is also the claimed existence of suppressor-inducer cells that
have the naive phenotype, CD4,CD45RA (Sleasman et al., 1991). Until answers
are available on phenotype-functional relationships of putative suppressor T
cells, the concept of immune suppression will remain controversial.

It is our view, in light of the evidence that all self-reactive T cells are not
centrally deleted in the thymus, that peripheral immunoregulation must be impor-
tant for maintaining self-tolerance under normal conditions. Several years ago,
we proposed the concept of clonal balance (Rose ez al., 1981). It suggests that
the totality of factors that stimulate the proliferation of helper T cells is closely
balanced by other factors, specific and nonspecific, that impede T-cell prolifera-
tion. A small shift in this balance in one direction or the other is responsible for
positive or negative responses to administration of antigen. The clonal-balance
concept suggests that T cells reactive with self-antigens are normally held in a
slight or pronounced negative balance. We are impressed by studies over the past
10 years that neonatal thymectomy can induce autoimmunity by removal of a
suppressor population (see Chapter 3 in this volume), presumably because
putative suppressor T cells generally receive a small headstart in thymic devel-
opment. However, thymic development may be genetically abnormal, and ani-
mals with such genetic defects become deficient in their immunoregulation and
might be expected to develop a number of autoimmune responses, similar to
those seen in obese strain (OS) chickens or New Zealand mice. There is a
reduction with aging in T cells that, by shifting the balance in favor of helper T
cells, increases the prevalence of autoimmune responses in the aged (Calkins and
Stutman, 1978). Postnatal thymectomy and cyclosporine treatment preferentially
reduce the suppressor population at the expense of the previously peripheralized
helper population and, therefore, a variety of autoimmune responses follow
(Sakaguchi and Rose, 1988), as discussed in Chapter 3 in this volume. Limited
doses of irradiation and cyclophosphamide have similar effects (Spellman and
Daynes, 1978). The clonal-balance concept suggests that even a small shift in the
helper : suppressor ratio may lead to autoimmunity, given other facilitating condi-
tions. We must re-emphasize the limitation of this concept: so far, an identifiable
population of antigen-specific suppressor T cells with distinctive phenotypic
markers has not been identified in humans or in any other species.

lli. AUTOIMMUNITY: FAILURE

OF SELF-TOLERANCE
In spite of the elaborate strategies adopted by the body to maintain tolerance to
self, autoimmunity is an ever-present hazard. We see no reason that an autoim-
mune response should not follow the same rules as a response to an extrinsic
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agent and, if this were the case, we should consider inductive and effector
processes, acknowledging that in the established response, these will be occur-
ring concurrently.

A. InpucTive MecHANISMS: ANTIGEN-RELATED

These are listed in Table I, and the number suggests that no single mechanism
will account for all instances of autoimmunity. Three general requirements,
however, prevail: (1) self-reactive T cells and B cells remain in the immunologi-
cal repertoire; (2) the cognate self-antigen is accessible; and (3) the antigen is
processed and presented to helper T cells in conjunction with an MHC class 11
molecule by a competent antigen-presenting cell.

1. Sequestered Antigen

The most straightforward method of initiating autoimmunity occurs after the
introduction of a constituent of the body that is normally sequestered from the
immune system so that self-tolerance cannot develop. Such isolated components
may be antigenic without any special manipulation, and do not require admixture
with an adjuvant. The two most likely examples are antigens of sperm and lens.
Injection of sperm induces the production of sperm-specific autoantibodies, even
in the same species (Rose, 1974). Interestingly, these antibodies are generally not
associated with any discernible disease, unless the original injection is given with
an adjuvant (Freund er al., 1953). The adjuvant may dictate the antibody class,
favoring a complement-fixing isotype, to permit antibody and complement to
penetrate the testis more readily, or may induce a persisting (unregulated) cell-

TABLE |
Inductive Mechanisms in Autoimmunity

Antigen-Related
Sequestered antigen
Molecular mimicry
Altered self-antigen
Self-antigen plus foreign determinant
Surrogate sclf-antigens—antiidotypic antibodies
Tumor autoantigens
APC-related
Self-antigen plus increased MHC class II expression
Tolerance—regulation-related
Nondeletion of anti-self specificities
Decreased suppression
Polyclonal activation
Failure of antiidiotypic control
Failure of peripheral tolerance
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mediated immunity. These considerations emphasize the dichotomy between the
autoimmune response itself (frequently harmless) and the occurrence of autoim-
mune disease.

In humans, vasectomy increases the levels of naturally occurring sperm anti-
body in 50 to 80% of subjects (Rose et al., 1980). Vasectomy does not impair
spermatogenesis, but blocks the exodus of mature spermatozoa through the vas
deferens (Samuel and Rose, 1980). Sperm antigens, therefore, are continuously
absorbed by the body. Following vasectomy, there is a striking accumulation of
macrophages around the vas, sometimes accompanied by granuloma formation.
This inflammatory infiltrate suggests that antigen is being taken up and pro-
cessed. The spermatic antigen (or antigens) responsible for postvasectomy auto-
antibody production has not yet been characterized, but it is clear that native
antigen is capable of inducing autoimmunity. Men who develop high titers of
sperm antibody after vasectomy do not suffer from orchitis or aspermatogenesis,
showing that the antibodies have no effect in situ. On the other hand, the rela-
tively low fertility rate of men who have undergone surgical reversal of their
vasectomy in order to restore fertility indicates that the antibodies to sperm are
able to interfere with the competence of sperm exposed to antibody during its
passage through the spermatic ducts (Thomas et al., 1981).

2. Molecular Mimicry

The second mechanism for induction of autoimmunity is molecular mimicry,
meaning the sharing of antigenic determinants between the host and some ex-
ogenous agent, usually an infecting microorganism. This concept is described in
detail in Chapter 6 of this volume. A classic instance of molecular mimicry is
poststreptococcal rheumatic fever. Epidemiologic and clinical evidence associ-
ates infection with B-hemolytic streptococci with the development of acute rheu-
matic fever, and repeated streptococcal infections are clearly associated with
chronic carditis and rheumatic valvular disease (Stollerman, 1975). Experimen-
tally, injection of rabbits with streptococcal suspensions induces antibodies that
react with heart muscle (Zabriskie and Freimer, 1966). The antigen responsible
for this cross-reaction has been identified with cardiac myosin, but it is not
known whether the responsible antigen is present on all B-hemolytic streptococci
or only certain rheumatogenic strains (Dale and Beachey, 1985). As a discordant
note, it has not been possible to induce the characteristic pathological changes of
rheumatic fever by immunization of animals with streptococci.

In recent years, there have been many other instances cited of possible mo-
lecular mimicry. Much of the evidence is based on the demonstration of closely
similar but usually rather short amino acid sequences in polypeptides of micro-
organisms and bodily constituents. In only very few instances, however, has it
been possible to induce an autoimmune response with the shared antigen. Hepati-
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tis B virus polymerase has a 10-amino-acid sequence that is virtually identical
with a peptide of myelin basic protein. Injection of this amino acid sequence into
rabbits induces a disease resembling autoimmune encephalomyelitis (Fujinami
and Oldstone, 1985). However, it is difficult to see the relevance of this to any
spontaneous disease, since brain disease does not occur with hepatitis virus
infection.

Heat-shock proteins (HSP) are highly conserved peptides found on prokaryotic
as well as eukaryotic cells, and HSP from mycobacteria are capable of inducing
antibody to mouse HSP (Kaufmann et al., 1989). Great interest has been created
by the observation that T cells from rats with adjuvant arthritis respond to a
mycobacterial HSP of molecular mass 65 kDa, suggesting that rheumatoid arthri-
tis may be the result of an autoimmune response instigated by the HSP from a
microorganism (van Eden ez al., 1988) (see Chapter 3 in this volume). However,
there is no evidence that patients with rheumatoid arthritis are abnormally re-
sponsive to the 65-kDa HSP. Despite the current enthusiasm for a role of HSP in
the initiation of a range of autoimmune diseases (van Eden, 1990; Lamb and
Young, 1990; Winfield, 1989; Kaufmann, 1990), we are uncommitted to this
idea.

Molecular mimicry requires that presentation of an epitope differing only
slightly from self is capable of initiating an immunologic response. That initial
step depends on the antigenic distance between the exogenous and the endoge-
nous antigenic determinants. A foreign determinant identical to self-antigens
should not normally be immunogenic, whereas one that differs greatly from self
would fail to give rise to an autoimmune (antiself) response. In order for the
immune response to result in autoimmune disease, the antigenic distance should
be slight, and the immune response should undergo maturation by somatic
mutation, since a self-perpetuating cycle is probably required; that is, endoge-
nous antigen must reinforce the initial response to the closely related foreign
antigen. The absence of this second step may account for the difficulty experi-
enced when an attempt is made experimentally to produce an autoimmune dis-
ease by the injection of a cross-reactive antigen. In addition, there is mounting
evidence that autoimmune B cells see complex conformational epitopes rather
than short linear epitopes (see Chapters 7 and 17 in this volume). Thus, mo-
lecular mimicry may have become overstretched as a general explanation of
autoimmune responses. It will be noted that the discussions above have con-
cerned antibody. It may be that molecular mimicry operates more effectively at
the level of T-cell responses, a question requiring further investigation.

3. Altered Self-Antigens

An altered self-antigen may be misperceived by the body as a foreign entity. It is,
for example, quite easy to show that heat-denatured albumin is antigenic in the
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host. Often antibodies to the denatured protein, however, do not react with the
unaltered native albumin. Papain-treated red blood cells injected into the original
donor mouse induce production of antibody directed only to the treated red blood
cells, and fail to induce a hemolytic anemia by acting on the host’s unaltered
erythrocytes (Eyquem and Crepin, 1956). On the other hand, only minor changes
in protein structure or amino acid sequence will permit antibodies or T cells
reactive with denatured self-antigens to interact with the native counterpart.
Papain-treated rabbit thyroglobulin injected without adjuvant into rabbits can
induce both autoantibody production and transient thyroiditis, indicating that the
immune response to the altered antigen can under some circumstances act effec-
tively on native antigen in situ (Anderson and Rose, 1971).

Sometimes physiologic changes occurring in self-antigens are sufficient to
induce an autoimmune response. When it reacts with its respective antigen, an
antibody molecule undergoes a conformational change (Milgrom and Witebsky,
1960). Antibodies to changed Fc, called rheumatoid factors, can be shown to
combine in vitro with immunoglobulin fixed to a solid surface. In rare cases,
aggregates composed of rheumatoid factor and immunoglobulin occur in the
body, suggesting that the rheumatoid factor is able to combine with unaltered
immunoglobulin in vivo (Kunkel et al., 1960).

Self-antigens may be altered through the action of exogenous chemicals and
drugs. The hepatitis that follows the use of halothane anesthesia in some indi-
viduals, for example, has been attributed to an autoimmune reaction, although no
convincingly objective evidence of autoimmunity has yet been published. Liver
damage induced in mice by carbon tetrachloride has been studied to ascertain
whether the chemical triggered an autoimmune response in genetically suscepti-
ble strains (Bhatal ez al., 1983; Beisel et al., 1984). Mice differed greatly in their
response to carbon tetrachloride injections, with some strains showing relatively
little injury, whereas others developed active disease. Autoantibodies to liver
antigens were sometimes present.

Certain infections are known to initiate autoimmune responses, which may
contribute to the total picture of disease. Our investigations on myocarditis
induced by Coxsackie B3 (CB3) exemplify autoimmunity due to infection (Rose
et al., 1987) (see Chapter 12 of this volume). After CB; infection, certain strains
of mice developed an active myocarditis accompanied by heart-specific autoan-
tibodies. The autoantigen involved was identified as the heavy chain of cardiac
myosin (Neu et al., 1987a). Using purified cardiac heavy chain as immunogen,
the characteristic picture of myocarditis was produced in selected strains of mice.
Since no antigenic cross-reaction between heart and Coxsackie virus could be
detected, it was suggested (Neu et al., 1987b) that the role of the virus is to alter
and expose endogenous myosin as well as to provide local inflammation (Neu et
al., 1987b). These experiments are cited in more detail in Chapter 12 of this
volume.
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4. Seif-Antigen Plus Foreign Determinant

There are several examples of self-constituents being rendered autoantigenic by
addition of haptenic groups. In classic experiments by Weigle and his colleagues,
rabbit thyroglobulin modified by sulfonilic and arsenilic substituents proved to be
antigenic in rabbits (Weigle, 1965). Similar mechanisms may prevail in some of
the human drug-induced autoimmune diseases. For example, some patients treat-
ed with a-methyldopa develop hemolytic anemia. The antibody involved is
directed to determinants of the Rh series, showing that the autoimmune response
is directed to a normal antigen of the red blood cell itself, and not to the drug
(Worllege er al., 1966). There are, as it happens, other explanations for drug-
induced autoimmune reactions, such as an action of the drug in disturbing im-
mune regulation. In any event, this type of drug-induced hemolytic anemia
should be distinguished from the hemolytic anemia that follows penicillin admin-
istration, in which antibodies to penicillin combine with penicillin that pre-
viously attached to the surface of erythrocytes (Petz and Fudenberg, 1966). In
such instances, the immune reaction is not directed to a self-antigen; the target
cell is injured as an “innocent bystander” rather than being involved in an
autoimmune response.

5. "Surrogate” Autoantigens

We use this term to describe an antiidiotype molecule that happens to mimic the
configuration of a natural self-constituent. There are well-documented examples
of the generation of an antibody response by antiidiotype, an “internal image” of
an antigen, which is not as such encountered by the individual (Mackay, 1988).
The concept of the antiidiotype mimicking the configuration of a host protein has
been raised particularly in the context of antibody responses to viral infections
(Plotz, 1983).

6. Tumor Autoantigens

Malignant tumors may be complicated by systemic diseases that are termed
paraneoplastic. Among these are curious autoimmune syndromes that, until re-
cently, have attracted little attention from immunologists. Among the early ex-
amples would be tumor-associated hemolytic anemia, particularly with ovarian
cancers (Spira and Lynch, 1979). There is much interest in neurological syn-
dromes, particularly cerebellar degeneration, that accompany ovarian cancers,
with antibodies against Purkinje cells readily demonstrable by immunofluores-
cence (Lennon, 1989). Recently, examples of paraneoplastic pemphigus with
acantholytic autoantibodies were described in association with various tumors
(Anhalt ez al., 1990). Presumably the tumor expresses membrane antigens with
epitopes that simulate those of natural self-constituents.
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B. InpucTive MecHANISMS: ANTIGEN PRESENTATION

Since we maintain that self-reactive T cells are not entirely erased from the
immunological repertoire (see earlier), then autoimmunity may be due to
hypereffective antigen presentation. Hence the suggestion has been proffered that
such aberrant MHC class II molecules on tissue cells may initiate an autoimmune
response (Bottazzo et al., 1983). Class 1I expression has been described in target
organs in several autoimmune conditions. Examples include insulin-dependent
diabetes, in which evidence was presented that class II molecules occur on islet
cells (Bottazzo et al., 1985); thyroiditis, in which class II molecules are newly
expressed on follicular lining cells (Todd et al., 1986); and primary biliary
cirrhosis (Ballardini et al., 1984), in which class Il molecules are expressed on
biliary ductular cells. Therefore, the proposal is that the tissue cell assumes the
role of the professional antigen-presenting cell, and the expression of MHC class
Il together with an endogenous cell antigen stimulates self-reactive CD4+ helper
T cells. It is known that gamma interferon can induce class II MHC expression
on many epithelial and endothelial cells (Collins er al., 1984). Since virus infec-
tion stimulates the production of gamma interferon, the concept suggests further
that an initial virus infection could instigate the autoimmune process by evoking
the secretion of gamma interferon by invading T cells that are combating the viral
infection. In addition, if MHC class I antigens were similarly up-regulated, there
would be the possibility for cytotoxic damage by CD8+ T cells. Unfortunately, it
has been difficult to find direct evidence supporting this seductive hypothesis,
and there is some evidence against it. For example, class Il MHC expression in B
cells of pancreatic islets has been induced in transgenic mice by inserting the
class II MHC gene along with the insulin promotor: the effect was to damage the
B islet cell but without any evidence at all of autoimmunity (Sarvetnick et al.,
1988). Perhaps the action of interleukins in addition to MHC class II expression
on epithelial cells is required for autoimmune induction. Furthermore, self-
peptides need to bind firmly to the class 11 molecule after endocytosis, rather than
simply share expression at the cell membrane.

C. Inbuctive MecHanisMms: TOLERANCE-RELATED

The winding down of an immune response is important physiologically. This
may occur as the antigen is eliminated, but active immunoregulation participates
as well. These regulatory processes are clearly relevant to those forms of autoim-
munity in which there is persistence of the provoking antigen. Regulatory pro-
cesses requiring discussion are suppression, antiidiotypic responses, and pe-
ripheral tolerance.
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1. Nondeletion of Anti-Self

Despite the efficiency of intrathymic deletion of anti-self reactivity, this cannot be
complete, as already noted. Hence some T cells with autoimmune potential,
albeit weak, will be represented in the periphery.

2. Decreased Suppression

Operationally, suppression of autoimmunity can be demonstrated both in the
body and in the test tube, even though the mechanisms involved in the process
have not been determined. Injection of soluble syngeneic thyroglobulin without
adjuvant, for example, fails to induce an immune response. In fact, animals thus
treated do not respond to a later injection of thyroglobulin plus adjuvant (Kong er
al., 1982). This state of unresponsiveness lasts for at least a month and is antigen
specific. It can be transferred to naive mice by injection of CD4+ spleen cells,
operationally representing a population of antigen-specific suppressor cells. A
similar state of unresponsiveness can be induced in mice in a more physiological
manner by raising the normally low levels of circulating thyroglobulin after
injection of thyroid-stimulating hormone or thyrotropin-releasing hormone.
There is a very extensive and quite analogous literature on immune suppression
in relation to EAE. Animals receiving central nervous system (CNS) prepara-
tions without adjuvants were rendered resistant to subsequent induction for EAE:
this state was termed protection (Coates et al., 1974). Protection was transferable
adoptively with spleen cells, presumably of suppressor type (Bernard, 1977).
These sets of experiments utilizing adoptive transfer protocols indicate that the
presence of self-antigen in the absence of any adjuvantlike activity can play a
role in maintaining unresponsiveness to self.

Recently there has been identified a population of cells in the thymus of mice
capable of inhibiting production of thyroglobulin autoantibodies in vitro after
injection with soluble thyroglobulin (Talor and Rose, 1989). These cells, which
are antigen specific in their activity, migrate later to the spleen. They express the
CD8 marker characteristic of cytotoxic T cells. The production of these cells in
the thymus occurs primarily when thyroglobulin is injected without adjuvant.
Their production is strain specific, since strains of mice known to be highly
susceptible to the induction of autoimmunity, such as SJL, are deficient in the
production of these antigen-specific suppressor cells. Moreover, the production
of these cells declines with age, correlating with the increased propensity of older
animals to develop autoimmunity. It has been difficult to identify antigen-specific
suppressor cells in humans, but a decrease in the relative numbers or functional
activity of nonspecific suppressor cells has been claimed in a number of autoim-
mune diseases, including rheumatoid arthritis and Hashimoto’s thyroiditis
(Goodwin, 1981; Volpé, 1987).
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3. Polyctonal Activation

Since it is probable that B cells reactive with virtually all constituents of the body
are present normally, nonspecific B-cell proliferation (polyclonal activation) can
be expected to result in broad-scale autoantibody production. Under experimen-
tal conditions in the test tube, a general increase in the production of autoan-
tibodies can be demonstrated after B-cell activation (Primi et al., 1977). A
striking feature of autoimmune disease, however, is the specificity of the autoan-
tibodies produced (Rose, 1979). Thus, antibodies to actin are characteristic of
chronic active hepatitis; antibodies to pyruvate dehydrogenase are diagnostic for
primary biliary cirrhosis; and antibodies specific for glutamic acid decarboxylase
of the B cells of the pancreatic islets are associated with insulin-dependent
diabetes (see Chapter 10 of this volume). Even in systemic lupus erythematosus
(SLE), a disease in which a large number of autoantibodies are produced, the
spectrum of specificities is characteristic of lupus, in that antibodies to particular
nuclear antigens can be demonstrated, but antibodies to organ-specific antigens
are not usually found. Indeed it is slowly being appreciated that autoantibodies to
particular nuclear, nucleolar, or cytoplasmic entities will define subsets of the
lupus-related autoimmune diseases, even though we are still far from understand-
ing why and how the subset-specific autoantibody relates to the disease in ques-
tion (see Chapters 7 and 8 of this volume).

This marked disease-associated specificity of autoantibodies is seen even with
respect to the portions of antigenic molecule recognized. We have recently
found, for example, that patients with chronic thyroiditis consistently produce
autoantibodies to a restricted portion of the thyroglobulin molecule—the most
recently evolved part (Bresler et al., 1990). The natural antibodies found in
normal sera are directed to the more-primitive, shared portions of the thy-
roglobulin molecule.

Nonspecific B-cell proliferation can be induced in the body by graft-versus-host
(GVH) reactions. Even in this instance, however, the autoantibodies produced are
of predictable specificity. Autoantibodies to nuclear antigens and red-cell-surface
antigens are produced, for example, whereas antibodies to thyroglobulin are not
(van Rappard-van der Veen et al., 1984); however, if thyroglobulin is given to the
mouse at the time of induction of GVH disease, thyroglobulin antibodies are found
subsequently (Kuppers et al., 1988). These experiments show that the presence
and concentration of antigen at the time of GVH-related lymphocyte proliferation
may be critical in determining autoantibody specificity.

4. Idiotype Regulation

The concept of an internal regulation of immune responses by an idiotype net-
work is based on the demonstrability of antibodies to idiotypic determinants on
Fab regions of immunoglobulin molecules and B-cell antigen receptors, with the
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question of antiidiotypic responses to T-cell receptor molecules being more open.
Antiidiotypic responses are demonstrable in various autoimmune diseases, and
such responses probably do act to regulate autoimmunity, at least for B cells
(Zanetti, 1985; Mackay, 1988). The success in treating autoimmune disease with
plasma exchange or intravenous polyspecific IgG has been attributed, in part at
least, to the presence in multiple donor IgG of antiidiotypes against pathogenic
autoantibodies (Rossi et al., 1989).

5. Peripheral T-Cell Tolerance

Since intrathymic deletion cannot (and for an effective repertoire should not)
remove all degrees of antiself reactivity by T cells, regulatory processes must
operate extrathymically. The explanations for nondeleted T cells failing to react
with a cognate “self” peptide in the periphery could include (1) weak binding of
that peptide to MHC molecules, (2) a receptor of low affinity on the T cell, (3)
nondelivery of the putative second signal from the antigen-presenting cell, (4)
lack of flux of facilitatory lymphokines, or (5) the process of clonal anergy in
which the mature T cell becomes hyporesponsive to a peptide antigen. Pe-
ripherally induced T-cell anergy has been explicitly validated in transgenic
mouse models (Adams, 1990). These show that transgenically derived polypep-
tides may elicit T responsiveness or, according to experimental conditions, in-
duce nonresponsiveness to molecules that could not have had any representation
in the thymus. One component of peripheral T-cell anergy could be a failure of T
cells to undergo transition from the naive to the activated-memory phenotype.

D. ErFector MECHANISMS

When self-tolerance has been broken, by whatever means, the subsequent course
of events depends largely on the activation of self-reactive T cells (Rose, 1989).
They determine the selection of the various possible effector mechanisms that
can lead to autoimmune disease. The CD4+ helper T cells induced by presenta-
tion of self-peptide plus MHC class II orchestrate the immune response by
influencing the recruitment of additional CD4 helper cells, CD8 cytotoxic cells,
and B cells. The CD4+ population probably contains subsets that differ in the
mixture of facilitating ILs produced (Mosmann et al., 1986), although the dis-
tinct Thl and Th2 subsets identified in the mouse are not so evident in humans
(Mosmann and Coffman, 1989). The various effector processes, listed in Table
II, are discussed below.

1. B Cells and Autoantibodies

It is convenient to distinguish the multisystem from the organ-specific autoim-
mune diseases. In multisystem diseases, as illustrated by SLE, the major antigens
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TABLE 1!
Effector Mechanisms in Autoimmunity

B cells—autoantibody CD4 T cells—lymphokines Cytotocix T cells
IgG antibody Lymphokines Specific cytolysis
Complement-mediated lysis * Tumor necrosis factor

* Lymphotoxin
Opsonization * IFN-y
Antibody-dependent cell-mediated * Increased expression of MHC
cytotoxicity class I, class II)
Anti-receptor antibodies Granuloma formation
* Blocking

* Stimulating

Immune complex formation
* Local
* Circulating

are widely distributed in most tissues of the body, €.g., components of the nucleus.
The formation of multiple antibodies is characteristic, but the particular mix of
antibodies usually reflects the clinical characteristics of the patient: for example,
antibodies to native DNA and histones in SLE, antibodies to tRNA synthetases in
the polymyositic diseases, antibodies to centromere in the CREST variant (cal-
cinosis, Raynaud’s phenomenon, esophageal motility disturbances, sclerodactyly,
and telangiectasia) of scleroderma, and antibodies to nuclear ribonucleoprotein
(RNP) in mixed connective tissue disease (Burek and Rose, 1988). These ex-
pressions are described in Chapters 7 and 8 of this volume. The effectors of
systemic disease are generally humoral, either antibody itself or deposited im-
mune complexes.

In the case of the organ-specific autoimmune disease, the principal reactivity is
specifically to the target organ (or a limited number of organs), and the antigen
(or antigens) are unique to those organs. The principal antigens in chronic thy-
roiditis, for example, are thyroglobulin and thyroid peroxidase. Even if other
autoantibodies are present, they are generally directed to analogous organ-
specific antigens, such as those of stomach, adrenal cortex, pancreatic islet, or
parathyroid. The effector mechanisms may be either, or both, humoral or cel-
lular, depending primarily on the disposition of the antigen.

The B cell-stimulating interleukins, derived from CD4+ T cells, 1L-4, IL-5,
and 1L-6, direct the proliferation of B cells and their differentiation into 1gG
secretors (Kishimoto and Hirano, 1989), whether they are responding to foreign
or self molecules. In general, the development of autoimmune disease after
autoimmunization corresponds to the appearance of IgG antibody. Natural auto-
antibodies are IgM and are usually innocuous. The class switch is T-cell depen-
dent and is accompanied by somatic mutation, often resulting in greater anti-
body—-antigen affinity (Shlomchik et al., 1990). IgG antibody also penetrates
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tissues more readily than does IgM, and is able to cross the placenta. Most
subclasses of IgG antibody are efficient activators of complement.

There are many instances in which autoantibody is clearly the pathogenic
agent in autoimmune disease. For example, IgG autoantibodies to red-cell-
surface antigens induce hemolytic anemia through cell-mediated lysis (Rose,
1979), or, more frequently, the antibodies sensitize (opsonize) the red cells for
enhanced destruction by the mononuclear phagocytic system of the spleen,
lymph nodes, and liver. Similar opsonization by cell-specific autoantibodies is
responsible for the autoimmune leukopenias and thrombocytopenias. For that
reason, removing the largest mass of mononuclear phagocytes by splenectomy
alleviates the symptoms of some of these autoimmune blood diseases.

Antibody and complement are less likely to damage solid organs, because they
are unable to attain at these loci the critical concentrations in tissue spaces. In
some instances, local production of antibody may be important. The presence of
germinal centers in the thyroid glands of patients with thyroiditis signifies the
production of antibody within the gland, where it may contribute to the final
pathological picture, by complement-dependent lysis or by cooperation with
lymphocytes or monocytes, to produce antibody-dependent, cell-mediated
cytotoxicity (Rose, 1989). This latter effect, which is more readily demonstrated
in the test tube than in the body, depends on the capability of antibody to couple
with a potential killer cell through its Fc receptor; the antibody directs the
attachment of the killer cell to its target.

2. Antibodies to Cell Receptors

An important group of autoimmune diseases is attributable to autoantibody di-
rected to physiological receptors on the cell surface. In myasthenia gravis, autoan-
tibodies to the acetylcholine receptor block the transmission of impulses from the
nerve to muscle at the myoneural junction (Lindstrom, 1979). A fascinating
example of receptor interference is provided by the antibodies that block calcium
channels in the Lambert—Eaton syndrome (Roberts et al., 1985; Vincent et al.,
1989; Lennon and Lambert, 1989). In Graves’ disease, antibodies to the thyroid-
stimulating hormone (TSH) receptor on the thyroid epithelial cell act differently:
these stimulate the cell and mimic the action of the TSH itself. Previously
referred to as long-acting stimulators, these thyroid-stimulating antibodies are
responsible for the hyperthyroidism characteristic of Graves’ disease (Manley et
al., 1982). Antibodies to cell receptors were described in detail in The Autoim-
mune Diseases I.

3. Immune Complexes

In a number of autoimmune diseases, the primary pathology is the result of the
production of antigen—antibody complexes. In SLE, as mentioned previously,
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the release of nuclear antigens into the bloodstream allows their combination
with antinuclear antibody (Koffler ez al., 1974). These circulating complexes
later localize in capillary beds of the kidney as well as of the skin, heart, brain,
joints, and other organs. It is also shown that autoantigens, e.g., DNA, may
circulate and become implanted in vulnerable tissues, e.g., the renal glomerulus.
The complexes activate complement and attract leukocytes, which are directly
responsible for the tissue damage (Theofilopoulos and Dixon, 1979). In the case
of antigens that do not circulate in appreciable amounts, immune complexes may
be formed locally. Visual evidence by immunofluorescence is available for im-
mune complex deposition in the thyroid glands of patients with thyroiditis
(Aichinger et al., 198S5).

4. CD4+ T Cells and Lymphokines—Cytokines

One subset of CD4+ cells releases lymphokines responsible for delayed hyper-
sensitivity. Some cytokines, including the tumor necrosis factors (TNFs), can
actually damage surrounding cells. Other lymphokines attract and activate in-
flammatory cells. Gamma interferon increases the activity of natural killer (NK)
cells (Gillis, 1989), and also augments the expression of MHC class II by
epithelial and endothelial cells, so enhancing the localization of CD4+ lympho-
cytes. MHC class I determinants are also increased on target cells through the
action of gamma interferon, thereby augmenting the capacity of these cells to
induce cytotoxic lymphocytes (CTL), and equally their susceptibility to lysis by
activated antigen-specific CTL.

5. CD8+ Cytotoxic Lymphaocytes

Cytotoxic T cells (CD8+) are said to require induction by CD4 helper cells.
Because they have an antigen-specific receptor, the cytotoxic T cells are capable
of a direct attack on antigen-bearing cells, with an activity restricted by the MHC
class I products on the target cells. Such cells are able to reproduce the primary
lesions in several experimental autoimmune diseases, including allergic encepha-
lomyelitis and experimental autoimmune thyroiditis (Weigle, 1980). Acting in
concert with CD4+ T cells, they are capable of also damaging the islet cells in
mice with experimental diabetes (Bendelac er al., 1977). There are indications
from immunocytochemistry that CD8+ CTL are on the “front line” in autoim-
mune tissue injury involving cellular targets, but convincing evidence for their
role as effectors is not available.

In reality, most autoimmune diseases are probably produced by a combination
of several pathogenetic mechanisms. In chronic thyroiditis, for example, there is
evidence of the simultaneous occurrence of complement-dependent cytotoxic
antibody, antibody-dependent cell-mediated cytotoxicity, local immune-complex
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production, delayed hypersensitivity, and lymphokine production, as well as of
the effects of cytotoxic T cells (Rose, 1989).

IV. NEW APPROACHES TO TREATMENT

In the past, treatment of autoimmune disease has relied mainly on global immu-
nosuppression or on replacement of the functional deficit. However, specifically
targeted immunotherapy is gradually coming closer to reality, as described in
Chapter 16. In systemic autoimmune diseases, like SLE and rheumatoid arthritis,
forexample, it is still necessary to reduce the entire immunological response. Such
treatment obviously leaves the patient vulnerable to infection as well as to the
chronic side-effects of drug treatment. Organ-specific autoimmune diseases are
more often treated by replacement, since insulin can replace some of the functions
of the pancreatic islet cell, and thyroid hormone restores most of the functions of
the thyroid gland. However, such replacement therapy is not ideal. It does not
remedy the underlying autoimmune condition and, in the case of diabetes mellitus,
there is the lifelong discomfort of daily injections.

In recent years, great effort has been expended in seeking more specific modes
of preventing or arresting injurious autoimmune responses. Among the most
promising approaches are the following: (1) reduction of the helperinducer
population (CD4+) of T cells; (2) reduction of activated T cells (anti-la or anti-
IL-2 receptor); (3) antibody to particular MHC class II determinants; (4) antibody
to particular TcR or to V region of TcR; and (5) surrogate peptide to block MHC
class 1I binding. Details of these strategies are given in Chapter 16.

Methods of avoiding autoimmune responses are most effective if applied be-
fore the response is initiated. For that reason, increasing emphasis is placed on
identifying individuals or populations at risk of developing autoimmune disease.
They may be siblings of affected children, persons with particular HLA and other
biomarkers, or individuals exposed to environmental agents. Identification of
risk factors requires even greater insight into the fundamental causes of autoim-
mune disease.
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CHAPTER Z

Autoimmunity and Self-Tolerance
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I. INTRODUCTION

When the nature of immunologic tolerance first came under scrutiny (Burnet and
Fenner, 1949; Billingham et al., 1953), the underlying assumptions about the
immune response were rather simple. Antigen entered the body; it caused anti-
body formation and/or cellular immunity; tolerance induction meant putting a
stop to all that by introducing the toleragen in fetal life. The challenge procedures
used to test the tolerant state (skin graft rejection; antibody formation to an
antigen administered in Freund’s complete adjuvant) elicited strong and uniform
responses in controls, so tolerance was seen as an all-or-none affair. There were
no shades of grey. Little wonder then that, as the concept of autoimmunity in
disease causation gradually gained acceptance (e.g., Mackay and Burnet, 1963),
it too had a sharply etched quality. Autoimmunity was a breakdown of tolerance,
a forbidden event, causing cataclysmic damage. It seemed entirely natural, there-
fore, to seek a single causative mechanism for tolerance, and a single etiology for
autoimmunity. Uncomfortable facts such as low-titer antinuclear antibodies in
healthy people, or skin grafts surviving for 20 days rather than 10, received only
moderate attention.

The intervening years have seen an extraordinary increase in our knowledge of
immune processes, which has highlighted the complexity of immunoregulation.
No longer do we see the introduction of antigen into an adult animal as neces-
sarily leading to immunity; we know that much depends on the route by which
antigen enters and the form in which it is presented to the immune system,
because the normal immune response depends on a cascade of intercellular
interactions. This concept of the immune response as demanding a chain of
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events immediately raises the issue of multiple points at which the chain could be
interrupted, and thus multiple causative mechanisms of tolerance. Given that
possibility, it follows that autoimmunity could, in turn, have multiple causative
mechanisms. It has become popular to regard the self-tolerance—autoimmunity
problem as only one aspect of the wide field of immunoregulation. Yet simple
examples of self-tolerance, such as the tolerance of one’s own kidney versus the
ferocity of the immune attack against an allogeneically transplanted one, are so
dramatic as to create a yearning for an overriding paradigm. Three single mecha-
nism theories of tolerance have had their ardent proponents down the decades,
namely tolerance as due to repertoire purging (Burnet, 1957); tolerance resulting
from antigenic signaling of a lymphocyte in the absence of a second signal due to
associative antigenic recognition (Bretscher and Cohn, 1970); and tolerance
arising from T cell-mediated suppression (McCullagh, 1970; Gershon and Kon-
do, 1971). In this chapter, the author will attempt to bring these into a modern
perspective.

The biggest single operational obstacle to experimentation on the cellular
mechanisms of tolerance induction has been the heterogeneity of lymphocytes.
Only a small proportion of lymphocytes react with a given epitope, and then with
varying avidities. If one wishes to examine in detail the cellular and biochemical
processes occurring during tolerance induction, one must first, in some way,
isolate this small subset. Two recent developments have been of extraordinary
significance in breaking this logjam, namely the development of transgenic mice
in which the majority of T or B lymphocytes express transgenes for a particular
T-cell or immunoglobulin receptor; and the identification of certain superanti-
gens that react with large sets of T lymphocytes. We shall review the great
progress in tolerance research that has resulted from the exploitation of these
models. Other aspects requiring attention include differential tolerance suscepti-
bility of different lymphocyte subsets; the implications of immunoglobulin vari-
able (V) gene hypermutation for tolerance and autoimmunity; and possible ini-
tiators of autoimmunity. From these considerations, a coherent if incomplete
framework for thinking about tolerance and autoimmunity will emerge.

Il. T-CELL TOLERANCE

A. CionaL AsortioN ofF T CELLs

The clonal-selection theory (Talmage, 1957; Burnet, 1957) was articulated be-
fore the distinction between T and B lymphocytes became clear, but it did lead to
a logical way of thinking about tolerance. If immunity represented the selective
activation of certain immunocytes, then tolerance could be seen as the selective
destruction of such a set—in other words, the opposite of immunity. This
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thought was refined by Lederberg (1959), who saw lymphocytes as moving from
a tolerance-sensitive, nonimmunizable stage of their ontogeny to an immu-
nocompetent state in which they were no longer sensitive to tolerance induction
but reacted to antigenic contact by immune activation. The first evidence consis-
tent with clonal abortion as a mechanism of tolerance induction was provided by
Nossal and Pike (1975) in relation to B cells, and it was not until several years
later that clonal-frequency analysis for a parallel process in T cells came forward
(Nossal and Pike, 1981). The relevant literature until 1983 has been summarized
elsewhere (Nossal, 1983). One regrettable fact is that the enumeration of T cells
competent to react with a given antigen is both complex and tedious, so the
number of studies addressing the issue is not very large. Nevertheless, our early
work made it quite clear that tolerance induction to foreign class I major histo-
compatability complex (MHC) antigens involved a functional clonal deletion of
antiallogeneic cytotoxic T-lymphocyte precursors, which began in the thymus
(Nossal and Pike, 1981).

1. Clonal Abortion by Superantigens

A peculiarity of T-cell recognition of certain self-antigens provided the next major
step forward. It turns out, for example, that the murine class Il MHC antigen I-E is
recognized by T cells that express a T-cell receptor including the 3 chain coded for
by the VB17a gene (Kappler et al., 1987). A monoclonal antibody, KJ23a, has
been prepared that can bind to all T cells expressing the V317a gene product.
Some normal mouse strains are characterized by a total absence of the I-E gene. In
such strains, peripheral lymphoid tissues contain 4—14% of KJ23a-staining T
cells. Mice that express I-E show only 0.1% of KJ23a-positive T cells. This
suggested some active process of clonal deletion of VB17a-expressing T cells.
When the thymus of I-E-possessing strains was examined, whereas the mature,
medullary population showed an absence of VB17a-T cells, the immature thy-
mocytes showed a persistence comparable to that in non-1-E-expressing strains.
The results strongly suggested a clonal-abortion process occurring intrathymically
during T-cell maturation.

Another interesting situation involves the polymorphic B-cell surface marker
Mis. T lymphocytes from Mls-1° mice respond strongly to stimulator cells from
MiIs-12 strains even when there is no MHC difference between the strains. Kap-
pler et al. (1988) found that virtually all T cells from Mls-1° mice that expressed
the VB8.1 gene could react to Mls-12, whereas McDonald ez al. (1988) showed
the same to be true for VB6-expressing T cells. Examination of peripheral versus
thymic T lymphocytes with suitable clonotypic anti-T-cell-receptor monoclonal
antibodies revealed essentially the same state of affairs as described for I-E,
namely clonal abortion of anti-Mls cells within strains of the right Mls genotype.

There are about 20 VB genes and about 50 Va genes in the mouse, and it is
something of a puzzle to note that certain antigen—MHC combinations react with
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all cells bearing a particular $ chain, regardless of which a chain is used. At the
moment there is no known structural basis for this observation. The characteristic
is not confined to self-antigens. Some bacterial toxins are very powerful T-cell
mitogens, and it turns out that each toxin in this class stimulates T cells with
defined VP expression (Janeway et al., 1989; White et al., 1989). In the case of
these toxins, antigen processing destroys this property, so the association be-
tween T-cell receptor and antigen is different from the conventional one to self-
MHC-bound peptide. The Kappler—Marrack group (e.g., Marrack et al., 1989)
have reasoned that such bacterial superantigens are of survival value to the
pathogen, in that the vast flux of cytokines induced by massive T-cell activation
is damaging to the host. This could provide a rationale for the evolution of self-
superantigens. Those bacterial toxins that use a VP gene set that has been
eliminated from the peripheral T-cell repertoire (because those V gene products
also react with a self-antigen present in that host) are no longer toxic for the
mouse strain concerned, so the mouse would survive that particular bacterial
infection.

We are thus left with something of a dilemma concerning clonal abortion
induced by superantigens. As it does not seem to depend on classical T-cell
receptor and self-MHC-peptide interactions, is it really a good model for the
processes guiding self-tolerance to the large array of self conventional antigens,
against all of which we must become tolerant? Fortunately, the answer appears to
be yes, as the following transgenic experiments demonstrate.

2. T-Cell Clonal Abortion in T-Cell-Receptor
Transgenic Mice

Under suitable circumstances, transgenic mice can be produced in which the
majority of the T- or B-cell population expresses receptors for antigen specified
by the transgenes used. For example, Kisielow er al. (1988) used the o3 T-cell-
receptor genes from a fully rearranged receptor of a cytolytic T-lymphocyte clone
with activity against the male transplantation antigen, H-Y. In female mice
lacking the H-Y antigen, at least 30% of the CD8+ T cells expressed the off
receptor of the original clonal gene donor. In male mice, such cells were not
found in the periphery, and within the thymus cortex, there was massive cell
death of transgene-expressing cells due to clonal abortion. The only cells that
escaped were those that either did not express the transgenes, or that possessed
aberrantly low quantities of the accessory molecule CD8. Another interesting
model is that of Pircher et al. (1989). An ofp T-cell receptor specific for a
noncytopathic virus, to which mice can be rendered tolerant, was introduced as a
pair of transgenes. In this case, drastic clonal abortion occurred within transgene-
expressing CD4+ CD8+ cortical thymocytes in virus-positive mice. Finally,
even vd T cells can become victims of clonal abortion. When Dent et al. (1990)
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introduced the genes for y8 T-cell receptor specific for an allelic class I MHC
gene product encoded by the Tla locus as a transgene, neither the peripheral
lymphoid organs nor the thymus of mice possessing the relevant Tla allele had
transgene-expressing T cells present.

From all of this work, it is quite clear that clonal abortion is a major mecha-
nism of T-cell tolerance for those self-antigens that are expressed within the
thymus.

3. The Pepton Hypothesis and Clonal Abortion

Many self-antigens are present only or chiefly as differentiation antigens in or on
specific cells of various tissues or organs. How does the immune system become
tolerant of such antigens? A novel hypothesis has been put forward by Boon and
Van Pel (1989) termed the pepton hypothesis. This arose from the observation
that, in essence, more or less any gene that mutates, including genes coding for
cytosolic rather than plasma-membrane proteins, can create a new transplanta-
tion antigen evoking a T cell-mediated rejection response. When three such
mutated genes were analyzed in detail, it was found that transfection of cloned
gene fragments, comprising only the mutated exon and immediately adjacent
intron regions, created cells that still acted as targets, i.e., effectively expressed
the transplantation antigen of interest. This happened even though no expression
vector was used.

Boon’s hypothesis therefore embodies the suggestion that each self-protein
contains at least one pepton, i.e., a T-cell epitope. Moreover, a new type of
polymerase, not requiring a promoter, can lead to autonomous transcription of
the pepton. The resultant peptide binds to class I MHC and the MHC—peptide
complex makes its way to the cell surface. Active and efficient pepton transcrip-
tion in the thymus could lead to thymic presentation of the whole self-pepton
repertoire, in other words not just those antigens that have to be expressed on
thymic cells, but indeed the whole universe of self-T-cell epitopes. As a result,
clonal abortion might occur for all self-antigens, at least within the CD8+
population of T cells. As it now appears likely that intracellular association of
peptides and class II MHC can also occur under certain circumstances, the Boon
hypothesis might be expanded to comprise the whole universe of T-cell self-
tolerance. If that were so, clonal abortion would be the complete Rosetta stone of
self-tolerance within the T-cell compartment. However, it is clear that tolerance
can also be induced extrathymically, as shown below. It remains to be determined
how physiologically relevant these ancillary mechanisms are.

4. Mechanisms of Clonal Abortion

There is still controversy concerning the mechanisms of clonal abortion within
the thymus. Some studies (e.g., Sprent and Webb, 1987; Matzinger and Guerder,



32 GUSTAV J. V. NOSSAL

1989) imply that the toleragenic signal can be delivered only by a particular type
of antigen-presenting cell, e.g., a dendritic cell. Other studies (e.g., Kisiclow ez
al., 1988; Pircher et al., 1989) demonstrate that death can be widespread
throughout the thymic cortex, where the density of accessory cells is rather
sparse. In one interesting model (Smith er al., 1989) anti-CD3 antibodies are
added to fetal thymic organ cultures with the result that immature CD4+ CD8+
cortical thymocytes die in very large numbers by the process of apoptosis. The
earliest events following ligand binding, e.g., phosphoinositol hydrolysis and
calcium mobilization, resemble the earliest events in activation of mature T cells,
but in these immature thymocytes, lead instead to cell death. These studies,
superficially at least, suggest that ligation of the T-cell receptor alone, without a
second signal from an accessory cell, can lead to clonal abortion. In that case, the
requirement for accessory cells in some models might be attributable simply to
limited tissue distribution of the toleragen under consideration.

B. CLoNnAL ANERGY OF T CELLS

Clonal anergy is a term introduced by our group (Nossal and Pike, 1980) to
describe functional silencing of an immunocyte without its actual destruction.
The concept was first proven for B cells, anergy induction being much more
readily induced in immature than in mature cells. The experimental demonstra-
tion of clonal anergy was anticipated by the theory of Bretscher and Cohn (1970),
who postulated that a union of antigen with a receptor on the lymphocyte surface
(Signal 1 only) would lead to tolerance, unless accompanied by Signal 2, deliv-
ered by a helper T cell recognizing an associated epitope of the antigen. In the
case of the T cell, the greater sensitivity of immature cells to anergy induction
has not been so clearly established, perhaps because abortion is the main mecha-
nism while the cells are in the thymus. However, some results are consistent with
this possibility (Ramsdell and Fowlkes, 1990). The first direct evidence for T-cell
anergy came from the work of Lamb er al. (1983). They showed that human
CD4+ T-cell clones reactive to peptides of the influenza virus hemagglutinin
could be rendered unresponsive by incubating them with peptide alone. The cells
were not killed but rather rendered anergic and thus not able to proliferate in
response to specific antigen and accessory cells. A similar conclusion in a murine
system was reached by Jenkins and Schwartz (1987), who also showed that the
anergic cells fail to produce interleukin (IL)-2. Costimulatory signals from ac-
cessory cells, probably requiring direct cell contact, are required if the cell is to
be activated rather than rendered anergic. Interestingly, many of the early bio-
chemical events during anergy induction resemble those of immune activation
(Schwartz, 1989). Clearly, much remains to be done to elucidate the mechanisms
that allow the cell to “decide” between anergy or activation.
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Can clonal anergy of T cells be a reality in vivo? This question can now be
answered definitively in the affirmative. Rammensee and Bevan (1987) noted
that when substantial numbers of splenic lymphocytes are injected intravenously
into class I MHC-incompatible recipients, donor-derived T cells persist in the
recipients, and a mutual tolerance develops: host lymphocytes become non-
responsive to the donor, and donor lymphocytes, to the host. This is perhaps a
special case, as MHC antigens are expressed particularly strongly on lymphoid
and hemopoietic cells. However, anergy toward class I or class Il MHC antigens
can also be induced when the toleragen is expressed only on particular par-
enchymal cells. Once again, the transgenic approach has been of great help here.
The most interesting studies are those in which a transgene has been placed under
the control of a promoter that targets expression precisely to a particular organ or
tissue. In a sense, the transgene-coded protein becomes a surrogate for the
multitude of tissue-specific cell-surface molecules, which could become targets
of an immune attack. A good example is to place a foreign MHC gene under the
control of the insulin promoter, which leads to expression of the transgene in the
B cells of the pancreatic islets of Langerhans (Allison et al., 1988; Morahan et
al., 1989a; Burkly et al., 1990; reviewed in Miller er al., 1989). Interestingly,
class I transgene expression leads to some form of nonimmunologic damage to
the B cells, whether the transgene is syngeneic or allogeneic to the host animal.
When allogeneic class I is involved, the mice become tolerant of the class I
antigen, as shown by skin grafting or by cell-mediated lympholysis experiments
performed on splenocytes in vitro. Importantly, thymic lymphocytes do not show
in vitro tolerance. The tolerance wanes as the B cells die and is thus clearly
associated with the continued presence of the antigen. This is a powerful argu-
ment against the notion that tolerance is really induced within the thymus by
conventional clonal abortion through “leakiness” of transgene expression. Also,
the absence of in vitro tolerance within the thymic population at any time argues
against transport of B cell-derived antigen to the thymus via accessory cells. It is
difficult to escape the conclusion that tolerance is induced peripherally, probably
through clonal anergy, possibly while the T cells recently emigrated from the
thymus are still immature. The problem then remains how all the T cells get
modified by such a small source of tissue. This point is rendered even more
difficult by the recent finding that most of the T cells in different lymph (and thus
cells patrolling the tissues) are of memory and not naive phenotype (Mackay et
al., 1990). Presumably shed MHC antigens from dying 8 cells could be pro-
cessed by macrophages and other accessory cells in draining lymph nodes, a site
through which naive T cells do traffic. In that regard, it is of interest that IL-2 can
restore the in vitro reactivity of the tolerant splenocytes, suggesting that the
tolerance lesion may lie in the CD4+ helper cell compartment rather than the
CD8+ cytotoxic T-cell compartment. If so, tolerization by processed antigen
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could work. If not, processed antigen would be unlikely to be the toleragen,
because only internal peptides associate with class I MHC, save for a few
exceptional circumstances (Braciale et al., 1987).

There is a second model thrusting in the same general direction, which in-
volves the class I KP transgene under the control of the metallothionein promoter
(Morahan et al., 1989b). This directs expression chiefly to the liver, kidney, and
exocrine pancreas. In this model also, skin graft tolerance to the foreign class I is
produced and lasts for life. It survives adult thymectomy, x-irradiation with
marrow protection and grafting of nontransgenic syngeneic thymus. This indi-
cates a peripheral mechanism as, even if transgene expression “leaks” to the
thymus, the transplanted thymus or donor-derived nontransgenic cells would not
express the foreign class 1 antigens.

C. T-CELL-MEDIATED SUPPRESSION

For most of the 1970s, it was fashionable to ascribe many tolerance phenomena,
if not the whole of tolerance, to suppressor T cells. Now the pendulum has
swung in the opposite direction, and the concept does not figure prominently in
discussions on tolerance. Yet there is a wealth of experimental evidence, particu-
larly in various transplantation models, to show that there are circumstances in
which the adoptive transfer of T cells abrogates immune responses and confers
tolerance at least at the operational level. It is also evident that large doses of
antigen given intravenously or sometimes orally can powerfully inhibit later
immune responses. A review of the vast literature on T cell-mediated suppression
is outside the scope of the present chapter, but some subjective comments may be
helpful. It is unlikely that a separate lineage of T cells, the sole duty of which is
to suppress immune responses, exists. Both CD4+ and CD8+ T cells can
secrete lymphokines, in combinatorial patterns and ratios that depend (inter alia)
on the method of antigen presentation (Kelso, 1989). Some of these lymphokines
can be powerfully inhibitory to immune responses. For example, interferon-y
can inhibit IL-4-dependent isotype switching and other aspects of antibody for-
mation (Snapper and Paul, 1987) and tumor necrosis factor (TNF) can trigger
cytotoxic phenomena. It is possible that antigen-specific suppression is attribut-
able to the activation of T cell clones into the localized synthesis of lymphokines
antagonistic to those made by helper T cells or accessory cells that are required
for immune activation. It is also possible that suppression involves the inhibition
of idiotype-bearing helper T cells by antiidiotypic CD8+ T cells. As regards
suppressor phenomena noted exclusively in vitro, these could on occasion have
quite a trivial explanation, such as addition of T cells that consume a lympho-
kinelike 11-2, required for the ongoing immune response and made in limiting
amounts within the culture. I believe a majority of immunologists would now not
see suppression as the dominant mechanism of self-recognition. This should not
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minimize its importance, however, as the true establishment or reestablishment
of tolerance remains a dream in the two situations that confront us clinically,
namely autoimmune diseases and organ transplantation. If suppressor phe-
nomena are an important aspect of the regulation of immune responses, as I
believe they are, then we should endeavor to learn enough about them to use
them intelligently in therapy.

Hl. B-CELL TOLERANCE

A. EARLIER Stupies oN CLONAL ABORTION
AND CLONAL ANERGY

The thought that B cells, too, could be rendered tolerant by antigen goes back at
least 20 years. Weigle’s group, working with adult mice, found that large doses
of soluble antigen could silence B-cell populations as well as T cells (Chiller er
al., 1970). The first evidence of a special sensitivity of immature B cells to
negative signaling came from Cooper’s group using antiimmunoglobulin
heavy chain antibodies (reviewed in Lawton and Cooper, 1974). We were the first
to attack the problem at the clonal level by enumerating antibody-forming cell
precursor (AFCP) numbers using microculture techniques (Nossal and Pike,
1975; 1978; 1980). This work clearly demonstrated three things. First, hapten-
specific B cells were exquisitely sensitive to negative signaling by hapten-—
protein conjugates during the period when they moved from pre-B to B-cell
status, that is, when the Ig receptors were first appearing on the cell membrane.
Second, multivalency of the antigen was important; the more a conjugate
crosslinked the receptor, the stronger the negative signal. These two points were
independently made by Metcalf and Klinman (1976; 1977) at about the same
time. Third, while large doses of toleragen led to a reduction in the number of
hapten-specific B cells that appeared, smaller doses could still induce tolerance
without affecting actual hapten-binding B-cell numbers. We thus argued that
strong negative signaling involved clonal abortion, an actual removal of the B
cell from the population; whereas weaker negative signaling induced clonal
anergy, a tolerant state that did not lead to death of the B cell.

This capacity of one reagent to cause the two disparate effects could be amply
confirmed by use of the universal toleragen, anti-p. chain antibody (Pike et al.,
1982). When either newborn splenic or adult bone marrow pre-B cells were
asked to mature into B cells in the presence of various concentrations of a
monoclonal anti-p chain antibody, it took about 10 pwg/ml to prevent B-cell
appearance, i.e., to cause clonal abortion. A 100-fold lower concentration al-
lowed B cells with a normal Ig receptor complement to emerge, but these cells
were completely unable to proliferate or form antibody. Indeed, even 100 pg/ml
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still induced anergy in half the B cells. This is a striking example of the sen-
sitivity of maturing B cells to anergy induction. This earlier body of work has
been reviewed in more detail elsewhere (Nossal, 1983).

B. TrRaNSGENIC MoDELS FOR STupYy ofF CLONAL
ABORTION AND CLONAL ANERGY

The development of transgenic mouse models has been particularly revealing with
respect to B-cell tolerance and has supported many of the earlier insights. It may be
worthwhile to begin with some negative results. Models in which the transgene
leads to the production of low concentrations of a soluble form of class I MHC
antigen (Arnold et al., 1988) or a xenogeneic insulin (Whiteley and Kapp, 1989)
fail to lead to B-cell tolerance. This agrees with the experiments in which
experimental tolerance was hard to induce in B cells with monovalent antigens.
However, one elegant model (Goodnow et al., 1988; 1989; 1990) shows that
monovalent antigens can lead to tolerance in the B-cell compartment, at least for B
cells displaying receptors of high affinity for the transgenic antigen. These experi-
ments relied on doubly transgenic mice. One strain was rendered transgenic for the
antigen, hen egg lysozyme (HEL), another for both the i and & heavy and « light
chain genes specifying a high-affinity anti-HEL. When the strains were crossed,
some progeny were doubly transgenic. It was clear that these possessed a prepon-
derant population of transgene-expressing B cells with an IgMdu! [gDbright phe-
notype, which had not been deleted but which were unreactive to challenge with
HEL in either T-independent or T-dependent form. Interestingly, adoptive transfer
studies from antibody-alone transgenics to antigen-alone transgenics showed that
anergy could be induced perfectly well in mature B cells, immature cells enjoying
no special advantage. When B cells from doubly transgenic animals were adop-
tively transferred into syngeneic, HEL-free mice, the anergy could not be re-
versed, but the selective down-regulation of surface IgM was.

While it is naturally satisfying to the author to see the concept of clonal anergy
validated also for the B cell, it is nevertheless important to focus on the apparent
discrepancies. Why does HEL cause B-cell tolerance, but insulin does not? One
reason may be affinity; the anti-HEL transgenes were chosen for high-affinity
antibody. Molarity is also important; there are founder lines in the HEL system
that yield lower HEL serum concentrations, which do not lead to anergy. And
why does an apparently monomeric protein work when our model and others
required epitopic multivalency? The most likely explanation is in vivo matrix-
generating mechanisms; HEL is “sticky” and could adhere to cell surfaces
and/or self-aggregate. However, it is not excluded that monomeric antigen can
tolerize high-affinity B cells.

A transgenic model illustrating clonal abortion of B cells has also been pre-
sented (Nemazee and Biirki, 1989a,b). In this, mice were rendered transgenic for
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the IgM form of monoclonal antibody 3-83, which has a moderately high affinity
for H-2K¥ and a low affinity for H-2KP. In the absence of H-2K¥ or K® in the
transgenic mouse, abundant transgene-expressing B cells were found, constitut-
ing up to 90% of the B cells of the animal. In the presence of H-2K¥, the bone
marrow contained significant numbers of B cells bearing small amounts of trans-
gene product, but anti-H-2K* B cells were absent from the spleen and lymph
nodes. The results indicated that clonal deletion of transgene-bearing cells was
occurring during the pre-B and B-cell transition in the marrow. Interestingly, the
same was true when H-2KP was expressed, either on all cells, or just on liver
parenchymal cells, as in the metallothionein-KP transgenic model. This indicates
that an abundant cell-surface antigen, such as class I MHC, can cause deletion
even when the affinity of the interaction is not particularly high. It also indicates
that tolerance can be induced peripherally, perhaps in B cells that have recently
emigrated from the bone marrow.

Why does this model show deletion, but the HEL model shows anergy?
Perhaps the answer lies in the strength of the negative signal. A strongly
crosslinking stimulus may cause clonal abortion, just as saturating concentrations
of anti-p. antibodies do. A weakly crosslinking stimulus may cause anergy, just
as low concentrations of anti-w do. A noncrosslinking stimulus may have no
effect or perhaps may cause anergy in only very high affinity B cells.

C. NEGATIVE SIGNALING INVOLVING
THE FC RecepTOR

There is a substantial literature documenting the fact that soluble immune com-
plexes in the zone of antigen excess can deliver powerful negative signals to the
relevant B cells (reviewed in Feldmann and Nossal, 1972; Sinclair, 1990). This
has led some to speculate that all B-cell tolerance of self-antigens might be
associated with that kind of end-product inhibition. Any activation of an anti-self
B cell would be followed by rapid complexing of the secreted antibody with the
ubiquitous self-antigen, perhaps in the vicinity of the B cell, before the antibody
reaches the circulation. The resulting complex quickly shuts off the B cell in
question and all others like it in nearby areas. Is any more required to ensure an
absence of self-reactivity? Conceptually, this idea is not appealing, as it fails to
discriminate between self-antigens and long-persisting foreign antigens, e.g., in
parasitic infestations. Antibody-mediated negative feedback may well be a major
factor in limiting the levels of antibody reached in the latter. Experimentally, the
notion could conceivably explain the HEL anti-HEL model, though no immune
complexes have been noted, which is difficult to explain given the large number
of transgene-expressing immunocytes. However, it does not fit comfortably with
the anti-H-2K¥ transgene model, nor with the demonstration of clonal anergy in
very young mice that could not yet have formed substantial quantities of antibody
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(Nossal and Pike, 1980). We prefer to regard this very powerful and important
end-product feedback control as exemplifying the subtlety of immunoregulation
and ensuring that antibody formation does not become excessive under circum-
stances in which it proves impossible to eliminate an antigen from the body.

D. ToLerancCE MECHANISMS AND AFFINITY
MATURATION OF ANTIBODIES

When a foreign antigen persists for some time in the body, or when an antigen is
injected repeatedly, it is a general rule that the affinity of antibody for the antigen
increases with time. The reason for this affinity maturation is that the V genes of
immunoglobulin heavy and light chains are subject to a very high rate of somatic
mutation (hypermutation), and that those cells, the V genes of which code for
antibody of higher affinity, are preferentially selected for further multiplication
(Weigert et al., 1970; Rajewsky et al., 1987; Berek and Milstein, 1987). It is
widely believed that B-cell hypermutation and antigenic selection take place in
specialized structures, the germinal centers (MacLennan and Gray, 1986). The
question then arises as to what happens when a B cell, appropriately dividing in
response to some foreign antigen, fortuitously mutates to high-affinity recogni-
tion of a self-antigen. This must happen from time to time, given the number of
self-antigens. As selection of mutant cells within the germinal center appears to
be independent of T cells, such a B cell could easily continue to multiply.
Obviously, its restimulation outside the germinal center would require T-cell
help, which would be absent because of T-cell tolerance, but it might neverthe-
less be advantageous for this cell to be eliminated or silenced in some way.
Linton et al. (1989) have obtained some evidence that those B cells responsible
for immunologic memory go through a second window of tolerance susceptibility
shortly after activation, that is, a period during which contact with soluble
antigen in the absence of T-cell help renders them inactive or eliminates them.
This is the circumstance that might apply within germinal centers. Our group has
produced some evidence (Nossal and Karvelas, 1990) to demonstrate that the
injection of soluble protein antigen before, or even shortly after, challenge im-
munization largely prevented the appearance of B cells able to produce specific
antiprotein IgG, antibody in clonal microcultures. The normal-affinity matura-
tion among B cells was also prevented. We now require adoptive transfer studies
to elucidate whether this was owing to a direct effect of soluble antigen on B
cells, or whether it was attributable (in whole or in part) to T cell-mediated
effects, either tolerance or helper cells or some form of suppression.

E. THE Basis oF B-Cew TOLERANCE

The above results indicate that the concept of B-cell tolerance is now on a firm
footing, but, as with T-cell tolerance, that more than one cellular mechanism is at
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work. Obviously the easiest target for tolerance induction is the B cell being
formed in the bone marrow, where strongly crosslinking antigenic encounters
lead to its death, and weaker signals, to anergy. B cells in the periphery can still
be eliminated or rendered anergic, but now stronger signals are required. Anti-
gen—antibody complexes, which crosslink the Ig receptor and also the Fc recep-
tor, are very strongly down-regulatory for the B cell unless T-cell help is concur-
rently at hand. There may be a further phase of great sensitivity to tolerance
induction shortly after the activation of B cells responsible for secondary re-
sponses. Given the fact that antibodies vary so greatly in their affinity, and also
the large number of cross-reactions between antigens and antibodies, it is ob-
vious that some B cells with anti-self reactivity must be permitted within the
body. Their total elimination would require the total elimination of the B-cell
repertoire. Thus what is required is that high-affinity anti-self B cells be elimi-
nated by clonal abortion or silenced through clonal anergy; and furthermore, that
low-affinity anti-self B cells not be permitted to survive and divide if they mutate
toward high-affinity anti-self. This probably involves both T-cell regulatory cir-
cuits and direct B-cell tolerance effects. It is a failure of such censorship that
permits autoantibody production. There is mounting evidence that this involves
antigen-driven events and, in many cases, extensive somatic V gene mutation
(Shlomchik et al., 1987).

IV. TOLERANCE BREAKDOWN
AND AUTOIMMUNITY

The immune system is based on selection rather than instruction and is composed
of cells that carry only one specific kind of recognition structure, the Ig or T-cell
receptor. As the system does not know beforehand what it must recognize, the set
or repertoire of recognition units is degenerate and redundant. Immunity depends
on clonal selection; tolerance, on clonal deletion or silencing. In each case, just
beyond the population being activated or silenced, there are immunocytes that
might have been activated or silenced had circumstances been slightly different,
because the affinity of their receptors for the antigen in question was just below
the required threshold. The immune system therefore contains cells with autoim-
mune potential, and it is, in a sense, not surprising that dysregulation sometimes
occurs and leads to frank autoimmune disease.

The etiology of autoimmune diseases is undoubtedly multifactorial. The clear-
est evidence for this comes from genetic analysis of autoimmune diseases in
inbred strains of laboratory animals, in which it is usual to find at least four genes
segregating, all of which contribute to disease incidence. In the context of
breakdown of tolerance, most theories of autoimmunity can be grouped under
four headings, namely, failed self-censorship, abnormal presentation of autoan-
tigens, hyporesponsiveness, or hyperresponsiveness (Table I).
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TABLE |
Tolerance Breakdown and Autoimmunity

A. Failed self-censorship (nondeletion)
T celis: intrathymic escape from negative selection
escape from peripheral deletion/anergy
B cells: escape during pre-B to B-cell transition
B. Aberrant antigen presentation
Leakage of sequestered antigen
Tolerated autoantigen on nontolerated carrier
Molecular mimicry * autoimmune cascade
“Ectopic” MHC molecules
C. Hyporesponsiveness
Predisposition to infection — autoimmunity (e.g., AIDS)
D. Hyperresponsiveness
Polyclonal activation of B cells (e.g., lupus mice)
E. Other mechamisms
Failure of T-cell suppression
Infections — lymphokines — B-cell activation
Structural defects in target organs
Vicious circle: damage — antigen release — damage, etc.

A. Faiteo SeLr-CENSORSHIP

Self-tolerance within the T-cell compartment depends on intrathymic elimination
of those T cells potentially directed against self-peptidle—-MHC complexes ex-
pressed in the thymus and peripheral silencing of T cells directed against self-
peptide-MHC complexes expressed extrathymically. If these negative selective
mechanisms were to fail, the scene would be set for autoimmunity. One exten-
sively studied model in which failed self-censorship may be at work is the
insulin-dependent diabetes of nonobese diabetic (NOD) mice (e.g., Nishimoto er
al., 1987, Slattery et al., 1990). These mice have a peculiar class II MHC
genotype, lacking I-E altogether and possessing a unique I-A gene, 1-ANOD_ If
the mice are rendered transgenic for, e.g., I-A¥, diabetes is completely pre-
vented. One interpretation of this is that the I-Ak but not the I-AN°P MHC
molecule can present a peptide intrathymically that is also a critical autoantigen
on the pancreatic B cell. Clonal abortion would occur in the I-A¥ transgenic but
not the littermate NOD mice. The latter would permit peripheralization of the
putatively autoimmune T cells. Of course, it is not excluded that the transgenic
but not the littermate NOD mice can respond to some pathogen, which is respon-
sible for autoimmunity. Given the fact that any one individual expresses only a
small subset of the large array of MHC genes that a species possesses, it is
probable that failure of self-censorship at the T-cell level contributes to at least
some autoimmune diseases. Failed self-censorship at the B-cell level is likely to
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be at least a factor in those situations in which multiply mutated autoantibodies
are recognized in a disease.

B. ABERRANT ANTIGEN PRESENTATION

One of the earliest notions in autoimmunity was that it might be triggered by the
release of sequestered antigens. While it is now clear that tolerance pertains to
many antigens that do not exist in readily measurable concentrations in extra-
cellular fluids, and thus that the sequestered-antigen idea is not tenable in its
original form, there are still situations in which an unusual presentation of
antigen may contribute to autoantibody formation. Presentation of a tolerated
antigen on a nontolerated carrier is one example; molecular mimicry, in which an
epitope that is shared between a self-antigen and a pathogen triggers autoan-
tibody formation is a specialized example of altered presentation. The epitope
concerned is obviously embedded in a highly foreign, nontolerated biochemical
environment within the pathogen. Molecular mimicry can also work in reverse,
where self-tolerance of an autoantigen impedes a response to a shared epitope on
a pathogen.

Immunogenic mimicry could start an autoimmune cascade. Consider normal
cellular turnover, in which cells die, and their constituent parts are dealt with by a
mixture of proteolytic degradation and autophagocytes without significant autoan-
tibody formation. Suppose mimicry permits antibody formation to some intra-
cellular constituent, say an epitope on a small nuclear ribonucleoprotein. The
existence of this antibody could alter the balance of disposition of the constituents
of the dying cell, e.g., most of the small nuclear ribonucleoprotein particles
displaying the epitope could be opsonized and enter professional antigen-
presenting cells, thus making the whole particle more immunogenic than it would
otherwise be. In that case, other and nonmimicked epitopes within that same
particle could elicit autoantibody formation, and a cluster of autoantibodies to a
variety of epitopes on the subcellular constituent concerned would appear.

The sudden appearance of class II MHC on a cell is another specialized
example of abnormal presentation. If nontolerated T-cell epitopes are suddenly
presented on a cell in association with class II MHC, it makes the cell a logical
target for autoimmune attack versus that epitope, whereas a cell lacking class 11
MHC would not be susceptible. Admittedly, this form of abnormal presentation
is not so attractive a concept as formerly, in view of the fact that class II
association usually occurs not for endogenously synthesized peptides but for
exogenous antigens, which need to be endocytosed and processed.

C. HyYPORESPONSIVENESS

The strong MHC association in many autoimmune diseases prompts the persist-
ing claim that autoimmunity may have something to do with an inadequate



42 GUSTAV J. V. NOSSAL

immune response to some infectious agent, one that most people deal with
adequately, but which is not removed by individuals of a particular MHC geno-
type because the T-cell epitopes of the pathogen concerned cannot be adequately
presented by those MHC molecules. Attempts to find causative microorganisms
for autoimmune diseases have been legion, and, most recently, a new interest in
retroviruses has emerged. For example, Talal ez al. (1989) invoke a retrovirus as
a possible cause in 20 to 30% of patients with Sjogren’s syndrome, and Ciam-
polillo er al. (1989) have suggested retroviral involvement in Graves’ disease.
Obviously, these important claims will have to be examined very seriously.
However, there are theoretical reasons making it unlikely that hyporespon-
siveness based on deficiencies in MHC genotype is the cause of autoimmunity.
These reasons are similar to those that make MHC genotype-based susceptibility
to infectious diseases an uncommon event. B- and T-cell responses to a single
protein antigen are usually polyclonal, not only because a protein usually has
more than one epitope but also because a selective immune system randomly
assembles light- and heavy-chain V genes, thus finding many solutions for speci-
ficity toward a given epitope. Moreover, even a virus displays not just one but
several antigenic proteins, and more complex pathogens, correspondingly more.
Should a particular MHC genotype prejudice against response to one protein, it is
unlikely to do so against a second. Therefore, on balance, the author is disin-
clined to regard specific hyporesponsiveness to a causative virus as a major cause
of autoimmunity. If viruses are involved in disease initiation, it seems more
likely that MHC genotype would influence the reaction to some critical autoan-
tigen released from the damaged target organ.

D. HYPERRESPONSIVENESS

Polyclonal activation of B lymphocytes is a feature of many animal models of
multisystem autoimmunity, and particularly the lupus erythematosuslike models.
This manifests itself in hypergammaglobulinemia and an increase in the number
of antibody-producing cells found in the spleen or other lymphoid tissue. A
significant proportion of these activated cells display anti-self reactivity, e.g.,
make antinuclear antibody. However, as Edberg and Taylor (1986) have noted,
there are significant differences between anti-DNA antibodies derived through
immortalizing randomly stimulated B cells, and those found in systemic lupus
erythematosus. The latter are, in general, of higher avidity, display fewer cross-
reactions, react more frequently with double-stranded DNA, and display multi-
ple somatic V-gene mutations (Shlomchik ez al., 1987). It is difficult to escape
the conclusion that they have been shaped by antigenic stimulation and selection.
Thus, hyperresponsiveness to any stimulus is not likely to be the cause of lupus,
although it may represent one step in a dysregulation that later conspires with
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failed self-censorship and/or aberrant antigen presentation to produce the disease
state.

E. OrHER MECHANISMS

The above list of possible contributory factors to autoimmunity is by no means
exhaustive. A failure of T cell-mediated suppression is less favored now than a
decade ago, but must be considered, as the vast literature on suppressor T cells
undoubtedly contains a selection of valuable findings. Polyclonal B-cell activa-
tion due to high lymphokine concentrations may contribute to those autoan-
tibodies that accompany some severe infections. Structural defects in target
organs probably contribute both to undue fluxes of autoantigens and to the
amount of damage inflicted by a given quantum of autoaggression. The vicious
circle hypothesis, first enunciated by Mackay and Burnet (1963), remains attrac-
tive. A forbidden clone of immunocytes, i.e., one that has escaped self-
censorship, damages a target organ, thus causing autoantigen release, consequent
stimulation and proliferation of the forbidden clone leading to further target
organ damage, and so on.

The early literature on autoimmunity concentrates on autoantibodies because
that is what could be easily measured. Now it is clear that in many situations, it is
really autoaggressive T cells that are the initiators of damage, and uncovering the
details of their specificity and regulation is a formidable task. Fortunately, the
process of isolating and cloning T cells that infiltrate damaged tissue has begun,
and, in animal models of spontaneous autoimmunity, has been achieved before
frank disease is manifest. This should help in defining the most important T-cell
epitopes that are the targets of autoimmunity.

Just like tolerance, autoimmunity is a quantitative concept, a matter of bal-
ance. Clearly, some level of autoantibody formation is quite normal, and autoim-
mune disease results only when the amount, duration, or affinity of autoantibody,
or of autodirected T-cell activity, pass some normal limit. The mechanisms may
differ for different autoimmune diseases, or even in different cases of one autoim-
mune disease.

V. CONCLUSIONS

The paradigm of regardinz self-tolerance and autoimmunity as directly opposite
concepts, both subject to a variety of cellular and molecular mechanisms, re-
mains as valid as when it was first articulated. What has changed in our percep-
tions is that we no longer seek a single, simple cause of autoimmunity any more
than a single, simple mechanism of tolerance induction. Clonal abortion and
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clonal anergy of T and B cells come close to the single, simple mechanism of
tolerance; failure of those two mechanisms of repertoire purging comes close to
the cause of autoimmunity. However, so many factors influence normal reper-
toire purging, and so many influence the activation of any cell that may have
escaped purging, that this bald articulation does not do credit to the huge body of
knowledge that has accumulated about immunoregulation. What is perhaps of
greater importance is to examine each model of tolerance, and each clinically
important example of tolerance breakdown, in considerable detail. In all proba-
bility, different models will highlight different facets of immunoregulation within
the above broad framework. If so, different control strategies will emerge for the
various situations, be these autoimmune discases, organ transplants, or defects of
immunoregulation such as allergies or immunodeficiencies. The students of tol-
erance and autoimmunity find themselves in much the same trouble as all immu-
nologists; understanding of an immune phenomenon demands knowledge of the
system as a whole. This being so, the search for underlying broad principles and
the profound exploration of particular fragmentary models must continue to
proceed in parallel.
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I. AN OVERVIEW OF MODELS

A. INTRODUCTION

The complexity of human autoimmune disease requires comparable models for a
reductionist understanding of etiology and pathogenesis, and for devising op-
timal treatments. The earliest models, dating back to 1933, depended on the
logical procedure of immunizing animals with emulsions of normal (neural)
tissues (Rivers et al., 1933). However, the regular induction of autoimmune
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disease by this means could not be achieved until the immunogenic potency of
the tissue inocula could be enhanced by emulsification in complete Freund’s
adjuvant (CFA) of the tissue extract, brain, testis, thyroid gland, etc. The ensu-
ing model autoimmune diseases replicated many of the features of the naturally
occurring human counterparts, including comparable signs and histopathology
and a strong genetic requirement, and allowed for an analysis of effector pro-
cesses, which were shown to depend essentially on activated T lymphocytes.

In 1959, a new experimental model was recognized in New Zealand. This was
a mouse strain derived by selective inbreeding, New Zealand Black (NZB), that
spontaneously developed an “acquired” hemolytic anemia. Mating of these mice
with another related inbred line, New Zealand White (NZW), produced an F,
that developed an autoimmune discase simulating human systemic lupus
erythematosus (SLE). Subsequently there were recognized other strains of mice
with a similar disease expression; collectively these are known as lupus mice.

In more recent years, various other experimental models have been developed,
each illustrating particular features relevant to the induction and/or expression of
autoimmune disease, as shown in Fig. 1. The figure divides these experimental
models into spontaneous and induced. We shall follow the schema in Fig. 1 for a
brief commentary on models of autoimmunity as of 1992, with more detailed
analysis of prototypic examples, spontaneous autoimmune diabetes mellitus in
nonobese diabetic (NOD) mice, and induced experimental autoimmune encepha-
lomyelitis (EAE) in inbred mice.

B. SpontaNEOCUS MODELS OF AUTOIMMUNE DISEASE

Lupus mice have been the best studied of the spontaneous models of autoim-
munity. It is only recently, however, with the introduction of molecular tech-
niques, that real insights into the complex genetics of these mice have been
possible. Murine lupus is described in Chapter 4 of this volume. The reader is
directed also to the considerations on pathogenesis by Yoshida et al. (1990) in
which B cells, T-cell dependency, the role of the major histocompatibility com-
plex (MHC) and thymic perturbations are discussed. The origins of antibodies to
DNA and their idiotypes are reviewed by Mackworth-Young and Schwartz
(1988). The likelihood that anti-DNA arises by specific antigen-driven stimula-
tion, and that somatic mutations among B cells confer specificity on the autoan-
tibodies, is presented by Schlomchik et al. (1990).

Evidence for the important role of MHC class II molecules and antigen presen-
tation has come from studies in which the I-AP™12 mutation is crossed onto
NZB.H-2° mice (Chiang et al., 1990), resulting in a greatly augmented capacity
of the mice to make anti-DNA. This change in these mutants replicates the hot
spot at residue 71 of the I-EB chain of MHC class II. Analysis of the molecular
genetics of murine lupus models appears to exclude disease-specific immu-
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lupus-mice
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FIG. 1 A schematic outline of contemporary experimental models of autoimmune diseases, as
described in the text. Reprinted with permission from Gastroenterologia Japonica. Mackay, 1. R.
(1991).

noglobulin (Ig) 1g genes or T-cell receptor (TcR) af3 genes and indicates that the
B- and T-cell repertoires are normal (Theofilopoulos et al., 1989). The role of an
expanded population of double-negative autoreactive T cells (CD4—CD8—) that
have escaped tolerogenesis and become subject to down-regulation of the CD4
and CD8 accessory molecule is a subject of discussion (Theofilopoulos et al.,
1989; Adams et al., 1990).

There are also spontaneous models of organ-specific autoimmune disease in
animals. One of these is the nonobese diabetic mouse, described in detail subse-
quently in this chapter. Another is autoimmune thyroiditis that can develop in
various species (Bigazzi and Rose, 1975), and which closely resembles the
features of human autoimmune thyroiditis, reviewed by Charreire (1989). The
most striking predisposition to spontaneous autoimmune thyroiditis is shown by
the obese chicken (Wick et al., 1989).

C. IMmunNizATION WITH AuTOLOGOUS TISSUES

Immunization of experimental animals with tissue extracts in Freund’s adjuvant
is the classical method for inducing an autoimmune disease model, beginning
with encephalomyelitis (vide supra). We can note the convincing induction of
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autoimmune thyroiditis in 1956 when rabbits were thus immunized with auto-
logous thyroid tissue (Witebsky and Rose, 1956). Other models induced by
immunization with tissue and adjuvants include experimental autoimmune or-
chitis (Bernard et al., 1978; Kohno et al., 1983), experimental autoimmune
neuritis (Geczy et al., 1984; Shin er al., 1989), experimental autoimmune my-
asthenia gravis (Berman and Patrick, 1980; Christadoss et al., 1982), experimen-
tal autoimmune uveitis (Gery et al., 1986; Caspi et al., 1988, and this chapter,
vide infra) and collagen-induced arthritis (Trentham et al., 1977). Since EAE is
so widely recognized and accepted as the prototype for antigen-specific T cell-
mediated autoimmune diseases, we have elected to give detailed attention to the
EAE model in this chapter.

Moreover, because certain forms of EAE can be induced, characterized by
recurrent paralysis, histologic lymphocytic infiltrations, and demyelination,
the chronic relapsing EAE model can be regarded as a valid facsimile of mul-
tiple sclerosis (MS) and the postinfectious encephalopathies (Raine, 1984;
Wisniewski et al., 1985; Waksman, 1989).

We shall emphasize how the application of modern cellular and molecular
techniques to EAE has facilitated characterization of the subset of T cells in-
volved, their T-cell receptor use, and the MHC restriction elements for the
autoantigen myelin basic protein. This knowledge has kindled great interest in
biotherapies that already have been successfully applied to EAE and some other
experimentally induced autoimmune diseases with expectations of applicability
to human autoimmune disease (Marx, 1990).

D. THymus PerTUrBATION: CYCLOSPORIN,
THYMECTOMY

1. Normal T-Cell Differentiation

T cells differentiate in the thymus from progenitors that enter the organ early in
its development. These progenitors soon begin to express simultaneously CD4+
and CD8+, and low levels of CD3. These CD4+CD8+ T cells become
positively or negatively selected. Positive selection depends on proliferation ac-
cording to the capacity to react with MHC molecules displayed on thymic cor-
tical epithelial cells, and negative selection depends on inhibition or deletion
according to the capacity to react with MHC molecules coexpressing self-
antigens displayed on bone marrow-derived dendritic cells in the thymic medulla
or at the corticomedullary junction (Marrack and Kappler, 1987; von Boehmer,
1988; Benoist and Mathis, 1989). Actual clonal deletion is operative for certain
self-antigens including Mls and I-E (Kappler ez al., 1987a; 1987b; Marrack et
al., 1988). However, our impression is that deletional tolerance operates only for
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an incomplete array of self-antigens to which autoimmune reactivity would have
catastrophic results. In any event, the selection process is strongly biased in favor
of those T cells that would react with MHC molecules that coexpress foreign
peptides. The final differentiated phenotype, that expresses either CD4 or CDS as
well as high levels of the TcR, is exported to the periphery as the naive T cell that
displays functional MHC-restriction in terms of antigen responsiveness, and is
nonreactive with major self-antigens (Bevan 1977; Zinkernagel et al., 1978;
Kisielow et al., 1988; Sha et al., 1988; Nikolic-Zugic and Bevan, 1990).

The actual mechanisms of positive and negative selection are still unclear.
Affinity or avidity may be relevant, so that cells reacting strongly with a self-
peptide coexpressed with MHC, and thus potentially harmful, are deleted by
apoptosis, whereas cells reacting less strongly become positively selected. Also,
MHC molecules expressed in the thymus on cortical epithelial cells and on
medullary bone-marrow-derived cells may be seen differently by T-cell receptors
(Marrack et al., 1988). Even more opaque are the processes in the thymus that
govern the generation and export of T cells with suppressor properties, assuming
that such cells do exist and have a thymic origin. Finally, selection must likewise
operate on the newly recognized class of T cells with yd receptors. Whatever the
processes might be, they are subject to error, resulting in export to the periphery
of nondeleted autoreactive cells, and failure of export of cells with requisite
suppressor properties. The thymus-perturbation models of autoimmune disease
described in the following sections are based on interference with the normal
orderly processes of T-cell differentiation and selection in the thymus.

2. Cyclosporin A

Cyclosporin A (CsA) in mice causes faulty T-cell development. Gao et al. (1988)
showed that sublethally irradiated (600 R) mice given repeated injections of CsA
had anomolous T-cell development, associated with blocking of the differentia-
tion of the immature CD4+CD8+ double positive cells into single positive cells;
this results in incomplete deletion of cells with autoreactive potential. Jenkins

et al. (1988) similarly showed that differentiation of single positive T cells was
inhibited by CsA, and autoreactive cells were not deleted. The site of action of
CsA in the thymus is uncertain. It may be the thymic microenvironment, because
the effects were seen primarily in the medulla with reduction in the number of
epithelial cells, macrophages, and dendritic cells, whereas the cortex was spared
(Kanariou et al., 1989). We note the claim that transplanted thymus from CsA-
treated mice into athymic recipients induced organ-specific autoimmunity in
normally resistant strains (Sakaguchi and Sakaguchi, 1988); confirmation of
these data is awaited. Siegel et al. (1990) tested the effect of CsA in vitro on
the differentiation of 16-day gestation murine fetal thymus in organ culture and
showed that after 8 days in vitro the development of mature TcRaf-expressing
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cells was inhibited and, particularly, those cells expressing CD4 were selectively
eliminated. The effects of CsA in interfering with development of CD4+ T cells
are reproduced by treating neonatal mice with an anti-CD4 monoclonal antibody
(MAb) (MacDonald et al., 1988), which also abrogates deletion on self-reactive
cells.

3. Neonatal Thymectomy

Post-thymectomy organ-specific autoimmune discase was first reported by
Nishizuka and Sakakura (1969) who showed that thymectomy within a few days
of birth resulted in ovarian but not testicular dysgenesis. Subsequently, perinatal
thymectomy was shown to result in various organ-specific autoimmune diseases
in strains of mice that rarely if ever develop such diseases spontancously. The
diseases induced have included thyroiditis (Kojima er al., 1976), oophoritis
(Taguchi et al., 1980), gastritis and macrocytic anaemia (Kojima et al., 1980),
orchitis (Taguchi and Nishizuka, 1981; Tung et al., 1987a, 1987b) and epi-
didymoorchitis (Tung et al., 1987a, 1987b). In regard to other species, Welch et
al. (1973) showed that neonatal thymectomy increased the severity of spon-
taneous autoimmune thyroiditis in the obese chicken, and Silverman and Rose
(1974) reported equivalent data for spontancous thyroiditis in Buffalo rats. These
data led Penhale et al. (1975) to demonstrate that thyroiditis could be induced in
some strains of rats after adult thymectomy and repeated sublethal irradiation;
presumably a neonate-like state was produced by these procedures in susceptible
rat strains. These results on thymectomy in spontaneously autoimmune animals
gave a perspective to the earlier observations in mice by Nishizuka and Sakakura
(1969).

The obligatory requirement of T cells, both for the initiation of organ damage
(Taguchi and Nishizuka, 1980; Sakaguchi et al., 1982a; Sakaguchi et al., 1985),
as well as for its prevention (Penhale et al., 1976; Sakaguchi et al., 1982b), was
repeatedly noted. Smith er al. (1989) showed that thymectomy performed in
mice within 3 days of birth allowed the expansion and functional expression of
potentially autoreactive cells that had been exported soon after birth, resulting in
a range of organ-specific autoimmune diseases in mice that are otherwise re-
sistant to these. Thymectomy in older mice failed to have this effect. Autoreac-
tive T cells are apparently produced in the thymus and not deleted within this
early postnatal period, and can apparently leak our. With increasing maturity, the
export of potentially autoreactive cells is in some way regulated, perhaps by the
later development and export of a subset of T cells with suppressor potential that
inhibits the expression of anti-self activity. Thus there appears to be a finely
tuned developmental process in the thymus that results in a balance of peripheral
T cells tipped in favor of control of potential autoreactive cells, but experimen-
tally modifiable so that autoimmunity predominates.
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4. QGastritis as an Example of Post-Thymectomy
Autoimmunity

The reality of post-thymectomy autoimmunity is strikingly illustrated by the
induction of autoimmune gastritis in mice by this procedure. Until recently,
experimental gastric autoimmunity has been relatively neglected, and the models
described have not been particularly convincing (Whittingham ez al., 1990).
However, neonatal thymectomy at 2 to 4 days in selected strains of mice pro-
duces a remarkable facsimile of human autoimmune gastritis. This is all the more
interesting because of the recent molecular characterization of the autoantigen
associated with the gastric parietal cell, and the observation that the reactivity of
the human and murine parietal cell autoantibody is apparently identical.

In humans, autoimmune gastritis at its terminal stage results in malabsorption
of vitamin B,, and pernicious anemia. Sera characteristically react by immu-
nofluorescence with gastric parietal cells, and an autoantigen reactive with gas-
tritis sera was identified as a 92-kDa polypeptide. This molecule corresponded
with that of the H*/K* adenosine triphosphatase (H*/K+* ATPase) enzyme,
also known as the proton pump, that delivers hydrogen ions into the gastric
cavity (Karlsson ez al., 1988). Subsequently, there was identified a second reac-
tive antigen of 60 to 90 kDa that co-localized with the 92-kDa autoantigen by
immunogold electron microscopy, and was co-precipitated by autoantibodies to
gastric parietal cells (Toh ez al., 1990). Various lines of evidence established that
the two reactive antigens were the o and 8 subunits of the ATPase (Gleeson and
Toh, 1991). Murine autoantibodies that develop after thymus perturbation have a
reactivity identical with that of human gastric parietal cell autoantibodies, i.e.,
with the o and B subunits of the H * /K * ATPase of the gastric parietal cell (Mori
et al., 1989; Jones ez al., 1991). This reactivity is exhibited by whole mouse
serum and by MAbs derived by fusion of splenocytes of the thymectomized
mice. Moreover, the mice develop a gastritis histologically similar to that of the
human counterpart. It is yet to be ascertained whether this progresses to the
gastric atrophy that is the end stage of human autoimmune gastritis. The murine
gastritis is T-cell related, to the extent that its initiation requires thymic perturba-
tion, and its transfer to syngeneic mice among certain strains requires T cells
rather than antibody (Fukuma ez al., 1988). It is of interest that transfer of disease
by splenocytes in mice is particularly effective in nude mice with a T-cell defi-
cient periphery (Gleeson and Toh, 1991). Whether the actual destruction of
gastric parietal cells is mediated by cells or antibody is still unresolved for human
and murine gastritis.

E. TRANSGENES

The injection of transgenes into fertilized ova of mice can result in the expression
of a foreign protein that, in postnatal life, can interfere with the function of a
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particular tissue or elicit an immune response akin to autoimmunity. The exam-
ples cited here relate to pancreatic B islet cells, which have been intensively
studied, and to liver.

1. Transgenic Diabetes

Hanahan (1985) introduced the gene for the simian virus 40 T-antigen (SV40Tag)
with the rat insulin promoter so that the SV40Tag was expressed in pancreatic 8
islet cells. Some mice developed islet hyperplasia and B islet-cell tumors that
eventually killed the animals, and others died of hypoglycemia resulting from
islet hyperfunction; however, lines of transgenic mice were bred that expressed
the transgene and survived to a moderate age. Adams et al. (1987) made the very
interesting observation that mice that expressed SV40Tag in their B islet cells
could either develop an autoimmune response within the islets, or become toler-
ant to this protein; if there was a delayed expression of the hybrid insulin-SV40
gene, there could be a failure of prenatal tolerance with a consequent production
of autoantibodies to the nontolerated protein. What determines whether a trans-
genic gene product is expressed early, possibly during prenatal life, resulting in a
failure of its immune recognition and functional tolerance, or late, with conse-
quent autoantibody production and islet destruction, is still not understood. It
would be of interest to treat the mice with presumed late expression of the
transgene with anti-CD4 antibodies to prevent the development of an autoim-
mune response, since this type of treatment is effective in various situations in
which it produces long-lasting tolerance to foreign proteins (Benjamin and Wald-
man, 1986; Benjamin et al., 1986; Goronzy et al., 1986; Gutstein et al., 1986;
Qin et al., 1987, Carterton et al., 1988; Charlton and Mandel 1989b).

Since hyperexpression of MHC gene products with immune activation is de-
scribed in the target cells of endocrine autoimmune disease, several groups have
used MHC-transgenic mice to study the involvement of these molecules in endo-
crine autoimmunity. Lo et al. (1988) and Sarvetnick er al. (1988) inserted an
MHC class 1I transgene on a rat insulin promoter, and these transgenic mice
expressed the MHC class I product and did indeed become diabetic; however,
there was no inflammatory islet-directed response. In similar studies on trans-
genic mice that expressed either foreign or self-MHC class I proteins on their B
islet cells, there was development of diabetes, regardless of whether the MHC
gene was self or nonself (Allison et al., 1989); these mice were tolerant to the
foreign transgene product but only while it was still expressed, and tolerance
rapidly waned when the target cells were destroyed (Morahan et al., 1989a).
Other foreign transgenic products that can result in diabetes include calmodulin
(Epstein er al., 1989) and the H-ras oncoprotein (Efran ef al., 1990), but in these
instances, likewise, there is no evidence that the immune system is involved in
the pathogenesis of the disease. Perhaps there is aberrant expression of a foreign
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protein that interferes with insulin secretion (Parham, 1988). Immune mecha-
nisms seem excluded, since (1) insulin secretion in vitro by fetal islets from
MHC class I transgenic mice is severely affected, even when the islets are
removed well before functional immune cells reach the periphery; (2) there is
defective function of fetal transgenic islets transplanted into athymic (nude)
mice; and (3) similar insulin defects occur when the transgene is bred into nude
mice (Mandel et al., 1991).

When interferon-y transgenic mice were produced (Sarvetnick et al., 1988,
1990), these animals did show insulitis and diabetes. Recently a similar model of
apparently immune-mediated diabetes was described in transgenic mice when the
gene for influenza virus hemagglutinin (HA) was linked to an insulin promoter
(Roman et al., 1990).

Clearly those transgenic mouse models (SV40Tag, interferon <y, influenza
virus HA) that show features indicative of immunopathological destruction of 8
islet cells do appear to be valid experimental models of the spontaneous autoim-
mune diabetes, whether seen in NOD mice, BB rats, or humans. It is less evident
whether the transgenic models that do not display an apparent immune patho-
genesis also have a human counterpart, since most humans with type I diabetes
have evidence of immune involvement (Eisenbarth, 1986) including autoan-
tibodies and, when tissue is available, evidence of insulitis (Gepts, 1965; Foulis
et al., 1986). There are, however, some instances in which these features are not
present. Thus in the large survey by Foulis er al. (1986), most histological
samples showed insulitis, albeit patchy in its distribution, but none of the few
individuals who developed severe diabetes before the age of 18 months had any
evidence of insulitis and indeed had what appeared to be well-granulated g islet
cells despite clinically typical diabetes. Perhaps these unusual patients had a
different form of diabetes in which insulin secretion by their B cells was abnor-
mal, as in the MHC transgenic models. Also, conceivably, such patients could be
expressing a “natural” transgenic product, e.g., viral proteins limited to B islet
cell expression.

2. Transgenic Hepatitis

In experiments to assess pathogenic effects of the hepatitis B virus surface
antigen (HBsAg), a construct containing genes for HBsAg and mouse albumin
regulatory sequences was introduced into mice (Moriyama et al., 1990). The
injection of spleen cells from donor mice primed to respond to peptides of
HBsAg induced immune-mediated liver cell destruction simulating chronic hepa-
titis in man.

Another model of chronic hepatitis was reported in mice in which a transgene
for an allogeneic class I MHC molecule was linked to the B-metallothionein
(BMT) promoter; this directed the expression of the transgene product to the liver
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when a heavy metal (zinc) was given (Morahan et al., 1989b). When the trans-
genic mice were irradiated and then reconstituted with syngeneic spleen cells,
there developed a chronic but self-limited hepatitis as a result of an attack by the
transferred donor cells against liver cells expressing the transgene product.

A more direct model of autoimmune hepatitis was produced by introduction of
an ovine growth hormone transgene linked to the BMT promoter since, in these
mice, chronic hepatitis developed spontaneously when the transgene was acti-
vated by the feeding of zinc (Orian et al., 1991). Thus a host response to an
induced transgene product to which neonatal tolerance had not been established
elicited immune-mediated tissue damage and simulated naturally occurring auto-
immune hepatitis.

F. Mercuric CHLORIDE AND ANALOGS

Various drugs are known to induce autoimmune reactions. It is widely assumed
that the drug attaches to a host protein, and the ensuing configuration suffices to
initiate a response to the native protein. However, the likelihood that other
mechanisms can operate is illustrated by the well-studied model of mercury-
induced autoimmunity in the Brown Norway rat. The disease, induced by sub-
cutaneous injection of mercuric chloride into rats, includes a T cell-dependent
polyclonal activation of B lymphocytes expressed as lymphoproliferation, hyper-
gammoglobulinemia, and production of autoantibodies to nuclei, and particu-
larly to glomerular basement membrane with an ensuing glomerulonephritis.
There is an initial proliferation of CD4+ cells that are subject to regulation by a
suppressor population that limits the disease in the host, and can transfer re-
sistance to syngeneic animals.

The mercuric chloride model is of interest from three standpoints. First, the
target of the autoimmune attack is a class Il MHC molecule (Ia). Second, the
model vindicates the reality of autoregulatory processes in autoimmunity, as
judged by studies on autoantiidiotypic antibodies (Neilson and Phillips, 1982)
and regulatory (suppressor?) T cells that are evoked by the expanding autoreac-
tive T-helper population (Rossert et al., 1988). Third, mercuric chloride nephritis
is a prototype for other drug-induced autoimmune models in animals [e.g., gold
salts that induce disease in mice associated with nucleolar autoantibody (Robin-
son et al., 1986)], and D-penicillamine that induces renal disease in Brown
Norway rats (Tournade et al., 1990a, 1990b). There is a good likelihood that at
least some drug-induced autoimmune diseases in man have a similar basis.

G. GrAFT-VERsUs-HosT Disease (GVHD)

The occurrence of graft-versus-host reactions has long been known to elicit
immunologic abnormalities in experimental animals and in humans after treat-
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ment with donor bone marrow. GVHD results from cytotoxic T cells in the donor
tissue attacking host cells bearing foreign MHC antigens, in skin, intestine, liver,
and other sites. GVHD may be acute or chronic; the latter resembles (to a degree)
multisystem autoimmune disease and is ameliorated by immunosuppression
(Storb, 1989). Gleichman and colleagues (1984) have reasoned that experimental
GVHD is a valid model for human autoimmunity and that, as a model, GVHD
has similarities with autoimmunity induced by drugs such as mercuric chloride,
particularly the induction by anti-MHC class II T cells. This idea is supported by
recent experiments of Tournade et al. (1990a; 1990b).

A point of interest is whether donor T cells must directly recognize foreign Ia
on the host B cells that make the autoantibodies present in GVHD as a cognate
interaction, or whether sufficient help is generated by lymphokines to stimulate
all B cells as a bystander interaction. The conclusion of Morris et al. (1990),
based on double-congenic chimeric mice, indicated that cognate interaction was
necessary. In the very interesting report of Saitoh et al. (1990) on GVHD in a
semiallogeneic host, the CD8+ (presumably regulatory) subset was depleted by
MAD to the Ly2 molecule. This caused a striking histologic insulitis and cho-
langitis resembling the lesions of human primary biliary cirrhosis (PBC). Of
particular interest, the affected mice produce the range of mitochondrial anti-
bodies specifically seen in PBC (see Chapter 9 of this volume).

Although not strictly a graft-versus-host model, the wasting disease in athymic
rats resulting from asymmetrical reconstitution with the OX-22high vis-a-vis the
OX-22'°% subset of T cells is equivalent (Powrie and Mason, 1990). The
OX-22high subset appears to correspond with Thl in mice, and the OX-22low,
with Th2; the data point to an important regulatory role of the Th2-like subset
over CD4+ T cells that have autoaggressive potential.

H. ANTIDIOTYPES AS SURROGATE AUTOANTIGENS

The heuristic concept of the idiotypic network (Jerne, 1974) has had a remark-
ably influential effect on immunologic theory and experimentation. As one corol-
lary of the concept, the structure of the idiotype of an antibody can mimic that of
another potential antigen, quite unrelated to that reactive with the antibody itself,
and creates what is termed the internal image of that antigen. It also follows that
a surrogate autoantigen may be generated by an antiidiotypic reaction to the
idiotype of an autoantibody (Mackay 1988). One of the common cross-reactive
idiotypes of anti-DNA antibodies is 16/6, the serum levels of which correlate
with disease activity in human SLE. A human monoclonal IgM antibody carry-
ing the 16/6 idiotype was used to immunize mice, and this created a model of
SLE in which the full range of lupus antibodies was induced, together with
glomerulonephritis of immune-complex type. Presumably the Ab2 (anti-
antibody) created an immunogenic surrogate DNA that was sufficient to initiate
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the disease, as discussed by Schoenfeld and Mozes (1990). As another example,
an Ig light chain from a lupus-prone MRL-1pr/1pr mouse carried a sequence
homologous to the 70-kDa U1-RNP polypeptide, and elicited antibodies to ribo-
nucleoprotein (RNP) and DNA (Pucetti er al., 1990). An experimental study
with similar implications was reported by Iribe e al. (1989). An antiidiotypic
MAD was raised against a MAb reactive with a species-specific epitope of mouse
type II collagen; immunization with this Ab2 rendered the recipients susceptible
to arthritis on challenge with human type 11 collagen.

I. PAassive TRANSFER MODELS

The passive transfer of disease by serum or cells from individuals with an
autoimmune disease establishes the pathogenic role of the transfer inoculum.

1. Human-to-Human Transfer by Serum

The first example is the heroic self-transfer by Harrington and colleagues of
serum from cases of idiopathic (autoimmune) thrombocytopenic purpura, result-
ing in striking decreases in platelet levels (Harrington et al., 1990). Later there
were described “experiments of nature” in which maternally transmitted autoan-
tibody from mothers caused autoimmune expression in the fetus; the several
examples include myasthenia gravis, thyrotoxicosis, lupus erythematosus, and
thrombocytopenia, with congenital heart block caused by the maternal Ro anti-
body attracting particular interest (Scott et al., 1983).

2. Human-to-Mouse Transfer by Serum

Examples of autoimmune diseases that have been transferred to mice by inocula-
tion of human serum include myasthenia gravis (Toyka et al., 1977), the Lam-
bert—Eaton myasthenic syndrome (Lambert and Lennon, 1988) and pemphigus
vulgaris (Anhalt er al., 1982). To facilitate transfer of autoimmune disease by
serum, a neonatally tolerant mouse model was developed by repeated injections
of human IgG into mice during pregnancy (Mundlos et al., 1990). The in utero
tolerized mice retained human autoantibodies in the circulation for periods of
weeks. However, the prolonged circulation of autoantibodies to intracellular
antigens did not induce any evidence of autoimmune disease, indicating that
serum autoantibody is optimally reactive only with targets exposed on the cell
surface.

3. Human-to-Mouse Transfer by Celis

Mice with congenital severe combined immune deficiency (SCID) will accept
xenogeneic grafts and can in fact be immunologically reconstituted by transfer of
human lymphoid cells (McCune et al., 1988; Mosier ef al., 1988). Hence such
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mice could be a useful model for passive transfer of cell-mediated autoimmune
lesions. One example is the transfer of disease by an inoculum of peripheral
blood lymphocytes (PBL) from patients with PBC. The recipients developed
mitochondrial antibody in serum and typical periductular biliary lesions (Krams
et al., 1989), but similar lesions occurred after inoculation of PBL from some
normal individuals. Thus a confounding effect of a GVH reaction could compli-
cate the interpretation of these experiments. There are reports of attempted
transfer of other autoimmune diseases into SCID mice by lymphoid cells, either
PBL or synovial cells, from patients with rheumatoid arthritis (Tighe ez al.,
1990) or systemic lupus erythematosus (Duchosal et al., 1990). The recipient
mice were reconstituted to the degree that circulating 1gG was of human type,
and autoantibodies, rheumatoid factor, or antinuclear antibody were demonstra-
ble, but a convincing counterpart of the corresponding human disease was not
elicited.

Il. THE NON-OBESE DIABETIC MOUSE

A. INTRODUCTION

Animal models of severe insulinopenic diabetes were, until recently, usually
surgically or drug-induced and were thus not true etiologic models of the spon-
taneously occurring autoimmune disease of humans. Streptozotocin in multiple
subdiabetogenic doses produced an indolent disease in a few strains of mice with
mononuclear cell infiltrates in and around the islets of Langerhans—insulitis
(Like et al., 1976, 1978). To the extent that diabetes induced in this way was
highly strain dependent and had histological appearances similar to those of
human diabetic insulitis, it resembled human insulin-dependent diabetes mellitus
(IDDM). However, at the same time, spontaneously occurring models of IDDM
became identified. One such model in a Wistar/Furth rat colony at the BioBreed-
ing Laboratory in Canada (Nakhooda et al., 1977; Seemayer et al., 1980), was
named Bio-Breeding Wistar (BB/W). A large proportion of young adults devel-
oped severe insulinopenic diabetes, both sexes were equally affected, and the
pancreas showed insulitis before overt diabetes developed. Thus, this model
seemed to be a close homolog of human IDDM, but BB/W rats were severely
lymphopenic and immunosuppressed (Jackson et al., 1981; Jackson et al., 1984;
Colle et al., 1981), particularly in their T-cell compartment, and thus differed
from humans with IDDM.

In 1980 a murine model of spontaneous diabetes was described in Japan
(Makino et al., 1980; Tochino, 1986) and was referred to as the non-obese
diabetic (NOD) mouse. The initial diabetic mouse was detected as part of a
screening program of CTS mice that had cataracts and micro-ophthalmia; since
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cataracts occur in diabetes, CTS mice were screened, and a diabetic female was
detected in 1974. By 1980 some 1500 mice had been studied (Makino et al.,
1980). Diabetes was initially detected in female mice aged around 200 days, but
in later generations, the age of onset decreased markedly; males also developed
diabetes but much less frequently. The disease was rapidly fatal without insulin
treatment. Glycosuria was first detected at 90 days, and thereafter the number of
affected female mice increased steadily to 50% by 130 days and 80% by 210
days. Males first developed diabetes about 60 days after the females, and their
diabetes incidence peaked at less than 20% by 210 days. Histologic insulitis was
present from an early age, and 90% of females and 60% of males had this by 5
weeks. Thus, insulitis preceded diabetes and was present in more animals than
eventually developed diabetes. Makino er al. (1980) also noted that insulitis
disappeared when all islet 8 cells had been destroyed. NOD mice do not have
lymphopenia (Kataoka er al., 1983) in contrast to BB rats, but rather a lympho-
cytosis (Prochazka et al., 1987).

NOD mice are now widely available, and the many colonies have a differing
incidence of IDDM, yet the disease still fulfills the initial Japanese description by
Makino er al. (1980): an acute onset of severe diabetes mainly in young adult
females but only ~20% in males, and insulitis virtually invariably present in
both sexes from a very young age and persisting to old age or until  islet cells
are totally destroyed.

B. GeneTic StuDIES

Makino et al. (1985) crossed NOD and C57BL/6 (B/6) mice and found no
insulitis in either B/6 mice or in F, animals; in (F, X F,)F, mice a low incidence
(1-5%) was seen. In backcrosses of NOD to F, mice, the incidence of insulitis
increased to around 25%. These data indicated an effect on insulitis development
of two recessive genes on independent autosomal chromosomes, but there were
no data on diabetes incidence in that study.

Hattori er al. (1986) showed that the NOD mouse has a unique MHC class 11
complex. When NOD mice were crossed with C3H, diabetes in the progeny
depended on homozygosity for the NOD MHC. Serologic analysis showed that
NOD mice were H-2K9 and H-2DP? at class I, but when the class II region was
analyzed, the NOD I-A was evidently unique, since the mice failed to express I-E
because they had no message for the Ea gene (Fushijima e al., 1989). Hattori er
al. (1986) further determined the linkage of diabetes to inheritance of AB, and
showed that there was no diabetes in F, mice, but it appeared in backcrosses, in
16% of females and 2% of males. In F, intercrosses, 2.5% became diabetic, and
all diabetic mice were homozygous for a unique NOD 9.5-kb band by restriction
fragment length polymorphism (RFLP) analysis. Because of the relatively low
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incidence of diabetes in backcross females they postulated that there was at least
one, and probably two or more, susceptibility genes in addition to the gene
linked to the MHC. Polygenic effects are reported in the BB rat (Jackson ef al.,
1984) in which a non-MHC-linked gene determines lymphopenia, and the other
is MHC linked, with both necessary for development of diabetes. Also, in
humans, there is only a 20% concordance for diabetes in patients sharing both
histocompatibility regions, and 5% in those sharing only one with the affected
first-degree relative (Gorsuch er al., 1982).

Analysis of the fine structure of the I-AB and I-Aa chains revealed a five-
nucleotide variation in the B chain that resulted in two amino acid substitutions,
from proline-aspartic acid in I-A¢ to histidine-serine in I-ANOD (Acha-Orbea and
McDevitt, 1987). This highly conserved region is also altered in a similar way in
Caucasians with diabetes (Todd et al., 1987, Morel et al., 1988), but not in
Japanese (Awata et al., 1990) who have an asp residue at position 57, a feature
that is highly protective for diabetes in non-Japanese. The NOD I-AB sequence is
present in the related sister strains of NOD mice (ILI and CTS), but these mice do
not develop diabetes (Koide and Yoshida, 1989). Thus, this MHC-linked gene
alone does not determine diabetes, and some other gene(s) must be involved. The
DNA-sequencing data support the results from breeding studies. Recently, it was
shown by Slattery et al. (1990), Miyazaki et al. (1990), and Lund et al. (1990)
that the expression of non-NOD I-A antigens in transgenic NOD mice can
prevent diabetes, although insulitis may still be present, and when 57asp or
S6pro is present in the I-AB molecule, diabetes is prevented. The absence of
expression of I-E seems also to be important for the generation of diabetes
susceptibility. When NOD mice were crossed with transgenic C57BL/6 mice that
expressed I-E, the NOD progeny were also resistant to the development of
insulitis and presumably also of diabetes (Nishimoto et al. 1987).

Wicker et al. (1987) analyzed the genetic predisposition of NOD mice to
develop insulitis and diabetes in breeding studies using NOD crossed with
C57BL/10 (B10), selected because B10 mice do not develop diabetes or in-
sulitis, and fail to express I-E. Insulitis and diabetes proved to be under partially
overlapping but distinct genetic control, with insulitis determined by a single
gene not linked to the MHC, whereas diabetes was determined by at least three
independent gene complexes, one linked to the MHC. The severity of insulitis,
rather than its presence, was greatly influenced by MHC linkage. In contrast to
other studies that implicated MHC homozygosity in NOD mice, three backcross
MHC heterozygous females with diabetes were detected and were more inten-
sively studied by Wicker et al. (1989). These authors postulated either a
crossover event between the MHC and a putative MHC-linked diabetogenic
gene, or a dominant MHC-linked diabetogenic gene with low penetrance in the
heterozygous state. By pedigree analysis of their progeny, the latter hypothesis
was favored.



62 CLAUDE C. A. BERNARD ET AL.
C. THEe INnsuuTis LEsiON

Insulitis in NOD mice is almost invariable, occurs early in life, and occurs even
in mice that do not develop overt diabetes. By the age of 210 days, all females
and almost all males have insulitis, and this incidence rapidly increases from 0%
in both sexes at 21 days, to >80% in females and almost 60% in males by 5to 6
weeks (Makino et al., 1981). Insulitis appears to be a necessary but not sufficient
event to produce B-cell destruction, and other factors apart from the homing of
lymphoid cells to the islets seem necessary. The initiation of insulitis probably
begins with macrophage infiltration into the islets. The infiltrating macrophages
may present islet B antigens to T cells, and these activated T cells induce
insulitis. Macrophages also may initiate insulitis in the BB/W rat (Lee et al.,
1988; Kolb-Bachofen and Kolb, 1989), and in mice made diabetic with multiple
low doses of streptozotocin (Kolb-Bachofen et al., 1988). The early presence of
macrophages in islets was reported by Lee et al. (1988) and by Charlton et al.
(1988), who showed that giving silica to NOD mice prevented diabetes. How-
ever, the initial damage that causes the release of B-cell antigens for presentation
to the cells of the immune system remains unknown.

In the initial histopathologic study of the NOD pancreas, Fujita e al. (1982)
reported that mononuclear cells first appeared at 4 weeks and were present in
most mice by 5 weeks, and earlier in females. The severity of the infiltrate varied
between islets in the same sample. Mononuclear cells were first seen in periduc-
tal regions opposite to but outside the islets. Fujita et al. (1982) noted that
infiltrating cells were initially separated from the endocrine cells by a thin sheet
of connective tissue, and there was a conspicuous filling of periductal lymphatics
with small lymphoid cells. With increasing age the islets became surrounded by a
thick ring of lymphoid cells that eroded into the islet, gradually destroying the 3
cells but leaving the other endocrine cells intact (see Fig. 2). As B cells were
destroyed, the infiltrate disappeared, leaving small atrophic islets lacking 8 cells.
Kanazawa et al. (1984) studied mice aged from 3 to 22 weeks and reported that
insulitis began at 6 weeks with an initial preponderance of IgM+ lymphocytes
that formed follicular structures surrounded by T cells. Both Lyt-1+ and Lyt-2+
cells were seen and were regarded as being CD4+ and CD8+, respectively,
since Lyt-1 was then regarded as a CD4 marker; also detected were asialo-
GM1+ (ASGM1) cells that were considered to be natural killer (NK) cells.
Subsequently, however, it was shown that Lyt-1 is not a unique marker for CD4
cells, and ASGM1 is not specific for murine NK cells.

Miyazaki et al. (1985) used immunofluorescence microscopy to show that T
cells predominated in the infiltrate and were located adjacent to the endocrine
cells, whereas B lymphocytes were fewer and more peripherally located. Koike
et al. (1987) used immunohistochemistry to identify the surface phenotypes of
infiltrating cells; over 90% were Thy-1+ and Lyt-1+. The T cells were predomi-
nantly CD4+, with some CD8+ cells present. The age of the mice at the end of
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FIG. 2 Histologic evolution of spontaneous insulitis in the NOD mouse. A. A normal mouse
islet with selective staining of insulin-containing B cells. The unstained cells, mainly at the islet
periphery, are the glucagon-producing a cells, somatostatin-secreting & cells and pancreatic polypep-
tide cells (aldehyde fuchsin X400). B. Islet from a prediabetic NOD mouse with insulitis showing
slight invasion by mononuclear cells with the endocrine cells still intact (aldehyde fuchsin X400). C.
An atrophic islet from a NOD mouse with established diabetes showing depletion of B cells and loss
of insulitis, as seen when the target B cells are destroyed (aldehyde fuchsin X 400).

the experiment was only 15 weeks, and presumably, most were prediabetic.
Similar results were obtained by lkehara et al. (1985) in prediabetic mice aged
around 5 months. However, phenotypic markers on mononuclear cells are not
necessarily totally specific for a particular cellular subset since 1.3T4, the CD4
marker in mice, is present also on some macrophages/monocytes, and Lyt-1 is
present on at least some CD8 T cells. Accordingly, Signore et al. (1989) used
double staining to study the natural history of the infiltrate on cryostat sections.
They detected insulitis at 5 weeks and, with age, the severity of the lesion
increased, and more islets became affected; however, there was no significant
variation in the proportions of mononuclear cell subsets with age, and they
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FIG. 2 (Continued)

reported a slight excess of B over T lymphocytes. Interestingly, with double
staining, there were more L3T4+ cells than Thy-1+ cells, suggesting that some
of the former were nonlymphoid, possibly macrophages. This conclusion was
strengthened by many of the L3T4+ cells being stained with antibodies to MHC
class II; T cells in the mouse are MHC class II (Flavell et al., 1986; Aranco et
al., 1985). CD4+ cells predominated over CD8+ cells, with a constant small
proportion of presumably activated IL-2R+ cells.

D. ImvunoLoaciCc STATus oF NonN-Osese DIABETIC
Mice
1. Target Antigens and Autoantibodies

Reactive autoantigens in the NOD islets have been extensively investigated,
notably cytoplasmic antigens, the 64-kDa antigen described in human IDDM,
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FIG. 2 (Continued)

the insulin molecule, and others. Viral antigens have been detected on the surface
of B cells (Suenaga and Yoon, 1988), including the retrovirus p73 antigen that is
cross-reactive with insulin (Serreze et al., 1988a). An “occult” MHC class I-like
antigen was recognized on the 3 cells of NOD mice after exposure to interferon vy
(Leiter et al., 1989).

The expression of MHC molecules on B cells has been controversial, i.e.,
whether or not class II antigens can ever be expressed, either constitutively or
endogenously. Hanafusa et al. (1987) claimed that I-A antigens were present on
islet endocrine cells, whether or not insulitis was present. Formby and Miller
(1990) suggested that aberrant class II expression occurred on NOD islet cells
from an early age, and Timsit et al. (1989) inferred that it was present, since they
could prevent diabetes with antibodies to MHC class I1. Conversely, Signore
et al. (1987) failed to detect class II determinants on islet cells of NOD mice
but could detect these on islet-infiltrating cells, of which some were also
IL-2R+.
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Insulin is a suggested target since insulin autoantibodies (IAb) are commonly
present in NOD mice, and in humans with IDDM. Pontesilli et al. (1987)
reported that IAb, detected by a solid-phase enzyme-linked immunosorbent as-
say (ELISA), were present in almost all NOD mice from the earliest age studied
(75 days), but control non-NOD mice also had IAb, at lower titer. However, only
one IAb+ female eventually developed diabetes. Anti-insulin-reactive T cells
were not detected in NOD mice (Hurtenbach and Maurer, 1989). Recently a 65-
kDa heat-shock protein was suggested as a target antigen (Elias ez al., 1990),
adding to the long list of potentially pathogenic cross-reactions in which this
heat-shock protein has been implicated.

MAD have been used in attempts to define islet cell antigens by Yokono et al.
(1985) and Hari et al. (1986). An anti-islet cell MAD raised by fusing spleen cells
from islet cell surface antigen (ICSA)+ NOD mice with lymphoma cells recog-
nized two major polypeptides of 28 kDa and 64 kDa; the MADb did not lyse !1'In-
labeled rat insulinoma (RIN) cells in a complement-mediated assay, but anti-
body-dependent cell-mediated cytotoxicity (ADCC) was detected when high
antibody and effector-cell levels were used. The antibody also inhibited glucose-
mediated insulin secretion by isolated rat islets. This work is unconfirmed.
Pontesilli et al. (1989) described a cytotoxic antibody to an islet cell surface
trypsin-sensitive antigen (ICSADb) generated by fusing spleen cells from recently
diabetic NOD mice with P3X cells. The MAbs produced were screened against
RIN cells, and one line produced a stable IgM MAD reactive against ICSAb. This
antibody labeled 35% of isolated viable BALB/c islet cells but did not label fixed
or frozen human or murine islets.

Islet cell cytoplasmic antibodies (ICAb), a feature of human autoimmune
diabetes, and islet cell surface antibodies (ICSAb) have been well investigated in
NOD mice. ICAD identified by immunofluorescence on Bouins’ fixed pancreas
sections were present in about 50% of NOD mice but not in controls. In contrast,
ICSADb were absent in young NODs but developed later, and were present in a
few older mice. ICAb and ICSADb were, however, not detected on frozen sections
of mouse pancreas but only in Bouins’ fixed tissue. Reddy et al. (1988) reported
that IAb and ICAb were present in about 50% of the animals by 15 days of age;
in a longitudinal study, both Abs were frequently present but did not necessarily
predict the occurrence of diabetes. Whereas these Ab were not clearly predictive,
no mouse developed diabetes without the prior presence of both. Michel ez al.
(1989) reported the early presence of IAb, long before diabetes occurred in IAb+
mice, and the antibodies were found mainly in the diabetes-prone females. In
contrast, Zeigler et al. (1989) showed that IAb levels were predictive of later
onset of diabetes, and higher levels were seen in those mice that became overtly
diabetic; by 6 weeks, 37% of females but no males were IAb+. Our experience
(Colman ez al., unpublished) on the appearance and titer of IAb in a large cohort
of NOD mice of both sexes, from lines with a low and high incidence of diabetes
(Baxter ez al., 1989), is that IAb are nonpredictive.
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Other manifestations of abnormal humoral immunity in NOD mice include
lymphocytotoxic IgM antibodies that appear several weeks after insulitis. These
are not predictive of the occurrence of diabetes and appear in F; mice that do not
usually develop insulitis (Lehuen et al., 1990). Thus, in common with other
mouse strains susceptible to development of autoimmune disease, NOD mice are
prone to dysregulated B-lymphocyte function independent of T-cell malfunction.

Atkinson and Maclaren (1988) showed that NOD serum contained an autoan-
tibody that immunoprecipitated the 64-kDa antigen from detergent lysates of
biolabeled murine islet cells. This antibody occurred in newly diagnosed di-
abetes, was present at weaning, but quickly disappeared in diabetic mice and was
absent in old nondiabetic NOD mice and in three control strains. This islet-cell
antigen is presumably similar to the 64-kDa antigen described in patients and BB
rats with IDDM (Baekkeskov er al., 1982, 1984, 1987; Colman et al., 1987,
Atkinson et al., 1988). This antigen is now identified as glutamic acid decar-
boxylase (Backkeskov et al., 1990).

2. Mononuclear Cell Populations

BB/W rats are profoundly lymphopenic, particularly in respect to T cells, and
thus differ sharply from humans with IDDM, who lack immune deficits (Drell
and Notkins, 1987). In NOD mice, lymphoid populations in the blood and spleen
of 12-week-old adult NOD females showed moderate depletion, predominantly
of T cells and Fc-receptor+ cells, but no differences in macrophage numbers;
there was a slight increase in B lymphocytes (Kataoka et al., 1983). The spleen
contained far fewer T cells than did the spleen of age- and sex-matched ICR
control mice. The methods used to enumerate cell numbers were not precise and,
although there were differences between these two strains, even when adjusted
for body weight, doubt exists on the accuracy of the data. Other studies generally
show moderate lymphocytosis and increased T cells in spleen and lymph nodes
(Ikehara er al., 1985; Prochazka et al., 1987). The slight peripheral lymphopenia
in young prediabetic NOD mice is followed with increasing age by moderate
lymphocytosis, particularly in females (Pontesilli ez al., 1987). Thus, T cells
account for more than 50% of blood mononuclear cells compared with 30% in
three unrelated control strains, and B lymphocytes are somewhat reduced in
NOD mice, to around 40%. Wang er al. (1987) stated that in blood, CD4+ T
cells composed 43% of the total mononuclear population.

3. Functional Studies

NOD mice generally have augmented immune responsiveness. Both antibody
responses and delayed-type hypersensitivity (DTH) against sheep red blood cells
were either increased or not different from those of ICR mice (Kataoka er al.,
1983). When challenged with herpes simplex virus, NOD mice had a high
mortality, suggesting a strongly reduced capacity to respond to this challenge,
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although whether this was owing to defective cytotoxic T-cell responses or to an
inability to generate an appropriate humoral response was not elucidated. Ikehara
et al. (1985) reported increased responses both to T-cell (PHA and Con A) and a
B-cell (LPS) mitogen. NOD mice are also responders to the H-Y antigen (Chand-
ler et al., 1988). The variable immune responses could be explicable by a defect
in suppressor-cell activity (Kataoka et al., 1983). Reduced suppressor activity
was also indicated by data from Serreze and Leiter (1988), and from Bach’s
group, who have consistently maintained that a primary immune defect in NOD
mice is a disorder of immunoregulation (Bendelac et al., 1987, 1988; Timsit et
al., 1988; Boitard et al., 1988, 1989; Bedossa et al., 1989; Dardenne et al.,
1989).

NOD mice appear to be relatively resistant to the induction of classical neo-
natal tolerance and, despite the presence of lymphoid chimerism, they generally
do not accept donor skin permanently and show a frequent reversion of in vitro
tolerance, as measured by mixed lymphocyte responses and the generation of
cytotoxic T cells (Bendelac ez al., 1989a). In contrast to other strains of mice that
can accept immunomodified islet allografts, NOD mice destroy these, although
this may be owing to recurrence of disease rather than rejection (Wang et al.,
1987).

4. Mechanism of p-Cell Destruction

The cells ultimately responsible for B-cell destruction are almost certainly T cells
(Nagata et al., 1989a; 1989b), either CD4+ or CD8+, and both subsets are
required for transfer of disease (Wicker et al., 1986; Bendelac et al., 1987
Miller et al., 1988); B cells are not involved (Bendelac et al., 1988). The CD8 +
subset is particularly implicated (Charlton ez al., 1988; Young et al., 1989;
Nagata et al., 1989a; 1989b) Kay et al., 1989), but CD4 + cells are also involved
(Wang et al., 1987; Hanafusa er al., 1988; Charlton er al., 1988), possibly by
acting as helper cells. Whether the cells are antigen specific or nonspecific is still
uncertain, and there are claims that the effector cells have features of NK cells
(Kay et al., 1989). The mode of destruction of islet grafts in NOD mice is also
controversial, with claims that they are destroyed in an MHC-restricted manner
(Terada et al., 1988), or that there is nonrestricted B-cell killing (Wang et al.,
1987).

5. Cyclophosphamide

Cyclophosphamide (CP) is usually used to suppress immune reactivity, but it
may also increase immune responses, perhaps by selectively depleting regulatory
(suppressor?) cells and allowing effector cells to become dominant (Bach and
Strom, 1985). In NOD mice given CP, about 70% developed overt diabetes
within 1 to 2 weeks, equally in both sexes (Harada and Makino, 1984). Diabetes
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occurred even in mice aged 3 weeks at the time of the first injection, and the
frequency of disease was sharply increased in older mice. In females the max-
imal prevalence was not increased, but the age of onset was sharply reduced.
Three other strains given CP did not develop diabetes. Yasunami and Bach
(1988) also found that CP accelerated disease in young females, again without
increasing total frequency, but sharply increased the disease frequency in males
to over 80%, from the usual 12-40%; spleen cells from CP-treated diabetic
donors transferred disease to irradiated syngeneic recipients, thus excluding any
toxic effect of CP on islet 3 cells. CP treatment of F, hybrids between NOD and
a variety of other strains was nonpromoting, indicating that strong genetic pre-
disposition in susceptible NOD mice was related to immune regulatory control.
A low-diabetes-incidence line of NOD/Wehi mice, with disease virtually ab-
sent in males (Baxter er al., 1989), showed a high incidence of overt diabetes
within 14 to 16 days after a single large dose of CP (Charlton et al., 1989);
diabetes was prevented if the treated mice were given syngeneic spleen and
lymph node cells from young prediabetic donors soon after CP. When fetal
pancreas isografts were transplanted some days after the recipients were treated
with CP, when residual CP or its metabolites were absent from the circulation,
these were also destroyed. CP had no diabetogenic effect in many other strains
(Charlton et al., 1989). The effect of CP was prevented with silica (Charlton et
al., 1988), and with Mab against CD4 cells (Charlton and Mandel, 1988), or
CDS8 cells (Charlton et al., 1988); even elimination of a small subset of T cells
bearing the VB8 TcR (Bacelj et al., 1989) was effective, and data suggest that T
cells with the V[38.3 receptor is the critical population (Bacelj et al., 1990).

6. Thymectomy

Early perinatal thymectomy has immunomodulatory effects as described earlier.
Dardenne et al. (1989) performed thymectomy in NOD mice at either 3 or 7
weeks of age and found that diabetes was sharply increased in females but not in
males, but there was no effect of delayed thymectomy.

7. Adoptive Transfer

Insulitis and diabetes can be transferred with lymphoid cells from diabetic do-
nors, and splenocytes transferred disease to young sublethally irradiated (775 R)
recipients (e.g., Wicker, et al., 1986). In suitably irradiated (>600 R) recipients,
as few as 2 X 106 cells sufficed, although 5 x 10° cells were optimal. The
irradiated recipients needed to be over 4 weeks old, although before 3 weeks of
age, irradiation was not required for adoptive transfer (Bendelac er al., 1987).
Splenocytes from chronically diabetic NOD mice also transferred disease, sug-
gesting the long persistence of immunologically active cells (Wicker et al.,
1986), equivalent to the situation in human recipients of a pancreas transplant
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from either an identical twin (Sibley et al., 1985), or even an HLA-identical
sibling (Sibley and Sutherland; 1988). With the identical twins, immunosuppres-
sion was not used initially, since the graft should have been retained, but with the
MHC-identical donor—recipient combinations, this disease frequently recurred
despite immunosuppression. Hanafusa et al. (1988) transferred spleen and
lymph-node cells from CP-treated diabetic NOD mice to T cell-depleted syn-
geneic recipients; with unseparated T cells there was a high incidence of insulitis
compared with mice not receiving cell transfers. Depletion of T cells from the
transferred inoculum abrogated transfer of insulitis; but depletion only of the
CD8+ cells did allow transfer of insulitis, suggesting that CD4+ cells were
critical.

Adoptive transfer of diabetes is possible without experimental manipulation of
the recipients (Bendelac et al., 1987; Bedossa et al., 1989). Insulitis and diabetes
resulted when 2 X 107 spleen cells from diabetic mice were transferred into
neonatal recipients, and diabetes developed by 3 weeks of age. Bendelac ef al.,
(1987) used purified (B-cell-free) T cells and demonstrated that both CD4+ and
CD8+ T cells were required, and males were as susceptible as females. How-
ever, after the age of 3 weeks, NOD mice become resistant to adoptive transfer,
presumably because immunoregulatory processes develop that override the ca-
pacity of transferred cells to cause disease. Bedossa et al. (1989) reported that
diabetes in recipients was preceded by MHC class II expression on vascular cells
in the islets, so there may have been augmented “homing” of T cells to the islets.
After adoptive transfer, the time between insulitis and destruction of  islet cells
is short compared with that in natural disease. Initially, the infiltrating cells were
mostly CD4+, and about 30% of these were activated, being IL-2 receptor
positive; however, when B islet cell damage was occurring, CD8+ cells were
dominant and were presumably the effector cells. The requirement for both CD4
and CDS8 cells from diabetic donors for successful adoptive transfer was con-
firmed by Miller et al. (1988).

Cloned cells from either infiltrated islets or lymphoid organs of diabetic mice
are also effective under certain conditions. Haskins er al. (1988) produced an
islet-reactive T-cell line from spleen and lymph-node cells by stimulating the
cells with NOD islets. A line was cloned by limiting dilution and repeated
stimulation with islet antigens, and 2 subclones derived. The original line and
both clones were CD4+ but CD8-. One clone produced large amounts of IL-2,
and when stimulated with antigen presenting cells (APC) and islet antigen, this
clone also homed to a NOD islet graft in (CBA X NOD)F, mice, suggesting that
even in vivo it could recognize islet-specific antigens; a NOD pituitary graft was
not infiltrated (Bradley et al., 1990). Haskins et al. (1989) derived a panel of
islet-specific T-cell clones and showed that they respond in vitro to islet antigens
from a variety of mouse strains, but only when APCs bearing NOD class I MHC
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antigens were present. All clones were CD4+ and CD8-, and most caused
damage to NOD islet grafts after adoptive transfer. This line would also produce
diabetes in young NOD mice (Haskins and McDuffie, 1990). Some clones were
also transferred to (CBA X NOD)F, hybrid mice that do not develop insulitis
spontaneously, and marked insulitis resulted.

Whether the cells present in lymphoid organs are representative of the cells
involved in islet damage is uncertain. Reich et al. (1989a) cloned and expanded
T cells from the islets of recently diabetic NOD mice and showed that they were
either CD4+ or CD8+, in contrast to data reported by Haskins et al. (1989). The
CD4+ clones did not respond to BALB/c islets, but the CD8 + clones did. Since
BALB/c and NOD mice share an MHC class I (H-2K9) locus, the data were
interpreted as indicating antigen specificity and MHC restriction. Neither CD4+
nor CD8+ clones alone caused insulitis after adoptive transfer, but when used
together, produced an intense insulitis by 28 days in most islets with reduction of
B cells and even diabetic symptoms in some mice. When TcR expression was
analyzed, it was found that most islet-specific clones expressed the VBS TCR.
VBs+ cells are normally deleted in I-E+ mice and, since NOD mice are I-E- (Hat-
tori et al., 1986), it was suggested that the absence of deletion of these TCR-
bearing cells contributed to pathogenesis.

8. Diabetes in Diabetes-Resistant Recipients

Non-NOD mice do not develop diabetes, and hybrids between NOD and other
strains do so rarely. However, diabetes can be adoptively transferred by NOD
bone-marrow stem cells to (NOD X non-NOD) F, hybrids (Serreze et al.,
1988b), but the recipients need lethal irradiation (1000 R), and transfer has to be
with NOD cells. Serreze et al. (1988b) concluded that the presence of the
diabetogenic alleles in the putative effector cells was sufficient to produce di-
abetes, and the onset and frequency of disease was remarkably similar to that
seen naturally in NOD mice. Also, destruction of B cells occurred in all donor-
matched islet grafts. However, cells other than T cells and their precursors were
also transferred and included precursors of nonlymphoid APCs that may
eventually home to the thymus and become involved in T-cell education. Trans-
fer of bone marrow cells from diabetes-prone BB/W rats is capable of transfer-
ring disease to diabetes-resistant (BB/W)F, rats when 2-deoxyguanosine-treated
thymus from diabetes-resistant donors was also transplanted (Georgiou et al.,
1988). Adoptive transfer of NOD bone marrow cells into lethally irradiated
C57BL/6 and B10.BR/cd recipients also resulted in insulitis, with 10% develop-
ing diabetes (LaFace and Peck, 1989). The low incidence of diabetes despite a
high incidence of insulitis was attributed to the need for additional but unknown
host susceptibility factor(s).
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E. PrRevenTiION OF DIABETES

1. Sex Hormones

Protective effects of male sex hormones are well established in NOD mice, as in
other experimental autoimmune diseases. Castration at 5 weeks of age was
protective in females, but in males, resulted in a female incidence of diabetes
{Makino et al., 1981). The mode of action of the sex hormones is presumably by
effects on immunoregulation.

2. Thymectomy

Neonatal thymectomy reduces the severity and incidence of insulitis (Ogawa et
al., 1985; lkehara er al., 1985), but its effect on diabetes was not reported.
Neonatally thymectomized mice were free of insulitis at 8 weeks, but after
parabiosis to normal syngeneic partners, insulitis developed in the thymec-
tomized partners within 2 weeks (Ikehara et al., 1985). After neonatal thymec-
tomy in the low-diabetes-incidence NOD/Wehi mice, diabetes was virtually
abolished, and insulitis was also greatly reduced (Slattery and Mandel, 1988
unpublished). The mice were not followed to a sufficient age to establish the
preventive effect with certainty.

3. Cyclosporine A and FK506

Cyclosporine A (CsA) acts specifically on T cells, in contrast to most other
immunosuppressive agents that have a broader action (Bach and Strom, 1985).
Mori et al. (1986) found that if CsA treatment was started before hyperglycemia
developed, and was continued until 160 days, diabetes was prevented; as little as
2.5 mg/kg orally on alternate days completely prevented diabetes, and insulitis
was greatly diminished; once glucose intolerance was present, CsA was ineffec-
tive. Wang er al. (1988) showed that disease recurrence in islet isografts was
prevented in prediabetic, but not in diabetic NOD mice given CsA. Spleen cells
from prediabetic NOD mice treated in vitro with both CsA and IL-2 for 72 hr and
reinfused into the original donors greatly reduced the incidence of diabetes; mice
given cells treated with either agent alone were not protected (Formby et al.,
1988). These findings point to a preferential activation of a suppressor popula-
tion. The new immunosuppressant FK506, which also apparently is specific for
T cells, can prevent diabetes in NOD mice (Miyagawa et al., 1990).

4. Antibodies to T-Cell or MHC Molecules

In earlier studies, both conventional antithymocyte globulin, and an MADb against
the pan-T cell marker Thy-1, reduced but did not abolish diabetes (Harada and
Makino, 1986). MAbs against major subsets of T cells have been variably
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effective. Koike et al. (1987) treated 2-weck-old females with large doses (2
mg/dose i.p.) of the cell-depleting rat IgG2b anti-CD4, GK1.5, twice weekly for
12 weeks. Insulitis was prevented, but studies beyond 12 weeks were not re-
ported. Shizuru et al. (1988) treated NOD mice with GK1.5 and found that this
not only prevented the progression of disease but even prevented diabetes. In
contrast, Charlton and Mandel (1989a) treated NOD/Wehi mice weekly with the
non-cell-depleting rat IgG2a anti-CD4, H129, from 25 to 100 days of age; this
almost totally prevented insulitis during treatment but, after cessation of treat-
ment, insulitis recurred. Its severity in mice at 180 days was similar to that of
100-day-old untreated mice. MAbs against potentially larger T-cell subsets (e.g.,
those expressing CD3, a universal component of the TcR) are effective even after
a single dose given neonatally (Hayward and Shreiber, 1989). The incidence of
insulitis in treated females was only 8% at 10 weeks and 25% at 32 weeks, with
less than 10% of the mice being diabetic by 32 weeks. An MAD to the IL-2R,
directed to activated T cells, proved effective in young mice when given before
insulitis developed (Kelley er al., 1988). As noted above, MAb treatment is
effective in diabetes accelerated by CP (Charlton and Mandel, 1988; Charlton et
al., 1988; Bacelj e al., 1989); notably when given peritransplant, the MAb to
TcR anti-VB8 prevents disease recurrence in isografts of fetal pancreas in spon-
taneously diabetic mice (Bacelj et al., 1990).

Diabetes in NOD mice is prevented also by Mab directed against MHC class 11
antigens, whether treatment is started neonatally or delayed until weaning
(Boitard et al., 1988).

5. Cytokines

Cytokines may mediate the action of many types of immunotherapy. In NOD
mice, tumor necrosis factor-a (TNFa) reduced insulitis without causing up-
regulation of MHC class II expression, and suppressed the adoptive transfer of
diabetes to young male mice (Jacob et al., 1990). Satoh et al. (1989) tested
mouse IFN-y, human IL-1a, IL-2, TNFa, and mouse GM-CSF, but only TNF«
suppressed insulitis and reduced the incidence of diabetes. Human recombinant
interleukin-2 (rIL-2) given at 250 U twice weekly from 6 weeks also greatly
reduced diabetes to 17 versus 75% in controls at 20 weeks (Serreze et al., 1990).
Treatment with poly[I:C}, an inducer of IFN a/3, was even more effective and
completely prevented diabetes at 20 weeks, but had to be given continuously.
Serreze et al. (1990) suggested that, in the presence of these stimulators, the
defective T-cell suppressor function, claimed to be the cause of autoreactivity
(Serreze and Leiter, 1988), is increased to more normal levels.

6. Viruses

Lymphocytic choriomeningitis virus (LCMV), a virus that infects mainly
CD4+ T cells, can prevent diabetes in NOD mice (Oldstone 1988). Infection
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with LCMV was preventive when neonatal mice were infected intracerebrally,
and the incidence of diabetes was reduced when virus was injected at 6 weeks,
from 95% in untreated females of 9 months to 6%. The ablation of T helper cells
produced an immunologic regulatory imbalance, and adoptive transfer of bone
marrow and spleen cells from infected mice was successful in preventing disease
in lethally irradiated (850 R) recipients. The effect of the virus is limited to the
Th-1.24+, CD4+, CD8-, lymphocytes and not bone marrow cells (Oldstone,
1990). Furthermore, and as indicated by the fact that several other CD4+-
dependent immune responses were not affected by LCMV infection, the immu-
nosuppressive effect on murine diabetes appears to be selective (Oldstone, 1990).
In a further study aimed at determining whether the entire genome of LCMV or
only part of it was needed to prevent diabetes in NOD mice, only the S RNA
segment, encoding two of the major structural glycoproteins, was required for
that immunosuppressive effect (Oldstone er al., 1990). Oldstone (1990) sug-
gested that viral genes or their expressed products could be used to attack or treat
specific cells that may be causing disease. A similar protective effect of virus
infection can be seen in BB/W rats (Dyrberg er al., 1988).

7. Adoptive Transfer of Putative Suppressor Cells

In a model of adoptive transfer of diabetes in irradiated adult recipient mice,
diabetes was prevented if lymphoid cells from young nondiabetic donors were
transferred simultaneously with the cells from a diabetic donor (Boitard et al.,
1989). Thus the presence of a suppressor-cell population in the lymphoid pool of
prediabetic mice may override the effect of effector cells present in the cell
inoculum from diabetic donor. A similar explanation was invoked for the protec-
tive effect seen with transfer of normal prediabetic cells in the diabetes induced
by CP (Charlton et al., 1989). In a variant of the suppressor-cell transfer experi-
ment, a line of autoreactive T cells, generated from newly diabetic mice and
injected into nondiabetic NOD recipients, prevented diabetes and insulitis up to 1
year of age (Reich er al., 1989b); these cells were CD3+, CD4+, CD8-, and
stained homogeneously for the VB2 TcR. Formby er al. (1988) took spleen cells
from prediabetic NOD mice, activated these in vitro for 72 hr with CsA and IL-2;
retransferred back into the same animals, these cells conferred markedly protec-
tive effects. In all, these data are of interest in further validating adoptive transfer
protocols as evidence for the reality of immune suppression.

8. Tolerance Induction

Tolerance to semiallogeneic spleen cells in neonatal NOD mice can be induced
by injecting 106 cells i.v. (Bendelac et al., 1989). In these experiments tolerance
was demonstrated using donor skin grafts, proliferative and cytotoxic responses
in vitro to donor cells, and by the presence of chimerism. Insulitis and diabetes
were both markedly reduced but not fully prevented. Donor T cells were not
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required in the initial inoculum, since T-cell depletion of the transferred cells was
also effective. Interestingly, whereas significant protection from disease was seen
and chimerism was present, permanent skin allograft acceptance was not
achieved. Viable cells were required to produce an effect since irradiation of the
cells abrogated protection.

9. Bone Marrow Transfer

The role of T cells in disease production in NOD mice is now well established,
but the precise mode of development of the autoreactive cells is still uncertain. A
defect in bone marrow stem cells may be present since Ikehara et al. (1985)
found that when 2 X 107 allogeneic bone marrow cells from young BALB/c
athymic (nude) donors were transplanted into lethally irradiated NOD females
aged 5 months, both insulitis and diabetes were absent when the recipients were
examined 3 months later. LaFace and Peck (1989) showed that NOD mice could
be protected totally from insulitis and diabetes with lethal irradiation followed by
B10.BR/cd hemopoietic cells.

10. Other Treatments

a. free Radical Scavengers. Killing of B cells may be mediated in many
types of insulitis by free-O, radicals resulting from superoxide production at the
site of inflammation; hence, free radical scavengers that can inactivate or destroy
these radicals may prevent (3-cell damage. Klandorf et al. (1989) found that
dimethylsulfoxide (DMSO) or its derivatives, methyl-sulfonylmethane (MSM)
or dimethylsulfide (DMS), added to drinking water of NOD mice at weaning,
produced marked alterations in diabetes incidence. In contrast to the expected
results, 2.5% DMSO increased the rate of appearance as well as the frequency of
diabetes in females and also in males, in which the incidence was increased from
21 to 79%, whereas MSM had no effect, and DMS reduced the prevalence of
diabetes. However, when a modified diet AIN-76, which had previously been
shown to decrease the frequency of diabetes in BB rats (Scott e al., 1985), was
fed to the mice, the effect of DMSO was to reduce the incidence of diabetes to
36%. The conclusion was that DMSO augmented the uptake of potentially di-
abetogenic constituents in the food and, in the presence of genetic susceptibility,
increased the rate of diabetes. Two enzymes that act on superoxide radicals,
superoxide dismutase and catalase, will prevent B-cell destruction in allografts in
diabetic NOD mice (Nomikos et al., 1989). These grafts had been exposed
before transplantation to 95% O,, a procedure that often prevents allograft rejec-
tion in nondiabetic mice but not disease recurrence in spontaneously diabetic
animals.

b. Nicotinamide.  This prevents diabetes induced with large doses of strep-
tozotocin (STZ) (Dulin et al., 1969, Stauffacher et al., 1970; Lazarow et al.,
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1950; Lazarus and Shapiro, 1973), as well as insulitis induced by low-dose STZ
(Rossini et al., 1978). Also, nicotinamide prevented diabetes and reduced in-
sulitis in prediabetic NOD mice and, in 4 of 6 mice treated from the first
appearance of glycosuria, there was reversal of glycosuria; however, treatment of
established diabetes with nicotinamide was generally ineffective (Yamada er al.,
1982). The action of nicotinamide may be immunological, and perhaps on
ADCC; ADCC was found to increase when NOD mice developed diabetes, but
when NOD spleen cells were tested for ADCC against human red blood cells in
vitro in the presence of nicotinamide, lysis was markedly inhibited. Nicotin-
amide is thought to act in STZ diabetes by preventing the STZ-induced reduction
of intracellular content of nicotinamide adenine dinucleotide (NAD) (Ho and
Hashim, 1972; Anderson et al., 1974; Yamamoto and Okamoto, 1980).

¢ Immunomodulator OK-432.  Toyota et al. (1986) tested a streptococcal
preparation OK-432 as an immunomodulator in NOD female mice by giving
weekly i.p. injections from 4 to 24 weeks; diabetes occurred in 0 of 17 mice
compared with 14 of 17 controls. OK-432 apparently stimulates IFN-y and IL-2
production, and reportedly activates macrophages, NK cells and cytotoxic T
cells (Satoh er al., 1980; Saito et al., 1982; Wakasugi et al., 1982; Ichimura et
al., 1985). The mode of action of OK-432 as an antiimmune drug is not yet clear.

d. Diet. Diet itself has been shown to modify diabetes in NOD mice (Elliott
et al., 1988) as well as in BB rats (Scott et al., 1985; Elliott et al., 1984). In
NOD mice, only animals that had been fed meat meal or casein developed the
expected incidence of diabetes (27%), and a diet of lactalbumin and gluten
reduced the incidence to 2.4 and 4.6%, respectively (Elliott et al., 1988).

e 2 Acetyl-4-tetrahydroxybutylimidazole (THI).  Recently we (Mandel T. E.,
Koulmanda M. & Mackay I. R., 1991, unpublished observations) have shown
that THI given to NOD mice in drinking water can prevent spontaneous and CP-
induced diabetes. THI is a contaminant in caramel color and is widely found in
common foods and beverages. At the dose used (400 ppm), this drug produced T-
lymphopenia, but in more recent studies we have data that suggests that the
diabetic protective effect is not due to lymphopenia per se. The mode of action of
THI is currently being investigated in more detail.

. EXPERIMENTAL AUTOIMMUNE
ENCEPHALOMYELITIS

A. INTRODUCTION

Experimental autoimmune encephalitis (EAE) remains the most widely studied
and informative of the experimentally induced models of autoimmune disease,
and is the prototype for an antigen-specific and T cell-mediated attack on the
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target organ. There are two types of EAE, acute or chronic relapsing, depending
on species, the age of the animal, the nature of the encephalitogenic inoculum,
etc. Acute EAE is induced by injection with purified myelin proteins (Bernard er
al., 1983a), peptides thereof (Hashim et al., 1978; Bernard and Carnegie, 1975;
Kono et al., 1988) or T-cell lines or clones specific for these myelin antigens
(Ben-Nun et al., 198la; Zamvil et al., 1985a; Sakai et al., 1988a; 1988b).
Chronic relapsing EAE is marked by extensive demyelination and inflammation
(Raine, 1984). It is induced in young animals, particularly guinea pigs, and
requires neural components additional to myelin basic protein (Raine, 1984).

Acute and chronic relapsing EAE have been the subjects of numerous reviews
(Paterson, 1979; Bernard et al., 1983a; Raine, 1984; Wisniewski et al., 1985;
Lebar, 1987). Our purpose here is to discuss the recent developments in EAE that
have contributed new knowledge on pathogenesis, expression of autoimmune
lesions, and prevention. In particular, we shall describe new or alternative anti-
genic inocula that induce lesions identical to those seen in classical EAE, includ-
ing the utilization of Bordetella pertussis to enhance antigenicity, the demyelinat-
ing effect of antibodies as opposed to cells, the role of vasogenic edema in the
production of tissue lesions, the interplay between the MHC and T-cell receptor
use in relation to genetic predisposition, and possibilities for immunotherapeutic
modulation that could be applicable to human disease. We can emphasize that the
routine production of various autoimmune diseases in mice has been an impor-
tant development, particularly because of the possibility of using inbred strains
for studies of cell transfer, congenic strains for immunogenetic studies, and
cultured mouse lymphoid tissue for immune induction and other types of in vitro
experimentation (Bernard, 1976; Bernard and Carnegie, 1975; Bemard et al.,
1976).

B. ENHANCING EFFECT OF PERTUSSIS ON
ExPeErRIMENTAL AUTOIMMUNE DISEASE

Bordetella pertussis or derivatives are potent adjuvants and enhancers of experi-
mentally induced autoimmune disease. Pertussis has been particularly exploited
to induce EAE in mice as well as experimental autoimmune orchitis (EAO)
(Bernard et al., 1978; Kohno er al., 1983) and experimental autoimmune uveitis
(EAU) (Gery et al., 1986; Caspi et al., 1988).

1. Enhancement of EAE with Pertussigen

Levine and co-workers (Levine et al., 1966) found that pertussis vaccine and
extracts from B. pertussis rich in histamine-sensitizing factor facilitated the
induction of EAE in rats and mice. Subsequently EAE was routinely induced in
mice (SJL/J) provided that, in addition to the emulsion of mouse spinal cord or
MBP with FCA, pertussis vaccine was given as a co-adjuvant (Bernard and
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Carnegie, 1975; Bernard et al., 1976). Pertussigen, one of the biologically active
proteins from B. pertussis, was found to be a potent adjuvant in promoting EAE
in mice receiving mouse spinal cord homogenate (MSCH) in CFA supplemented
with Mycobacterium tuberculosis (MT) (Munoz et al., 1984). An effective regi-
men consisted of an intravenous dose of 400 pg pertussigen within a few minutes
of injection of the MSCH-CFA emulsion (Fig. 3). Pertussigen by other routes
(e.g., i.m., s.c., i.p.) facilitated the induction of EAE but was less efficient.
Within 11 to 13 days, a severe form of EAE regularly developed, although
paralysis seldom extended to the forelimbs. Pertussigen given 5 days after the
injection of MSCH-CFA resulted in milder EAE, but paralysis persisted for some
74 days, the duration of the experiment. Histologic studies on mice 15 to 20 days
after the onset of paralysis revealed typical lesions of EAE (Raine 1984), where-
as mice with residual evidence of EAE after 74 days showed no clear histologic
evidence of EAE lesions in the brain and spinal cord (Munoz er al., 1984).
Whereas these findings differ from those obtained with protocols for chronic
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FIG.3 Titration of pertussigen for its ability to promote EAE in susceptible (SJL. X BALB/c) F,
mice (5 per group) receiving 4 mg MSC emulsified in CFA-H37. Nil, pertussigen not given. Upper
graph gives the EAE score and the lower graph, the number of mice with definite paralysis (score of 2
or greater) and the number of mice dying from EAE. Reprinted with permission from Munoz, J. J.,
Bernard, C. C. A. and Mackay, 1. R., Cellular Immunology, (1984), 83, 92-100.
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relapsing EAE in SJL/J mice (Lublin et al., 1981; Fritz er al., 1983a), the
chronic EAE induced in our experiments appeared early after immunization, was
long lasting and had a high incidence (Munoz et al., 1984).

2. Enhancement of EAQO with Pertussis

EAO could be induced consistently in mice (BALB/c) by immunization with a
homologous testicular homogenate emulsified in CFA together with at least 1 p.g
of an extract of B. pertussis rich in pertussigen (Bernard et al., 1978; Kohno er
al., 1983). Serum antibody to testicular antigens appeared within 20 days after
immunization. The lesions were located in testis (100%), rete testis (37%), cauda
epididymis (21%), and vas deferens (37%), and were characterized by per-
itubular and/or intratubular accumulation of eosinophils, neutrophils, lympho-
cytes, and macrophages, and were followed by aspermatogenesis. Late lesions
included massive necrosis and extensive fibrosis of the seminiferous tubules.
Disruption of a blood—testis barrier on day 20 was evidenced by the detection of
(1) perfused lanthanum deposits between Sertoli cells and surrounding inflam-
matory cells inside the seminiferous tubules; (2) deposits of endogenous mouse
IgG in germinal epithelium; and (3) probably immune complexes (granular C3)
surrounding seminiferous tubules. Murine EAO differed from that of the guinea
pig in the lack of involvement of the ductus efferentes, the extensive necrosis, the
abundant polymorphonuclear leukocytes in the lesion, and the absolute require-
ment for concomitant injection of B. pertussis extract.

3. Enhancement of EAU with Pertussis

EAU has been studied mainly in rats and a few other species, including primates,
in which the disease is produced with one or the other of two antigens, in-
terphotoreceptor-binding protein (IRBP) (Lai ez al., 1982) and the retinal soluble
antigen, S-Ag (Pfister er al., 1985). Both proteins are components of the retinal
photoreceptor cell layer, the site of the autoimmune attack in autoimmune
uveoretinitis (Gery er al., 1986). However, with the exception of the mouse,
inbred strains are not readily available and, further, the disease in the rat tends to
be acute and severe with rapid destruction of the photoreceptor cells, thus differ-
ing from chronic posterior uveitis seen in humans. A murine model of EAU was
developed by Caspi er al. (1988) in strains of mice that developed a chronic
disease resembling human uveitis, and was produced with either of the two
antigens, S-Ag and IRBP. Although all mouse strains tested showed immune
responses to both antigens as measured by lymphocyte responsiveness and anti-
body production, actual ocular disease was restricted to only a few strains; these
showed that the uveitogenic response to the two antigens was mutually
exclusive.

Initially, EAU could be produced in mice only with an intensive immunization
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protocol that required the use of quite large amounts of antigen as well as CFA
and B. pertussis organisms, and a preimmunization dose of CP. This treatment
schedule produced a slow-onset disease that was chronic and largely confined to
the posterior segment with focal retinal damage. The histopathological features
included vasculitis, retinal granulomata, retinal folds, focal serous detachments,
and loss of photoreceptors (Chan ez al., 1990). There was also some subretinal
neovascularization in a few animals and mild vitritis. The predominant infiltrat-
ing cells in the granulomas were macrophages, while the major cells seen in the
vitreous were CD4+ T cells. The disease was typically relapsing, showing two
peaks of activity at 5 and 10 weeks after immunization. Later, Caspi er al. (1990)
used pertussis toxin rather than the whole organism, and a single immunization
with antigen sufficed without the requirement for CP. In addition, the severity of
the disease could be modulated so that either a chronic or an acute disease could
be produced.

C. ENCEPHALITOGENIC INOCULA ALTERNATIVE
1O MYELIN BASiCc PROTEIN

1. Myelin Proteolipid Protein

There are constituents of myelin other than myelin basic protein (MBP) that
clearly induce EAE. The myelin proteolipid protein (PLP) is a potent inducer
of acute and chronic EAE (Williams et al., 1982; Cambi et al., 1983; Yoshimura
et al., 1985; Yamamura et al., 1986; Tuohy et al., 1989), and PLP-responsive
cell lines, as well as PLP-specific T-cell clones, will transfer adoptively EAE
into naive syngeneic recipients (Satoh ez al., 1987; van der Veen et al., 1990).
Both the T-cell lines and clones had the phenotypes of T helper/inducer cells
(CD4+CD8-) and induced severe acute EAE within 2 weeks after injection
(Satoh et al., 1987; van der Veen et al., 1990). Thus, and as for EAE induced by
MBP, a PLP-sensitized T cell appears to be sufficient to induce inflammatory
lesions with, in some cases, evidence of demyelination.

2. Endothelial Cell Membranes

Guinea pigs and rhesus monkeys immunized with an emulsion of cultured brain
endothelial cell membrane components and FCA, supplemented with MT, devel-
op a chronic or relapsing form of EAE (Tsukada er al., 1987, 1988). The
encephalitogenic component is uncharacterized, but neither MBP nor PLP could
be detected in the brain endothelial cell samples used; in addition, no pro-
liferative responses to these characteristic myelin antigens were observed either
in guinea pigs or monkeys, and none of the immunized guinea pigs gave a
positive delayed-type hypersensitivity (DTH) skin reaction to MBP or PLP



3. EXPERIMENTAL MODELS OF AUTOIMMUNE DISEASE 81

(Tsukada ez al., 1987, 1988), although there was a positive DTH reaction to the
immunizing antigen.

The first signs of disease induced by endothelial cell membranes were loss of
body weight and hair, followed by the development of ataxia, flaccid paralysis of
the hind legs, and occasional myoclonus, occurring at days 14-21 and 21-30 for
guinea pig and monkey, respectively (Tsukada er al., 1987, 1988). In surviving
animals, there was chronic progressive disease. Histologically, in the acute
phase, there were infiltrates of mononuclear cells attached to cerebral endothelial
cells, and small focal perivascular hemorrhages and edema; in the chronic phase,
there was severe loss of myelin particularly in the cerebellum, cerebrum, pons,
and midbrain (Tsukada et al., 1987, 1988). In this respect the presence of diffuse
demyelination is in keeping with the histopathologic features of MS (Prineas,
1985), and thus emphasizes the use of this model for immunologic and patho-
genic studies of naturally occurring demyelinating diseases.

3. Myelin Oligodendrocyte Glycoprotein (MOG]|

Molecules with epitopes exposed at the external side of the myelin membrane
could be accessible targets for demyelinating immune responses. MOG is the
molecule recognized by the MAb 8-18CS5 raised against a rat cerebellar glycopro-
tein preparation (Linington er al., 1984). MOG was demonstrated immu-
nohistochemically on oligodendrocyte surfaces and in the outermost lamellae of
myelin sheaths (Linington ez al., 1988; Lebar ez al., 1986; Brunner et al., 1989).
It is central nervous system (CNS) specific since antibodies to MOG do not react
with peripheral nerves (Linington ez al., 1984; Lebar ef al., 1986). MOG is a
surface marker of oligodendrocyte maturation (Scolding ez al., 1989) and, during
CNS development, expression corresponds with myelination; MOG is not de-
monstrable in glial cells before myelin sheath formation (Linington er al., 1988).
The encephalitogenic capacity of MOG has not yet been studied, partly because
of its low abundance in CNS tissue, but it is clearly a target for immune attack, as
judged by the potent capacity of antibody to MOG to cause demyelination (vide
infra).

D. MaJsor HistocomeatiBiLiTy COMPLEX
AND T-CeLL INTERACTION

1. Class | and Class Il MHC Molecules

The genes of the major histocompatibility complex (MHC) on chromosomes 6
(man) and 17 (mouse) are contained within three regions with distinct gene
products, the class I, class Il and complement molecules, reviewed by Moeller
(1983) and Tait (1990), and described by Nepom and Concannon in Chapter 5 of
this volume.
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Class | molecules, HLA-A, B, and C in man and H2-K, D, L in mice, are
composed of two polypeptide chains: a polymorphic 45-kDa protein non-
covalently linked to B, microglobulin and a 12-kDa monomorphic molecule on
the membrane of all nucleated cells. The a, and o, domains of an alpha helix of
the 45-kDa molecule fold to form an antigen-binding groove, surrounded by
most of the polymorphic residues (Bjorkman ef al., 1987a, 1987b; Townsend et
al., 1989). CD8+ (T-cytotoxic) cells recognize endogenously derived cellular
peptide antigens bound to Class I molecules (Townsend et al., 1986, 1989).

Class Il molecules, expressed as heterodimers primarily on dendritic cells,
macrophages, and B lymphocytes, are encoded by HLA-DR, DQ, and DP genes
in man and by H2-I-A and I-E genes in mice (Kaufman et al., 1984). They
consist of two glycoprotein molecules, a 34-kDa a chain and a 28-kDa 3 chain.
As with class I MHC molecules, there are sequences on the hypervariable region
of the a; and B, chains of class Il molecules that have binding affinity for a site,
the agretope, on immunogenic structures (Babbit e al., 1985; Guillet ez al.,
1987, Sette et al., 1987). Crosslinking of MHC class II molecules with radio-
labeled peptides suggests that there is a single antigen-binding site on class I
molecules (Luescher er al., 1988). CD4+ (T-helper) cells recognize antigenic
fragments after endocytosis and subsequent association with class II molecules
on the cell surface. In exceptional circumstances, there can be recognition by
CD4+ T cells of self peptides associated with class II molecules, with potential
for autoimmune induction.

2. EAE Susceptibility and the MHC

The response to encephalitogenic challenge is strain dependent in mice, with
only a few strains being highly susceptible to EAE, e.g., SJL/5 (H-2%) (Bernard
1976), and BIOPL and PL/J (H2Y) (Fritz et al., 1983b). Nonsusceptibility is not
because of an absence of, or a defect in, the relevant antigen in the target tissue,
because MBP purified from resistant strains will induce EAE in susceptible
animals (Bernard 1976). Since equivalent findings are available for rats
(Williams and Moore, 1973; Gaser et al., 1973), guinea pigs (Lisak et al., 1975;
Kies et al., 1975; Geczy et al., 1984), and rabbits (Villarroya et al., 1990),
genetic predisposition based on MHC molecules is clearly a feature in all spe-
cies. There is clear analogy here with the genetic risk for multiple sclerosis in
Caucasians conferred by the HLA susceptibility alleles DR2 and Dw2 (Tiwari
and Terasaki 1985; Olerup et al., 1989).

3. T-Cell Recognition: The Bimolecular Complex

Fritz et al. (1983b) made the important observation that the N-terminal 1-34
amino acid peptic fragment of guinea pig or rat MBP caused EAE in PL/J (H-2")
and (PL x SJL)F, mice, but not in the SJL/J (H-2¢) mice. Conversely SJL/J and



3. EXPERIMENTAL MODELS OF AUTOIMMUNE DISEASE 83

A.SW (H-2°%) mice developed EAE after injection with the C-terminal 89—169
fragment of MBP. Furthermore, the encephalitogenic response to MBP pep-
tides in (PL X SJL)F, was not codominant, in that only MBP peptide 1-37
caused EAE (Fritz et al., 1983b). It was postulated that I-As-restricted T cells
that recognized the MBP peptide 89-169 could be either inactivated or sup-
pressed, or that the level of I-A® expression by (PL X SJL)F, antigen-presenting
cells was insufficient for effective priming of MBP-reactive I-As-restricted T
cells.

Further studies have fully confirmed that there is preferential binding of en-
cephalitogenic peptides with I-A class II molecules, noting one exception in
which the response to MBP peptide 35-47 is associated with the I-E molecule
(HLA-DR in man) (Acha-Orbea et al., 1988; Zamvil et al., 1988b). In addition,
an imbalance in the level of MHC class II gene expression may partly account for
the hierarchy in the recognition of MBP epitopes (Urban et al., 1988; Fritz et al.,
1985; Fritz and Skeen, 1987; Zamvil et al., 1985b; Sobel and Colvin, 1985).
However, not all MBP determinants are encephalitogenic, since, as shown by
Zamvil et al. (1986), the acetylated N-terminus peptide AcN1-20 contains an
1. A" restricted dominant encephalitogenic epitope; when this peptide is deacety-
lated, it fails to induce EAE, yet retains immunogenicity (Zamvil et al., 1986;
Zamvil and Steinman, 1990).

The identification of multiple encephalitogenic epitopes on MBP illustrates the
utility of EAE as a prototypic model for the genetically complex human autoim-
mune disorders, including demyelinating discases. Zamvil et al. (1988a) and
Urban et al. (1989) have shown that separate autoantigens, or multiple discrete
T-cell epitopes of a single antigen, may at least partly account for the association
of more than one class II MHC gene (i.e., DQ, DR) with autoimmune
conditions.

There is a remarkable restriction in the use of the TcR chain molecules among
autoreactive CD4+ lymphocytes in EAE. The TcR is a transmembrane hetero-
dimer composed of a 45-kDa a-chain and 43-kDa (-chain. Each TcR o and B
chain has two components, a variable domain that determines antigen recogni-
tion and a constant domain to which is attached a transmembrane portion. The
gene encoding the a chain is located on chromosome 14 in man and mouse, and
the gene encoding the B chain is located on chromosome 7 (man) and chromo-
some 6 (mouse). As for immunoglobulins, the structural diversity of the TcR is
generated through the somatic recombination of different variable (V), diversity
(D) (for B chain only), and joining (J) gene segments, as well as random insertion
and/or deletion of nucleotides occurring during T-cell differentiation (Davis,
1988).

Studies in mice with EAE, using cell-surface staining with specific MAbs
against the TcR VB chain, Southern transfer analysis, and direct TcR gene
sequencing, have shown a striking restriction of the TcR utilization against the



84 CLAUDE C. A. BERNARD ET AL

immunodominant epitope of MBP (Acha-Orbea et al., 1988; Urban et al., 1988;
Bumns et al., 1989). Data indicate that this may also pertain to human diseases
(Oksenberg et al., 1989, 1990; Ota et al., 1990; Wucherpfennig et al., 1990).
Thus, in the PL mouse strain, over 89% of the encephalitogenic T cells directed
against MBP peptide 1-9 utilize V(38.2, and 100% utilize the Vo4 family. In
B10PL mice, 70% utilize VB8.2; 58%, Va2.3; and 42%, Va4d.3 (Urban et al.,
1988; Zamvil er al., 1988b; Acha-Orbea et al., 1988). Both Va2.3- and Va4.3-
bearing T cells were shown to have the same J gene, Jo,, (Urban ef al., 1988). In
the Lewis rat 100% of the encephalitogenic T cells that recognize the MBP
peptide 72—86 expressed the T-cell receptor B chain homologous to the mouse
VPB8.2, and 73% had the rat homolog of Va2 (Burns er al., 1989; Vanderbark et
al., 1989). It is of particular interest that in the two species, different epitopes of
MBP are presented by different MHC class II molecules, yet both species use the
same TcR V genes and possibly the same Ja region. Thus the same construction
of the TcR recognizes particular antigen—MHC associations across different
species. The V-region disease hypothesis enunciates that a specific ligand, the
malatope, selects a given V region of the TcR to initiate pathogenic T-cell
responses (Heber-Katz, 1990).

E. SpeciFic EFFecTtor PROCESSES iN EAE

1. T Cellis

Susceptibility to EAE in mice is a dominant trait in part controlled by MHC
genes (Bernard, 1976). Resistance is associated with the inability of the CD4+
helper cells (Lyl.2+ Ly2.2-) to express a specific cell-mediated immune (CMI)
response to the autoantigen, MBP. However, both susceptible and resistant
strains can express CMI to the tuberculin derivative in adjuvant preparations.
Since EAE in mice is dependent on T helper cells (Bernard, 1976; Bernard
et al., 1977; Pettinelli and McFarlin, 1981; Bernard and Mackay, 1983), re-
sistance to EAE should be associated with a specific failure of T lymphocytes to
recognize and/or respond to the encephalitogenic sequence of the MBP molecule
(Bernard, 1976; Bernard er al., 1977). In line with this, neonatal thymectomy
results in conversion from susceptibility to resistance (Amason et al., 1962,
Bernard et al., 1976). As further evidence for the essential participation of T-
helper cells in EAE, continuous lines of MBP-reactive Ty, cells will adoptively
transfer EAE (Ben-Nun e al., 1981a; Ben-Nun and Lando, 1983), T, cells are
present in inflammatory EAE lesions (Traugott et al., 1986), and inhibition
and/or reversal of EAE can be effected in rats and in mice by MAD against CD4,
the surface marker expressed by MHC class Il-restricted T,; lymphocytes
(Brostoff and Mason, 1984; Waldor et al., 1985).
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2. Antibody

EAE as a prototypic model could clarify the debate whether antibody can have
damaging effects in vivo on neural tissues. We note here that it is now well
established that MS is associated with an excessive production of immu-
noglobulins within the CNS, but the antigenic specificity of these remains un-
known. Recently, evidence has accumulated in both EAE and MS that antibodies
against defined myelin antigens can produce immune-mediated demyelination.
We can note an important new model to identify demyelinating antibodies since,
when specific antimyelin antibodies are injected into animals sensitized for acute
EAE when the blood-brain barrier is known to be breached, extensive de-
myelination ensues (vide infra).

a. Antibody to MOG. In acute EAE produced in Lewis rats by injection of
purified MBP or by passive transfer of monospecific MBP-reactive T lympho-
cytes, there is little or no demyelination despite widespread inflammation (Raine,
1984). However, extensive CNS demyelination can be induced in these animals
by i.v. injection of a purified MAb to MOG, clone 8-18C5 (Linington et al.,
1984), at the time when the blood—brain barrier is breached (Schluesener et al.,
1987). Antibody to MOG alone in control animals had no effect, nor did injection
of normal mouse IgG in animals with EAE. In other forms of EAE, antibody to
MOG increased the severity of the disease and augmented demyelination
(Lassmann et al., 1988; Linington e al., 1988). As further evidence that anti-
body to MOG within the CNS causes demyelination, intrathecal injection of the
MAD 8-18C5 in normal rats induced demyelinating lesions on the surface of the
spinal cord (Lassmann and Linington, 1987).

The likelihood that MOG is a target antigen in demyelinating diseases is better
shown by the presence of antibodies to MOG in rats with chronic relapsing EAE
(Linington and Lassmann, 1987), and the occurrence of cross-reactive idiotypes
on these specific autoantibodies (Gunn er al., 1989). Notably, the demyelinating
activity of serum in chronic relapsing EAE, assayed in vivo by intralethal injec-
tion into normal rats, correlates with the titer of antibody to MOG (Linington and
Lassmann, 1987). These studies suggest that although MOG is present in low
amounts of myelin (Linington et al., 1984), it must have a high immunogenic
potential since immunization with homogenates of whole CNS generates detect-
able levels of antibodies to MOG (Linington and Lassmann, 1987).

There is additional in vitro evidence that antibody to MOG has demyelinating
activity. Although antibodies against the major myelin proteins, MBP and PLP,
are present in EAE sera with demyelinating activity (Lassmann and Linington,
1987), polyclonal antibodies raised against preparations of MBP, PLP, or myelin-
associated glycoprotein (MAG) do not cause demyelination in cultured CNS tissue
(Glynn and Linington, 1989). Antibodies against myelin glycolipids can cause
demyelination in cultured CNS tissue (Raine, 1984), but such antibodies are not a
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prerequisite for demyelination, either in vitro (Lebar et al., 1976) or in vivo
(Schwerer er al., 1984). Hence antibodies against other myelin antigens must
participate in demyelination (Schwerer et al., 1984). In this context, we note that
EAE sera with no reactivity against MBP, PLP, or cerebrosides, but containing
antibodies against the CNS myelin glycoprotein M2, will cause demyelination in
vitro (Lebar et al., 1976; Lebar et al., 1979). It now appears that glycoprotein M2
described by Lebar ez al. (1976; 1986) is actually identifiable as MOG (Glynn and
Linington, 1989; Lebar et al., 1986) as judged by immunologic cross-reactivity,
tissue and cellular localization, and molecular weight. That in vitro demyelination
by EAE sera may indeed be attributed to antibody to MOG is validated by the
effects of purified MAb to MOG antibody on aggregating cell cultures from fetal
rat brain (Kerlero de Rosbo et al., 1990). In this culture system, the cellular
differentiation and organization, as well as the chemical composition of the myelin
membrane formed, closely resemble what is found ir vivo (Honegger, 1985). In
these cultures, the MAb 8-18C5 induced antibody-specific and dose-related de-
myelination (Kerlero de Rosbo et al., 1990). Hence demyelination induced by
antibody to MOG represents a specific immune-mediated lesion that could like-
wise participate in demyelinating diseases of man.

b Demyelination by Other Myelin-Specific Antibodies.  There is evidence
for demyelinating effects of other myelin-specific antibodies, as judged by injec-
tion of the antibody into animals sensitized for acute EAE. The i.v. injection of a
MAD raised against Theiler’s murine encephalomyelitis virus, but cross-reacting
with a determinant on myelin and oligodendrocytes, caused extensive de-
myelination in vivo in SJIL mice with acute EAE (Yamada ef al., 1990). An
antibody to galactocerebroside had the same effect (Lassmann and Linington,
1987). The question therefore arises whether immunoglobulins isolated from
serum and/or brain of patients with MS (Bernard ef al., 1983b) would cause
demyelination in an equivalent assay system.

F. NonspeciFic EFFECTOR PROCESSES
IN EAE: VAasoGenic EDEMA

In both acute EAE and the first phase of chronic EAE, there are similar neu-
rological deficits expressed in rodents by a typical ascending paralysis that pro-
gresses from a limp tail to severe paresis of the hindlimbs, usually followed by a
full recovery (Simmons et al., 1984). This characteristic neurologic lesion was
originally attributed to neuronal damage at sites of focal lesions, but other expla-
nations now seem likely.

1. Immune-Mediated Vasogenic Edema

Investigations of hindlimb motor function in adult female Lewis rats with MBP-
induced acute EAE were conducted using an objective behavioral measure of
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motor ability (Simmons ez al., 1981). There was no apparent hindlimb motor
deficit in the absence of overt signs of EAE, despite histologic evidence of severe
inflammatory lesions that persisted in the CNS until the postrecovery test (Sim-
mons et al., 1981). Thus an explanation for motor dysfunction in rodents with
acute EAE must account for the limited and qualitatively similar nature of the
deficits, their transient nature, and their typical ascending progression, and there
should also be a valid pathologic correlate.

In rodents, the arterial supply to the lower spinal cord is derived solely from
the descending branch of a single radicular artery, A. radicis magna (Woolam
and Millen, 1955; Tokioka, 1973). Since abnormalities of carbohydrate metabo-
lism had been detected in spinal cord tissue slices from rats with EAE (Smith,
1966), we investigated the possibility that the characteristic progression of le-
sions resulted from ischemia due to obstructed flow in the long single-input
arterial supply to the lower spinal cord. The progression of paralysis did in fact
correlate with a progressive ascending accumulation of lactic acid in the spinal
cord (Simmons et al., 1982), but lactate accumulation was not attributable to
focal ischemia, indicating that blood flow to the lower spinal cord regions was
intact during EAE (Simmons et al., 1982). Rather, metabolic disturbance ap-
peared to be owing to neural tissue anoxia caused by vasogenic edema after
breakdown of the blood—brain barrier during EAE (Barlow, 1956; Levine et al.,
1965; Paterson, 1972; Leibowitz and Kennedy, 1972; Oldendorf and Towner,
1974; Daniel ez al., 1981). As judged by the large amounts of specific plasma
proteins extravasated into the neural tissue in rats with EAE, a caudo—rostral
progression of vasogenic edema appeared to correlate with both ascending paral-
ysis and lactate accumulation, in the absence of significant demyelination (Ker-
lero de Rosbo, er al., 1985). These data indicate that the ascending paralysis is
induced by edema during EAE, with nerve root endoneurium as the functionally
vulnerable site. In other words, the signs of EAE in rodents are explained
anatomically by progressive disturbance of the nodes of Ranvier in nerve root
myelinated fibers (Simmons er al., 1982; 1984). Finally, because vasogenic
edema has been detected in the lesions of MS (Takeoka er al., 1983; Newcombe
et al., 1982), its relevance to neurologic impairment in human disease needs
careful assessment.

2. Non-Immune-Mediated Vasogenic
Edema: Tunicamycin

The above concept of deficits due to vasogenic edema is supported by a newly
described model of neurological impairment that is quite independent of immune
mechanisms. This is produced by injection of the neurotoxin, tunicamycin. The
signs depend on the age of the animals (Peterson and Jago, 1977). Thus in young
adult rats, the neurologic signs are virtually identical to those of typical acute
EAE; in baby rats there is a stiff-legged staggering gait, tremor of the body
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musculature and convulsions; and in old rats there are no neurologic signs except
depression. Vasogenic edema, as indicated by an increase in extravasated plasma
proteins into the CNS in tunicamycin-treated young adult rats, was shown to be
located, as in EAE rats, mostly in the spinal cord, and coincided exactly with the
onset of clinical paralysis, i.e., 48 hr after injection of the toxin (Kerlero de
Rosbo et al., 1987). Degradation of MBP, assessed throughout the CNS as an
index of demyelination, was never observed (Kerlero de Rosbo et al., 1987).
Neurologic impairment in young adult rats given tunicamycin simulates that
observed in adult rats with EAE and points to a localization of edema in the
spinal cord, rather than in the brain as observed in baby rats. Indeed, the dif-
ferences in neurologic symptoms of tunicamycin toxicity at different ages in rats
is explicable by the different sites of vasogenic edema in the CNS. The relevance
to MS may be in a possible pharmacologic control of vasogenic edema and
alleviation of paralysis. In this context, we note that in experimental autoimmune
neuritis, the putative experimental model for the polyneuropathies (Bernard et
al., 1983b; Geczy et al., 1984, 1985; Milner et al., 1987; Hartung and Toyka,
1990), the onset of the disease is delayed in rats treated with reserpine, which
indirectly inhibits opening of the blood—nervous system barrier by depleting
vasoactive amines (Brosnan and Tansey, 1984). As an explanation for the action
of tunicamycin on the blood—CNS barrier, tunicamycin binds to membranes
(Kuo and Lampen, 1976; Heifetz et al., 1979). As focal damage to endothelial
cells in the cerebral vasculature of baby rats treated with tunicamycin has been
observed (Finnie and Mukherjee, 1986), the possibility exists that binding of
tunicamycin to the endothelial cell membrane may directly affect vascular per-
meability. The detection of antiendothelial cell antibodies and immune complex-
es in sera of animals with acute and chronic relapsing EAE (Tsukada et al.,
1986), and in patients with MS (Tanaka et al., 1987; Tsukada et al., 1989a),
neurologic-Behcet syndrome and myelopathies (Tsukada et al., 1989b), supports
the suggestion that damage to the CNS endothelium can cause increased vascular
permeability and thus is an important factor in experimentally induced and natu-
rally occurring demyelinating disorders.

G. IMMUNOTHERAPY OF EAE

EAE has proved to be a most applicable model disease for the analysis of
immunotherapy for autoimmune disorders including MS (Bernard et al., 1983a),
rheumatoid arthritis (Mackay et al., 1991), and others. Initially, inhibition or
reversal of EAE depended on the use of nonspecific immunosuppressive and
antiinflammatory drugs (Brandiss et al., 1965; Paterson, 1972; Bernard e? al.,
1977). Subsequently, immunologically specific procedures were used depending
on protection-suppression induced by whole CNS tissue or purified proteins or
peptides (Hashim, 1981; Driscoll e al., 1976, Higgins and Weiner, 1988; Bernard
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et al., 1975, Bernard, 1977) or analogs of these (Teitelbaum et al., 1974). More
recently, MAbs against T-cell surface markers have been successfully used to
prevent or suppress EAE (Brostoff and Mason, 1984; Waldor er al., 1985).
Currently, the EAE model is being used to assess the effect of oral administration
of purified autoantigens as well as the effect of interference with events at the
inductive stage of the disease by blocking MHC molecules or components of
the TcR.

1. Oral Administration of Myelin Basic Protein

The oral administration of soluble antigens has long been recognized as an
effective method of producing immunological unresponsiveness to a variety of
sensitizing antigens (Mattingly and Waksman, 1978; Titus and Chiller, 1981;
Rubin et al., 1981). In recent years, this method of tolerance induction has been
successfully applied to the prevention and suppression of EAE in Lewis rats
(Bitar and Whitacre, 1988; Higgins and Weiner, 1988; Lider et al., 1989; Fuller
et al., 1990). Oral MBP before or after EAE induction dramatically suppresses
signs of EAE with a significant decrease in histologic lesions and concurrently a
decrease in lymphocytic proliferative response and antibody production to MBP.
This suppression is specific, dose dependent, and still effective even 8 weeks
after feeding of MBP (Bitar and Whitacre, 1988; Higgins and Weiner, 1988;
Fuller et al., 1990). It is interesting to note that such a suppression is inducible
not only with the intact MBP molecule, but also with encephalitogenic and
nonencephalitogenic fragments of MBP. Lider er al. (1989) report that the sup-
pression of EAE by oral administration of MBP is mediated by antigen-specific
CD8+ T lymphocytes. Simplicity and lack of adverse effects prompt consider-
ation for the application of this method of tolerance in man.

The suppressive effects of orally administered autoantigen are not limited to
EAE, but pertain also to other models including adjuvant arthritis (Zhang et al.,
1990), collagen-induced arthritis (Nagler-Anderson et al., 1986; Thompson and
Staines, 1986) and uveitis (Nussenblatt et al., 1990).

2. Interference with MHC Class Il Molecules

In the mouse (SJL), MAD to I-A injected before immunization prevents EAE
(Steinman et al., 1981) and, given after the appearance of lesions, or in mice
with chronic relapsing EAE, greatly reduces the frequency of relapses and death
(Sriram and Steinman, 1983). There are equivalent data for EAE in monkeys,
although acute deaths are recorded in some monkeys given anti-I-A Mab
(Jonkers er al., 1988).

Another approach has been the prevention of EAE with nonimmunogenic
peptides of MBP (mimotopes) that block the interaction of T cells with [-A
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molecules (Sakai et al., 1989). In H2" strains of mice, the encephalitogenic N-
terminal peptide 1-9 of MBP is immunodominant as a T-cell stimulus, provided
that it is acetylated at the N-terminus (Zamvil et al., 1986). Accordingly, Sakai et
al. (1989) investigated the inhibitory effect in vivo of competitor nonpathogenic
peptides (MBP peptide 1-20 and acetylated MBP peptide 9-20) on induction of
EAE by the acetylated N-terminal MBP peptide 1—-11. Coinjection of mimotopes
prevented EAE if the competitor (mimotope) to inducer (encephalitogen) ratio
was in excess (Sakai er al., 1989).

There is a new approach to immunotherapy of EAE that involves MBP linked
to cells, or cell-derived membranes, that express MHC class 1I molecules (Ben-
Nun and Yossefi, 1990). Thus, when SJL/J mice were innoculated with MSCH
intraperitoneally, together with MBP-pulsed or MSCH-pulsed syngeneic mac-
rophages and/or B cells, EAE was dramatically reduced in frequency and sever-
ity. Moreover, glutaraldehyde fixation of the cells or membranes that presented
MBP/MHC class Il did not impair their ability to alleviate EAE (Ben-Nun and
Yossefi, 1990).

3. Vaccination against Effector T Cells

Autoimmune T cell clones or lines, if used in suboptimal doses and/or attenuated
by irradiation or hydrostatic pressure, prevent or suppress EAE in rats (Ben-Nun
etal., 1981b; Lider et al., 1987, Lohse, 1989). The process(es) that underlie 7-
cell vaccination remain unclear, but presumably the immunogen is the configura-
tion of the T-cell receptor on the cultured cell lines, and the responding protective
T cell is antiidiotypic to this (Lider ez al., 1987); favoring this, T-cell clones with
specific reactivity against EAE-inducing T cells have been isolated from rats
recovering from EAE. Since the nucleotide and deduced amino acid sequences
are known for the rearranged rat TcR a- and B-chain genes that recognize the
MBP peptide, Vandenbark er al. (1989) vaccinated Lewis rats with synthetic
peptides corresponding to the hypervariable region of the TcR VB8 molecule; T
cells specific for the TcR VB8 peptide passively transferred protection to naive
syngeneic recipients (Vandenbark ez al., 1989). Similarly, Howell et al. (1989)
found that EAE in Lewis rats was prevented by vaccination with synthetic
peptides corresponding to the idiotypic determinants of the TcR B-chain VD]
region and Jo regions that determined recognition of MBP peptide 72—86. More-
over, Hashim et al. (1990) reported that immunization with a synthetic peptide
corresponding to residues 39-59 of the TcR VB8 generated peptide-specific
antibodies that, when injected into Lewis rats, protected against EAE.

4. Monoclonal Antibodies to the T-Cell Receptor

The very limited heterogeneity of the TcR used by encephalitogenic T-cell clones
allows for the prevention or treatment of EAE using MAb prepared against the
TcR molecule (Acha-Orbea et al., 1988; Urban et al., 1988). Most of the T cells
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reactive against the MBP N-terminal peptide in H-2" mice use VB8.2; hence,
Mabs against this T-cell receptor component were injected into mice to prevent
or suppress EAE. Such treatment with V(38-specific antibodies does lead to
reduction of EAE in both the B10 PL and (PL X SJL)F, mice, whether treated
before or after sensitization (Acha-Orbea er al., 1988; Urban er al., 1988).
However, some anti-VB8 antibodies-treated mice developed just as severe a
disease as did the untreated controls. Hence, to improve the efficacy of treatment
with anti-TcR Mab, Zaller et al. (1990) used a combination of VB8 and V13
specific antibodies and found in B10 PL mice that this combination led to a near-
complete protection against EAE, and marked suppression of paralysis (Zaller et
al., 1990).

IV. CONCLUDING REMARKS

Macfarlane Burnet, in one of his rare indulgences in double entendre, wrote a
paper entitled “Life’s Complexities: Misgivings about Models” (Burnet, 1969 p.
364) containing the following quotation: “Appropriately applied they have given
us most of our understanding of living systems. I am less confident about how far
they have helped in the control of those systems for the purposes of human need
or desire.” We acknowledge that whereas models of human autoimmune diseases
can be developed by various protocols, from selective inbreeding to high-tech-
nology experimentation (€.g., transgenic mice), none exactly simulates the spon-
taneous human counterpart; however, we emphasize in this chapter how models
of autoimmunity are in fact bringing us much closer to the understanding and
control of aberrant systems that result in human autoimmune disease.

A. CoMBINATION OF ERRORS

Autoimmune disease is clearly multifactorial in cause, and our models clearly
point to several levels of genetic anomaly, well illustrated in spontaneous disease
(NOD mouse, lupus mice), and induced disease (EAE). Thus the susceptible
phenotype is the product of a combination of errors, but there is still uncertainty
on the weighting of the genetic component, since there always seems to be an
element of randomness in either the actual occurrence, or the timing of autoim-
mune expression. The environmental contribution will clearly be greater in the
outbred human than in the genetically tailored laboratory animal: models prove
the need for deeper analyses of genetic elements in human autoimmunity.

B. INTRATHYMIC EVENTS

Experimental immunology has pointed to an orderly progression of intrathymic
selection, positive and negative, of thymocytes destined for the peripheral
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repertoire. The importance of these events is illustrated by the outcome of experi-
mental perturbation by cyclosporin or thymectomy. In either case, there is uncon-
trolled expansion of clones of cells with forbidden reactivity with self-antigens.
We infer that since the main culprit in autoimmunity, the CD4 T cell, is not
subject to postthymic somatic genetic changes (cf. B cells), autoimmunity must
depend on forbidden emigrants from the thymus which, under appropriate cir-
cumstances, become expanded into a pathogenic clone.

C. CrimicaL ImrPoOrRTANCE OF MHC

The models clearly illustrate the importance of MHC molecules in the genesis of
autoimmunity. These may operate at two levels. The first is in repertoire genera-
tion in the thymus, since MHC molecules direct the expansion of T cells so as to
provide for optimal reactivity with the antigenic universe. Deletion of anti-self-
reactivity depends on the presentation of self-antigens by MHC molecules on
bone marrow-derived medullary cells. Deletional tolerance depends on the effi-
ciency of this process. MHC molecules are also critical in the activation of T
cells for antigen reactivity, since the T cell sees peptide antigens only in the
context of an MHC molecule. Certain molecular configurations in the hyper-
variable regions of MHC class II molecules seem capable of presenting self-
antigens very efficiently and, if a responding CD4 T cell has escaped deletion,
the stage is set for autoimmunity. The occurrence of anti-DNA antibodies in
NZB/W lupus mice and the ablation of susceptibility to disease in NOD mice by
the transgenic replacement of I-Af chain, are two pertinent illustrations.

D. AMPLIFICATION OF RESPONDING CELLs

Given that T cells with autoreactive potential can escape from the thymus, these
still must be clonally expanded for disease to occur. This is modeled rather
crudely in the experimentally-induced autoimmune diseases by adjuvant effects
of various types (€.g., Freund’s adjuvant or pertussis). We assume that the role of
adjuvants is to facilitate the engagement of autoreactive cells with antigen, and
perhaps allow the optimal generation of a memory population.

E. THE SupPRESSION ENIGMA

Immunosuppression remains the most opaque aspect of contemporary immu-
nology, since the models argue very strongly for its existence (e.g., CP augmen-
tation of NOD diabetes and T-cell vaccination against EAE), yet the effectors of
suppression are still veiled. There has been interest in various marker molecules
on the T-cell surface revealed by MAbs but, curiously, most of these putative
suppressor markers turn out to be members of the integrin, selectin, or other
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families of adhesion or homing molecules. We leave the reader with the uncon-
tested validity of the adoptive transfer of suppression in various of the models,
and we await the resolution of this enigma.

F. EFFECTORS

The ability of autoreactive CD4+ T-cell lines to adoptively transfer autoimmun-
ity clearly points to a primordial role of T cells in the pathogenic events lead-
ing to autoimmune discases. Since the activated CD4 T lymphocyte is a major
source of most lymphokines, we suspect that many of these molecules potentiate
the inflammatory processes involved in the destruction of the target tissues. The
role of antibodies as effectors of autoimmunity is less defined. However, avail-
able data indicate that, at least in some models, humoral autoimmunity acts in
synergism with specific or nonspecific T-cell responses. This is best exemplified
by one of the adoptive transfer models of EAE, where extensive demyelination
occurs following the injection of a reduced number of encephalitogenic T cells in
the presence of anti-MOG antibody.

G. TREATMENT OF AUTOIMMUNE DIseAsE

More than anything else, the autoimmune models are pointing the way toward
new and more gentle treatment of autoimmune disease in man. Among the
successful strategies in animals are vaccination with autoantigen with both patho-
genic and nonpathogenic potential, injection of blocking peptides analogous to
MHC molecules, or components of the TcR (mimotopes), and immunosup-
pressive MAbs directed to MHC and TcR molecules. Certain technical aspects
need to be considered including definition of T-cell use in each individual to be
treated, the ablation of antimouse responses to injected Mab or deleterious anti-
idiotypic response to the active site of the injected antibody. The models also
point to the possibility of attacking the downstream effector processes, including
the cytokine molecules and the integrin—selectin molecules that mediate the
inflammatory components of the autoimmune response.
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I. PATHOGENIC FACTORS IN SYSTEMIC
LUPUS ERYTHEMATOSUS

Systemic lupus erythematosus (SLE) is an autoimmune syndrome that results from
the secretion of autoantibodies of a number of specificities. Although the etiology
of the spontaneously occurring disorder is incompletely understood, both genetic
and environmental factors are believed to contribute. Insights into the patho-
genesis of murine lupus have been effectively applied to human lupus (Table I).
Moreover, therapeutic approaches currently being used in life-threatening disease
have been verified in murine models (Steinberg, 1987; Steinberg and Steinberg,
1991). Therefore, this chapter emphasizes studies of murine lupus that provide
insights applicable to human SLE. Since autoantibodies appear to initiate the
pathology found in both murine and human lupus, we will emphasize processes
believed to be important in the induction of pathogenic autoantibodies.
Mechanisms that may underlie the initiation of pathogenic autoantibody pro-
duction include impaired self-tolerance, excess helper T-cell function, molecular
mimicry, and induction of antiidiotype antibodies that bind to nonim-
munoglobulin self-antigens. In addition, abnormal (polyclonal) stimulation of
natural autoantibody-producing cells could favor the development of pathogenic
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TABLE |
Common Features of Murine and Human Lupus

Genetics
Polygenic
No unique MHC type
Single genes may modify: a subset of mice and people carry a Y chromosome-accelerating
gene
Incomplete penetrance: lack of concordance in identical twins and variability among genetically
identical mice
Clinical
Autoantibody production, especially antinuclear
Immune complex glomerulonephritis with premature death
Antibodies to formed elements of the blood may lead to cytopenias
Immune
Polyclonal B-cell activation early in disease
T cell- and antigen-dependent selection of B cells later in disease
Abnormalities of and/or responsiveness to cytokines
Impaired responsiveness to immunization late in disease or with marked disease activity
Hormonal
Female sex hormones accelerate disease, and androgens retard disease (in mice this holds even
when there is a Y chromosome-accelerating factor)

autoantibodies. It is possible that more than one process contributes to disease,
and that different ones may be responsible for disease in different individuals.

Autoantibodies can be induced by immunization to a foreign antigen that is
cross-reactive with a self-antigen (Krisher and Cunningham, 1985; Dale and
Beachey, 1982). Such molecular mimicry involves runs of amino acid sequences
or structural epitopes that are shared by both a foreign and a self-protein. This
type of mimicry has been implicated in several diseases, most notably acute
rheumatic fever (Krisher and Cunningham, 1985).

In addition to foreign proteins, another potential source of antigen in molecu-
lar mimicry is self-immunoglobulin. Immunoglobulins that have undergone so-
matic mutation provide a large potential source of neoantigens. Responses to
immunoglobulin determinants follow immunization to foreign antigens—
the resultant antibodies are called antiidiotypic antibodies. If one of the idio-
types mimicked a nucleic acid determinant, the resultant antiidiotypic antibodies
might simultaneously be antinuclear antibodies (Agnello, 1981). Therefore, both
foreign cross-reactive antigens and self-immunoglobulins may induce autoanti-
bodies.

Since many self-determinants cross-react with foreign antigens, the immune
system must recognize large numbers of foreign epitopes while preventing self-
recognition. Considerable evidence indicates that deletion of self-reactive lym-
phocytes within the thymus plays a major role in the development of self versus
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foreign recognition (Blackman ez al., 1990; Ramsdell and Fowlkes, 1990). It is
likely that clonal deletion within the thymus eliminates primarily T cells reactive
with high avidity to self-epitopes that are strongly bound to class II MHC, called
dominant epitopes (Steinberg ez al., 1990). Nondeleted thymocytes would be
allowed to mature and ultimately would constitute the T-cell repertoire. It should
be emphasized that the nondeleted cells would include those able to react with
nondominant epitopes of self-proteins. Nondominant epitopes would be those
not well presented by class II MHC in the thymus.

As a result of the maturation processes, T cells that recognize nondominant
epitopes of self-antigens represent a pool of potentially self-reactive cells that
could be stimulated by cross-reactive epitopes on foreign antigens (Steinberg et
al., 1990). To prevent such anti-self immunity, peripheral mechanisms of self-
tolerance must function to complement intrathymic deletion. Defects in such
peripheral tolerance may predispose to generalized autoimmunity.

A. GenNeTtic FACTORS: LEssoNns FROM MurINE Lupus

Human and murine lupus share many clinical features (Steinberg ez al., 1984). In
addition, genetic factors predispose to lupus in mice and in humans. The genetic
predisposition to human lupus will be covered in another chapter. Lupus-prone
NZB mice have several (approximately six) independently segregating back-
ground genes that underlie disecase (Raveche et al., 1981; Miller et al., 1984).
The background genes include those that regulate (1) immune activation,
(2) stem cell function, (3) tolerance, and (4) the quantity of autoantibodies.
There is an autoimmunity-accelerating gene on the Y chromosome of BXSB
mice (Murphy and Roths, 1979); this gene accelerates disease on an autoimmune
genetic background but does not induce disease on a normal genetic background
(Steinberg ez al., 1986; Hudgins ez al., 1985). The background genes of NZB
mice and the Y chromosome accelerating gene have counterparts in humans
(Steinberg ez al., 1984).

Other types of genes are capable of inducing abnormalities even on a non-
autoimmune genetic background. For example, the recessive genes, Ipr or gld,
lead to hypergammaglobulinemia and a marked increase in numbers of T cells in
otherwise normal mouse strains (Murphy and Roths, 1979; Theofilopoulos and
Dixon, 1981; Davidson er al., 1986). However, much more severe lupuslike
disease is found when the Ipr or gld genes are bred onto an autoimmune back-
ground such as MRL or NZB (Gause er al., 1988).

Although the gld gene has been mapped (Seldin er al., 1987), none of the
genes predisposing to murine lupus has been cloned. Moreover, no protein
products have been found; therefore, the mechanisms by which the genetic
predisposition leads to disease are unknown. Nevertheless, a possible clue to a
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common final pathway of disease is the observation that all of the single genes
(Ipr/ipr, gld/gld, and BXSB-Y) lead to polyclonal B-cell activation (Ishigatsubo
et al., 1988; Klinman et al., 1990).

B. Stem Ceuts

Reconstitution studies suggest an initiating role for the hemopoietic stem cell in
murine lupus. Bone marrow cells from young lupus-prone NZB mice, when
transplanted into normal lethally irradiated DBA/2 or BALB/c recipients, gave
rise to antinuclear antibodies within 2 months of transfer (Morton and Seigel,
1974a,b). Similarly, (NZB x NZW) F, bone marrow transferred elevated anti-
DNA titers, increased proteinuria, and decreased survival, compared with recip-
ients of normal marrow (Akizuki et al., 1978). Autoimmune potential has also
been transferred with marrow from several other strains (Eisenberg et al., 1980;
Schultz et al., 1983).

Reciprocal reconstitution experiments also have been performed. Lupus-prone
strains that were lethally irradiated and reconstituted with marrow from normal
mice were protected from the autoimmune syndrome (Morton and Seigel,
1974a). Thus, host cells remaining after irradiation are not able to induce the
syndrome, and stem cells are necessary and sufficient for induction.

In NZB mice, at least one of the background genes underlying disease leads to
increased stem-cell activity (Miller et al., 1984). All of the lupus-prone mouse
strains studied have a marked excess in numbers of stem cells or their immediate
progeny following stress, which encourages stem-cell expansion (Scribner and
Steinberg, 1988; Steinberg, 1979). Thus, murine lupus appears to be charac-
terized by an increase in the number of stem cells, or in their proliferative
capacity, or in the proliferation of their immediate offspring. Whether such
activity represents an intrinsic stem-cell abnormality or results from the action of
stimulatory factors made by other cell types is unknown.

The bone marrow cells of lupus-prone NZB mice have been compared with
those of nonautoimmune control mice. NZB marrow differentiated into cells able
to produce much more immunoglobulin than normal (Kastner and Steinberg,
1988). In view of the similar expansion of normal and NZB B cells in common in
vivo environments (see B-cell section), it is possible that bone marrow stromal
cells contribute importantly to the excess B-cell maturation in NZB mice. Since
such maturation can occur in in vitro marrow cultures, the excess B-cell matura-
tion pathway may not depend on factors extrinsic to the marrow.

Recent studies have mapped abnormalities of NZB thymocytes to a bone
marrow pre-T cell (Krieg et al., 1991). Therefore, both the tolerance defects and
the abnormal retroviral expression of NZB mice may be attributable to a defect
encoded in the stem cell. Similarly, studies of MRL-{pr/ipr and C57BL/6-lpr/ipr
mice have mapped abnormal antibody production and T-cell proliferation to the
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T- and B-cell progeny of Ipr/ipr bone marrow (Katagiri et al., 1988; Sobel et al.,
1991).

In summary, since autoimmune bone marrow cells can transfer autoimmunity
in all the above cases and since the other defects found in lupus (both T cell and
B cell) could derive from a defect in the progenitor cells in the marrow, it is likely
that hemopoietic cells contain the genetic program for autoimmunity. Thus, the
stem cells are not completely dependent on the milieu of the surrounding tissue in
which they expand. However, the pace and severity of immune abnormalities and
disease could be dependent on the local milieu as well as on the programmed
maturation of the stem cell progenies.

C. CyrokiNES

Many lymphocyte functions are mediated by or facilitated by soluble stimulatory
factors. Excess or deficient production of, or responsiveness to, such fac-
tors could predispose to generalized autoimmunity. B cells from lupus-prone
(NZB X NZW) F, and BXSB mice respond excessively to T cell-derived cyto-
kines (Prud’homme et al., 1984). In contrast, lupus-prone MRL-Ipr/ipr mice
were found to have excess production of T cell-derived stimulatory factors
(Prud’homme et al., 1984). In addition, reduced responsiveness of B cells to
T-cell helper signals was associated with abrogation of murine lupus by the xid
gene (Feiser et al., 1984).

Whereas older autoimmune mice have been found to manifest decreased pro-
duction of cytokines in response to various stimuli (Santoro et al., 1983, 1984),
younger mice usually do not have such deficits and may have increased spon-
taneous production (Jyanouchi et al., 1985). Moreover, interleukin (IL)-2 can
function as a growth factor for B cells from New Zealand mice (Lehman et al.,
1986), probably because such B cells have increased numbers of IL-2 receptors
(Chused et al., 1987).

Several studies have suggested a possible role for IL-4 in the pathogenesis of
B-cell hyperactivity in lupus-prone strains. Supernatants from MRL-lpr/lpr T-
cell lines have shown la-inducing capacity, which is abrogated by anti-IL-4
antibody (Rosenberg et al., 1986). In addition, in vivo treatment of
MRL-Ipr/lpr mice with anti-IL-4 has decreased their autoimmune manifesta-
tions (Rosenberg ez al., 1986). NZB mice had marked stimulation of their B cells
by IL-4, whereas control mice required additional signals (Guitierrez et al.,
1986). The New Zealand mice also hyperrespond to IL-5; however, such hyper-
responsiveness appears to be a manifestation of their increased percentages of
CDS5+ B cells (Umland et al., 1989). Several autoimmune-prone strains produce
circulating interferon with onset after polyclonal B-cell activation is observed.

Patients with SLE also produce serum interferon during active disease.
Whether or not this serves to limit the B-cell activation is unclear. Like the mice
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with lupus, patients have impaired production of IL-2 in response to mitogenic
stimuli (Santoro et al., 1984); however, they have been reported to have in-
creased unstimulated IL-2 production (Murakawa et al., 1985 and Huang et al.,
1988).

D. T CeLts in MuriNE Lupus

T cells are necessary for production of pathogenic autoantibodies in murine
lupus. T cells provide critical help for autoantibody production in vitro, and in
vivo elimination of CD4+ T cells prevents or retards disease (Kotzin et al., 1989;
Laskin et al., 1982, 1983, 1986; Mihara et al., 1988; Wofsy and Seaman, 1987).
However, it is not entirely clear whether lupus T cells represent a primary
abnormality or merely serve as a necessary factor in autoantibody production.

One study found that with increasing age, NZB mice had a progressive loss of
helper and suppressor T cells, but an increase in amplifier cells (Baker et al.,
1986). Although the B cells were resistant to inhibitory effects of suppression,
they responded to the stimulatory effects of amplifier T cells. Thus, combined
immune defects may contribute to increased antibody production.

The lpr/ipr and gld/gld genotypes lead to a marked increase in T-cell mass and
features of autoimmunity. Therefore, it is possible that the excess T-cell numbers
may underlie the induction of polyclonal B-cell activation and the autoimmune
phenomena. On the other hand, those genotypes may also be associated with
abnormalities in non-T-cell lineages, perhaps as a result of an abnormality com-
mon to several cell types—for example, from a stem-cell abnormality, as dis-
cussed above. [In fact, there is strong evidence of B-cell abnormalities in such
mice (Sobel er al., 1991).] The cells that are most increased in {pr/lpr mice are
CD 4—, CD 8— T cells with unusual surface markers. It has been suggested that
these T cells are relatively inert. Studies from this laboratory have demonstrated
that the lymph node T cells of Ipr/ipr mice are heterogeneous, raising the
possibility that the abnormal double negative cells may differentiate into single
positive cells or vice versa (Gause et al., 1988). Therefore, the increase in T cells
in lpr/Ipr mice could underlie the observed hypergammaglobulinemia and excess
autoantibody production.

Studies of T-cell deletion within the thymuses of normal and autoimmune mice
have not demonstrated gross abnormalities associated with autoimmunity. How-
ever, one group has found apparent expansion, later in life, of forbidden clones in
the periphery of autoimmune mice (Adams et al., 1990). This observation re-
quires further study.

1. T-Cell Abnormalities and Anti-T-Cell Antibodies

The prevalence of anti-T-cell antibodies in murine and human lupus complicates
the studies of lupus T cells (Steinberg et al., 1981; Klassen ef al., 1977). Anti-T-
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cell antibodies may eliminate T-cell subsets with a resultant imbalance in normal
immune regulation. This process has been described for patients with lupus
(Morimoto et al., 1984; Sakane et al., 1979; Kumagai et al., 1981a). In addition,
anti-T-cell antibodies may stimulate T cells to release helper factors. In such a
manner, anti-T-cell antibodies might induce or contribute to polyclonal immune
stimulation. They could even serve as a positive feedback for such stimulation.
Thus, a B-cell product (anti-T-cell antibody) could lead to a T-cell abnormality
that superficially appeared to be an intrinsic T-cell defect driving polyclonal
hyperimmunity. For example, lupus-prone NZB mice produce, from birth, anti-
bodies reactive with self-thymocytes and T cells. NZB anti-T-cell antibodies lead
to immune stimulation and contribute to accelerated disease and death when
given chronically to young male (NZB X NZW) F, mice (Klassen et al., 1977,
Huston er al., 1980).

Although T cells in general may be important for disease, antigen-specific T
cells may be critical by directly recognizing autoantigen (or an antigen cross-
reactive with an autoantigen). These might or might not include the forbidden
clones of T cells expanded in some autoimmune mice (Adams et al., 1990). In
addition, antigen-specific T cells may recognize a common environmental anti-
gen and, in being stimulated, produce cytokines that contribute to the activation
of autoantibody-producing B cells.

2. Tolerance

We indicated in the introduction that deletion of self-reactive cells in the thymus
provided a first defense against autoimmune diseases. The second line of defense
consists of mechanisms that maintain self-tolerance despite the presence of some
self-reactive cells. Various mechanisms have been included under the names of
suppression, anergy, and tolerance.

Experimental tolerance involves presenting an antigen to the immune system
in a nonimmunogenic form such that it renders the immune system specifically
hyporesponsive to subsequent attempts at immunization with the antigen in im-
munogenic form. Several studies have demonstrated impaired experimental toler-
ance in many of the strains of mice predisposed to lupus: NZB, (NZB x NZW)
F,, BXSB, and MRL-ipr/ipr (Laskin et al., 1981). Since lupus involves a loss of
self-tolerance to certain self-antigens, a defect in experimental tolerance could
represent a fundamental abnormality.

Our laboratory studied the response of NZB mice to the toleragen deaggre-
gated bovine gamma globulin or BGG. Included were studies involving recon-
stitution of neonatally thymectomized and lethally irradiated adult (NZB X
DBA/2) F, mice with marrow and thymocytes from parent mice in all combina-
tions (Table II). The data suggested that the tolerance abnormality of NZB mice
(to deaggregated BGG) results from an abnormality of NZB thymocytes. More-
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TABLE I
Tolerance to Deaggregated Bovine Gamma Globuline

Donor cells

Thymus Marrow Sex/manipulation® Tolerance in recipients
DBA DBA Mor F +4+4++

DBA NZB Mor F +4+4++

NZB DBA M +4+++

NZB DBA F 0

NZB DBA M castrated 0

NZB DBA F + androgens ++++

DBA + NZB DBA F 0

NZB NZB MorF 0

aIn neonatally thymectomized, lethally irradiated (DBA/2 X NZB) F,
recipients. Mice were irradiated (950 rads) and reconstituted with T cell-
depleted bone marrow cells plus thymocytes from 1-month-old NZB or
DBA/2 mice (Laskin et al., 1982). One month later, they were injected with
10 mg deaggregated BGG; 12 days later, mice were challenged with BGG in
adjuvant; they were assayed for serum anti-BGG 2 weeks after challenge.
Tolerance is shown semi-quantitatively, with 0, no tolerance; and +++ +,
tolerance observed in intact DBA/2 mice.

bDesignation of recipient: F, unmanipulated female; M, unmanipulated
male. Females treated with androgen capsules showed the same effect of
androgens whether or not they were castrated.

over, whereas the combination of DBA thymocytes plus DBA marrow led to tol-
erance, the addition of NZB thymocytes to DBA marrow plus DBA thymocytes
did not. Thus, NZB thymocytes were not simply unable to become tolerant;
rather, they interfered with the normal tolerance expected of DBA cells. This
active interference with tolerance may be mediated by secretion of cytokines.

Recent studies from our lab (Scott, D. E. and Steinberg, A. D., manuscript in
preparation) suggest that CD4+ T cells from (NZB X NZW) F, and MRL-
Ipr/lpr mice are normally deleted by the superantigen SEB. Thus, peripheral
tolerance may be impaired in these murine lupus strains only when a T cell-B
cell interaction is involved.

E. Sex HormoNE EFFECTS

It is well known that the majority of patients with lupus are female. Moreover,
androgen administration from very early in the life of (NZB X NZW) F, lupus-
prone female mice can turn a rapid-onset renal disease pattern into a slower male
pattern (Steinberg ez al., 1981; Nelson and Steinberg, 1987). Conversely, castra-
tion of males in the first 2-3 weeks of life turns the slow male pattern into a
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rapid-onset female pattern. The possible cellular basis of some of the hormone
effects was studied in the tolerance system (Laskin ef al., 1981). As shown in
Table 11, when only DBA cells were administered to recipients, both males and
females were tolerant. Gender also was irrelevant when only NZB cells were
given—there was no tolerance in either males or females. Of note, with the
combination of NZB thymus and DBA marrow, males were tolerant, and females
were not. The gender effect was demonstrated to result from sex hormone ef-
fects. Androgen treatment of females gave a male pattern of tolerance, and
castration of males gave a female pattern of nontolerance. These studies suggest
the possibility that a single NZB defect (presence of NZB thymocytes) is suffi-
cient to make females susceptible to abnormalities in self-tolerance that might
allow disease development. In contrast, males, by virtue of their suppressive
androgens, are not predisposed to such abnormalities when a single cellular
defect is present. It should be noted that androgens are not able to protect males
in the face of two NZB cellular defects. Thus, with a modest genetic/cellular
predisposition to lupus, androgens may be able to retard or prevent disease. With
a stronger genetic/cellular predisposition to disease, androgens are less able to
suppress disease.

The murine tolerance studies may help to explain gender distribution in human
lupus. For example, if a minority of people destined to develop lupus have a great
predisposition to disease, androgens would not protect them, and approximately
half would be male. If all others susceptible to lupus manifested only a modest
predisposition, most of this second group would be females (the males would be
protected). This formulation could explain the presence of severe disease in
males with lupus, even though they are in the minority. Alternatively, a number
of the males may have Y chromosome factors that predispose them to severe
disease.

F. B-CeLL StupIeS

1. Polyclonal B-Cell Expansion

When their immune systems are polyclonally stimulated, autoimmune-prone
mouse strains show accelerated discase (Steinberg, 1979; Steinberg et al., 1969,
1981; Hang et al., 1985). In addition, normal mice subjected to the combination
of polyclonal B-cell activators and neonatal thymectomy manifest anti-DNA
antibody production (Lane et al., submitted for publication; Smith and Stein-
berg, 1983). Finally, autoimmune disease is induced by the combination of
polyclonal B-cell activation and challenge with common environmental patho-
gens (Lane ez al., submitted for publication; Smith and Steinberg, 1983). Thus,
polyclonal immune activation could contribute to autoimmunity. Supporting this
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concept is the observation of polyclonal B-cell expansion in the several lupus-
prone strains of mice (Moutsopoulos er al., 1977; Manny et al., 1979; The-
ofilopoulos and Dixon, 1985; Klinman ez al., 1988a).

All lupus-prone mice, compared with nonautoimmune-prone strains, have
increased numbers of splenic immunoglobulin-producing cells (Moutsopoulos er
al., 1977, Manny et al., 1979; Theofilopoulos and Dixon, 1985; Klinman et al.,
1988a). When one considers both the increased percentage of immunoglobulin-
secreting cells and the increased number of spleen cells, lupus-prone mice may
have a 30-fold increase in absolute numbers of antibody-secreting cells. The
repertoires of such mice could be compared by expressing the percentage of the
immunoglobulin-secreting cells reactive with different specificities. When this
assessment was carried out, it was found that the percentages of B cells secreting
antibodies able to bind conventional antigens [the trinitropheny] hapten (TNP),
ovalbumin, sheep erythrocytes] and autoantigens (DNA, myosin, T cell-surface
antigens) were quite similar. The data (summarized in Table III) indicate that
early B-cell activation in lupus is polyclonal in nature. This result was obtained
for autoimmune NZB, MRL-Ipr/ipr, C3H-gld/gld, BXSB, and backcross mice
(Ishigatsubo et al., 1988; Klinman and Steinberg, 1987a,b; Klinman er al.,
1988a,b, 1990).

The early polyclonal expansion of B cells in murine lupus could result from a
primary defect in B cells or maturation of B cells in a stimulatory environment.
This question was studied by transferring B cells from autoimmune-prone mice
to MHC-compatible nonautoimmune hosts carrying the xid gene and vice versa
(Klinman and Steinberg, 1987a; Klinman et al., 1988a). These studies showed
that the expansion of autoantibody-producing cells was associated with the inter-
nal milieu of the recipient rather than the origin of the B cells.

The concept of polyclonal expansion of B cells in autoimmune-prone strains of
mice is supported by studies of immunoglobulin heavy chain variable-region
gene usage. There is no restriction in immunoglobulin gene usage for autoan-
tibodies (Perkins et al., 1990; Behar and Sharff, 1988; Kofler et al., 1985;

TABLE Il
Summary of B-Cell Studies in Murine Lupus®

Increase in absolute numbers of B cells

Increase in percentage of spleen cells that are producing Ig

Normal repertoire on a percentage basis in the first several months

Transfer of NZB or control DBA/2 B cells to the same type of xid recipient leads to the same
degree of anti-DNA production

Transfer of NZB or control DBA/2 B cells to NZB.xid recipients leads to a marked increase in
anti-DNA, whereas transfer to DBA/2.xid recipients leads to very little anti-DNA

aFrom Klinman and Steinberg (1987a,b); Klinman et al. (1988a,b, 1990); Ishigatsubo et al.
(1988).
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Dersimonian et al., 1987). Moreover, there is no bias in the use of [gVH genes
by autoimmune mice (Kastner et al., 1989). Other studies have suggested a
resistance of NZB B cells to suppressive signals (Baker et al., 1986) pointing to a
generalized B cell abnormality. These also are consistent with the cytokine
experiments (Gutierrez et al., 1986).

In murine lupus, there is, in addition to polyclonal B-cell activation, evidence
for T cell-dependent and antigen-dependent selection of B cells destined to
produce pathogenic autoantibodies. Some investigators have rigidly divided the
pathogenetic processes such that evidence of B-cell selection is regarded as
evidence against polyclonal effects (Steinberg, 1989). Nevertheless, it is obvious
that polyclonal activation and selection may both occur in murine lupus. More-
over, it is possible that prior polyclonal B-cell activation in lupus may interfere
with regulatory mechanisms so as to allow antigen-dependent expansion of B
cells that produce pathogenic autoantibodies (Steinberg, 1987; 1989; Klinman et
al., 1990).

2. Antigen-Specific B-Cell Expansion Late in Disease

With increasing age, individual autoimmune mice express unique repertoires
characterized by the expansion of B cells producing antibody that binds to a
limited set of autoantigens. A similar process occurs in normal mice, but to a lesser
extent and at a slower rate (Klinman et al., 1988b; Eisenberg et al., 1987a).
Therefore, with age, clonal expansion begins to emerge from the background of
polyclonal activation. Evidence for antigen dependence of autoantibody-produc-
ing B cells was obtained in the transfer system in which NZB B cells were given to
unmanipulated NZB.xid recipients: autoantibody-producing cells expanded pref-
erentially relative to B cells producing anti-TNP (Table 1V). Immunization of
recipient mice (not able to respond to TNP-Ficoll) led to marked expansion of
TNP-specific donor B cells. Such data suggest that the spontaneous expansion of
the autoantibody-producing cells was driven by the presence of self-antigen. The
idea presented is compatible with the suggestion that somatic mutation followed

TABLE IV
Increase in Antibody-Forming Celis in NZB.xid Recipients®

Specificity Fold increase
DNA 19
T cells 18
TNP-KLH 2
TNP-KLH after immunization with TNP-Ficoll 52

2Five weeks after transfer of | million NZB B cells. From
Klinman and Steinberg (1987a); Klinman et al., (1988a).
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by antigen-driven selection underlies expansion of anti-DNA producing cells
(Schlomchik et al., 1987a, 1987b; Marion et al., 1989) as well as the concept of T-
cell dependence of antinuclear autoantibody production (Datta er al., 1987,
Bennett er al., 1987).

Recent studies of [NZB X (NZB x NZW)] F, backcross mice have shown a
significant correlation (P < 0.001) between the presence of polyclonal activation
in mice under 3 months of age with the subsequent development of lupus
glomerulonephritis (Klinman, 1990). Of note, there was no correlation between
the development of disease and early production of specific autoantibodies. All
of the data together suggest that polyclonal B-cell activation is a characteristic of
murine lupus from early in life. This initial abnormality may favor subsequent T-
cell and antigen-dependent processes. It also has been noted that certain autoan-
tibodies, most dramatically the anti-Sm antibodies of MRL mice, do not corre-
late with disease (Eisenberg et al., 1987b). Such a finding points to the gencral
predisposition to oligoclonal B-cell expansion as an important pathogenic event;
whether or not this leads to pathology depends on the properties of the antibodies
produced by the expanded clones.

3. Does Autoreactive B-Cell Expansion Represent
a Primary B-Cell Defect?

In order to determine whether the hyperactivity of NZB B cells results from an
intrinsic B-cell defect or from the milieu in which they develop, transfer studies
were performed. Autoimmune NZB and normal DBA/2 B cells expanded at
similar rates when transferred to (DBA/2 X NZB) F,.xid recipients (Klinman
and Steinberg, 1987a, Klinman, et al., 1988a). Cells from both NZB and DBA/2
donors expanded much more rapidly in NZB.xid recipients than in DBA/2.xid
recipients (Klinman et al., 1988a). These results indicate that at least one NZB
defect leading to B-cell hyperactivity resides not in the NZB B cell but in the
stimulatory milieu in which that B cell lives.

Whether the stimulatory environment results from T cell-derived helper ef-
fects, macrophage stimulation, or nonimmune factors remains to be determined.
However, there is some evidence suggesting that a bone marrow stromal element
may be important in some aspects of NZB B-cell hyperactivity (Kastner and
Steinberg, 1988). Since transfer studies had suggested that the NZB B cells were
not uniquely responsible for excess antibody production, the marrow culture
result pointed to marrow stromal elements as potentially critical to the hypergam-
maglobulinemia of NZB mice.

4. Active Human Systemic Lupus Manifests Augmented
Activity throughout the B-Cell Maturation Pathway

A number of studies performed at The National Institutes of Health (Sakane et
al., 1978, 1981; Kumagai et al., 1982; Glinski et al., 1976; Becker et al., 1981;
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TABLE V
Summary of B Cell-Pathway Studies of SLE Patients

Active SLE  Controls

Numbers of bone marrow cells after a week in Dexter culture 148 38
B-cell colonies/105 28 6
Proliferation of B-enriched PMBC# (cpm X 10-3) in the first 18 hr

of culture 43 0.8
Cells producing antibodies to 12 chemical haptens/105 PBMC 61 2
Total Ig-secreting cells/ 105 PBMC 320 30

2PBMC, peripheral blood mononuclear cells.

Blaese et al., 1980) and elsewhere indicate that patients with active multisystem
SLE have elevated numbers of cells throughout the B-cell generation pathway
(Table V). Patients have increased numbers of autoantibody-producing cells that,
undoubtedly, are responsible for the serum autoantibodies that underlie both
diagnostic tests and disease. However, the patients also have increased numbers
of lymphocytes producing antibodies to nonautoantigens (such as chemical hap-
tens). Thus, polyclonal B-cell activation may contribute to increased antibody
production in some patients with active lupus. Moreover, the greatest degree of
polyclonal activation generally is observed in those patients with the most active
multisystem disease. If human lupus is analogous to murine lupus, much of the
polyclonal B-cell expansion would be expected to occur before symptomatic
disease onset. However, our studies have not included very many individuals
very early in their disease, and especially before disease onset, individuals
needed to fully test the hypothesis. Nevertheless, the data suggest that polyclonal
B-cell expansion is most apparent during the early stages of multisystem lupus.
After the disease process becomes established, B cells producing specific autoan-
tibodies usually are increased selectively, consistent with autoantigen and T cell-
dependent immune stimulation.

1l. DISCUSSION

Polyclonal B-cell expansion is a consistent finding early in the course of murine
lupus. Notably, such polyclonal effects are found before more specific expansion
of B cells producing pathogenic autoantibodies. Subsequent to the polyclonal
effects (and perhaps encouraged by them), T cell-dependent and antigen (or
idiotype)-driven immunity apparently leads to the production of the bulk of the
pathogenic autoantibodies. Although the evidence is less secure, comparable
processes to those found in murine lupus may underlie disease in many patients
with SLE, as summarized in Fig. 1.

Antigen-nonspecific stimulatory factors, such as bystander help from T cells,
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FIG. I Processes we believe to be important in the pathogenesis of lupus are shown in schematic
form. An early immune dysregulation may be attributable to a defect in bone marrow stem cells or
factors regulating them, in T cells or other factors that regulate B cells, or in B cells themselves. In
some people, endogenous abnormalities may be of paramount importance, whereas in others, ex-
ogenous stimuli may be critical.

Polyclonal immune activation is shown to be an early and fundamental abnormality. This poly-
clonal immune stimulation may be caused by a genetic predisposition comprising hyperrespon-
siveness to factors that stimulate B-cell proliferation/differentiation or hyperproduction of such
factors. In addition, exogenous activators (e.g., viral or bacterial) may stimulate B cells. Such factors
serve also to break self-tolerance mechanisms. These effects are largely independent of specific self-
antigens. The polyclonal effects tend to be suppressed by androgens and enhanced by estrogens.

In the absence of adequate down-regulating control elements, autoimmune reactions progress.
These are largely antigen- and/or idiotype-dependent and give rise to pathogenic autoantibodies. For
example, idiotypic determinants on self-immunoglobulin may induce helper T cells to stimulate B
cells capable of producing anti-DNA antibodies. The resulting inflammation leads to the release of
self-antigens, which further stimulate the process. It should be noted that the development of memory
for anti-self responses reduces the threshold for a disease flare relative to that required for initial
induction of disease.
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immunostimulatory infections, and/or defective regulation of induced stimula-
tion may be important in certain individuals. It is also possible that polyclonal
stimulation itself may impair normal regulatory processes so as to circumvent
self-tolerance mechanisms and allow immunization to self-antigens. Since poly-
clonal immune activators are able to break tolerance as well as interfere with its
development (Weigle, 1973), those factors that stimulate polyclonal B-cell ex-
pansion should also be able to subvert normal tolerance (Steinberg et al., 1990;
Steinberg er al., 1981; Smathers et al., 1984). Thus, defects in tolerance and B-
cell stimulation could be caused by the same process(es).

Thymocytes and spleen cells from lupus-prone New Zealand mice produce
more stimulatory and fewer suppressive factors than do cells from non-autoim-
mune-prone strains (Ranney and Steinberg, 1976; Morton et al., 1976). Such
cells also fail to become tolerant to deaggregated bovine gamma globulin by a
process of active interference with tolerance. The increased help and decreased
suppression observed in murine lupus could well be different aspects of the same
problem (Steinberg et al., 1971, 1981) and resuit from excess stimulatory-factor
production by autoimmune cells. A related possibility is that since graft-versus-
host disease (GVH) can lead to a lupuslike illness, an endogenous GVH-like
disorder, perhaps triggered by B cells, might induce autoimmunity (Rosenberg et
al., 1984).

Several lines of evidence support the hypothesis that bone marrow stem cells,
or their immediate progeny, manifest the defects characteristic of murine lupus.
Transplantation of autoimmune marrow can transfer disease to nonautoimmune
recipients (Morton and Seigel, 1974a; Akizuki et al., 1978). In addition, studies
of NZB mice have mapped the defect in experimental tolerance to the pre-T stem
cell. How the lrpus stem cells promote abnormalities observed in mature lym-
phocytes remains to be determined. It is possible that several different cellular
abnormalities present in the stem cell may be expressed in cells of several
different lineages. Such a defect might help to explain abnormalities in a number
of cell types.

Interference with T-cell function ameliorates murine lupus (Taurog et al.,
1981; Wofsy et al., 1985; Marion et al., 1989; Wofsy and Seaman, 1987). Thus,
T-cell help must be critical for substantial autoantibody production. However,
the requirement for T cells does not imply a T-cell abnormality: there could be
increased responsiveness of B cells to normal T-cell signals. On the other hand,
there might be increased T-cell help, cognate or bystander.

Since much autoantibody production ultimately is both T-cell and antigen
dependent, the nature of the stimulatory antigens must be considered. It seems
likely that several of the many endogenous and exogenous molecules cross-
reacting with or mimicking self-antigens could stimulate autoantibody produc-
tion. Combinations of molecules may be immunogenic, whereas neither alone is.
For example, the binding of DNA to collagen could produce an immunogenic
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combinatorial molecule. Some drug-induced lupus also could result from such an
effect. In addition, the large number of immunoglobulin molecules present in the
body provides an excellent source of cross-reactive antigens (Mendlovic et al.,
1989). Since the antibody response to many antigens is stochastic, the expanded
repertoire of each individual would vary. This might help to explain variability in
autoantibody repertoire among individuals with lupus, especially genetically
related individuals such as identical twins and members of an inbred mouse
strain.

Production of large amounts of pathogenic autoantibodies may require several
processes. Even if polyclonal activation is the immune abnormality that initiates
the disease process, additional antigen or idiotype and T cell-dependent pro-
cesses may be critical. Since the pathogenic autoantibodies lead to disease, the
initiating polyclonal activation might not ultimately correlate with measures of
disease in specific organs or with mortality (Steinberg et al., 1971, 1991).

EDITORS” NOTE

Murine models of “multisystem” autoimmunity have been studied since 1960, beginning with the
NZB mouse with autoimmune hemolytic anemia. The hybrid with NZW (NZB/W) was the first of
the “lupus mice,” so-called because nuclear autoantibodies were dominant, and the mice died from a
glomerulonephritis that simulated the nephritis seen in human SLE. Later other types of lupus mice
were established by hybridization of either of two autosomal recessive mutations associated with
lymphoproliferation, lpr or gld, onto an appropriate background, e.g. MRL. The lpr and gld genes
are associated with marked B cell hyperactivity. Although these lupus mouse models do not truly
fulfil the revised ARA criteria for human SLE, they do illustrate the potentially lethal consequences
of uncontrolled formation of autoantibodies to accessible antigenic epitopes of erythrocytes (NZB),
or DNA (NZB/W, MRLIpr, etc.).

What do the lupus mouse modelis tell us? They do not point to any unifying “lesion of autoim-
munity” because, as Pelfrey and colleagues indicate, there appear to be multiple genetic compo-
nents which in combination create an immunologic disaster scenario. One such component gives rise
to hyperfunctional B lymphocytes which initially are susceptible to polyclonal activation, but later
become focused and (auto)antigen-dependent. A second component results in T lymphocytes that
provide excessive helper signals. A third component influences a bone marrow stromal element and
may operate through a stimulatory effect on B cells. A fourth component predisposing to autoim-
munity has been identified in hemopoietic stem cells, and may operate also in the NOD mouse (see
chapter 10). A fifth component, residing in the MHC, provides NZB mice with the genetic capacity to
present DNA in an immunogenic form to T cells; this may operate peripherally, and/or influence
repertoire selection in the thymus. Additionally there are constitutional modifying factors, particu-
larly sex hormones. Pelfrey and colleagues emphasize one similarity between murine and human
lupus, this being elevated numbers and function of B cells throughout the entire B-cell generation
pathway. Is this the essential lesion of autoimmunity in the mouse models and in human SLE, and are
the other genetic anomalies merely facilitatory to this? If so, this lesion of autoimmuity would be
different from that operative in organ-specific autoimmune diseases, for which the main responsibil-
ity is carried by the CD4+ helper T cell.
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I. THE HUMAN LEUKOCYTE ANTIGEN COMPLEX

A. INTRODUCTION

Structural genes for human leukocyte antigen (HLA) molecules lie within the
major histocompatibility complex on the chromosome 6. The HLA class 1 loci
(HLA-A, HLA-B, HLA-C, HLA-E, HLA-F, HLA-G) encode glycoproteins
which, when complexed with B2 microglobulin, form an intact HLA class 1
molecule (Koller er al., 1987). The HLA-A, HLA-B, HLA-C molecules are the
major transplantation antigens in man, and are highly polymorphic (Parham er
al., 1988). In other words, multiple allelic variants occur in the population for
each of these three loci, accounting for much of the genetic diversity responsible
for histoincompatibility. Class I molecules are found on the cell surface of all
nucleated cells; in normal and autoimmune responses, the class I molecules act
as restriction elements essential for co-recognition by CD8-positive T lympho-
cytes.

There are 14 HLA class 11 loci, which cluster into three regions, known as DR,
DQ, and DP (Bodmer, 1984). Each of these regions contains at least one o gene
and one B gene, each of which encodes a class II polypeptide. The intact class 11
molecule is a dimer consisting of the products of one a gene and one B gene,
expressed as a membrane-bound protein (Kaufman er al., 1984). Class II mole-
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cules are found on B lymphocytes, monocytes, activated T cells, and, with
appropriate induction, on nonhematopoietic cells such as vascular endothelium,
thyroid epithelium, glial cells, and numerous other tissues (Lee, 1989). The
potential of class II molecules to be aberrantly expressed on nonlymphoid tissues
is often thought to play a role in organ-specific autoimmunity.

Most of the class II loci are highly polymorphic. Allelic variation between
class II molecules of different individuals accounts for the functional differences
revealed by HLA typing specificities, allograft reactivity, and, most important,
differential ability to bind antigenic peptides (McDevitt, 1986; Buus et al., 1987;
Nepom, 1989b). When expressed on the surface of antigen-presenting cells, the
class Il molecules present such peptides to CD4-positive T lymphocytes.

B. HLA AND DiseAseE ASSOCIATIONS

A comprehensive listing published in 1985 identified 76 diseases, mostly autoim-
mune syndromes, associated with different HLA specificities (Tiwari and
Terasaki, 1985). Each HLA specificity (i.e., B27, DR3, DR4) is a serologically
defined marker present on one or more HLA molecules. Therefore, when a
disease is associated with a particular HLA specificity, actually a number of
genes are potentially responsible for the association. In order to discriminate
between different genes that encode serologically cross-reactive HLA molecules,
various molecular techniques have been successfully employed. Restriction frag-
ment length polymorphism (RFLP) analysis provides a detailed catalog of linked
polymorphic markers that can, in most cases, discriminate among haplotypes
(Bidwell and Jarrold, 1986; Robinson er al., 1988; Cox et al., 1989). More
recently, specific oligonucleotide probes have become widely used in hybridiza-
tion analysis to discriminate specific polymorphic genes (Gorman et al., 1982;
Angelini et al., 1986; LeGall er al., 1986; Nepom er al., 1986a; Amar et al.,
1987). The combination of oligonucleotide hybridization and gene amplification
using the polymerase chain reaction brings this specific technology within reach
of most laboratories (Saiki et al., 1986; Horn et al., 1988; Erlich et al., 1990;
Todd et al., 1987; Morel et al., 1988).

Since each HLA haplotype contains an entire set of closely linked genes,
identifying a disease-associated polymorphism in one of those genes links sus-
ceptibility only with a cluster of HLA genes on that haplotype. Additional genet-
ic' analysis is then required to pinpoint actual susceptibility genes within such a
linked cluster. Thus, analysis of HLA associations with disease proceeds in a
step-wise progression: First, a serological or RFLP marker identifies an associa-
tion with a disease; second, the haplotypes that carry that marker are defined; and
third, individual HLA genes within the implicated haplotypes are sought as
candidates contributing to pathogenesis. This process is illustrated for several of
the best-studied examples of HLA associations with autoimmune disease. As
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will be discussed, individual HLA susceptibility genes are indeed known in a few
autoimmune diseases; this new level of precision is important not only for identi-
fying individuals at risk, but also because of the opportunity to test the functional
role of these susceptibility gene products in models of disease.

C. GeneTic DeteErminaNTs OF HLA GENES
ASSOCIATED WITH AUTOIMMUNITY

Figure 1 lists 20 of the most common class 11 HLA haplotypes in Caucasian
populations. As illustrated, each haplotype can be defined by a unique set of
linked alleles spanning the DQ and DR loci. The combination of specific alleles
on a given haplotype defines a linkage group, which encodes class II molecules
responsible for the associated HLA specificities. Each allele has a unique numer-
ical designation, defined by an HLA nomenclature adopted in 1990; Fig. 1 lists
the unique combinations of these linked alleles that define the basic HLA class I
haplotypes.

These linkage relationships pose a problem for the analysis of HLA associa-
tions with disease. For example, autoimmune diseases such as Graves’ disease,
systemic lupus erythematosus, myasthenia gravis, celiac disease, and type I
diabetes are all associated with the HLA-DR3(Dw3) specificities. As shown in
Fig. 1, only one major Caucasian haplotype carries these specificities, made up
of the linked DQ alleles, DQB1*0201, DQA1*0501, DRB1*0301. Which one of
these genes is actually the responsible susceptibility gene for any of these dis-
eases, however, is not known. Indeed, an as yet unidentified gene elsewhere on
this haplotype linked to the DQ-DR cluster may well be responsible for the HLA-
DR3 association with disease.

On the other hand, comparisons among linked genes on different haplotypes
can also provide important insight into the actual molecular basis for HLA and
disease associations. As can be seen from Fig. 1, most of the HLA specificities
(i.e., DR2, DR4, DR6, DR7, DR8) occur on products of multiple haplotypes.
Even within a single specificity, such as DR4, there may be six or more different
haplotypes, each of which encodes a class Il molecule that types as HLA-DR4
(Nepom, B. et al., 1983; Nepom, G. et al., 1984). In the case of HLA-DR4, the
serologically defined DR4 epitope is a product of alleles at the DRB1 locus. The
different DRB1 alleles that encode DR4-positive products are called subtypes of
DR4, and include the *0401, *0402, *0403, *0404, and *0405 alleles. These
DR4-positive DRB1 alleles differ from each other by between one and five amino
acids, sufficient to account for major differences in immune recognition and
disease associations (Gregersen et al., 1986; Nepom et al., 1986b). In addition,
they are linked to other DQAL and DQB1 genes as shown, providing further
diversity within the DR4 family of haplotypes (Nepom, G. et al., 1984; Nepom
et al., 1986c¢).
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FIG. I HLA class II haplotypes associated with autoimmunity. Linked genes within the HLA-
DQ/DR interval define a series of discrete class II haplotypes. Several haplotypes are often associated
with a single HLA serological specificity. Individual alieles within each haplotype are illustrated,
using a consensus nomenclature adopted in 1990; the predominant Caucasian haplotypes are shown.
As discussed in the text, the identification of an HLA-DR specificity associated with a disease is the
first step in determining which specific haplotypes account for that disease association. Genes within
those haplotypes can often then be pinpointed as the primary determinants of susceptibility. For
several autoimmune diseases, individual alleles within specific haplotypes are directly implicated in
disease susceptibility, some of which are highlighted in the figure: The DRB1 alleles *0401, *0404
(and possibly *0405) are candidate susceptibility genes in rheumatoid arthritis; the DRB1 allele
*0402 and the DQB1 allele *0503 are candidate susceptibility genes in pemphigus vulgaris; the
DQBI1 allele *0302 is the predominant susceptibility gene in type I diabetes; and the DQA1 and
DQBI1 alleles that encode 2 DQw2 dimer, DQA1*0201 and DQB1*0501, are implicated in celiac
disease.
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These linkage relationships can be used to implicate specific genes in disease
susceptibility. For instance, characterization of the DR and DQ linkage groups
associated with type | diabetes has implicated both the DR3, Dw3 haplotype and
also several of the DR4-positive haplotypes. However, all of the DR4-positive
haplotypes associated with insulin-dependent diabetes mellitus (IDDM) carry a
single allele at the DQB1 locus, the DQB1*0302 gene (previously termed
DQ3.2). There are two DR4,Dw4-positive haplotypes, which differ only at the
DQBI locus. They are identical at DQA1 and DRBI1 (Fig. 1). Since only the
haplotype carrying the DQB1*0302 allele is associated with IDDM, this pro-
vided early evidence for the notion that, on DR4-positive haplotypes, the DQR
locus and not the DR locus was the primary determinant of genetic susceptibility
(Holbeck and Nepom, 1988; Nepom, 1988).

It is important to note that the analysis of genetic associations with disease
progresses from the identification of the specificity to the identification of a
haplotype, and then to the characterization of individual susceptibility loci on
that haplotype. Recognition of this progression reinforces the point that associa-
tions are haplotype specific. Thus, although the DQP locus appears to account
for the primary association of diabetes with HLA-DR4, it is completely unknown
what locus accounts for the primary association of diabetes on other haplotypes,
such as HLA-DR3. The best example of the haplotype-specific nature of genetic
associations comes from the study of an autoimmune dermatologic disorder,
pemphigus vulgaris. Pemphigus vulgaris is associated with both HLA-DR4 and
HLA-DRG6 (Szafer et al., 1987; Scharf et al., 1989). The DR4 association ap-
pears to be owing to genes within the DQ-DR linkage cluster on the DR4, Dw10
haplotype, but not on other DR4-positive haplotypes. Since the only class II gene
within this cluster that is unique to the DR4,Dw10 haplotype is the DRB1*0402
gene, this is likely to be the important susceptibility gene on that haplotype
(Scharf et al., 1989). In contrast, the DR6 association with pemphigus is proba-
bly not attributable to genes at the DRB1 locus. Among the DR6-positive haplo-
types, only the DR6,DwS DQ-DR linkage cluster is associated with this disease.
Furthermore, detailed analysis of subtypes within the DR6, Dw9 cluster shows
that only the DQB1*0503 allele predominates in DR6 patients. Thus, a likely
interpretation is that the DQB1*0503 gene and the DRB1*0402 gene are inde-
pendent susceptibility genes associated with pemphigus vulgaris. This example
could establish an important lesson for other associations with autoimmune dis-
ease, namely that different loci on different haplotypes may account for suscepti-
bility to the same disease.

The HLA class II molecule is a heterodimer, composed of one a and one B
chain, which are encoded by distinct o and B genes, respectively. Thus, it is not
surprising that, in some cases, susceptibility appears to be the result of combina-
tions of o and B loci inherited together. Because HLA alleles are co-dominantly
expressed, the o and B loci do not necessarily need to be linked on the same
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haplotype in order to form a class II heterodimer. The most straightforward
example of this phenomenon appears to be the HLA-association with celiac
disease (CD), a gluten enteropathy with autoimmune characteristics. It has been
known for some time that most CD patients carry the DR3,Dw3 haplotype.
Recently, several investigators have noted that the majority of non-DR3 patients
with CD are heterozygous for DR5 and DR7 (Kagnoft er al., 1989; Sollid et al.,
1989). Analysis of these DRS and DR7 haplotypes has shown that, within the
DQ/DR linkage cluster, the combination of a DR5,Dw5 and a DR7,Dw7
haplotype reconstitutes an intact a3 combination which is also found on
DR3,Dw3 haplotypes. In other words, the same DQa and B chains that are
encoded in cis on a DR3 haplotype (DQA1*0501, DQB1*0201) also occur in
trans in a DR5/7 heterozygote,, where the DRS haplotype contributes the « chain,
and the DR7 haplotype contributes the B chain. Taking this observation into
account, more than 90% of the patients with celiac disease contain this one DQ
heterodimer, suggesting that this indeed is a candidate susceptibility molecule
potentially encoded by multiple haplotypes.

More subtle trans-associated effects are also seen in other autoimmune dis-
eases. In type 1 diabetes, as mentioned above, the predominant class I gene
accounting for the association with HLA-DR4 is a DQP allele called
DQB1*0302(DQ3.2). When this gene occurs on a DR4,Dw4 haplotype, it con-
fers a relative risk for diabetes of 9.8. However, when the same gene occurs on
this haplotype in a heterozygote who also carries a DR3,Dw3 haplotype, the
relative risk for this heterozygous combination is 20 (Bertrams and Baur, 1984).
This remarkable synergy occurs only in this particular combination of haplo-
types, and has led to the notion that trans-associated DQ molecules may contrib-
ute synergistic risk for IDDM,; in this view, the DQ3.2 B chain would pair in a
dimer with a DQa chain from the DR3 haplotype, a pairing combination that
indeed has been shown to form readily in heterozygous cells (Nepom et al.,
1987; Kwok et al., 1988). A converse example is found in DR4/2 heterozygotes,
who actually have a reduced relative risk for IDDM compared to that of the DR4
association alone (Thomson es al., 1988). Although the mechanism for this
relative protection is obscure (see the following sections), it emphasizes the level
of detailed genetic analysis necessary to fully evaluate complex HLA associa-
tions with disease.

D. CANDIDATE SuscEPTIBILITY GENES

Most HLA genes have been sequenced, and comparison between susceptible and
nonsusceptible alleles provides a useful method for focusing on the important
structural elements within a gene that are associated with disease. This approach
has been most extensively used for three well-known genetic associations: the
association of HLA-B27 with ankylosing spondylitis, the association with DRB
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genes in DR4-positive rheumatoid arthritis, and the association of DQR genes in
DR4-positive type I diabetes. Some of the important general features derived
from these studies will be briefly reviewed here.

The major functional repercussions of the extreme allelic variability of HLA
genes are seen in the ability of a given HLA molecule to bind and present an
antigenic peptide. Many of the structural requirements for this peptide-binding
function are now understood, based on the x-ray crystallographic analysis of the
HLA-A2 and HLA-Aw68 class I molecules, derived in the laboratories of Wiley
and Strominger (Bjorkman et al., 1987). The most remarkable feature of the
molecule is the presence of a deep 10 X 25 Angstrom peptide-binding cleft,
bordered on two sides by alpha-helical loops and supported by a floor consisting
of a B-pleated sheet platformlike structure. Amino acid residues within the class I
heavy chain (which lie on the alpha-helical loops bordering the peptide-binding
cleft or which lie on the B-pleated sheet platform directly below the peptide-
binding cleft) are likely to contact the antigenic fragment directly, and therefore
may play a major role as genetic determinants of peptide interaction. In addition
to peptide binding, polymorphic determinants on class I molecules also occur at
sites responsible for associative recognition by the T-cell receptor. This suggests
a direct mechanistic basis for the association of specific genetic polymorphisms
with disease. On the one hand, disease-susceptibility alleles are predicted to
contain specific amino acid polymorphisms, which restrict autoantigenic peptide
binding. On the other hand, susceptibility alleles are predicted to contain specific
amino acid polymorphisms that preferentially trigger autoreactive T cells. There
is yet a third possibility, that the specific polymorphic sequences on susceptibility
alleles mimic antigenic structures foreign to the immune system and can function
as autoantigenic targets.

In the case of B27-associated disease, it is not known which of these mecha-
nisms is most likely to play a major role. All of the HLA-B alleles that carry the
B27 specificity carry a cysteine at residue 67 and a lysine at amino acid 70. These
two substitutions are unique to the B27-positive alleles (Parham er al., 1989). It
is highly likely that these residues account for the serologic B27 specificity
associated with these molecules and potentially for unique functional charac-
teristics as well. At least six different B locus alleles carry these polymorphisms
and are members of the B27 family of genes (Vega et al., 1986). B27.1, B27.2,
and B27.3 all differ from each other in the specific amino acid at codon 77.
B27.4 differs from these other members of the B27 family at codons 114 and
116. Such substitutions can be functionally significant; T-cell clones that differ-
entially recognize each of these different B27 alleles have been identified. Each
of the B27 subtypes studied to date is associated with ankylosing spondylitis in
different population groups; therefore, it is likely that the common genetic fea-
ture associated with disease is the B27 epitope itself, rather than any structural
variation that distinguishes among the different B27-positive alleles (Breur-
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Vriesendorp et al., 1987). As already mentioned, this points to the region around
residue 67 to 70 as a critical determinant of susceptibility. This corresponds to a
region of the molecule located on the alpha-helical loop of the el domain,
positioned to contact both peptide and T-cell receptor. It has also been pointed
out that sequences within this region share considerable homology with proteins
encoded by several bacteria, including some Klebsiella strains that have been
epidemiologically linked to ankylosing spondylitis (Keat, 1986; Ewing et al.,
1990).

The same kind of structural analysis has been performed for class II molecules
associated with some autoimmune diseases, notably the DR molecules associ-
ated with rheumatoid arthritis and the DQB3.2 gene associated with type 1
diabetes. In the case of rheumatoid arthritis, there is once again a striking
sequence homology in the region of amino acid 67 through 71 (of the DRBI
gene), which is implicated in disease susceptibility. A particular acidic sequence
motif of Gin-Lys-Arg-Ala-Ala or Gln-Arg-Arg-Ala-Ala (QK/RRAA) occurs on
disease-associated alleles at this position. DR4 subtypes that contain such a
QK/RRAA sequence in this region are associated with rheumatoid arthritis (RA),
whereas DR4 subtypes with amino acid variability in this region are not (Nepom
et al., 1986b; Nepom et al., 1989a; Gregersen ez al., 1987). As with the B27-
specific polymorphisms, however, the exact functional significance of these se-
quences is not known, since residues within this 67 to 71 region are likely to
contact both peptide and T-cell receptor. This QK/RRAA epitope has been
shown to function as a discrete T-cell recognition element in its ability to stimu-
late alloreactive T-cell clones, and site-directed mutagenesis within this region
ablates T-cell reactivity (Seyfried et al., 1987; Hiraiwa et al., 1990).

Another striking feature of this epitope sequence suggests that it is the primary
HLA genetic unit associated with RA. This QK/RRAA sequence occurs not only
on the RA-associated subtypes of DR4, but also on two other unrelated DRB]
alleles, which also occur in patients with RA. These are the DRB1*0101 allele,
found on some DR1,Dw! haplotypes (Schiff er al., 1982), and the DRB1*1402
allele, found on the DR6,Dw16 haplotype, which is very rare in Caucasians, but
prevalent among Native American populations (Willkens et al., 1990). Remark-
ably, when populations that have a low incidence of HLA-DR4 are studied for the
incidence of RA, HLA genetic associations are indeed found, and these HLA
associations are to the HLA-DR1 and/or HLA-DR6, Dw16 haplotypes. In other
words, the QK/RRAA epitope sequences are associated with RA not only in
DR4-positive haplotypes but also in non-DR4-positive haplotypes.

It is tempting, but not always possible, to apply the same kind of sequence-
comparison analysis to other HLA susceptibility genes. In the case of type I
diabetes, the most prevalent susceptibility gene is the DQB1*0302(DQ3.2) al-
lele. This allele differs in six amino acids from a closely related gene,
DQB1*0301, which is not associated with IDDM. Four of these amino acid
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changes occur in positions within the polymorphic first domain of the molecule,
at codons 13, 26, 45, and 57 (Holbeck and Nepom, 1988; Michelsen and
Lernmark, 1987). These sites of amino acid polymorphism are scattered, and are
likely to function not as a discrete epitope but as a coordinated set of structural
determinants of peptide binding. One of these specific polymorphic amino acids,
at codon 57, has been proposed as a primary determinant of susceptibility to
IDDM: The Codon 57 hypothesis proposes that the presence of an aspartic acid at
codon 57 of the DQ@ gene protects individuals from IDDM (Todd et al., 1987).
This hypothesis is extrapolated from the observation that haplotypes that carry a
DQ#@ allele positive for an aspartic acid at codon 57 are negatively associated
with IDDM. Several studies have confirmed this finding in some Caucasian
haplotypes, although not in Oriental diabetics (Awata et al., 1990). However,
even among Caucasians, many patients with IDDM carry at least one Asp-57-
positive protective allele (Rgnningen et al., 1989; Baisch et al., 1990; Erlich et
al., 1990). Thus, in contrast to the QK/RRAA epitope association with RA
discussed above, there are many exceptions to the codon 57 association with
IDDM. Furthermore, in family studies analyzed for segregation of Asp-57-
positive DQP alleles, an equal number of affected and unaffected siblings shared
such haplotypes, inconsistent with the hypothesis that dominant protection is
conferred by an Asp-57-positive DQ gene (Nepom and Robinson, 1990). The
most likely interpretation that reconciles the codon 57 hypothesis with the com-
bined data set is to treat the presence of an aspartic acid at DQB codon 57 as a
linked marker, albeit within the coding region, for certain haplotypes. Since
haplotypes that lack Asp-57-DQP include DR4,DQ3.2, and DR3,DQw?2, this
codon 57 polymorphism is a convenient marker that identifies most of the known
susceptible haplotypes in Caucasians; however, it is apparent that the residue at
codon 57 does not itself account for genetic susceptibility to IDDM. Using site-
directed mutagenesis, Kwok et al. (1990) have shown that recognition by T-cell
clones specific for DQ3.2 is heavily influenced by multiple polymorphic sites on
the B chain. In these studies, the residue at codon 57 contributes in a significant
way to interactions between polymorphic DQa chains and recognition of specific
sites on the B chain. Thus, a likely mechanistic interpretation would be that the
residue at codon 57, in concert with other polymorphic sites in the class II
molecule, forms a composite class Il recognition element permissive for IDDM.

The role of specific class II polymorphisms present in IDDM-associated al-
leles, such as codon 57, may be quite different from the role of other poly-
morphisms more directly implicated in disease susceptibility, such as the
QK/RAA sequence in RA. In the latter case, the disease-associated sequence is a
linear epitope recognized directly by T cells; in contrast, the DQB poly-
morphisms associated with IDDM predominantly influence peptide recognition
and DQ o/f dimer interchain interactions. This difference suggests that the
genetically mediated pathways of disease susceptibility may differ in these two
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diseases, and helps identify important mechanistic considerations involving T-
cell receptors and/or peptides involved in pathogenesis.

As these examples illustrate, the detailed structural features of individual class
II molecules provide important clues that reflect the functional properties of each
allele. Immunological models to explain how these structural details lead to
disease susceptibility rely on the binding of an autoantigenic peptide and/or the
triggering of autoreactive T-cell clones; Thus, the class 1l molecule is but one
element of an intermolecular interaction that needs to be more fully understood,
and whose specific contribution to pathogenic events is likely to differ for differ-
ent diseases. In the next section we shall examine the second key genetic element
in this interaction, the T-cell receptor.

Il. T-CELL RECEPTOR GENES AND
AUTOIMMUNE DISEASE

A. THE oo/} T-CeLL ReCEPTOR

The human T-cell receptor (TcR) responsible for HLA-restricted antigen recogni-
tion is a disulfide-linked heterodimer made up of a and B chains, each of
approximately 45 kDa molecular mass. The receptor is present on the surface of
greater than 90% of human peripheral T cells and is expressed as part of a
receptor complex that includes the various subunits of the CD3 molecule as well
as accessory molecules such as CD4 or CDS8 (for review, see Allison and Lanier
1987; Clevers et al., 1988). However, despite the large number of molecules
involved in making up this complex, DNA transfection studies clearly demon-
strate that the specificity of a given T cell is conferred exclusively by the structure
of the TcR a and B chains that it expresses (Dembic et al., 1986). In light of the
specificity of the immune response characteristic of many autoimmune diseases,
the known HLA associations, and the necessity of physical interaction between
HLA molecules and TcR 1n an immune response, knowledge of the nature of the
repertoire of TcR molecules in patients with autoimmune disease may be of
critical importance in understanding the disease processes.

B. OrcanizaTiON OF THE TCR GENES

In contrast to HLA molecules, which display great diversity at the population
level as a result of extensive polymorphism, TcR molecules must be capable of
tremendous structural diversity within a single organism in order to recognize the
diverse world of potential foreign antigens. To generate this diversity, TcRs
employ many of the molecular mechanisms first observed in studies of immu-
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noglobulins. TcR « and B chains have specialized amino terminal variable (V)
regions involved in antigen recognition, and carboxyl terminal constant (C)
regions involved in membrane anchoring and signal transduction. The genes that
encode the TcR chains are arranged in germline DNA as discontinuous gene
segments, which are juxtaposed to create a functional TcR gene through a pro-
cess of specific chromosomal rearrangement during T-cell ontogeny. A func-
tional TcRa gene is assembled from a single variable gene segment (Va), a
joining gene segment (Ja), and a constant region gene (Ca). Likewise, a func-
tional TcRB gene is assembled from one variable gene segment (VB), a diversity
gene segment (D), a joining gene segment (JB), and a constant region gene. In
addition to the combinatorial possibilities available through recombining a wide
variety of gene segments, somatic mechanisms, such as N-region and junctional
diversification, act to provide an additional level of diversity to TcR molecules.
Owing in part to the action of these somatic mechanisms, it is likely that every
individual in the population, even identical twins, will have slightly different
repertoires of TcR specificities (for review, see Wilson ez al., 1988).

1. The TcRB Gene Complex

The human TcRf chain genes are encoded in a complex on chromosome 7 band
q35 (Isobe ez al., 1985). There are an estimated 80 V3 gene segments scattered
over most of the 1000 kilobases (kb) included in the complex (Kimura et al.,
1987; Lai et al., 1988). The two DB gene segments, 13 functional J3 gene
segments, and two C[3 genes are clustered in a region of less than 20 kb at the 3’
end of the TcRP complex (Toyonaga et al., 1985).

Nucleotide sequences corresponding to more than 80 different human V(3 gene
segments have been reported, and these sequences can be divided into 24 differ-
ent subfamilies based on the criteria of 75% or greater shared nucleotide se-
quence homology (Ikuta er al., 1985; Jones et al., 1985; Yanagi et al., 1985;
Concannon et al., 1986; Duby and Seidman, 1986; Kimura ez al., 1986; Leiden
and Strominger, 1986; Siu et al., 1986; Tillinghast et al., 1986; Kimura et al.,
1987, Ferradini et al., 1991; Robinson, 1991). Subfamilies are designated V(3 1-
VB24 with individual member gene segments identified by a number after the
decimal point (e.g., the VB2 subfamily contains two members, VB2.1 and
VB2.2). A physical map of the TcR3 complex generated from deletion mapping,
field inversion gel analysis, and cosmid walking has been constructed and con-
tains approximately one half of the known V3 gene segments (Lai er al., 1988).
Within the complex, gene segments of different subfamilies and of varying levels
of sequence homology are highly interspersed. Therefore, members of a particu-
lar VB subfamily that share a high degree of sequence homology and might be
expected to serve analogous functions in the immune response may not neces-
sarily map near to each other.
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2. The TcRa Complex

The human TcRa genes are encoded in a complex on chromosome 14 bands
ql1-12 (Croce et al., 1985). There are 65 known Va gene segments (although
estimates indicate there may be as many as 100), 61 known Jo gene segments
scattered over approximately 80 kb, and a single Ca gene (Jones et al., 1985;
Yanagi et al., 1985; Yoshikai ez al., 1985; Yoshikai ez al., 1986; Kimura et al.,
1987; Klein et al., 1987; Roman-Roman et al., 1991). In addition, the genes
encoding the delta chain of a second type of TcR, the gamma/delta receptor, are
also encoded within the TcRa complex, between the Va and Ja gene segments
(Lai er al., 1989).

Va gene segments are also classified into subfamilies, according to the same
criteria described above for VP gene segments, and utilize a similar nomen-
clature. There are 29 known human Va subfamilies, but they contain relatively
fewer gene segments than do comparable VB subfamilies, and presumably a
number of Vo subfamilies remain, as yet, unidentified. A physical map of the
TcRa complex comparable to that derived for the TcRB complex has not yet
been constructed. Data from pulsed-field gel analysis indicates that the gene
complex must span approximately 1000 kb (Griesser et al., 1988; Lai er al.,
1989). Only limited information derived from deletion mapping is available to
map the physical relationships of the various Vo gene segments within the
complex (Wilson et al., 1988; Lai et al., 1989).

C. VARIATION IN THE GERMLINE
TcR GENE REPERTOIRE

Polymorphism of genes in the HLA complex was originally detected with
serologic reagents that identified variants later subjected to detailed molecular
analysis. Unfortunately, it has proven more difficult to develop antibodies di-
rected against TcR variable regions in order to carry out a similar analysis. Only
one antibody, which detects a polymorphic determinant on a particular human V
gene segment, has been described. Subsequent nucleotide sequence analysis has
mapped this determinant to one of two amino acid substitutions in the V[36.7
gene segment (Li et al., 1990). In the absence of serologically defined alleles,
molecular approaches will be necessary in order to carry out a thorough assess-
ment of germline polymorphism of TcR genes. Given the potentially large num-
bers of V gene segments, such analysis represents a formidable task.

There are a number of possible sources of immunologically significant poly-
morphism of TcR genes, and, as with HLA, additional combinatorial diversity is
available because of the heterodimeric nature of the molecule. One simple source
of variation in the germline repertoire of V gene segments might be through
variation in the number of gene segments as a result of deletions or duplications.
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For example, in studies of laboratory and wild mice, deletions of Vo and V3
gene segments have been reported in a number of strains (Behlke et al., 1986;
Klotz et al., 1989; Jouvin-Marche et al., 1989). However, Southern blotting
studies utilizing gene-segment probes representative of 14 VB and 10 Va sub-
families to probe human genomic DNA from large numbers (>100) of indi-
viduals have failed to reveal more than a few isolated examples of variation in the
number of human V gene segments (Concannon et al., 1987; Wright, Hood, and
Concannon, in press, 1991).

Such an analysis by Southern blotting is effective for detecting variation in
gene segment number but is relatively insensitive to polymorphism resulting
from nucleotide substitutions within the coding regions of gene segments. Never-
theless, simple coding region substitutions may have important structural and
immunological consequences. Some molecular studies to assess the level of
sequence polymorphism in individual V genes have been carried out. Nucleotide
sequence analysis of alleles of the VB1 gene has revealed an amino acid substitu-
tion that is tightly linked to a Taql RFLP (Robinson, 1989). Similarly, nucleotide
sequence analysis of the Va21 gene segment has identified a rare variant contain-
ing a nonsense mutation as well as several common alleles that differ because of
silent nucleotide substitutions (Wright, Hood, and Concannon, in press).
These isolated examples suggest that, while variation in gene segment number
appears to be uncommon in human populations, there exists some level of
coding-region polymorphism, not well characterized as yet, which can contribute
to genetic differences in the TcR repertoire between individuals in human
populations.

By far the most common form of polymorphism observed in the human TcR
gene complexes is RFLPs. In general, these polymorphisms lie outside of known
coding regions. Nevertheless, they provide useful markers for following the
genetic inheritance of these immunologically important loci, and allow the con-
struction and characterization of haplotypes even in the absence of knowledge of
specific V gene polymorphism.

D. Disease AssociATioON Stupies witH TcR RFLPs

1. Population-Based Studies

HLA molecules with their bound peptide antigens and the variable regions of
TcR molecules must physically interact in the course of an immune response. As
indicated in Section I of this chapter, polymorphism of HLA molecules can play
an important role in susceptibility to autoimmune diseases. However, in many
cases, inheritance of predisposing HLA alleles cannot account for all of the
genetic susceptibility to a particular disease. These observations, among others,
have led a number of investigators to test the hypothesis that genetic variation in
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the germline TcR repertoire might play a similar predisposing role in autoim-
mune disease.

The association between HLA alleles and susceptibility to certain autoimmune
diseases was first observed in population-based disease-association studies. In
these studies, the frequencies of alleles at a given locus are measured in a disease
population and compared to those from a matched healthy control group. De-
pending on the degree of linkage disequilibrium between the polymorphic locus
studied and other loci in the region, the marker does not necessarily have to be
the gene responsible for disease susceptibility, but could serve simply as a marker
for other genes being carried on a particular haplotype. Strong linkage disequilib-
rium between alleles at different loci in the HLA complex has been a hallmark of
disease-association studies with HLA genes, and has necessitated an approach in
which whole haplotypes are considered, as discussed in Section I. Therefore, by
analogy to HLA, the existence of RFLPs among, but not necessarily within, the
TcRa and TcRP genes suggests the opportunity to test for possible genetic
associations between autoimmune diseases and TcR genes. Some of the diseases
that have been studied for TcR gene associations include ankylosing spondylitis
(Durand et al., 1988), autoimmune hyperthyroidism (Weetman et al., 1987),
Graves’ disease (Demaine et al., 1987; Weetman et al., 1987), IDDM (Hoover et
al., 1987; Martell et al., 1987; Millward et al., 1987; Ito et al., 1988; Sheehy et
al., 1989; Concannon et al., 1990; Niven et al., 1990), membranous nephropa-
thy (Demaine et al., 1988; Niven et al., 1990), multiple sclerosis (MS) (Martell
et al., 1987; Oksenberg er al., 1988, 1989; Beall et al., 1989; Seboun et al.,
1989; Fugger et al., 1990), myasthenia gravis (Smith et al., 1987; Oksenberg et
al., 1988, 1989), rheumatoid arthritis (Gao et al., 1988), and systemic lupus
erythematosus (Fronek et al., 1986; Wong et al., 1988; Perl et al., 1989). Two of
the most extensively studied of these disorders are MS and IDDM. Table I
summarizes the results of population-association studies of these two diseases,
which are typical of results obtained for many of the others cited above.

The results in Table I are difficult to interpret for a number of reasons. First,
there are conflicting results arising from different investigations. This is not
unexpected in population studies, which are, in general, only suggestive of the
existence of disease-susceptibility genes. Differences from one study to another
may be attributable to a variety of causes, including clinical heterogeneity or the
use of different sets of RFLP markers by different groups. Second, negative
results from such studies must be treated cautiously, since they might reflect
either the absence of a nearby disease-susceptibility locus, or simply the absence
of sufficient linkage disequilibrium to detect such a locus. Third, these studies
are of relatively limited resolution compared to analogous HLA studies. This is
because most of the TcR RFLPs studied to date are biallelic or rarely triallelic.
By contrast, HLA genes and their products are highly polymorphic and, there-
fore, carry a higher information content in genetic studies. Fourth, because of the
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TABLE |
TcR Disease Associations

Disease
HLA TcR marker  Assocation
Disease association Study
Multiple sclerosis DR2 \%¢) + Beall et al. (1989)
A4 - Fugger et al. (1990)
CB - Martell et al. (1987)
CB - Oksenberg et al. (1988)
Va + Oksenberg et al. (1989)
Ca + Martell (1987)
Insulin-dependent DR3,DR4 CB + Hoover et al. (1987)
diabetes mellitus CB + Millward et al. (1987)
(IDDM) cB + Ito et al. (1988)
cB - . Martell ez al. (1987)
cB - Niven et al. (1990)
Ca - Hoover et al. (1987)

known HLA associations for many autoimmune diseases, it may be necessary to
stratify the TcR marker data by HLA type in order to see an association.

2. Muitiple Sclerosis

An examination of the studies in Table I highlights many of the difficulties with
population-based disease-association studies involving TcR genes. In the case of
MS, four studies have been reported utilizing markers in the TcRp locus. Two
studies, by Beall er al. (1989) and Fugger et al. (1990) employ the same set of
VB markers but yield different results. However, the studies may not be com-
parable for clinical reasons, as one study focuses on patients diagnosed as chron-
ic progressive MS and the other, on relapsing—remitting MS patients. The study
by. Beall et al. (1989) also demonstrates an effect of stratification by HLA type,
as the reported TcR association is stronger in DR2-positive MS patients. Two
additional studies utilize only CB markers (Martell et al., 1987, Oksenberg et
al., 1988). These studies are negative, and, therefore, are at odds with the VB
study of Beall er al. (1989). The use of RFLPs detected with the CB probe in
these studies and in many of the other cited disease studies raises an important
question. Since the constant region is unlikely to be involved directly in antigen
recognition and therefore in disease pathogenesis, it must be assumed that this
marker is serving as a haplotype marker via linkage disequilibrium with the
nearby V genes. However, in the case of the TcRB complex, for which mapping
data is available, many of the VB gene segments are physically far removed from
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CB and might not be expected to be in linkage disequilibrium with the CB
RFLPs.

Confirmation of the presence of a disease-susceptibility gene in the TcRa or
TcRB complexes requires a formal demonstration of linkage between the TcR
complex and the disease of interest. Classically, this requires family studies. A
limited number of such studies have been carried out with regard to the TcRa and
TcRp genes. These studies have employed the method of affected-sib-pair analy-
sis as was previously used to confirm HLA associations with various autoim-
mune diseases. In such a study, the investigator uses one or several markers that
allow the independent identification of each of the four parental haplotypes in a
family. The segregation of these haplotypes is followed in multiplex disease
families, and statistical tests are applied to determine whether affected siblings
preferentially share parental haplotypes for the markers in question. Such studies
have a number of significant advantages for studying the inheritance of the TcR
gene complexes. First, it is not necessary to specify the mode of inheritance in
advance. Second, these studies assay haplotype sharing without regard to the
exact nature of the haplotype itself. Therefore, in a case such as the TcRB gene
complex, the investigator can use multiple genetic markers in order to make most
of the families studied informative. These data can then be pooled, since the
chances of encountering a recombinant in the complex in one of the families
under study is relatively low (<€1%). In contrast, in a population study, even such
low levels of recombination would be sufficient to randomly assort the alleles of
different markers within the gene complex. Using affected-sib-pair analysis,
Seboun et al. (1989) were able to avoid many of the pitfalls of the population
studies cited in Table I, and provide strong evidence for an MS-susceptibility
gene in or near the TcRB complex. In addition, one particular TcRB haplotype
was observed to be over-represented in MS patients compared to their unaffected
sibs and provides an important target for future investigations.

3. Insulin-Dependent Diabetes Mellitus

Table I also summarizes the results of population-based association studies with
TcR genes in another autoimmune disease, IDDM. All of the studies reported
use RFLPs detected with C gene probes, five with CB and one with Ca. The
positive associations reported for C in three of the studies, Hoover ez al. (1987),
Millward et al. (1987), and Ito et al. (1988), were revealed by stratification of the
TcR data according to HLA type. In at least one case, Niven e al. (1990),
negative results were also obtained from a data set stratified by HLA type.
Because of the consistent use of C gene probes, all of these studies are open to
the question of whether this choice of marker is suitable to infer information
regarding V gene inheritance.

In order to test the hypothesis that inheritance of TcRa or TcRf genes is
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involved in the pathogenesis of IDDM, affected-sib-pair studies in multiplex
IDDM families have been carried out. Contrary to the results of the population
studies in Table I, neither the TcRa (Sheehy et al., 1989; Concannon et al.,
1990) nor TcRB (Concannon et al., 1990) gene complexes show a statistically
significant association with IDDM in family studies. Therefore, in IDDM, unlike
MS, family studies were unable to confirm population-based associations. Fur-
thermore, in only two of the studies of MS or IDDM was there concordance
between data collected in population studies with a Cf probe and the results of
family studies.

4. TcR Haplotypes

Many of these issues hinge on the question of the extent of linkage disequilibri-
um that exists between various RFLP markers within the TcRa and TcRB com-
plexes. If linkage disequilibrium is strong, then a limited number of haplotypic
combinations of markers will exist, and the use of one or a limited number of
markers in a population-based disease-association study would be justified. Con-
versely, if the alleles at various marker loci are randomly associated with each
other such that there are many haplotypic combinations in the population, then
the testing of many markers will be required, and the ability to exclude associa-
tion greatly reduced. While it is possible to use studies of multiplex disease
families, as in the cited examples of MS and IDDM, to avoid this problem, the
resources to carry out such studies may not be available for all autoimmune
diseases.

One way to address this issue is to directly determine the frequencies of
particular haplotypes by segregation studies of markers in normal families. This
information can then be used to guide the selection of markers for population-
based discase-association studies. An initial step toward defining the haplotypic
relationships between various TcR RFLP markers has been taken by Charmley
and co-workers (Charmiley et al., 1990). In their studies they tested the segrega-
tion of eight different RFLPs in the TcRB complex, six defined by different VB
gene segment probes, and two defined by CB gene probes. The segregation
patterns of these RFLPs were followed in 40 large families of predominantly
northern European Caucasian ancestry containing a total of 530 members. The
results of these studies have important implications for disease-association stud-
ies of the TcRB complex. First, they concluded that the vast majority of V3 gene
segments are not in linkage disequilibrium with the known CB RFLPs. There-
fore, population-based studies utilizing C@ RFLPs alone are unlikely to detect
disease associations to the TcRB complex and are incapable of excluding them.
Second, they observed statistically significant linkage disequilibrium only be-
tween physically adjacent pairs of V3 RFLP marker loci. Therefore, it should be
possible to carry out a systematic search for population-based disease associa-



144 GERALD T. NEPOM AND PATRICK CONCANNON

tions with genes in the TcRB complex by utilizing a panel of well-spaced mark-
ers of known linkage relationship. Such a study would then have a strong like-
lihood of detecting an association if it existed or of excluding one if it did not.
Similar results might be expected from an analysis of the TcRa locus, since in a
study of Va RFLP markers in normal families, Robinson (1987) observed a
variety of different haplotypes, suggesting frequent genetic recombination within
the TcRa complex.

In addition to examining the frequencies of alleles at a panel of individual
marker loci in disease studies, haplotypes can also be constructed in the absence
of segregation data for individuals homozygous for all but one of a panel of
linked markers studied. The frequencies of haplotypes in affected individuals can
then be compared to the frequencies for normal individuals derived from segre-
gation analysis, as previously described. While this approach can lead to a large
reduction in the number of informative affected individuals in the study by
excluding those that are heterozygous at multiple marker loci, it can sometimes
reveal associations not detectable through the analysis of individual markers. For
example, Beall er al. (1989), in their previously cited study of TcRp complex
RFLPs in MS patients, observed statistically significant differences only in TcR
haplotype frequencies between their MS patient population and controls but not
in the frequencies of alleles for any individual marker.

E. SummARry

Compared to the study of HLA genes and disease, the study of TcR gene
polymorphism and its impact on autoimmunity is in its infancy. While a great
deal of basic information regarding TcR gene polymorphism remains to be
determined, the tools are available to begin to assess the role of germline TcR
repertoire variation in autoimmunity. Already these studies have provided strong
evidence for a role of the TcRf3 complex in susceptibility to multiple sclerosis,
but many other putative associations remain to be investigated. It should be
remembered, however, that the TcR repertoire is shaped by many factors that
may not show direct genetic linkage to the TcR gene complexes themselves.
Section 111 suggests some other possible roles for the TcR repertoire in autoim-
mune diseases.

Ill. HLA-T-CELL RECEPTOR INTERACTIONS

A. THE NormAL IMMUNE RESPONSE

Disease-association studies such as those cited in Sections 1 and II have been
instrumental in identifying inherited components of autoimmune disease suscep-
tibility in the HLA complex and, to a lesser extent, in the TcR complexes.
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Mechanisms of pathogenesis involving these gene complexes, however, remain
unknown. Since a large number of HLA class II-associated autoimmune dis-
eases are mediated by T cells, there are several opportunities for the products of
HLA genes and of TcR genes to interact, at various biological sites, with impor-
tant consequences for disease susceptibility.

The most obvious interaction between TcR and HLA molecules occurs in
HLA-restricted antigen recognition, where an accessory cell such as a B cell or
monocyte presents a complex of an HLA class II molecule with its bound peptide
antigen to a mature T cell bearing a receptor specific for that HLA—antigen
complex. This event occurs in the peripheral immune system, perhaps in the
target organ itself, long after genetic and somatic factors have acted to shape the
TcR repertoire of the individual. Presumably, in autoimmune diseases that are T-
cell dependent, this event is the trigger for the autoimmune process. There is a
requirement for great specificity at this step, based on the use of specific V3 and
Va gene segments in the TcR; therefore, it provides a critical opportunity for
therapeutic interruption of the discase process. Recent attempts at specific immu-
nosuppression in experimental autoimmune diseases are based on this sort of
anti-VB therapy, with promising results (Acha-Orbea er al., 1988; Urban er al.,
1988; Zaller er al., 1990).

A second type of interaction between HLA and TcRs occurs earlier, during the
development of the immune system in a given individual, and results in a biasing
or shaping of the T-cell repertoire in favor of T cells expressing receptors that can
effectively recognize the complex of self-HLA and antigen in the periphery. This
shaping of the repertoire represents a compromise between the dual needs of an
individual to be able to respond effectively to all potential antigen challenges,
and to avoid self-reactivity, that is, to be self-tolerant. As described in Section II,
the potential repertoire of TcR specificities in an individual is dependent on the
rearrangement of germline-encoded V, D, J, and C elements. The rearrangement
of these gene segments occurs in immature T cells in the thymus, which subse-
quently express a mature TcR heterodimer on their cell surface. T cells express-
ing the /B TcR heterodimer then undergo a selection process in the thymus
based on their ability to interact with self-HLA molecules (or self-antigens bound
to self-HLA) expressed on thymic epithelial cells. These self-HLA molecules, of
course, are determined by the HLA haplotypes present in that individual; hence,
this selection process results in a phenotype of a specific TcR repertoire, but is
genetically dependent on HLA type.

Two types of selection events are thought to occur as T cells transit the thymus.
First, T cells that are autorcactive and recognize self-antigens in the thymus with
high affinity are deleted in a primary selection event known as negative selection
(Kappler et al., 1987, Marrack er al., 1988). These cells fail to mature into
functional T cells, and undergo a programmed cell death. Therefore, this nega-
tive selection plays a critical role in establishing self-tolerance. Second, T cells
that are not deleted, but whose receptors still maintain the ability to interact with
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self-HLA molecules, are positively selected to differentiate and mature (Kisielow
etal., 1988; Teh et al., 1988). It is these cells that ultimately exit the thymus and
establish the peripheral T-cell repertoire. Both these negative and positive selec-
tion events, because of their dependence on specific HLA recognition, are poten-
tially key factors in the generation of autoreactive TcR specificities contributing
to autoimmune disease.

B. Autommmune DiIsease

Both of the levels at which TcR and HLA can interact, thymic selection and
peripheral recognition, are fundamental to our understanding of disease suscepti-
bility. It is possible that in different autoimmune diseases, the critical HLA-TcR
interactions may be entirely different. In some cases, the important recognition
event may occur in the thymus, while in others, it may be in the peripheral
lymphoid organs. Perhaps even more intriguing is the possibility that diseases
which display multiple HLLA associations, both positive and/or negative, may
reflect the additive contributions of each of these types of HLA-TcR interaction.
Consider, for example, the case of IDDM. As discussed in Sections I and 11,
IDDM is associated with the DQ3.2 molecule encoded on the DR4 haplotype and
shows no apparent association with TcR alleles. Analysis of the relative risk for
IDDM in individuals stratified according to the second HLA haplotype they carry
(besides the DR4 DQ3.2 susceptible haplotype) clearly indicates that some hap-
lotypes, such as DR3, have a synergistic effect in combination with DR4, while
others, such as DR2Dw2, have a dominant protective effect (Thomson er al.,
1988).

In the context of HLLA genes, dominant protection means that one HLA
haplotype or gene, present in a heterozygote, prevents the expression of a disease-
susceptibility phenotype attributed to the other HLA haplotype. The protective
effect of DR2 in IDDM is such an example: Although individuals with the DQ3.2
gene have a relative risk of disease of approximately 8.0, DR2/DQ3.2 hetero-
zygotes have a relative risk less than 1.0 (Baisch er al., 1990). In considering
HLA-TcR interactions, this dominant effect of certain HLA alleles might result
from the negative selection of T cells described above. Therefore, it is appealing to
hypothesize that the protective effect of DR2 in DR2/4 heterozygous individuals
may reflect the elimination of potentially autoreactive T-cell clones during thymic
maturation in the presence of HLA class 1I molecules expressed on the DR2
haplotype.

The enhancing effect of the DR3 haplotype in DR3/4 heterozygotes might also
reflect HLA-TcR interactions during thymic selection events. On the one hand, a
hypothesis consistent with negative selection is that regulatory T cells, capable of
controlling potentially autoreactive T-cell clones, are eliminated during thymic
maturation in the presence of molecules encoded on the DR3 haplotype. The role
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of the DQ3.2 molecule might then be in direct presentation of an islet cell antigen
to autoreactive T cells, perhaps as a result of its aberrant expression on islet cells.
On the other hand, there could be some specific interaction between DR3- and
DR4-encoded molecules in the thymus that acts to positively select for autoreac-
tive T cells, which are later stimulated in the periphery in association with a
sequestered or occult antigen, basically increasing the precursor frequency of
pathogenic T cells (and therefore the susceptibility) compared to a DR4/non-
DR3 individual.

In each of these interaction models, although the key genetic event is the loss
or gain of T cells expressing a particular class of TcR, the effect maps to the HLA
locus, not the TcR loci. This is because the specificity of the interaction is
dependent on the polymorphic sites of HLA molecules that account for self—
nonself discrimination. This is an important consideration, and challenge, in the
study of autoimmunity, since it identifies an important developmental pathway
predisposing to disease susceptibility. This is not an isolated example, as other
autoimmune diseases display multiple HLA associations, both positive and nega-
tive, similar to IDDM. For example, rheumatoid arthritis is positively associated
with DR4 but negatively associated with DR2, while pemphigus vulgaris is
positively associated with independent alleles at the DRB and DQ loci.

C. Future DIRECTIONS

The nature of interactions involving HLA and TcR molecules discussed above
suggests two different potential lines of investigation to elucidate the mecha-
nisms of autoimmunity by working backward from genetically associated ele-
ments. First, in diseases where peripheral antigen recognition is the primary
inciting event, a detailed understanding of the way in which the associated HLA
and/or TcR molecules interact, even in the absence of knowledge of the relevant
antigen, may help to identify critical structural features of the molecules involved
in pathogenesis. Identification of a critical TcR, for example, might provide a
specific site for clinical intervention with anticlonotypic antibodies (Acha-Orbea
etal., 1988; Urban ez al., 1988; Zaller et al., 1990). Alternatively, knowledge of
important HLA residues involved in peptide binding by a susceptible allele might
facilitate the development of high-affinity peptide antigens that could block the
critical HLA-TcR interaction that triggers disease (Urban e al., 1989; Wraith et
al., 1989). Second, in diseases where thymic selection appears to play a critical
role, comparisons of the use of specific TcR V genes in individuals carrying
susceptible and protective HLA genotypes might allow the identification of the
critical TcR(s) whose deletion results in dominant protection. Such consider-
ations provide an opportunity to open a new door to intervention therapies based
on specific blocking of HLA-TcR interactions.
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EDITORS" NOTE:

Nepom and Concannon have provided a coherent account of the association of MHC class 11
determinants with autoimmune disease. There is no doubt that this work is a landmark in the
understanding of the genetics of autoimmunity. It has already raised new possibilities for treatment
and may well lead to new opportunities for prevention of autoimmune diseases by identifying
individuals at great risk of future disease. It is dealt with in more detail in chapter 17.
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CHAPTER 6

Molecular Mimicry
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I. INTRODUCTION

Several mechanisms have been proposed to explain how self-tolerance is broken
and autoimmune disease is initiated. Diseases with an autoimmune foundation
include many of the chronic debilitating diseases of man, such as rheumatoid
arthritis, diabetes, systemic lupus erythematosus, autoimmune kidney, skin,
heart, and thyroid diseases, as well as multiple sclerosis. While these diseases
can involve many organ systems, all have been associated with infectious agents
either initiating or exacerbating the various conditions.

Thoughts toward microbial initiation of autoimmune responses have been
studied for many years. The idea that organisms have cross-reacting determi-
nants and induce immune responses to self is the basis for one of the mechanisms
explaining microbial pathogenesis of autoimmunity. While this concept of cross-
reacting determinants has existed for many decades, the term molecular mimicry
was first ascribed to microbes or infectious agents and host-cell components in
the early 1960s (Damian, 1964). For the next 20 years, the term disappeared and
was forgotten. However, in the 1980s, the term molecular mimicry reemerged as
new and better techniques were developed to study this phenomenon at a mo-
lecular level (Fujinami et al., 1983). While these new approaches have been
established, i.e., the use of synthetic peptides, computer-aided protein and nu-
cleic acid database analyses, and identification of the major histocompatibility
complex (MHC) and T-cell receptor molecules, the basic mechanisms involved
in tissue injury remain the same.

Immune responses are generated by the host in response to invading microbes.
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If the organism shares a common immunologic determinant with the host, a
cross-reactive immune response is generated. The immune response to the invad-
ing organism can then be directed toward the host-cell component that shares the
epitope, and limited to a particular tissue or systemic element. This can occur at
the level of antibodies or T cells. What is important is that the cross-reacting
immune response must take place between a disease-inducing region or site on a
self-molecule, i.e., encephalitogenic site (Fujinami and Oldstone, 1985). For
example, a cross-reacting immune response must be generated to an encepha-
litogenic site in a genetically susceptible animal in order for experimental allergic
encephalomyelitis involving inflammation and demyelination to occur in the
central nervous system. Both specific and nonspecific recognition of the target
molecules are associated with disease. If the induced immune response is to a
cross-reacting site that is not a disease-inducing region, autoantibodies may be
produced. However, no overt disease would result with any significant patholog-
ic consequences.

In the example above, T cells to critical disease-inducing epitopes from myelin
basic protein are involved in the pathology. In other instances, antibody may
initiate tissue injury via complement activation, and/or antibody-dependent cell-
mediated lysis. Various combinations of T cells and antibody-effector mecha-
nisms can be involved in the recognition of self that leads to disease.

This chapter will in most instances deal with articles published within the past
several years. Unfortunately, all references relating to the subject cannot be
included. Selected articles are included to make certain points. For additional
articles on the subject from prior years, the reader is referred to Fujinami and
Oldstone (1989).

Il. STREPTOCOCCUS AND HEART
—EARLY MODEL

Some of the earliest associations between microbes and autoimmune disease
have been studied in the streptococcus organism. Here, various streptococcal
cell wall and membrane components have been found to have common or shared
determinants with heart (Unny and Middlebrooks, 1983). The group A strep-
tococcus can initiate an acute myocarditis, which later, with subsequent infec-
tions or by autostimulation with heart valve antigen(s), leads to chronic rheu-
matic heart disecase (Williams, 1985). Several antigens have been implicated in
disease. For example, M protein associated with the streptococcal cell wall and a
heart muscle determinant have been studied. An epitope similarity between
group A streptococcal M protein and myosin has been demonstrated by Cun-
ningham et al. (1989). Cross-reacting immune responses to this determinant may
contribute to the presence of heart-reactive antibodies in acute rheumatic fever.
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These investigators (Cunningham et al., 1989) found that human and mouse
antibodies to a particular sequence found in M protein bound to heart tissue.

Other streptococcal antigens include complexes of mucopeptide and polysac-
charide antigens, which can generate cross-reacting immune responses that can
lead to myocardial and valvular lesions in animals. Mucopeptide composed of N-
acetylglucosamine and N-acetylmuramic acid associated with a particular tetra-
peptide provoked potent cardiac lesions in susceptible animals (reviewed in Unny
and Middlebrooks 1983). The streptococci—heart models have been and still are
important systems for understanding the molecular basis of autoimmune
disorders.

. EXPERIMENTAL ALLERGIC
ENCEPHALOMYELITIS

Experimental allergic encephalomyelitis (EAE) is an autoimmune disease of the
central nervous system, which can be induced in susceptible animals by injection
with myelin components, particularly myelin basic protein and more recently
proteolipid protein. The antigen, myelin basic protein, has been sequenced and
the encephalitogenic (disease-inducing) regions have been well established for a
wide variety of animal species. This is an animal mode! for multiple sclerosis and
the postinfectious encephalopathies. Several years ago we made the observation
that viruses share common determinants with host-cell proteins and reestablished
the term molecular mimicry (Fujinami et al., 1983). In extending these observa-
tions, additional experiments were conducted. First, computer comparisons were
made with known sequenced viral proteins and the encephalitogenic regions of
myelin basic protein for various species of animals (Fujinami and Oldstone,
1985). Several similarities were uncovered. These included the nucleoprotein
and hemagglutinin of influenza virus; the coat protein of polyoma virus; the core
protein of adenovirus; the polyprotein of Rous avian sarcoma, and Abelson
leukemia viruses; the polyprotein of poliomyelitis virus; and the EC-LF2 protein
of Epstein—Barr virus. At that time the best fit was with the hepatitis B virus
polymerase and the encephalitogenic region of myelin basic protein for the
rabbit. Since this region was the rabbit encephalitogenic site, rabbits were immu-
nized once with the viral peptide. Three questions were addressed: first, whether
autoantibodies could be generated; second, whether cellular reactivity to myelin
basic protein could be observed; and third, whether disease could be produced.
In most of the animals, autoantibodies to myelin basic protein were generated. In
half of the rabbits immunized with the viral peptide, peripheral blood mono-
nuclear cells from the animals proliferated in response to myelin basic protein.
Central nervous system tissue taken from some of these rabbits had a histologic
picture resembling EAE (Fujinami and Oldstone 1985). These seminal experi-
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ments demonstrated that a viral determinant could trigger the production of
autoantibodies and self-reactive mononuclear cells by molecular mimicry, and
under suitable conditions, pathologic changes in the target organ could result.
Further, these experiments suggested that tissue injury resulting from autoim-
mune responses could take place in the absence of the infectious agent that
initiated or generated the cross-reacting immune response.

More recently, Weise and Carnegie (1988) found, using computer search,
sequence similarities between myelin basic protein and several viral proteins.
Sequence similarities with visna and vaccinia viruses and myelin basic protein
were found, as well as mimicry between P2 protein (found in peripheral nerve)
and influenza A NS2 protein. These investigators suggested an association with
P2 and influenza virus in Guillain-Barré syndrome. In other studies, Rubio and
Cuesta (1989) could detect no cross-reaction between myelin basic protein and
Theiler murine encephalomyelitis virus, SV5, and measles virus by an antibody
radioimmunoassay. In these instances, conformational determinants not recog-
nized by these antibodies were not studied, nor were T-cell epitopes critical for
the induction of pathologic changes in Theiler’s virus infection or measles virus
encephalomyelitis where the necessity for CD4+ T cells has been reported.

IV. UVEITIS

An interesting model for autoimmune disease is experimental autoimmune
uveitis. This experimental autoimmune disease can be produced by the injection
of a soluble retinal protein, known as S antigen, into a susceptible host. This
animal disease model serves as an experimental correlate for human ocular
inflammation. Singh ez al. (1989b) found a region of the S antigen that had an
amino acid sequence similar to the yeast histone protein, H3. The common
determinant was found to reside in a 15-amino-acid peptide covering residues
106—121. The yeast histone H3 peptide as well as the native yeast histone could
induce an inflammatory uveitis in Lewis rats when animals were immunized with
histone antigen and adjuvant. Lymph node cells from such animals immunized
with the peptide M (uveitopathogenic peptide from S antigen), histone H3 pep-
tide, or native histone proliferated when cultured in the presence of histone or §
antigen preparations. Lymph node cells from these rats could also transfer the
disease to naive rats. In other experiments, Singh et al. (1989a) induced experi-
mental autoimmune uveitis using another synthetic peptide corresponding to a
common region from an Escherichia coli protein and the uveitopathogenic site in
human S antigen (peptide M). The disease induced in rats by the E. coli peptide
was similar to that produced by the injection of peptide M. Lymph node cells
from animals immunized with either peptide (E. coli or peptide M) proliferated
in response to one or the other peptide. In additional studies, Singh ez al. (1990)
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described another system in which the S antigen has a cross-reactive determinant
with several viruses. These investigators demonstrated that hepatitis B virus
DNA polymerase, gag-pol polyprotein of baboon endogenous retrovirus, and a
similar protein from AKV murine leukemia virus had an amino acid segment
similar to that of the disease-inducing region from the S antigen (peptide M).
Proliferative responses to the viral peptides could be generated when animals
were injected with peptide M. Thus, tissue injury due to infection with several
different and diverse agents having a cross-reacting determinant with the peptide
M potentially could induce autoimmune eye injury. One of the key issues or
questions is to understand what regulatory mechanisms or modulating factors,
such as MHC contributions, are involved in disease induction. For example, E.
coli is a common inhabitant of the host’s normal flora yet is not associated with
spontaneous eye disease. Additional factors are necessary to generate a cross-
reacting response that attains a certain threshold resulting in injury to the host.

V. SYSTEMIC LUPUS

This autoimmune disease expresses itself as a systemic vasculitis of many organ
systems. While this disease entity has been investigated for many decades, the
etiology is still unclear. Several new approaches have recently been used. For
example, advances in molecular biology have allowed Query and Keene (1987)
to construct a cDNA library from brain. Using autoantibodies from patients with
connective tissue disease, these investigators were able to isolate a 70-kDa
protein associated with Ul snRNP. This complex is an autoantigen often associ-
ated with this autoimmune disorder. A region from the 70-kDa protein had a
domain similar to that of the gag protein from type C retroviruses. Synthetic
peptides to this region were constructed, and these peptides could inhibit the
binding of the patients’ autoantibodies. Immunization of animals with the p30
gag from retrovirus could induce antibodies that bound to the Ul snRNP. Query
and Keene (1987) suggest that immune responses to such a cross-reacting epitope
from a retrovirus could play a role in generation of autoantibodies involved in
disease.

In a similar system, Guldner et al. (1990) studied autoantibodies from patients
with connective tissue disease and systemic lupus erythematosus. Their sera
contained antibodies that bound to the snRNP-specific p68 protein as determined
by enzyme-linked immunosorbent assay (ELISA) and Western blotting. In addi-
tion, these antibodies were found to bind to the M1 matrix protein of influenza B
viruses. They further narrowed the determinant in common between the p68
protein from snRNP and influenza M1 protein to a stretch of five amino acids
(ERKRR), using synthetic peptides and fusion proteins produced in E. coli. Such
a common determinant from influenza B virus could play a role in the initiation
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of the p68 protein response and anti-RNP autoimmune responses in this disorder.

Argov et al. (1989) have examined sera from patients with both visceral and
cutaneous leishmaniasis. They found that antibodies from these patients con-
tained specificities to nine nuclear antigens. These antigens are common with
those binding with antibodies from lupus patients. Particularly, these were anti-
Sm, RNP, SS-A, and SS-B autoantibodies. In one patient with visceral leish-
maniasis, serum was obtained that reacted with all of these antigens by Western
blotting. These same antigens were recognized by serum from a patient with
systemic lupus erythematosus. The binding of the leishmaniasis serum to the Sm,
RNP, SS-A, and SS-B determinants could be inhibited by prior incubation of the
serum with either a membrane preparation or intact cells from four species of
Leishmania indicating common determinants with the parasite and ribonucleo-
proteins. Thus, not only viruses but also parasites have common determinants
with self-antigens implicated in systemic lupus. These cross-reacting epitopes,
associated with the B-cell hyperresponsiveness, may be key components in the
syndrome called lupus.

VI. ARTHRITIS

Several experimental models have been developed to study this human disease.
Two experimental autoimmune systems entail the immunization of susceptible
animals with either collagen or derivatives of mycobacteria in adjuvant.

Studies involving adjuvant-induced arthritis have been expanded by van Eden
etal. (1989). This is an experimentally induced autoimmune disease in which joints
are affected; it is initiated in susceptible animals by the injection of mycobac-
teria. There appears to be a common epitope, that is recognized by T cells,
present on a 65-kDa heat-shock protein in mycobacteria. This determinant is
found on a cartilage-associated molecule found in the joints. These investigators
(van Eden ez al., 1989) provide evidence that rheumatoid arthritis patients have
immunological reactivity to the 65-kDa heat-shock protein, and this is involved
in human disease.

Dudani and Gupta (1989) have determined that a human mitochondrial pro-
tein, P1, has sequence similarity to the 65-kDa mycobacterial heat-shock antigen
as well. They have developed several monoclonal antibodies (MAbs) to the 65-
kDa protein from Mycobacterium leprae. Some of these MAbs stained mito-
chondria and reacted with the human P1 protein. These investigators also demon-
strated common elements between other bacterial and viral proteins. They sug-
gested that some of these cross-reacting determinants are involved in rheumatoid
arthritis.

In another model, Munk et al. (1989) found that in normal human subjects,
peripheral blood mononuclear cells activated in vitro to killed Mycobacterium
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tuberculosis could kill autologous target cells. Target cells could be primed with
M. tuberculosis or tryptic fragments but not with the intact 65-kDa protein. To
determine whether the reactivity could be targeted to self, synthetic peptides
from various regions of the 65-kDa protein in common with bacterial and human
sequences were constructed and used to prime targets. Cytotoxic T cells gener-
ated with killed M. tuberculosis lysed autologous target cells primed with the
peptide derived from the human 65-kDa protein. In addition, these investigators
(Munk et al., 1989) used HLA-DR transfected murine L cells as targets, and
found that killing took place in the context of class 1II; that is, killing was class 11
restricted. This demonstrated that a cross-reacting determinant at the T-cell level
could result in tissue injury.

Similarly, Koga et al. (1989) found that the 65-kDa human protein could be
induced in macrophages by gamma interferon or viral infection. Such treated or
infected human macrophages were recognized by CD8+ T cells specific for the
bacterial heat-shock protein. This suggests that self-heat-shock proteins are pro-
cessed in host cells and that epitopes shared by heat-shock proteins of bacterial
and host origin can be presented in the context of class | molecules and recog-
nized by class I-restricted T cells. From these two reports it appears that the host
65-kDa protein can be recognized and presented either in the context of class 1
or II MHC determinants.

Lewis rats are susceptible to an autoimmune arthritis induced by the injection
of streptococcal cell walls or by mycobacteria (as described above). Deloy er al.
{1989) have demonstrated that lymph node cells from such animals proliferate in
response to streptococcal cell walls or M. tuberculosis. T-cell lines generated
from animals with streptococcal cell wall-induced arthritis were able to transfer
the disease to naive recipients. These T-cell lines proliferated in response to cell-
wall antigens derived from either mycobacteria or streptococci. The T-cell lines
did not response to the 65-kDa protein from mycobacteria, suggesting that the
determinants involved in this model are distinct from those of the mycobacterial-
induced heat-shock model, and that other antigens play a role in arthritis induc-
tion. In contrast, van Den Broek et al. (1989) reported that streptococcal cell
wall-induced arthritis in rats could be prevented by prior treatment of the rats
with the 65-kDa heat-shock protein from mycobacteria. These investigators ad-
ministered four injections of the 65-kDa protein to Lewis rats before immuniza-
tion with the streptococcal cell-wall preparation. Both the clinical and histo-
pathologic signs of the polyarthritis were suppressed or prevented. This
suppression could be transferred to naive recipients using splenic T cells. Further
experiments defining the roles of various antigens and specificities should clarify
this point.

Two developing arthritis models involve mycoplasma and viral agents. Fern-
sten er al. (1987) have developed a MAb to a 46-kDa polypeptide, which is
specific for Mycoplasma hyorhinis, an organism associated with arthritis. This
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protein has a common determinant with a host cellular protein(s) of 24 kDa
(doublet) in size, as determined by Western blotting.

Along this line, Sulitzeanu and Anaft (1989) found a sequence similarity with
the major Epstein—Barr nuclear antigen (EBNA)-1 protein from Epstein—Barr
virus and collagen and keratin. Thus far these investigators have made a predic-
tion only from sequence comparisons and are determining whether anticollagen
and keratin antibodies cross-react with EBNA-1 peptides. Their suggestion is
that Epstein—Barr virus may be involved in the pathogenesis of arthritis. Further
study as to how these epitopes are involved in the actual pathogenesis will prove
provocative.

VII. ANKYLOSING SPONDYLITIS
AND REITER’'S SYNDROME

A common feature of patients with ankylosing spondylitis and reactive arthritis is
that most have the HLA-B27 haplotype. Ogasawara et al. (1986) found that an
anti-HLA-B27 MADb, M2, reacted with several bacteria, some of which are
associated with chronic inflammation observed in this syndrome. By Western
blotting two protein antigens (60 and 80 kDa molecular mass) from Klebsiella
pneumoniae were visualized using the MADb. Seven other gram-negative bacteria
were also tested, and no reactivity was observed. Antibodies generated to the 80-
kDa protein were found to bind to HLA-B27-positive cells.

Schwimmbeck er al. (1987), using a computer search for comparisons of
HLA-B27 and various microbes, found that the Klebsiella pneumoniae nitro-
genase had six consecutive amino acids, residues 188—193, in common with the
HLA-B27.1 antigen residues (amino acid 72—-77). In testing sera from patients,
53% of Reiter’s syndrome patients had reactivity to this region, as did approx-
imately 30% of patients with ankylosing spondylitis. Only 1 of 22 sera from
HLA-B27-positive control individuals with no disease had reactivity to the com-
mon epitope. In other studies Schwimmbeck and Oldstone (1988) found that
antibodies against the HLA-B27.1 region also reacted with the peptide from
Klebsiella and vice versa. The antibodies bound to articular tissues from HLA-
B27-positive patients with ankylosing spondylitis.

Previous investigations have identified several bacterial envelope proteins that
were reactive with the MAb B27.M1 and M2 (von Bohemen et al. 1984). Yong
et al. (1989) have performed binding studies with an MAb to HLA-B27 and
bacterial envelope proteins. Using synthetic peptides to B27, these investigators
were not able to identify the common determinant between the envelope protein
and HLA. Yong et al. (1989) have derived an MADb, which they call Ye-2, that
reacts with a synthetic peptide derived from amino acids 63-84 of HLA-B27.1.
This region was found to have a sequence similarity with the bovine carbonic
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anhydrase (amino acids 230—238). These authors are attempting to further assess
whether this region shares immunological cross-reactivity with the bacterial en-
velope proteins. Yu et al. (1989) discuss a bacterial protein region of six amino
acids in length. Sera from some patients with reactive arthritis bind to this
peptide. It is implied that in a subset of patients this cross-reactive determinant is
involved in the pathogenesis (reviewed in Yu et al. 1989).

Chen et al. (1987) have developed an MAb against HLA-B27 and used it to
screen various bacterial species. They found two strains of Yersinia pseudotuber-
culosis bound the MADb. The Yersinia protein that contained the epitope was
found to be a 19-kDa molecule by Western blotting. This Yersinia 19-kDa protein
was purified, and rabbits were immunized. The antibodies generated reacted with
HLA-B27. Synthetic peptides derived from HLLA-B27.1 indicated that the cross-
reactive epitope was contained in residues 69-83. This area of the HLA-B27 is
responsible for the allotypic specificity of the molecule.

A sterile inflammatory polyarthropathy is associated with HLA-B27 and vari-
ous gram-negative bacteria. Interestingly, Stieglitz e al. (1988) have identified a
2-megadalton plasmid (virulence factor) specific to the arthritogenic bacterial
strains. This plasmid was found to encode a number of small peptides that could
be affiliated with the development of reactive arthritis (Stieglitz et al., 1989). The
plasmid, pHS-2, contained a DNA sequence encoding a 22-amino-acid polypep-
tide, encompassing a pentapeptide homologous to part of the polymorphic region
of the alpha-1 domain of HLA-B27. Immune responses to the determinant en-
coded by the bacterial plasmid found in arthritogenic Shigella strains could play a
role in the induction of the polyarthropathy.

Besides the determinant ascribed by the 2-megadalton plasmid, Raybourne et
al. (1988) isolated two MAbs from Reiter’s syndrome patients. These MAbs
were studied for their reactivity to the envelope proteins from Shigella flexneri.
Proteins of 36 and 23 kDa were found to react with MAbs. By ELISA the two
MAbs bound to whole Shigella envelope preparations, and these envelopes could
inhibit the binding of the MAbs to B27-positive cell lines as determined by flow
cytometry. The presence of the cross-reactive proteins was not related to the
presence of the virulence-associated plasmid (described previously), since two
Shigella sonnei isolates, not connected with Reiter’s syndrome or reactive arthri-
tis, had a similar cross-reactive protein pattern. These investigators hypothesize
that other factors besides the plasmid can play a role in the induction of arthritis
in B27-positive individuals.

The role of HLA-B27 is still unclear in the pathogenesis. Bluestein (1988)
speculated that the widespread distribution of B27 in the cells of the body versus
the restricted anatomic distribution of the pathology of the spondyloarthritis
remains a major problem in explaining the association. He suggests investiga-
tions focusing on other etiologic factors and tropism for connective tissue at
fibromuscular and fibroskeletal junctions. Viitanen er al. (1988) described stud-
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ies finding no sequence homology between Yersinia enterocolitica O:3 and HLA-
B27 at the DNA level. They suggest a conformational determinant(s) may be
involved in the pathogenesis. Other factors such as lymphokine production in
restricted sites of the body, such as the joints, may lead to the up-regulation of
class I or II HLA molecules, leading to targeting of immune cells to specific
areas. This may help localize or target an inflammatory response to a particular
tissue.

VII. MYASTHENIA GRAVIS

This disease entity is an immune-mediated disorder affecting neuromuscular
transmission. Antibodies to the acetylcholine receptor (AChR) are found in most
patients with autoimmune myasthenia gravis. Schwimmbeck ez al. (1989) have
found using synthetic peptides to the human AChR that antibodies from the sera
of patients react with the alpha-subunit, amino acid residues 160—167. This
region of the human AChR shares a homologous domain with herpes simplex
virus glycoprotein D. Human antibodies isolated by affinity chromatography
from myasthenia gravis patients also reacted with the herpes simplex glycopro-
tein D and to native AChR protein. These investigators predict that herpes
simplex virus may be associated with the initiation of myasthenia in certain
susceptible individuals. In further experiments Dyrberg ef al. (1990) have found
that antisera made by immunizing rabbits with synthetic peptides representing
the herpes simplex virus glycoprotein D (amino acids 286-296) bound to the
AChR peptide, while another antiserum made from another similar region of the
herpes simplex virus glycoprotein D (381-388), sharing a similarly high degree
of amino acids homology, did not bind to the AChR peptide. The antibody
reactivity was further defined to an important amino acid residue, leucine, in the
herpes simplex glycoprotein D, which was responsible for the antibodies’ ability
to bind or not bind to the AChR. These studies demonstrate the importance of
critically specific residues or conformations for the development of disease.

IX. HIV AND AUTOIMMUNITY

An interesting connection has been growing between acquired immunodeficiency
syndrome (AIDS) and autoimmunity, and some of the pathogenic features of the
disease. Beretta et al. (1987) found a common determinant between the env gp
120 protein from human immunodeficiency virus (HIV) and a host cell-surface
protein using an MAb to the virus. This cellular antigen is 80 kDa in size and is
found on a small percentage of mononuclear cells in peripheral blood and in
lymph nodes. The protein is present on monocytes and may be an activation
antigen. The MAD to the virus could inhibit proliferation of lymphocytes in
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antigen-presentation assays. Further, the 80-kDa protein was found in small
amounts on a T-lymphoblastoid cell line, H9, and was not up-regulated by
gamma interferon. HIV-positive individuals have no detectable antibodies in
their serum to the 80-kDa protein but have antibodies to gp 120. Beretta and
associates propose that both viral and cellular structures recognized by the MAb
are involved in interactions with CD4+ cells and may be relevant to the
pathology of HIV infection.

Parravicini et al. (1988) provide evidence for a cross-reaction between pl8
protein of HIV I and follicular dendritic cells in lymph nodes in HIV-infected
individuals and epithelial cells of the skin, the thymus, tonsils, and astrocytes.
The common determinants were demonstrated using MAbs to pl18 protein. Four
MAbs were used in the study. These investigators related the importance of these
common determinants to the pathophysiology of HIV infection.

Golding ez al. (1988, 1989) have demonstrated highly conserved homologous
regions located in the carboxy terminus of the HIV I gp41 protein and the amino-
terminal region of the beta chain of HLA class II antigens. MAbs to the homolo-
gous regions bound peptides and native gp 160 and HLA class II molecules.
Approximately one third of patients with HIV I infection had antibodies in their
sera that reacted to both gp4l and HLA class II-derived peptides. These sera,
which contained the cross-reacting antibodies, could inhibit proliferative re-
sponses of CD4+ T cells to specific antigen such as tetanus toxoid. In addition,
allogeneic stimuli responses were markedly reduced. In other experiments, they
found that sera from HIV I-infected individuals with the cross-reacting anti-
bodies could lyse HLA class II-bearing cells by antibody-dependent cellular cyto-
toxicity. Affinity-purified antibodies from the patients’ sera had similar effects as
described above.

AIDS dementia complex is one of the most common syndromes with neu-
rologic complications of infection with HIV 1. Recent studies of AIDS dementia
complex brains have demonstrated that HIV I infection of brain was found only
in a subset of patients and was rarely observed in neuronal cells, suggesting that
pathogenesis of the dementia is unlikely to be simply attributed to direct HIV [
infection of the central nervous system. We have generated MAbs to an immu-
nodominant 12-amino-acid region from gp 41. These MAbs react with astrocytes
in the human and rodent central nervous systems. By Western blotting, the MAbs
bound to a 43-kDa protein. Antibodies to astrocytes were detected in cere-
brospinal fluid from AIDS dementia patients but not in control HIV patients.
These results indicate that gp41 contains a common epitope with astrocytes and
that production of the antibodies could initiate immunopathologic responses to
astrocytes. Astrocytes regulate the environment for neuronal function, and astro-
cyte hyperactivity (gliosis) is a common feature in the central nervous system of
AIDS patients. These antibody-induced events on astrocytes could lead to the
dementia observed in AIDS dementia (Yamada et al., 1991).
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X. MOLECULAR MIMICRY AND MHC

We have synthesized a peptide, amino acid residues 8§2-96, from the immediate-
early region of human cytomegalovirus (HCMV) (Fujinami er al., 1988a). This
region shares five identical amino acids in tandem with the HLA-DR beta chain.
By computer analysis, both were hydrophilic and had beta turn potential. The
cytomegalovirus immediate-early 2 region peptide induced antibodies that recog-
nized the human DR beta chain as determined by Western blotting. The reaction
could be inhibited using viral-specific peptide. These findings suggest a scenario
of how HCMV could partake in rejection of a renal or bone marrow graft.
Immunologic attack against HLA molecules up-regulated in local regions by
cytokine release could lead to alloreactions and tissue rejection. Various al-
lodeterminants can be recognized by antibodies and T-cells induced during
infection. Interestingly, Todd er al. (1988) have identified this region to be
important in the development of diabetes.

Marchitto e al. (1986) found that class I MHC and Treponema pallidum have
a common immunologic determinant. By immunostaining procedures using an
MAD to murine H-2KP, they found reactivity with the surface of T. pallidum and
rabbit MHC-containing tissues. MAb for HLA class I was reactive against the
spirochetes, whereas anti-HLA class II was negative. These authors predict an
association or common epitope between class 1 and the Treponema parasite.

Nagy et al. (1989) have presented molecular mimicry in an interesting role. It
is considered to be the driving force for MHC diversification. They suggest that it
actually increases the number ( polymorphism) and selectivity of peptide-binding
sites. This is reviewed in Nagy et al. (1989) and will not be discussed in further
detail.

XI. CHAGAS’ DISEASE

Trypanosoma cruzi has been associated with the induction of a disease known as
Chagas’ disease. Part of the immunopathology of the disease appears to be
autoimmune, or immune mediated. Data suggest that the host could mount a T
cell-mediated and antibody response against cross-reacting antigens of T. cruzi
and nervous tissue. Van Voorhis and Eisen (1989) have cloned a DNA from 7.
cruzi that expresses a 160-kDa protein, which is present on the surface of the
parasite. Antibodies to this 160-kDa protein react with a 48-kDa nervous system
protein that is found in sciatic nerve, brain, and myenteric plexi of gut. The
myenteric plexi are areas of inflammation characteristic of Chagas’ disease.
These investigators predict that this determinant is involved in the pathogenesis
of this disease entity.
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XIl. DIABETES

The nonobese diabetic (NOD) mouse is a model for autoimmune insulin-depen-
dent diabetes. This is in contrast to the diabetes-resistant strain or nonobese
normal (NON) mice. Serreze et al. (1988) found that NOD mice developed much
higher autoantibody titers to insulin than did the NON mice. Antibodies to C type
and intracisternal type A retroviral antigens were also investigated. The type C
retrovirus antibodies in the NOD mice peaked just after mice were weaned,
whereas autoantibodies against insulin or the type A viral antigens were present
shortly before or at the time of the development of hyperglycemia. They sug-
gested that the appearance of antiinsulin antibodies and antiviral p73 antibodies
(type A) were associated with tissue damage of the beta cells. Absorption studies
indicated that anti-p73 antibodies recognized a common determinant with insulin
and that an immune response to the region was one of the contributing factors in
the development of diabetes in the NOD mouse. This observation, linked with
the inherited defect of B-cell regulation resulting in the hyperproduction of
natural autoantibodies (Lehuen et al., 1990), could drive the system over a
threshold for disease production. This defect could potentiate antibodies to en-
dogenous retroviruses as well.

For other additional cross-reactions relating to diabetes the reader is referred to
Dyrberg (1989).

Xlll. POLYMYOSITIS

Induction of autoimmune muscle disease has also been associated with molecular
mimicry. Walker and Jeffrey (1986) found amino acid sequences of the histidyl-
tRNA synthetase and alanyl-tRNA synthetase were identified as autoantigens in
polymyositis. These investigators found that various sequences of viral and
muscle proteins had similar regions.

More recently, Walker and Jeffrey (1988) have found that the Jo-I antigen of
polymyositis, the host histidyl-tRNA synthetase, shares a sequence similarity
with the polyprotein of encephalomyocarditis virus. The shared determinant was
with the capsid protein vp-1 of encephalomyocarditis virus. They found that vp-1
also had some sequence similarity with several muscle proteins. This virus has
been associated with polymyositis. The investigators made various three-dimen-
sional predictions as to the potential antibody-binding sites between the capsid
protein vp-1 and the histidyl-tRNA synthetase. From such predictions these
investigators suggested that this provides evidence for the origin of the antibodies
that react with the histidyl-tRNA synthetase antigen in polymyositis.
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XIV. EPSTEIN-BARR VIRUS AND
MOLECULAR MIMICRY

During Epstein—Barr virus infection, many autoantibodies can be detected. Be-
sides polyclonal activation of B cells as a mechanism for the generation of these
antibodies, for which Epstein—Barr virus is well known, Rhodes e al. (1987)
have determined that the Epstein—Barr nuclear antigen shares a common deter-
minant with at least nine nonviral host-tissue proteins. The cross-reacting deter-
minant appears to span a repeating region of glycine and alanine. The reactivity
was determined by IgM autoantibodies. Surprisingly, after the IgG switch that
occurs during the maturation of an immune response, the reactivity to normal
tissues could not be demonstrated. The disappearance of reactivity to self follow-
ing an isotype switch may be involved in the transient nature of some forms of
autoimmune events.

XV. LYME DISEASE

Aberer et al. (1989) have found an antigenic determinant shared between Bor-
relia burgdorferi and discrete human cell types associated with the pattern of
disease. This organism is involved in Lyme disease such that infection can result
in clinical manifestations; however, the mechanism by which the disease is
initiated is not clear. These investigators have developed an MAb that reacts with
a 41-kDa Borrelia flagella protein and human myelinated fibers found in pe-
ripheral nerve. In addition, this MAb bound to heart, muscle cells, and certain
epithelial cells, including those found in joint synovia. These authors propose
that this determinant is involved in the pathogenesis of Lyme borreliosis, particu-
larly the chronic organ manifestations; thus, it is implied that the disease is
immunopathogenic.

XVI. HOST INCORPORATION

Molecular mimicry can take two forms or occur on two levels. First, the micro-
organism can encode for the cross-reacting determinant, many examples of
which have been discussed above. Second, the microbe can incorporate a host
protein or component into its structure. Three examples follow.

In an experimental model for demyelination, Theiler’s murine encepha-
lomyelitis virus can induce a chronic inflammatory demyelinating disease in
mice. The lesions appear very similar to those found in EAE and acute lesions of
multiple sclerosis. During Theiler’s virus infection, antibodies are produced to
viral components but also to central nervous system myelin constituents (Yamada
et al., 1990). We have generated an MAD to Theiler’s virus, which also cross-



FIG. 1 (a) Low-power magnification of animal treated with MAb to Theiler’s virus and galactoce-
rebroside. Note significant areas of demyelination. (Original magnification 40.) (b) High-power mag-
nification of above section demonstrating primary demyelination. From Yamada et al., 1990. (Original
magnification 400.)
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reacts with galactocerebroside (Fujinami et al., 1988b). By Western blotting the
MAD reacted with vp-1, one of the major capsid proteins of the virus. The MAb
has the ability to neutralize Theiler’s virus. In looking for biologic activity of the
MAD involved in the pathogenesis of the disease, newborn mouse brain cell
cultures were initiated. In these cultures the MAb bound to oligodendrocytes
(Fujinami et al., 1988b; Yamada er al., 1990), the cells that produce myelin and
galactocerebroside. Interestingly, this MAb in vivo could potentiate the
demyelination by almost 10-fold when injected into mice with EAE (see Fig. 1A
and B). This is the first example of an immune response potentiating a de-
myelinating disease in vivo (see Yamada et al., 1990). Thus, the initiating virus
need not be present for enhanced pathologic consequences to occur in the host,
generated in order to eliminate the invading pathogen.

In a totally different system, Hayunga et al. (1989) found that the strobilocerci
of Taenia taeniaeformis in a rat model contain rat IgG. Using Western blot
analysis of cyst fluid and parasite homogenates, various bands were detected that
were consistent with degradation products from immunoglobulin. These investi-
gators claimed that the pattern of reactivity discounted nonspecific adsorption of
IgG to the parasite. They suggested that the observed bands represent a common
determinant with IgG found in the parasite or enzymatic cleavage of IgG, which
is bound to the tegument of the organism.

McClure and Shearer (1988) found the presence of antiactin antibodies in
many patients with various viral infections and autoimmune diseases. They have
proposed that the antiactin antibodies were generated to cross-reactivity determi-
nants through molecular mimicry. We have demonstrated previously that many
viruses can cross-react with intermediate filaments or actinlike structures within
host cells (Fujinami et al., 1983; Dales et al., 1983).

XVII. SUMMARY

Many microbes share various determinants with host cells. In many instances
these organisms are facultative intracellular parasites, i.e., viruses. It is not
unreasonable that various viral proteins have common features or conformational
structures with host-cell proteins such as intermediate filaments. Viruses are
assembled and mature in discrete compartments within infected cells. By having
common regions with host-cell proteins, viral proteins could be targeted using
the same intracellular signals as host proteins to the appropriate cellular compart-
ments for assembly and maturation.

Gorby et al. (1988) have suggested that parasites could have molecules on
their surfaces that mimic or resemble natural host ligands for which the cells have
a receptor. By binding to the host ligand, the organism could be endocytosed and
gain entry into the cell. Such interactions have been demonstrated for a variety of

viruses.
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Another possibility is that viruses that mimic the host either by incorporating
host determinants or by coding for similar regions may not provoke an immune
response to critical regions necessary for vital functions on viral proteins. These
regions would be necessary for viral replication and/or persistence. An effective
immune response may not be invoked, allowing the virus to persist and not be
eliminated. In addition, by mimicking class I or II MHC molecules, viruses
could potentially modulate the immune response. Aberrant expression of these
MHC molecules could lead to induction of autoimmune disease or immune
responses to these molecules. Antibodies could modulate these proteins from the
surface of antigen-presenting cells (Fujinami and Oldstone, 1980) and/or regu-
late their expression via idiotypic networks. In a similar fashion, T cells may
regulate other T cells bearing these molecules. Such alterations in the immune
system could lead to either suppression of an immune response or the enhance-
ment or potentiation of an existing one, in the former instance, allowing for viral
persistence, and in the latter, autoimmunity.

EDITORS” NOTE:

It is worth reiterating Fujinami’s final comment that molecular mimicry is a two-edged sword. Where
the rules of self/nonself discrimination prevail, parasites (including viruses) presenting antigens that
simulate host antigens may well avoid an immune response, thereby permitting the agent to persist. It
would not seem to be in the interest of the parasite to kill or sicken its host with autoimmune disease.
This important decisive point, autoimmune disease vs. persistence of the parasite, may well depend
upon the context of antigen presentation, the degree of homology, and the conjunction of accessory
factors.

Another point to emphasize is that most of the examples of mimicry studied thus far relate to
induction of cross-reactivity on the T-cell or B-cell level. There are still very few examples where
autoimmune disease is actually produced by such an immunological cross-reaction.
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I. INTRODUCTION

Circulating autoantibodies are a characteristic feature of most autoimmune dis-
eases. A strict definition of autoantibodies requires demonstration of reactivity
with cellular or secreted macromolecules or organelles derived from the serum
donor. In practice, autoantibodies not only display relatively uniform binding to
antigens derived from all members of the species (i.e., allogeneic reactivity), but
also tend to bind quite well to homologous antigens obtained from phy-
logenetically disparate species. This xenogeneic binding property of autoan-
tibodies has practical significance because it allows the use of nonhuman sources
of antigens for detecting human autoantibodies. In addition and more signifi-
cantly, cross-species reactivity of autoantibodies may suggest that major epitopes
targeted by these antibodies are evolutionarily conserved regions of structural or
functional importance. As discussed later, this concept has direct experimental
support and has important implications in the origin of autoantibodies.

Epitope maps of autoantigens may help to formulate concepts on the structure,
form, and composition of the putative immunogens driving the autoimmune
response. The size of an epitope based on peptide-binding studies was considered
to be approximately four to six amino acids (Fieser et al., 1987), but the amino
acid side-chains within an epitope are not necessarily derived from a continuous
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sequence and also may require a stringent secondary structure to facilitate proper
side-chain contacts with the antibody combining site (Berzofsky, 1985). Further-
more, x-ray crystallographic studies of antigen—antibody complexes demon-
strated that the complete epitope is much larger, consisting of 15-22 amino acid
side-chains (Laver et al., 1990), and usually a discontinuous sequence. Mo-
lecular-biology techniques offer great potential to identify minimal epitopes de-
rived from a continuous sequence of amino acids, but epitopes determined by the
conformation of the polypeptide backbone (secondary structure), protein folding
(tertiary structure), or intermolecular interactions (quaternary structure) are diffi-
cult to characterize and have not been systematically evaluated. In this chapter
we shall describe our own experiences, supporting the view that natural auto-
epitopes are generally determined by higher order, conformational structures on
the target antigen.

Il. EPITOPES IN DRUG-INDUCED
AUTOIMMUNITY

A syndrome resembling systemic lupus erythematosus (SLE) can arise as a side
effect of therapy with a wide variety of drugs. This is a milder form of the
idiopathic disease, and it generally resolves after discontinuation of therapy with
the implicated agent. Unlike SLE, drug-induced lupus (DIL) displays a highly
restricted immune response largely limited to antihistone and anti-denatured-
DNA antibodies. At commonly used doses, procainamide has the highest asso-
ciation with DIL (up to 20% of patients treated for > 1 yr), and hydralazine-
induced lupus occurs in approximately 5-10% of treated patients. Other drugs
show a much lower risk for development of DIL, but individual case reports of
lupus induced by practolol, D-penicillamine, isoniazid, quinidine, propylthi-
ouracil, chlorpromazine, acebutolol, and methyldopa are generally convincing
because discontinuation of therapy is associated with resolution of symptoms and
signs. In addition, many of these drugs, especially procainamide and chlor-
promazine, induce antihistone and anti-denatured-DNA antibodies without ac-
companying symptomatic disease. These antihistone antibodies are also autoan-
tibodies because they react with nuclei, but, as described later, have a fine
specificity and isotype distinguishable from antihistone antibodies associated
with symptomatic DIL.

A. ANTIBODIES TO INDIVIDUAL HISTONES
INDUCED BY PROCAINAMIDE

The antinuclear antibody reactivity in procainamide-induced lupus sera can be
largely accounted for by histone-reactive antibodies. Total histones consist of
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five major proteins. By polyacrylamide gel electrophoresis and Western blot
techniques using procainamide-induced lupus sera, patterns of reactivity with
individual histone have been reported. However, the significance of these obser-
vations is unclear, because there was little agreement in the predominant anti-
genic targets (H1, H2A and H2B) in Gohill ef al. (1985); H3, H2B, and H2A in
Portanova et al. (1987); and H2B, H1 and H4 in Craft et al. (1987). While these
studies did suggest that accessible regions in chromatin are commonly antigenic
for antibodies in procainamide-induced lupus sera, the apparent interstudy varia-
tion and the different patterns of autoantibody reactivity with individual histones
in Western blot formats, failed to provide a clear picture of the nature of the
putative immunogen underlying autoantibody elicitation.

B. INTERPOLYPEPTIDE CHAIN {QUATERNARY)
INTERACTIONS ENHANCE ANTIGENICITY OF
Histones In PROCAINAMIDE-INDUCED LuPus

Isolation of individual histones by preparative scale biochemical techniques al-
lowed application of these proteins to quantitative solid-phase immunoassay
formats. In addition, the capacity of certain histones to interact with each other to
form stable complexes facilitated comparison of individual histones and histone—
histone complexes for differences in antigenicity. An example of this type of
analysis is shown in Fig. 1 for IgM and IgG antihistone antibodies in four
patients with procainamide-induced lupus syndrome. Although there appears to
be considerable patient-to-patient variability in histone profiles, a common de-
nominator linking these profiles is the presence of elevated reactivity on the
H2A-H2B complex. This tends to be mainly IgG antibodies and cannot be
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FIG. 1 Antihistone activity in four patients with procainamide-induced lupus. Antibody binding
to individual histones and to the H2A-H2B complex was detected by ELISA with either antihuman
IgM or antihuman IgG. From Rubin et al. (1985), with permission.



176 ROBERT L. RUBIN AND ENG M. TAN

TABLE |
Antibody to the H2A—-H2B Complex and Its Component Histones H2A and H2B8¢

I1gG reactivity to antigen (O.D.)

H2A-H2B Complex

Patient status Patient Number Native Denatured H2A H2B
Symptomatic 10 5.52 1.81 0.17 0.06
8 2.98 0.81 0.19 0.07
16 5.85 1.62 0.13 0.04
13 4.34 1.70 0.16 0.21
Asymptomatic 21 1.80 1.68 1.85 1.74
22 1.28 1.11 0.90 1.80
23 1.77 1.40 0.33 2.99
24 1.12 0.51 0.66 2.88

<In procainamide-induced autoimmunity. From Totoritis ez al. (1988), with permission.

accounted for by reactivity on individual histones H2A and/or H2B. As shown in
Table 1, if the H2A-H2B complex was subsequently denatured by heating in
sodium dodecyl sulfate, substantial loss in antigenicity for antibodies in patients
with symptomatic procainamide-induced lupus occurred, although reactivity
above that shown by the component monomers was still apparent, even with
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FIG. 2 Prevalence of IgG antibodies to the H2A—H2B complex in patients treated with pro-
cainamide. Triangles indicate serum samples with antibody activity against H2A—-H2B that decreased
at least twofold when tested against H2A—H2B complex denatured in sodium dodecyl sulfate. Circles
represent sera with similar activity on the native H2A—-H2B complex and the denatured antigen. The
broken line at 1.4 optical density units defines an arbitrary cutoff value for a positive reaction
characteristic of serum from patients with symptomatic procainamide-induced lupus. From Totoritis
et al. (1988), with permission.
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denatured H2A-H2B complex. That dimer complex requirement was not an
assay artifact was demonstrated by the fact that patients treated with pro-
cainamide who remained asymptomatic, but developed antihistone antibodies,
often had reactivity with individual component histones H2A and/or H2B. This
activity was not enhanced by association of these histones in a dimer complex
whether native or denatured (Table I). This observation also points to the diag-
nostic utility of this observation in that IgG anti-H2A-H2B is a relatively specific
marker for symptomatic procainamide-induced lupus; the few nonsymptomatic
patients who display reactivity with the H2A—-H2B complex can usually be
accounted for by a similar level of reactivity with the individual component
histones H2A and/or H2B (Fig. 2). These results indicate that a special immune
response develops in patients displaying lupuslike symptoms induced by pro-
cainamide in which the epitope requires higher order structures, presumably
amino acid residues from both histones H2A and H2B, for stable antibody
binding. The uniform association of this antibody activity with a specific disease
syndrome suggests that this immune response is driven by an autoimmunogen
with discrete and stable structural features.

C. AnTiGENICITY oF THE (H2A-H2B)-DNA
SUBNUCLEOSOME PARTICLE
IN DruG-INDUCED Lurus

The predominant reactivity of the H2A-H2B complex for antibodies in pro-
cainamide-induced lupus suggests that some form of this histone—histone com-
plex may underlie the immune response in these patients. The H2A-H2B
complex is a component of the nucleosome core particle, one each of these
dimers flanking the kernel of the core particle, the H3—H4 tetramer. DNA wraps
around this tripartite structure, making phosphate salt bridges with basic amino
acid side-chains on the histones (Fig. 3). The ionic bonds between DNA and the
H2A-H2B dimer are stable below an NaCl concentration of 0.6 M, and a
nucleoprotein particle can be reconstituted by annealing the H2A-H2B dimer
with DNA in vitro.

Comparison of the antigenicity of the (H2A-H2B)-DNA complex with its
macromolecular components, the H2A—-H2B dimer and DNA is shown in Table
1. DNA enhanced from 2- to 10-fold the antigenicity of the H2A—H2B dimer for
all sera from patients with procainamide-induced lupus. Increased antibody bind-
ing to the (H2A-H2B)-DNA complex was not owing to a separate population of
antibodies to DNA, as the sera did not react with DNA bound to the solid phase
via another basic protein (methylated albumin).

Of particular interest was the finding that sera from patients with lupus induced
by drugs other than procainamide also had pronounced reactivity with
the (H2A-H2B)-DNA complex. As shown in Table II, three patients with
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FIG. 3 Diagramatic representation of the nucleosome core particle. Approximately 146 base
pairs of DNA wrap around an octamer of histones consisting of 2 H2A-H2B dimers flanking an H3-
H4 tetramer. The dimers are shown artificially separated from the tetramer for clarity, but the native
core particle is a compact structure stabilized by noncovalent bonds between residues in the tetramer
and the dimer. This model is based on Richmond er al. (1984) and Burlingame et al. (1985).

quinidine-induced lupus and one patient with penicillamine-induced lupus had
highly elevated reactivity with this antigen. Interestingly, these sera did not bind
the H2A-H2B dimer in the absence of DNA. Thus, unlike procainamide-in-
duced lupus antibodies, the antihistone antibodies in lupus induced by quinidine
and penicillamine required both DNA and the H2A—H2B dimer for detectable
antibody binding, whereas procainamide-induced lupus antibodies also displayed
considerable binding to the H2A-H2B dimer in the absence of DNA. The
remarkably high antigenicity of the dimer—-DNA complex was observed in essen-
tially all patients with procainamide-induced lupus, 50% of patients with
quinidine-induced lupus, and in occasional patients with lupus induced by pen-
icillamine, isoniazid, acebutalol, and a-methyldopa (manuscripts submitted).
Since these antibodies also bound well to chromatin, it appears likely that chro-
matin or a degradation product containing the (H2A-H2B)-DNA subnucleosome
particle may drive the autoimmune response in lupus induced by various drugs.

TABLE Il
Effect of DNA on the Antigenicity of the H2A—-H2B Complex

1gG reactivity to antigen (O.D.)

Patient
Diagnosis Number H2A-H2B (H2A-H2B)-DNA DNA
Procainamide-induced lupus 1 4.1 9.3 0.1
Procainamide-induced lupus 2 2.3 8.9 0.1
Procainamide-induced lupus 3 1.8 14.1 0.3
Procainamide-induced lupus 4 0.4 4.2 0.1
Quinidine-induced lupus 5 0.2 4.1 0.0
Quinidine-induced lupus 6 0.1 13.1 0.0
Quinidine-induced lupus 7 0.0 1.5 0.0
Penicillamine-induced lupus 8 0.1 5.0 0.2

9In drug-induced lupus.
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. CHARACTERISTICS OF MURINE
EXPERIMENTAL ANTIHISTONE ANTIBODIES

Antihistone antibodies appear spontaneously in autoimmune NZB/NZW F,
(Gioud et al., 1983) and MRL/Ipr/lpr (Costa and Monier, 1986) mice and arise
during experimental murine SLE-like systemic autoimmune disease accompany-
ing chronic graft-versus-host (GVH) disease in C57Bl/6 X DBA/2 F, mice
(Portanova er al., 1988). These are natural autoantibodies, and their induction
may give insights into antihistone antibodies in human drug-induced and idio-
pathic SLE. If these autoantibodies are driven by endogenous histone, it may be
of interest to compare the fine specificity of antihistone antibodies accompanying
murine autoimmune disease with antibodies induced by deliberate immunization
of otherwise normal mice with immunogenic forms of histones.

Soluble antigens are generally nonimmunogenic, but even autoantigens can be
made to elicit an immune response if adsorbed to 0.4-wm diameter latex beads
and injected intraperitoneally into mice (Rubin et al. 1990). This experimental
model allowed us to explore the effect of different forms of histone in the
induction of antihistone antibodies and to compare the fine specificity of these
antibodies to those that arise during murine GVH disease in the same strain of
mice.

Chromatin, the most native form of isolatable nucleoprotein, was nonim-
munogenic when immobilized onto latex beads, but histone beads elicited a
robust antihistone response. Figure 4 shows the average immune response of
mice to immunization with histone beads and compares it to the autoantibody
response of the same strain of mice undergoing a GVH reaction due to injection
of parental lymphocytes. Both responses were characterized by antibodies capa-
ble of binding total histones in solid-phase enzyme-linked immunosorbent assay
(ELISA), but antihistone antibodies elicited by beads were exclusively IgM,
whereas GVH-induced antibodies were predominantly IgG in isotype. More
important, antibodies in GVH animals displayed good reactivity with chromatin,
but chromatin was a relatively poor antigen for experimentally induced anti-
histone antibodies. These results were consistent with absorption studies in
which more than ten times as much chromatin was needed to remove the anti-
histone activity elicited by deliberate immunization with histone beads compared
to the natural antihistone response accompanying GVH disease (Rubin et al.,
1990).

Further examination of the fine specificity of antihistone antibodies in these
two experimental murine systems revealed additional differences. The H2A—
H2B dimer was a good antigen for both groups of mice, although the enhanced
antigenicity compared to the monomeric components H2A and H2B as observed
in human procainamide-induced lupus was not apparent. However, as shown in
Table 11, when DNA was complexed to the H2A—-H2B dimer, experimentally
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FIG. 4 Antibodies in GVH disease and in histone-immunized C57B1/6xDBA/2 F, mice. Sera
were collected 6 weeks after the initiation of the immunization procedure or after injection of DBA/2
lymphocytes to induce GVH disease. Antibodies were measured by ELISA on three antigens using
immunoglobulin class-specific detecting reagents as shown. From Rubin er al. (1990), with
permission.

induced antihistone antibodies no longer reacted, whereas antihistone antibodies
in GVH mice retained and even increased reactivity to H2A-H2B in the presence
of DNA. The dramatic suppression of the antigenicity of the H2A-H2B dimer
when complexed to DNA indicates that either experimentally induced antihistone
antibodies bind to regions on the H2A—H2B dimer that overlap with the DNA
binding sites on the dimer, or an indirect effect of DNA on the epitope conforma-
tion occurs. These results are consistent with the antigenicity of other (H2A-
H2B)-containing DNA-—histone complexes such as chromatin and nuclei in
which good binding was observed with GVH but not with bead-elicited anti-
histone antibodies.

TABLE I
Effect of DNA on the Antigenicity of the H2A—H2B Complexa

Antibody activity (O.D. = $.D.)

Group N nDNA H2A-H2B (H2A-H2B)-DNA
Unimmunized 9 0.29 = 0.23 0.40 = 0.13 0.08 = 0.14
Histone bead immunized 10 0.26 = 0.21 4.19 = 3 88 0.22 * 0.53
GVH disease 10 0.33 + 0.24 1.91 = 2.57 2.53 = 4.39

2In murine GVH disease and in histone-immunized mice. From Rubin er al. (1990), with
permission.
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Thus, antihistone antibodies accompanying GVH disease are true autoan-
tibodies, capable of binding native forms of histone, nucleoprotein, and nuclei.
In contrast, antihistone antibodies elicited by deliberate immunization are
pseudoautoantibodies, binding histones only to regions that are inaccessible in
native chromatin. Unlike antihistone antibodies accompanying murine GVH dis-
ease and human drug-induced lupus, immunogenic forms of histone coated on
beads do not give rise to antibodies of the same specificities as those in natural
autoimmunity.

IV. CHARACTERISTICS OF NATURAL EPITOPES
IN NONHISTONE NUCLEAR ANTIGENS

Important insights concerning epitopes on nuclear antigens in natural autoim-
munity have also come from studies of the nonhistone nuclear protein antigens.
The majority of patients with SLE have antibodies to DNA, histones, Sm and/or
SS-A, with antibodies to DNA and Sm being of greatest diagnostic specificity for
SLE. However, antibodies to a variety of other nuclear antigens such as SS-B,
nuclear and ribosomal RNP, and PCNA (proliferating cell nuclear antigen) are
occasionally observed in individual patients. Anti-SS-B is also found in a high
percentage of patients with Sjogren’s syndrome (SS) and is the basis for the
abbreviation that signifies Sjogren’s syndrome B antigen.

A. EvorutionArRy CONSERVATION OF AUTOEPITOPES

1. SS-B

SS-B/La is a nuclear protein of 46 to 48 kDa, which is one of the target antigens
of autoantibodies in the sera of patients with lupus and Sjdgren’s syndrome
[reviewed in Chapter 8 and in Tan (1989)]. This nuclear protein is transiently
associated with a number of RNA species, especially those transcribed by RNA
polymerase 1II, such as precursors of tRNA and 5S RNA, 4.5 RNA, 7S RNA,
the so-called Y RNAs and U6 RNA. SS-B forms complexes with pol III-tran-
scribed precursor RNAs and other RNAs to form ribonucleoprotein particles.

Calf thymus SS-B antigen was obtained by affinity column purification, using
IgG fraction of a human serum containing the cognate antibody. This purified SS-
B antigen was used to immunize BALB/c mice, and hybridomas producing
antibodies were isolated from splenocytes of a mouse with high-titer antibody.
Five murine monoclonal antibodies were generated in this fashion, and the
reactivities of these monoclonal antibodies were analyzed by comparison with
the reactivities of human anti-SS-B antibodies (Chan and Tan, 1987). Figure 5
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FIG. 5 Immunoblotting analysis of the reactivities of monoclonal antibodies (Al-AS5) using
HeLa cell extract (A) and HeLa cell extract partially digested with S. aureus V8 protease (B).

illustrates the Western blot analysis of the five monoclonal antibodies Al to AS
compared with human serum Ze. Differences in reactivity were clearly apparent,
with the murine monoclonal antibodies immunoblotting the 48-kDa complete
SS-B protein, and the human antibody blotting, in addition, a degradation prod-
uct of the whole protein with which the monoclonal antibodies were nonreactive.
Figure 5B illustrates a study in which the SS-B protein was partially digested
with Staphylococcus aureus V8 protease, resulting in three fragments, X, X' and
X" and two smaller fragments designated Y and Y', which were recognized by
human serum Ze. The reaction of the murine monoclonals was quite diverse,
with A3 and A4 showing little or no reactivity with any of the digestion products,
and others showing incomplete spectrum of reaction with the X products and no
reaction with the Y products.

Another method for analyzing the reactivity of these antibodies was immu-
noprecipitation of the SS-B ribonucleoprotein particle and analysis of the RNAs
that were coprecipitated. This study is illustrated in Fig. 6, showing immu-
noprecipitation of 32P-labeled Hel a cell extracts with mouse monoclonal anti-
bodies and serum Ze. RNA was extracted from the immunoprecipitate with
phenol and analyzed on urea/polyacrylamide gels. Human serum Ze and mono-
clonal antibodies Al, A2, and A3 were all capable of immunoprecipitating
precursor tRNAs complexed to SS-B. However, monoclonal antibodies A4 and
AS did not immunoprecipitate tRNAs. It could be deduced from this experiment
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FIG. 6 Immuncprecipitation of 32P-phosphate-labeled HeLa cell extracts with mouse mono-
clonal antibodies and human serum Ze. RNA was extracted from the immunoprecipitate with phenol,
precipitated with ethanol, and analyzed on 7 M urea/8% polyacrylamide gel.

that A4 and A5 were reacting with epitopes present only in denatured SS-B
protein, as demonstrated by their reactivity in Western blots, but these epitopes
were not present in the native ribonucleoprotein particle.

Human antibodies to SS-B react by immunofluorescence with a nuclear anti-
gen that is present in a wide variety of species. This method of analysis was
applied to the murine monoclonal antibodies and the reference human serum
used in these studies (Table IV). Human serum Ze reacted with SS-B nuclear
antigen in tissues ranging from human to rat kangaroo. In contrast, monoclonal
antibodies A4 and A5, which were nonreactive in immunoprecipitation, were
also nonreactive with the nuclear antigen in immunofluorescence. Monoclonal
antibodies A1, A2, and A3 were reactive with SS-B nuclear antigen in tissues of
man, monkey, rabbit, and bovine species, but were nonreactive with hamster,
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TABLE IV
Species-Specific Reactivities of MAbs to SS-B

Immunofluorescence=
Murine MAbs Human serum
Species Cell-line origin Al A2 A3 A4 A5 ZE+b
Human HEp-2, larynx + + + - - +
Human HeLa, cervix + + + - - +
Human Raji, Burkitt’s lymphoma + + + - - +
Monkey Vero, kidney + + + - - +
Rabbit R9ab, lung + + + - - +
Bovine MDBK, kidney + + + - - +
Hamster BHK-21, kidney - - - - - +
Rat 6m2, kidney - - - - - +
Mouse 3T3, fibroblasts - - - - - +
Rat kangaroo PtK2, kidney - - - - - +

aCells were grown in Lab-Tek tissue culture chambers and fixed in a mixture of acetone and
methanol (3:1) at —20°C for 2 min.
bZe serum is the CDC reference serum for anti-SS-B/La specificity.

rat, mouse, and rat kangaroo. The evidence that epitopes recognized by mono-
clonal Al to A5 were not the same targets of human autoantibodies was sup-
ported by additional evidence from blocking experiments, showing that human
serum Ze failed to inhibit the reactivity of monoclonal antibodies with SS-B
either in Western blots or in ELISA. These experiments showed that human
autoantibodies were recognizing epitopes different from those of five murine
monoclonal antibodies produced by experimental immunization, and more
important, that human autoantibodies targeted more highly conserved epitopes.

2. PCNA, Sm, and Fibrillarin

The conserved nature of the SS-B epitope recognized by human autoantibodies is
by no means unique to this autoimmune system. PCNA was originally identified
as a 36-kDa nuclear protein antigen present in proliferating cells and was de-
tected by autoantibodies from a subset of human patients with lupus (Miyachi ez
al., 1978). PCNA was shown by immunofluorescence and autoradiography to
colocalize with sites of DNA synthesis in the nuclei of proliferating mammalian
tissue culture cells (Bravo, 1986). It has been shown that PCNA is the auxiliary
protein of DNA polymerase & (Mathews et al., 1984), whose function is identi-
fied with leading-strand synthesis at the DNA replication fork (Prelich and Still-
man, 1988). In the ciliated protozoan, Euplotes eurystomus, DNA replication as
determined by uptake of labeled thymidine has been shown to take place at the
rear zone of the replication band in macronuclei. Using human anti-PCNA anti-
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body, this zone of DNA replication in the macronucleus is reactive with anti-
PCNA antibody in immunofluorescence (Olins et al., 1989). Conditions such as
starvation or heat shock that reduce macronuclei replication also resulted in a
decrease of PCNA in the replication bands. The epitopes on PCNA recognized
by human antibody have now been observed in a wide range of species including
human, rat, amphibian, yeast, and ciliated protozoa. The highly conserved char-
acter of epitopes recognized by human autoantibodies has also been shown for
the Sm antigen. In the case of fibrillarin, a 34-kDa protein antigen of the nu-
cleolus, human autoantibodies can be used to detect fibrillarin in plant cells.

B. FuncTioNnAL ROLES OF AUTOEPITOPES

The conserved characteristic of epitopes recognized by natural autoantibodies
suggests that these epitopes could be related to structures that have been pre-
served in evolution in order to subserve important or perhaps essential structural
or functional roles in the biology of the cell. There are many instances of
autoantibodies that inhibit important functions. These include autoantibody to
Sm, which inhibits precursor mRNA splicing; autoantibody to RNA polymerase
1, which inhibits RNA pol 1 transcription; autoantibody to DNA topoisomerase
1, which inhibits relaxation of supercoiled DNA; and autoantibody to transfer
RNA synthetases, which inhibits aminoacylation of tRNAs. Two such studies
were especially revealing in that they compared the reactivities of natural anti-
bodies to induced experimental antibodies.

1. Threonyl-tRNA Synthetase

Certain patients with polymyositis produce antibodies to threonyl-tRNA syn-
thetase. Antibodies to tRNA synthetases are described further in Chapter 8 of this
volume. The reactions of natural autoantibody were compared with an antibody
induced by immunization of rats with purified threonyl-tRNA synthetase (Dang
et al., 1988). The human autoantibody reacted with the native but not the de-
natured form of threonyl-tRNA synthetase. This was demonstrated in immu-
noblots in which SDS-treated and gel-electrophoresed tRNA synthetase was
analyzed in the standard Western blotting technique. The human antibody was
not reactive with this form of threonyl-tRNA synthetase. On the other hand, if
the tRNA synthetase was not subjected to Western blotting but was directly
applied to cellulose nitrate in a dot-blot assay, human antibody was fully reac-
tive. In contrast, the experimentally induced rat antibody to threonyl-tRNA
synthetase was reactive in both Western blots and dot blots. This study suggested
that the epitope recognized by human antibody was at least conformational in
nature and that the conformational epitope was destroyed in the Western blotting
procedure. This conclusion received further support in a functional assay in
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which human autoantibody was able to inactivate threonyl-tRNA synthetase,
whereas the rat antibody was inactive.

2. PCNA

Experiments with PCNA also illustrated the functional nature of the epitope
recognized by naturally occurring antibodies (Tan et al., 1987). Two experimen-
tally induced murine monoclonal antibodies to PCNA and a rabbit polyclonal
antibody raised against an N-terminal peptide were compared with a human
autoantibody to PCNA by examining the effect of these antibodies on DNA
polymerase & function. Human antibody was capable of neutralizing DNA pol &
function based on its ability to inhibit the activity of the auxiliary protein
(PCNA), which is required by pol & in template/primer systems containing high
template:primer ratios, poly(dA)/oligo(dT) (20:1). Immunoprecipitation compar-
ing these antibodies also showed that whereas human autoantibodies recognized
native auxiliary protein, the epitopes recognized by both the antipeptide antibody
and monoclonal antibodies were not accessible in the native protein. These two
studies emphasize the important feature that the epitopes on autoantigens recog-
nized by natural antibodies frequently include the active or functional sites of
these proteins. In contrast, experimentally induced antibodies appear to recog-
nize other antigenic sites on these proteins, some of which appear to be denatured
regions of the target molecules.

V. Structure of Natural Autoepitopes—
Discontinuous Sequences in PCNA

Insights into the structure of epitopes recognized by natural antibodies have been
obtained from the study of recombinant products of cDNA clones that encode
PCNA (Huff et al., 1990). In this study, the strategy was to produce deletion
mutants of PCNA c¢DNA and to analyze the reactivity of recombinant proteins by
immunoprecipitation of transcription—translation products and by Western blot-
ting of fusion proteins. As a preliminary approach, 15-mer synthetic peptides
that spanned the entire sequence of the full-length protein were used in ELISA to
determine reactivity of two murine monoclonals raised against purified PCNA
and a rabbit polyclonal antibody raised against an N-terminus synthetic peptide.
These experimentally induced antibodies reacted with expected synthetic pep-
tides, whereas none of 14 human lupus sera-containing antibodies to PCNA were
reactive. This result by itself denoted that the epitopes recognized by human
antibodies were not present in continuous-sequence 15-mer peptides of linearized
PCNA.

Deletion mutants of PCNA were constructed as shown in Fig. 7. IVPs 1-6
represented in vitro transcription—translation products, and fusion products (FPs)
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FIG. 7 cDNA restriction enzyme map of PCNA and the cDNA constructs that were used to
generate recombinant protein products. IVPI-IVP6 were in vitro transcription and translation prod-
ucts, and FP1-FP13 were fusion proteins. These recombinant protein products were used in immu-
noprecipitation (IVP1-IVP6) and in Western blotting (FP1-FP13) to map fragments reactive with
antibodies.

113 represented fusion products of the deletion mutants generated by restriction
enzymes. Again, experimentally induced antibodies, i.¢., rabbit polyclonal anti-
body to amino-terminal peptide and two murine monoclonal antibodies induced
by immunization with purified PCNA reacted by both immunoprecipitation and
Western blotting with expected protein products. The 14 lupus sera demonstrated
a variety of reactivities (Table V). All 14 human sera immunoprecipitated the
full-length translation product IVP1, but had different reactivities with truncated
products. In Western blotting, nine human sera failed to react with any fusion
proteins, whereas five others were reactive in different patterns. In general, the
lupus sera could be divided into four subgroups as depicted in Table V. By a
process of deduction analysis, the epitopes recognized by the 14 human lupus
sera could be mapped as illustrated in Fig. 8. Lupus group II sera (top left) were
reactive only by immunoprecipitation, and the regions necessary for reactivity
could be localized to the stippled and hatched areas. On the other hand, lupus
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TABLE V
Immunoreactivity of In Vitro Protein Products and Fusion Proteins of PCNA

Reactivity with antibodies

SLE IVA
Protein Aa  RAPab MoAb SLE 1 SLE Il SLE Il SLE IVB
product sequence 19A2 Al YK MI KU JO CR OD CA EB PT AL YO NE FL
IVP—Immunoprecipitation
IVP 1 1-261 + + + + 4+ + + + + + + + + + + +
IVP 2 1-211 + + - - - - -+ - - - - - - + -
IVP3 1-150 + B T
IVP 4 1-128 + - - - - - -4+ + + + - - - - +
IVP5 1-85 + - - - - - - - 4+ + + -+
IVP 6 1-67 + - - - - - = = - - - - -
FP— Immunoblotting
FP-1 4-261 + + - - - - - = - + + + + o+
FP-2  38-261 - + - - - - - = + + + + o+
FP-3  67-261 - + - - - - - - - - - + + + + +
FP-4  99-261 - + - - - - - - - - - + + + + +
FP-8 4-150 + + - - - - - - - - — 4+ + + + +
FP-9 4-128 + + - - - - - = = - = + + + o+
FP-11  4-68 + - - - - - - - - - - - = - -
FP-13  67-150 - + - - - - - - - - - - + - - +

group III sera (top right) were nonreactive in immunoprecipitation with truncated
translation products but were reactive with fusion proteins, and the regions
necessary for reactivity were mapped to the shaded areas. The minor groups IVA
and IVB are shown in the bottom left and right frames, respectively, and they
incorporated properties of both groups II and III.

This analysis, taken together with the total lack of reactivity of human autoan-
tibodies with synthetic peptides, demonstrates the striking difference between
epitopes recognized by induced antibodies and by natural antibodies. It was also
quite remarkable that nine of 14 lupus sera failed to immunoblot recombinant
fusion proteins, although they were all capable of immunoprecipitating full-
length translation product. These observations strongly suggest that epitopes
recognized by naturally occurring human antibodies comprise higher-order con-
formational structures that are not represented in the synthetic peptides. This type
of conformational structure may be formed by amino acid residues from two or
more regions of the molecule that are brought into proximity with one another by
protein folding (tertiary conformation). If the epitope recognized by natural
antibodies was from discontinuous sequences, it appears that none of the PCNA
synthetic peptides contains sufficient portions of the epitope for stable antibody
binding. These observations further emphasize the special features of native
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epitopes of intranuclear antigens that are recognized by autoantibodies. These
features may be related to protein folding or to association of the antigen with
other intranuclear proteins or nucleic acids, as might occur with antigens that are
components of subcellular particles. Geysen et al. (1986) have analyzed the
reactivity of a monoclonal antibody directed against a discontinuous antigenic
determinant in foot-and-mouth disease virus. They showed that a linear hexapep-
tide with the appropriate stereochemistry could mimic an epitope that was de-
duced to be derived from three separate regions of the protein. This approach
may also be useful in identifying discontinuous autoepitopes.

VI. SUMMARY AND CONCLUSIONS

The data discussed in the preceding sections focus on the dichotomy between
natural and immunization-induced autoantibodies. These observations derive
from studies on the fine specificity of both polyclonal and monoclonal antibodies
to a diversity of macromolecules that are often targets of autoantibodies includ-
ing PCNA, threonyl-tRNA synthetase, SS-B, and histones. Detection of natural
autoantibodies generally required assays that presented antigens in a nativelike
form, such as whole cells as substrates in immunofiuorescence assays, aqueous
cell extracts in immunoprecipitation assays, or solid-phase immunoassays using
purified intact proteins or particles consisting of protein—protein and/or protein—
nucleic acid complexes. These autoantibodies apparently recognize quaternary,
tertiary, and possibly secondary structures native to the target antigen, but rarely
show reactivity with oligopeptides, even those of sufficient size to encompass a
minimal epitope. Autoantibodies are not species specific, reacting with epitopes
that are often conserved across phyla and even kingdoms. In contrast, antibodies
induced by deliberate immunization are often specific to the species from which
the immunogen was derived and almost never react with the homologous antigen
in the host. These pseudo-autoantibodies may react with denatured epitopes in
the immunogen or with components present only in the form of the antigen used
in the assay. Induced antibodies frequently react with linear sequences of amino
acids as found in peptides, deletion mutants, or fusion proteins of the parent
molecules. Although some exceptions to this dichotomy between natural autoan-
tibodies and induced antibodies are implied by some reports, rigorous scrutiny of
their fine specificity may yet reveal significant distinctions.

One conclusion that follows the observation that higher-order structures are
required for antigenicity is that the in vivo immunogen putatively driving the
autoimmune response is a native, probably particulate form of self material. The
observation that autoantibodies stand out as reacting with functional regions or
active sites of the targeted particle may have at least two interpretations: (1) the
predominant autoimmune response is directed to these active functional sites, or
(2) the autoimmune response is directed to immunodominant regions of the
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particle, some of which include important structural and/or functional regions.
Rigorous distinction between these alternative explanations is not easy, requiring
careful absorption and/or affinity purification studies in order to determine the
polyclonality of the autoimmune response.

The observation that immunization-induced antibodies usually reacted with
non-native epitopes may also have two interpretations: (1) isolation of the parti-
cle and preparation of the immunogen may cause extensive denaturation, direct-
ing the bulk of the immune response toward those non-native structures, or (2)
the immune response of an inherently normal animal permits recognition of only
those regions of the immunogen that are different from the animal’s own self
material. If the immunogen is derived from syngeneic tissue, an immune re-
sponse to only the physically and/or chemically denatured regions may develop.
Distinguishing these possibilities is hampered by not knowing what happens to
the immunogen once it is introduced into the host animal and the fact that
methodology for assaying antibodies cannot readily distinguish between binding
to native versus denatured epitopes in the test antigen.

Despite these difficulties in interpretation of experimental observations, some
speculation as to the significance of each interpretation might be permitted.
Based on the first series of interpretations, the normal failure to develop autoim-
munity may be attributable to absence of native, potentially immunogenic parti-
cles in vivo. Normally potential autoimmunogens may not encounter the immune
system because they are sequestered within the cell. After cell death, intra-
cellular contents may normally be quickly disposed of by the reticuloendothelial
system and therefore not delivered in a native form to lymphocytes possessing
autoantigen receptors. Using this argument, autoimmunity could be a sequence
of abnormal cell death or abnormal processing of cell debris, allowing native
forms such as functionally active cellular organelles or subcellular particles to
encounter the immune system.

Alternatively, there may normally be an active mechanism preventing an im-
mune response to self material, even if it is present in potentially immunogenic
forms. An autoimmune response would then occur when this immune-tolerance
mechanism breaks down. Loss of immune tolerance to specific macromolecules
would permit particulate cellular debris containing these macromolecules to initi-
ate and sustain an autoimmune response, modulated by immunodominant fea-
tures in the immunogen.

These speculations are intended to provide the framework for interpreting
previous and future studies on this challenging problem in immunology.
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I. INTRODUCTION

Systemic rheumatic diseases are characterized by the presence of families of
specific autoantibodies. These autoantibodies not only have diagnostic utility but
they also partition patients into subsets, each with a varying course and prog-
nosis. They were first recognized by two major techniques: double diffusion in
agar by the method of Ouchterlony and by their reactions with specific sub-
cellular organelles in indirect immunofluorescence. In the past 10 years, direct
biochemical purification and characterization, Western blotting, protein and
tRNA immunoprecipitation with appropriately labeled cell extracts, and most
recently, cloning of cDNAs encoding their antigenic proteins, have led to a rich
picture of their structure.

This chapter will focus on such disease-specific antibodies in four diseases:
poly- and dermatomyositis, progressive systemic sclerosis or scleroderma, sys-
temic lupus erythematosus, and primary Sjogren’s syndrome. The emphasis will
be on the biochemical definition of the antigenic targets and their association
with disease subsets. As all these diseases are of unknown etiology, it is tantaliz-
ing to think that these disease-specific autoantibodies are clues to their causes.
Detailed clinical information about these diseases can be found in the initial
edition of The Autoimmune Diseases (1985) and in standard textbooks of
rheumatology.
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ll. POLY- AND DERMATOMYOSITIS

Polymyositis (PM) is an inflammatory muscle disease in which there is a progres-
sive destruction of muscle fibers characterized by a mononuclear cell infiltrate,
suggesting a direct cytotoxic attack of lymphocytes on the muscle cell. Other
issues not related to disease-specific antibodies are deait with in Chapter 13. This
process results in weakness varying from mild to profound, and the disease is
usually chronic. In dermatomyositis (DM), the muscle disease is accompanied by
a characteristic inflammatory erythematous skin disease, which has a typical
clinical distribution on the extensor surfaces of the extremities and the eyelids, in
which a violaceous discoloration is present and is called heliotrope. It is widely
believed that, because of immunogenetic and pathological differences, as well as
differences in the inflammatory infiltrates in the muscle, PM and DM are differ-
ent diseases. The frequency of the various autoantibodies to be described in this
chapter lend further support to this view. The autoantibody specificities that are
strongly associated with PM and DM are listed in Table I.

A. ANTIBODIES TO TRNA SYNTHETASES

The first antibody that was found to be a marker for PM was the anti-Jo, system
described by the reaction of sera with a concentrated extract of calf thymus
tissue. This precipitin was found in about 30% of patients with PM and was
rarely found in DM patients (Nishikai and Reichlin, 1980a). Rosa et al. (1983)
showed that anti-Jo, sera bound only histidyl tRNA, but that an unidentified
protein was the antigenic target, since the histidyl tRNA did not bind directly to
the antibody. Mathews and Bernstein (1983) suggested that the antigenic target
was the cognate enzyme histidyl tRNA synthetase since anti-Jo, effectively
inhibited the aminoacylation of histidine but not any of the other 19 amino acids.

TABLE |
Myositis-Specific Autoantibodies

Autoantigenic target Clinical associations

Jo, Histidyl tRNA synthetase Polymyositis with interstitial lung disease
PL-7 Threonyl tRNA synthetase
PL-12  Alanyl tRNA synthetase, alanyl tRNA

0Ol Isoleucyl tRNA synthetase

EJ Glycyl tRNA synthetase

KJ Unknown translation factor

Signal recognition particie Polymyositis

Mi-2 nuclear protein Dermatomyositis

PM-Scl nucleolar protein PM/DM, PSS, PM/PSS overlap

U,RNP, URNP PM overlap with SLE, PSS
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Subsequent work directly proved this point, since the Jo, antigen eluted from
anti-Jo, IgG affinity columns had aminoacylation activity only for histidine (Tar-
goff and Reichlin, 1984).

Subsequent work has shown that the threonyl (Mathews et al., 1984) and
alanyl tRNA synthetases (Bunn et al., 1986) are less-frequent targets of autoan-
tibodies in polymyositis patients and that a few PM patients with antialanyl
tRNA synthetase also produce antibodies to the alanyl tRNA. Production of
antibodies to the tRNA itself is thus far unique to the alanyl tRNA.

Targoff (1990) has shown that rare PM patients produce antibodies to either the
isoleucyl or the glycine enzymes.

Quantitative studies with individual sera show that there is no overlap of
specificity between antibodies to the various synthetase enzymes (Targoff and
Reichlin, 1987). Moreover, PM patients produce antibodies to one enzyme at a
time, and thus far, no patients have been described who produce appreciable
amounts of autoantibody to a second synthetase. Another point of interest is that
in all instances, antibodies to the synthetases are very active in inhibiting the
enzyme activity. This suggests that the functional site of the enzyme is somehow
involved in the immunization process.

The clinical aspects of this autoantibody are that the patients frequently also
have interstitial lung disease (ILD) as well as Raynaud’s phenomenon and poly-
arthritis. This has been referred to as the Jo, syndrome, in which the major
clinical manifestations are the PM and ILD and less frequently Raynaud’s phe-
nomenon plus polyarthritis (Wasicek et al., 1984; Yoshida et al., 1983; Bernstein
et al., 1984).

B. AnTiBODY TO TRANSLATION FACTOR

Of great interest is the report that antibodies to a translation factor KJ (Targoff er
al., 1989), which is not a tRNA synthetase, have been found in two patients with
PM with ILD, i.e., the Jo, syndrome. Thus the clinical picture is related not only
to antibodies to tRNA synthetases but to other biochemical components of the
translation apparatus. These findings have stimulated speculation that an RNA
virus may be the etiological trigger in these diseases, since RNA viruses para-
sitize the host cell by commandeering the host’s translation apparatus to produce
viral rather than host proteins. As yet no RNA virus has been found that can be
held responsible for these diseases.

C. ANTIBODY TO SIGNAL-RECOGNITION PARTICLE

A second cytoplasmic component that has been found to be a target for autoim-
munity is the signal-recognition particle or SRP. This particle binds the signal
sequence of nascent secretory, membrane, and lysosomal proteins, and directs
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them to the endoplasmic reticulum (Reeves et al., 1986; Targoff et al., 1990).
SRP is a ribonucleoprotein (RNP) particle with a unique RNA (7SL) and a series
of six proteins of molecular mass 9, 14, 19, 54, 68, and 72 kDa. The 54-kDa
protein component is the most frequent target of autoimmunity, but the 68- and
72-kDa components are also reactive with some sera. The clinical interest is that
antibodies to SRP occur in patients with PM without ILD. Thus, this antibody is
not associated with the Jo, syndrome, and its occurrence is associated with a
different clinical subset of the disease.

Another rare but defined autoantibody reacts with elongation factor la (Efla),
which was found in a single patient with nodular polymyositis (Targoff and
Hanas, 1989).

D. AnTigopies 10 Nuctear COMPONENTS

There are four important myositis specific autoantibody specificities in which the
antigenic target resides in the nucleus. These are the PM-Scl, Ku, U,RNP and
Mi, antigens. Three of these are proteins, and U,RNP is an RNP particle related
to the other URNP particles (U,, U,, Us, and Ug) discussed in the section on
disease-specific antibodies in systemic lupus erythematosus.

E. AnTiBoDIES TO PM-ScL

PM-Scl is a complex of proteins that are nucleolar in origin, and all sera with
anti-PM-Sc! bind the nucleolus in indirect immunofluorescence (IFA). The pro-
teins are not reactive by Western blotting and are defined in immunoprecipitation
with 35S methionine-labeled HeLa cell extracts, in which a complex of 11 pro-
teins is seen. It is not known precisely which of the proteins is (are) antigenic.

Sera with precipitins designated anti-PM-Scl stain both the nucleus and the
nucleolus in IFA. Either there is a second antibody in these sera or PM-Scl is
represented in both the nucleus and the nucleolus. Interestingly, specific antibody
isolated from immune precipitates made with sera that stain both the nucleus and
the nucleolus bind only the nucleolus in IFA (Targoff and Reichlin, 1985a). This
result favors the first hypothesis.

The clinical specificity of these antibodies is that they occur most frequently
in patients with scleroderma—myositis overlap, but also occur in isolated DM
and PM.

F. Anmisopies 1o Ku AnD U,RNP

Two other antigen—antibody reactions are also seen in scleroderma—polymyositis
overlap patients; these are the Ku and the U,RNP systems. Ku is a complex of
nuclear proteins with 70- and 80-kDa components and binds to internucleosomal
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segments of DNA (Reeves, 1985, Mimori er al., 1986). Antibodies to Ku occur
more commonly in Japanese patients with scleroderma—myositis overlap than in
U.S. Caucasians, in which this reactivity is rare (Mimori et al., 1981). Anti-
bodies to Ku probably occur more frequently in SLE patients than in patients
with myositis. cDNAs for the 70- and 80-kDa proteins have been cloned and
sequenced, and the epitopes are being defined (Mimori et al., 1988; Reeves and
Sthroeger, 1989). The human proteins are the preferred targets, and this species
specificity is strong evidence for the immune response being antigen driven by
the human protein (Porges and Reeves, 1989).

A small group of sera have been recognized that immunoprecipitate only U,
and U, RNAs but not U,, Us, and Uy RNAs. These sera are directed at two
proteins, the A’ and B” components of the U, particle and are thus referred to as
antibodies to the U,RNP particle. As B” and the A protein of the U,RNP particle
are structurally related (as will be discussed in the section on SLE); such sera
invariably immunoprecipitate U, and U; RNAs. Almost all patients with anti-
bodies to U,RNP have scleroderma-myositis (Mimori et al., 1984; Craft et al.,
1988). As will be discussed, patients with anti-U,;RNP also may have scleroder-
ma-myositis overlap.

It is unclear why the syndrome of scleroderma—myositis overlap should be so
serologically heterogeneous and have antibodies to either PM-Scl, Ku, U,RNP,
or U;RNP.

G. AnTiBODIES TO MIy

In the original studies of sera with anti-Mi, two precipitins were found, desig-
nated Mi, and Mi, (Nishikai and Reichlin, 1980b). Mi, proved to be bovine IgG,
and antibodies to the antigen were also found in SLE. Anti-Mi, has proven to be
specific for DM, and the antigen is a nuclear complex of proteins of molecular
mass 205, 196, 151, 54, and 50 kDa (Nilasena and Targoff, 1990). The protein
has been found in the nucleus of all cells thus far examined, including HEp2
cells, HeLa cells, mouse kidney and liver, rat liver, and bovine liver, spleen, and
thymus. Its function is unknown.

Anti-Mi, occurs in about 20% of DM patients and in all clinical subsets of DM
including adult and juvenile forms, DM with malignancy, and DM overlapped
with other connective tissue diseases (Targoff and Reichlin, 1985b).

H. ANnTiBODIES TO THE 56-kDA PROTEIN

Antibodies to a 56-kDa component of heterogeneous RNP particles purified from
Syrian Hamster cells have been demonstrated by Western blot in sera from my-
ositis patients (Arad-Dunn et al., 1987). This antibody occurs in a high propor-
tion of all subsets of myositis sera tested, but the further molecular definition of
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the antigenic target and its subcellular location are unknown, as is its relationship
to any of the other myositis antigens.

It is clear that there is great heterogeneity in the autoimmune response of
patients with PM and DM, but equally clear that part of this heterogeneity has
been resolved by the biochemical definition of the antigenic targets and the
recognition that certain autoantibody specificities are tightly associated with
clinical subsets of the disease.

. PROGRESSIVE SYSTEMIC SCLEROSIS:
SCLERODERMA

The frequent presence of antinuclear antibodies has long been recognized in
progressive systemic sclerosis (PSS), and in the past decade, many antigenic
targets have been defined at the molecular level.

A. ANTIBODIES TO NUCLEAR ANTIGENS

Three antigens have a nuclear distribution. Antibodies to these targets occur in
large numbers of patients with PSS and are associated with clinical subsets of the
disease.

The first antigen, designated Scl,,, was initially defined by gel diffusion and
thereafter by Western immunoblotting; this suggested that the reactive antigen
had a molecular mass of 70 kDa (Douvas et al., 1979). Subsequent work demon-
strated that the molecular identity of this antigen was the enzyme DNA topo-
isomerase I (topo I), and its native molecular mass was shown to be 100 kDa
(Shero et al., 1986; Guldner et al., 1986; Maul et al., 1986). The sensitive
Western immunoblotting method with Hela cell nuclear extracts results in a
slightly higher prevalence than does gel diffusion.

The second antigen, P-100, is a molecule apparently distinct from topo-
isomerase I since it is demonstrated by Western immunoblotting with Xenopus
laevis 00cyte extracts in numerous sera negative by gel diffusion for anti-Scl,,,
(Thomas et al., 1988). In addition, absorption experiments with rabbit thymus
extracts (RTE) as a source of topo I and xenopus extracts (XE) as a source of
P-100 provide further evidence for their distinct antigenicity, since RTE absorbs
anti-topo I activity without affecting reactivity with P-100, and contrariwise, XE
absorbs anti-P-100 activity without affecting reactivity with topo I in appropri-
ately selected sera from PSS patients (Thomas et al., 1988).

The third antigen, to the centromeric region of chromosomes, gives a nuclear
large, speckled pattern of fluorescence, and can be recognized as chromosome
associated in chromosome spreads (Moroi et al., 1980). Subsequent molecular
and cellular localization studies have revealed that three polypeptides of mo-
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lecular mass 17, 80, and 140 kDa, which reside in the kinetochore, are the
antigenic targets (Brenner et al., 1981; Cox et al., 1983; Guldner et al., 1985;
Earnshaw et al., 1986). A partial cDNA clone for the 80-kDa protein, the most
prevalent antigen, has been isolated and sequenced (Earnshaw et al., 1987).

B. AnTiBODIES TO NUCLEOLAR ANTIGENS

The remainder of the recognized characterized antigens reactive with PSS sera
are nucleolar, and antibodies of these specificities occur in small numbers of
scleroderma sera. A proportion (8 to 25%) of PSS sera contain antibodies that
bind nucleolar antigens (Reimer ez al., 1988). The most frequent antigenic target
is the 34-kDa protein fibrillarin, rich in NONG dimethylarginine, which is the
protein moiety of the U; RNA protein particle (Lischwe ez al., 1985). Antibodies
to this antigen are associated with a clumpy pattern of nucleolar staining in IFA
on HEp2 cells. Antibodies to RNA polymerase 1 (Reimer et al., 1987) and
PMScl (Reichlin et al., 1984; Targoff and Reichlin, 1985a) are equally prevalent
nucleolar targets and occur in 1 to 5% of PSS sera. These latter two specificities
have distinctive patterns in IFA: antibodies to RNA polymerase | are associated
with a discrete speckled pattern restricted to the nucleolus, whereas antibodies to
PmScl are associated with homogeneous nucleolar staining as well as more
general nucleoplasmic staining. Finally, two rare nucleolar targets reactive with
PSS sera are To, a 40-kDa protein complexed to 7-2 and 8-2 RNAs (Hashimoto
and Steitz, 1983; Reddy et al., 1983) and Nor 90 (Tan, 1989), a 90-kDa protein
localized to the nucleolar organizing region.

C. CuNICAL ASSOCIATIONS
Table I lists the clinical subsets that have been associated with these specific

autoantibodies. The clearest association is that of antibodies to centromere with a

TABLE i
Scleroderma-Specific Autoantibodies

Autoantigenic target Clinical subset
Nuclear
Centromere CREST and/or limited cutaneous involvement
DNA topoisomerase 1 Diffuse systemic sclerosis
P-100 Diffuse systemic sclerosis
Nucleolar
RNA polymerase | Diffuse systemic sclerosis
PM-Scl Scleroderma-polymyositis overlap

Fibrillarin CREST and diffuse systemic sclerosis
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subset of PSS patients with limited disease and the CREST (calcinosis,
Raynaud’s phenomenon, esophageal motility disturbances, sclerodactyly, and
telangiectasia) syndrome. Centromere antibodies occur almost exclusively in
patients with limited cutaneous disease and/or CREST, and in several series
occur in 43 to 98% of such patients. Antibodies to topo I, P-100, and RNA
polymerase I appear to be markers for patients with diffuse disease, while anti-
bodies to PM-Scl occur most frequently in patients with polymyositis—sclero-
derma overlap, as discussed in an earlier section of this chapter. Antibodies to the
other nucleolar specificities occur too infrequently to determine their clinical
specificity.

IV. SYSTEMIC LUPUS ERYTHEMATOSUS

Patients with systemic lupus erythematosus (SLE) produce a rich array of autoan-
tibodies and, as described in the previous sections, such autoantibodies tend to
associate with, if not define, clinical subsets. Antibodies to histone 1 and PCNA
are discussed in Chapter 7. Information about antibodies to DNA is provided by
the initial edition of The Autoimmune Diseases (1985) (Mackworth et al., 1988,
Pisetsky et al. (1990).

This section will focus on immune responses to a family of RNA protein
antigens that occur in two overlapping pairs. Precipitating antibodies to one or
more of these specificities occur in 85% of SLE patients, and these are called
U,RNP, Sm, Ro/SS-A, and La/SS-B. Almost all patients who produce anti-Sm
also produce anti-U,RNP, while anti-U,RNP can occur alone or in combination
with anti-Sm antibodies. In an analogous manner, all patients who produce anti-
La/SS-B also produce anti-Ro/SS-A, and a substantial proportion of patients
produce anti-Ro/SS-A alone. These associations have been documented and
discussed elsewhere (Wasciek and Reichlin, 1982; Harley ez al., 1986; Reichlin,
1987; Hamilton et al., 1988; Reichlin et al., 1989).

A. AnTisopies TO U;RNP AND Sm

Molecular definition of Sm and U,;RNP as RNA protein particles was reported by
Lemer and Steitz (1979), and a combination of Western blotting, protein immu-
noprecipitation, and chemical isolation methods (Takano et al., 1980; Takano et
al., 1981; Lerner et al., 1981c;, Douvas, 1982) has revealed the size and the
antigenicity of the protein moieties.

The particle bound by anti-U,RNP is composed of an RNA component desig-
nated U, (U for uridine rich) complexed to at least seven proteins varying in
molecular mass from 12 to 65 kDa; Sm particles are composed of the same seven
proteins as well as U,, U, Uy, Us, and Ug RNAs containing 196, 171, 145, 120,
and 95 nucleotides, respectively. Thus, anti-Sm binds five different U RNA-



8. DISEASE-SPECIFIC AUTOANTIBODIES 203

containing particles, each with a distinctive RNA and seven common proteins.
Gel precipitation reactions of U;RNP with its antibody require the whole parti-
cle, both RNA and protein. Protein alone is sufficient for the precipitation of Sm
with anti-Sm. The consensus that has emerged from several laboratories is that
anti-U,; RNP antibodies react with epitopes on three polypeptides (unique to the
U, particle) of 70, 33, and 22 kDa. The 33- and 22-kDa proteins are also
designated the A and C peptides. Antibodies to Sm react with two proteins of 28
and 16 kDa common to all the U-containing RNP particles, designated the B and
D proteins. B protein is also designated B/B’, since it occurs as a doublet of 29
and 28 kDa, respectively. Antibodies against the RNA component of U,RNP
have recently been shown to occur with some frequency (van Venrooijh er al.,
1990).

There are also three smaller polypeptides of 12, 11, and 9 kDa, designated E,
F, and G. There is considerable overlap in the distribution of these specificities in
sera containing various combinations of anti-U,RNP and anti-Sm precipitins. It
is common for anti-U,;RNP sera that immunoprecipitate only U,RNA and have a
single RNAse-sensitive precipitin line to strongly bind the B/B’ bands in Western
blot analysis (Habets ez al., 1985; Combe et al., 1989). Whereas there may be a
frequent occurrence of antibodies to B/B’ in sera with anti-Sm precipitins, the
only common specific reactivity characteristic of the anti-Sm specificity is reac-
tivity to the D peptide. Less frequently, antibodies to the E peptide are also found
in anti-Sm sera (Petterson et al., 1984; Petterson et al., 1986). The striking
findings are that there are antigenic relationships between the A and C polypep-
tides characteristic of the U;RNP and anti-Sm sera, and this is reflected in shared
amino acid sequences (Habets er al., 1989). Thus the antigenic polypeptides of
the Sm and U,RNP specificities are not only found on the same particles, but also
share a primary amino acid sequence.

It is also of interest that despite the sharing of antigenic epitopes between B/B’
and D, their primary amino acid sequences are entirely different (Rokeach et al.,
1988; Rokeach er al., 1989), which indicates the shared epitope is confor-
mational.

Autoantibodies specific to the U, particle have been described, and these are
directed to two unique polypeptides of 33 kDa (A’) and 28 kDa (B").

Sera with anti-U,RNP always are accompanied by antibodies that immu-
noprecipitate the U, particle as well. Thus anti-U,RNP sera characteristically
immunoprecipitate U, + U, RNAs, anti-U,RNP sera immunoprecipitate
U,RNA alone, and anti-Sm sera immunoprecipitate all five U RNAs, 1,2, 4,5,
and 6 (Mimori et al., 1984; Craft er al., 1988). The basis of this cross-reactivity
is the sequence homology between the A protein of the U, particle and the B”
protein of the U, particle (Habets et al., 1989). The fine specificity of these anti-
SnRNP antibodies is listed in Table III.
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TABLE 11
Antigenic Relationships of SnRNPs

Antibody specificities Antigenic targets
Anti-U;RNP 70 kDa, A (33 kDa) and C (22 kDa)
Anti-Sm B/B’ (29, 28 kDa), D (16 kDa)
Anti-U,RNP A’ (33 kDa) and B” (28 kDa)

B. CunicaL Associations oF ANTi-U,RNP
AND ANTI-SMm

Antibodies to Sm with or without anti-U;RNP occur in SLE, and antibodies to
U,RNP alone occur in SLE and in the overlap syndrome mixed connective tissue
disease (MCTD), which consists of various mixtures of SLE, PM, and PSS
(Sharp et al., 1971; Sharp et al., 1972). Much work has centered on the identifi-
cation of a specific immunochemical marker of MCTD, and two groups have
reported the high specificity of anti-70 kDa for MCTD (Habets er al., 1983;
Petterson er al., 1986). However, subsequent studies with a recombinant 70-kDa
protein found an almost uniform presence of anti-70-kDa protein antibodies in
SLE sera (Netter et al., 1988; Guldner er al., 1988). An additional study em-
ploying subfragments of recombinant 70-kDa protein has shown that there are
multiple epitopes, and the pattern of reactivity of sera from SLE and MCTD sera
is very similar if not identical (Cram et al., 1990). The search for a specific
immunochemical marker for MCTD (as distinct from SLE) remains elusive.

One of the most intriguing clinical associations of these antibodies is their
relationship to nephritis. Patients with only anti-U,RNP have a low frequency of
renal disease (Sharp et al., 1971; Sharp et al., 1972; Reichlin and Mattioli, 1972;
Parker, 1973). This problem has been recently reinvestigated by studying the
distribution of anti-U,RNP and anti-Sm by quantitative enzyme-linked immu-
nosorbent assay (ELISA) and Western blotting sera from patients with lupus
nephritis. If the antibody reacted with an RNA-protein antigen with a ratio of
U,RNP to Sm of less than 200, nephritis was likely, whereas ratios of 200 or
greater were never associated with nephritis. While antibodies to the 70-kDa
protein were present in 83% of those without nephritis, they were also present in
23% of patients with nephritis. Thus the quantitative preponderance of the
U,RNP to Sm response was a better indication of a low risk of nephritis than was
the presence or absence of antibodies to the 70-kDa particle (Reichlin and van
Venrooij, in press). Some clinical and serological associations are listed in
Table IV.

Antibodies to the U,RNP were almost invariably associated with overlap
disease, with a very high prevalence of myositis among these patients (Craft ef
al., 1988).
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TABLE IV
SLE-Associated Autoantibodies

Autoantigenic target Clinical association
URNP Mild SLE when it occurs alone and/or overlap with PSS and PM
Ro/SS-A Subacute cutaneous lupus erythematosus, neonatal LE, lupus of

homozygous C; and C, deficiency, vasculitis of Sjogren’s
syndrome, photosensitivity, interstitial lung disease, SLE-Sjogren’s
syndrome overlap

Increasing knowledge of the fine specificity of the autoimmune response to the
U RNA protein particle should enhance our ability to relate these autoantibodies
to clinical phenomena.

C. StrucTure OF RO/SS-A AND LA/SS-B

The RNA component of Ro/SS-A is known as hY RNA for human (h)
cytoplasmic (Y) RNA (Lemer et al., 1981). It is uridine rich and, in humans, is
composed of at least four unique RNA species between 83 and 112 bases, of
which three of the RNA species have been sequenced. Helical regions near the 3’
and 5’ ends are protected from RNAse digestion when the hY RNA is complexed
with the Ro/SS-A protein (Wolin and Steitz, 1984). The genes for hY1 and hY3
RNAs are adjacent on the human genome (Wolin and Steitz, 1983).

The La RNAs are more complicated. In many cells, there are RNA species
termed 4.5 S RNA, which bind the La/SS-B protein. Although 4.5 S appears to
be the major RNA in mice (Hendrick ez al., 1981) and 5.0 S in humans (Rinke
and Steitz, 1982), 4.5 S RNA is partially homologous to the Alu DNA family,
which is composed of highly repetitive interspersed sequences found in mam-
malian genomes (Jelinik er al., 1980). The 5.0 S RNA has been shown to be a
precursor form of ribosomal RNA (Rinke and Steitz, 1982). There are, however,
many other RNAs also immunoprecipitated by anti-La/SS-B, largely between 80
and 120 nucleotides (Lemer er al., 1981a). Some of these have been shown to be
precursor tRNA molecules, leading to the hypothesis that all RNA polymerase
III transcripts are at least initially associated with the La/SS-B protein. The
common structural feature of the RNA that binds it to the La/SS-B protein is an
oligouridylate stretch found at the 3’ end of the polymerase III transcripts
(Stefano, 1984).

Viral-encoded RNAs also have been shown to complex with the La/SS-B
protein. In particular, two adenovirus RNAs and two Epstein—Barr virus RNAs
containing 160—173 nucleotides bind the La/SS-B protein (Lemner et al., 1981a,;
Lerner er al., 1981b; Rosa et al., 1981).

The La/SS-B protein is a single polypeptide of 50 kDa (Lemer et al., 1981a),
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which is easily degraded to an antigenically active 29 kDa, after which it loses
antigenicity (Venables et al., 1983). A cDNA for La/SS-B has been cloned and
sequenced, and a major antigenic epitope has been localized to the COOH
terminal region (McNeilage e al., 1990). Epitope definition has been accom-
plished by studies of the reactivity of human recombinant fusion proteins with
autoimmune sera. Multiple epitopes were demonstrable and were reproducibly
reactive with multiple patient sera and spanned the length of the molecule (St.
Clair et al., 1988a; St. Clair et al., 1988b; Bini et al., 1990). Thus far, no
isoforms of La/SS-B have been identified. The La/SS-B protein appears to
function as a termination factor for RNA polymerase I1I, which accounts for its
binding to numerous polymerase I1I transcripts. It has also been identified as an
enzyme, a nucleic acid-dependent ATPase/dATPase with melting properties
(Bachman et al., 1990).

D. HeTEROGENEITY OF Ro/SS-A AND ANTI-RO/SS-A

The first Ro/SS-A protein characterized was a 60-kDa protein (Venables e? al.,
1983; Wolin and Steitz, 1984; Yamagata et al., 1984). It is now known to exist in
at least two distinctive molecular forms with two isoforms of each in the lympho-
cyte and red blood cell. There are two 60-kDa forms: one in nucleated cells, and
the other in red blood cells (Rader et al., 1989a). There is a 52-kDa form in
lymphocytes (Ben Chetrit ez al., 1988) and an analogous 54-kDa form in red
blood cells (Rader et al., 1989a). Red cell Ro/SS-A binds only the hY, and hY,,
RNAs. Affinity elution studies and frequency analysis of antibodies to these
various Ro/SS-A molecules reveal that the two 60-kDa forms are distinctive but
related, while the lymphocyte 52-kDa and red cell 54-kDa forms are likewise
distinctive but related (Itoh et al., 1990). Antibodies to one of the pairs do not
cross-react with members of the other pair and vice versa. Cloned cDNAs for the
Ro lymphocyte 60-kDa form have been sequenced (Deutscher et al., 1988; Ben
Chetrit et al., 1989).

This heterogeneity of the Ro/SS-A antigen is also reflected in the autoimmune
response. Patients with different precipitin profiles have anti-Ro/SS-A that dif-
fers in fine specificity. This has been demonstrated with two different immu-
nochemical properties of the Ro/SS-A/anti-Ro/SS-A system (Rader et al.,
1989b). One is based on the observation that anti-Ro/SS-A is preferentially
reactive with the human Ro/SS-A particle (Reichlin et al., 1989; Reichlin and
Wolfson-Reichlin, 1989), and the other reflects the differing pattern of antibodies
to the various Ro/SS-A isoforms in sera from patients with differing precipitin
profiles. Thus, disease sera with anti-Ro/SS-A alone have the highest fraction of
antibody remaining reactive with human Ro/SS-A after absorption with bovine
Ro/SS-A, compared with patient sera with anti-Ro/SS-A and anti-La/SS-B, and
anti-Ro/SS-A and anti-nRNP, respectively. Thus anti-Ro/SS-A alone sera have
the largest fraction of antibody exclusively reactive with human Ro/SS-A,
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whereas sera with anti-Ro/SS-A and nRNP have the smallest fraction of such
human-specific antibody (Rader er al., 1989b). Western blot analysis with red
cell hemolysates cleared of hemoglobin was the other procedure applied to these
sera, and this also distinguished the three groups. The most homogeneous were
the sera with anti-Ro/SS-A and anti-nRNP, in which 16 of 17 reacted exclusively
with the RBC 60-kDa isoform of Ro/SS-A. The seventeenth serum reacted with
both the RBC 60-kDa and the 54-kDa isoform of Ro/SS-A. Sera with both anti-
Ro/SS-A and anti-La/SS-B precipitins reacted uniformly with the RBC 54-kDa
molecule and always more strongly than the RBC 60-kDa Ro/SS-A. In this
property, anti-Ro/SS-A sera were more heterogeneous but resembled anti-
Ro/SS-A and anti-La/SS-B sera more closely than did anti-Ro/SS-A and anti-
nRNP sera. Thus, it is clear that not only is there heterogeneity in the profile of
autoimmune reactants (e.g., anti-DNA, antihistone, anti-U,RNP, anti-Ro/SSB,
etc.), but also, at least with respect to the anti-Ro/SS-A response, there is
considerable heterogeneity within that response.

E. CunicaL AssOCIATIONS wWiTH THE ANTI-RO/SS-A
ResponNSE

A number of lupus disease subsets are closely associated with the anti-Ro/SS-A
response. These include the following: subacute cutaneous lupus erythematosus
(SCLE), neonatal lupus erythematosus, the lupus of homozygous deficiency of
the complement components C2 and C4, and the vasculitis of primary Sjogren’s
syndrome (Reichlin, 1986). In addition, the clinical finding of photosensitivity
(Mond et al., 1989) and ILD (Hedgpeth and Boulware, 1988) are also closely
related to the presence of anti-Ro/SS-A within the SLE population.

The clinical specificity of antibodies to Ro/SS-A and La/SS-B is restricted to
SLE and Sj6gren’s syndrome. This point is emphasized by the occurrence of a
subset of patients with an overlap of Sjogren’s syndrome and SLE, in which the
most prominent feature of the SLE component is extensive SCLE (Provost er al.,
1988a; Provost et al., 1988b).

It is suspected but unproven that the association of anti-Ro/SS-A with clinical
subsets depends on the direct involvement of antibodies to Ro/SS-A in the
clinical expression of disease. As these studies are performed, it is obvious that
the great heterogeneity of the Ro/SS-A antigen and its cognate antibodies will
have to be considered. One might suspect that various subpopulations of anti-
Ro/SS-A would be differentially involved in the different clinical subsets.

V. SUMMARY

Much has been leamed in the past decade about the biochemical definition of
numerous autoantigen targets in systemic rheumatic disease. This progress has
been greatly facilitated by the powerful tools of molecular biology.
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It is clear that disease-specific autoimmune responses exist, and that each
disease is characterized by a family of autoantibodies. Emerging clinical data
suggest that heterogeneity of disease (subsets) is accompanied and mirrored by a
heteogeneous autoimmune response; i.e., clinical subsets are associated with
autoantibodies of a relatively narrow specificity.

The frontier areas are several. The etiology of all these diseases is still un-
known. It would be surprising if, in these diseases, specific autoimmune re-
sponses were not intimately related in a mechanistic way to the finally deter-
mined etiologies. At present, the role of these autoantibodies in the pathogenesis
of the tissue damage remains obscure and will require a renewed effort for
definition.

EDITOR'S NOTE:

Reichlin’s analysis of the rapid developments in knowledge of the non-DNA antigens in the multisys-
tem autoimmune diseases, including the fine specificities of the antibodies, raises two expectations.
(1) There can be an improved classification of these diseases into categories with relevance to nosology,
treatment, and outcome: This has been, in part at least, fulfilled. (2) There will be clues into the trigger
factors that set these diseases in train. This expectation is not yet fulfilled. However, it is clear that the
autoantigenic molecules tend to be enzymes, and that functional sites on the enzymes represent auto-
epitope sites, with the capacity of autoimmune sera to inhibit specifically the function of the enzyme
being increasingly noted. Of interest the La/SS-B protein is now identified as an enzyme molecule, a
“nucleic acid dependent ATPase with melting properties”™ (Cell 60: 85-93, 1990).

However, the tantalizing enigma remains: is there any connection between the specificity of the
autoantibody and the expression of the disease? The anti-TRNA synthetase activity characteristic of
polymyositis is held to represent the footprint of an antecedent virus infection with an autoimmune
process supervening on this. But a clinical type of polymyositis can complicate treatment with p-
penicillamine, which would have a completely different antigenic configuration.

In scleroderma there is such a high frequency of accompanying autoantibodies of one type or
another, antitopoisomerase 1, anticentromere or antinucleolar, with the latter attracting increasing
attention. We are certainly now more comfortable with autoimmunity as a pathogenetic component in
scleroderma but, certainly now as with the other multisystem autoimmune diseases, the link between
symptoms serology remains as mysterious as ever.

Reichlin emphasizes the insights that molecular biology has provided into the amino acid sequences
of autoantigens and the mapping of the autoepitopes, at least for B cells. The existence of multiple
epitopes and cross-reactivities between discrete sequences with no evident structural homology points
to the likelihood that epitopes are complex structures encompassing discontinuous regions of a confor-
mationally organized molecule. If this has implications for pathogenesis, it would suggest that the
antigen drive is derived from the autoantigen itself.

Questions always arise on the SLE-Sjogren’s syndrome (SS) connection. Can the overlap be ex-
plained simply by formation of immune complexes in both diseases? Certainly when “pedigree”
examples are taken, SLE segregates with anti-DNA and anti-Sm, and Sjogren’s syndrome segregates
with anti-La and anti-Ro. But then anti-Ro turns up, without anti-La, as an autoantibody for an SLE
subset! And why should Ro and La be “‘immunologic fellow-travellers™ when these polypeptides have
a different cellular location. Whatever the uncertainties, we commend Reichlin, a specialist on the Ro
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particle, on his informative discussion on the puzzling heterogeneity of the Ro polypeptide and the
serologic responses to it.

Reichlin refers to the “‘unknown etiology™ of the multisystem autoimmune diseases. Perhaps the
“etiology” is the autoimmune state itself, with a native autoantigen providing both the trigger and the
drive for self-perpetuation in subjects with a peculiar derangement of tolerance that we do not yet fully
understand.
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I. INTRODUCTION

Autoimmune diseases are characterized by a failure in the immune system to
distinguish between self and nonself. Consequential to this breakdown in toler-
ance, there may be adverse clinical consequences that include systemic dysfunc-
tion and/or destruction of particular organs or tissues. The understanding of
failure of tolerance requires knowledge of autoantigens but, until recently, the
analysis of autoantigens has been slow and difficult because these may be present
in low concentrations, or may be hard to purify. Moreover, autoimmune sera may
contain multiple autoantibodies, some critical, and others irrelevant. All of these
features have retarded our understanding of autoimmunity. However, the recent
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advent of molecular biology and its technologic applications have provided new
insights and approaches, well exemplified by two autoimmune liver diseases,
primary biliary cirrhosis and the subset of chronic active hepatitis marked by
reactivity with a microsomal antigen.

Il. PRIMARY BILIARY CIRRHOSIS

A. BACkGROUND

Primary biliary cirrhosis (PBC) results from an autoimmune destruction of bile
ducts and eventually causes liver failure. The disease specificity for PBC of high-
titer autoantibodies to a mitochondrial antigen has been long recognized (Mackay
1958; Walker et al., 1965; Berg et al., 1967), and the possible significance,
discussed (Kaplan, 1987; Gershwin er al., 1988a). These autoantibodies and
certain other features have led to the description of PBC as a model autoimmune
disease. However, while PBC is a paradigm for autoimmunity in some respects,
it is a paradox in others (Gershwin and Mackay, 1991), in that the autoimmune
attack is focused on the intrahepatic biliary ductules, yet the unique mitochondri-
al autoantigen is not tissue specific and, moreover, is apparently well shielded
from the immune system. Earlier on, the mitochondrial autoantigens for PBC
sera were found to react with trypsin-sensitive antigens in the inner mitochondri-
al membrane (Berg et al., 1967), but further characterization was slow (Meek et
al., 1980; Mendel-Hartvig et al., 1985). In 1985, four groups used immunoblot-
ting to show that some five mitochondrial autoantigens could be identified with
molecular masses ranging from 74 to 36 kDa, as judged by migration in gels,
with minor variations depending on technical factors (Lindenborn-Fotinos er al.,
1985; Ishii et al., 1985; Frazer et al., 1985; Manns et al., 1985). However, the
biochemical identification of the mitochondrial antigen remained elusive.

In 1987, a cDNA for the mitochondrial 74-kDa autoantigen of PBC was
cloned and sequenced (Gershwin et al., 1987) by screening a rat liver cDNA
library with sera from patients with PBC, and this led to the identification of the
antigen as the pyruvate dehydrogenase complex (PDC) (Van de Water er al.,
1988a,b; Gershwin et al., 1988b; Coppel et al., 1988). By subcloning different
fragments of this cDNA into frame-shifted expression vectors, an immunodomi-
nant polypeptide was found to be expressed by a 603-base-pair fragment, and a
synthetic 20-amino-acid peptide from this polypeptide sequence absorbed the
reactivity of serum with the original recombinant protein (Van de Water et al.,
1988a). This 20-amino-acid peptide corresponded to a peptide proposed as a
candidate epitope by reason of sequence conservation, that is the lipoyl domain
of dihydrolipoamide acetyltransferase, the E2 component of PDC-E2 (Coppel et
al., 1988; Yeaman et al., 1988). Thereafter, a group of antigens associated with
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PDC and related enzymes were identified and characterized, as described below.
Thus, finally, the true mitochondrial antibodies of PBC have “stood up” and can
be accounted for by reactivity with PDC and two closely related enzymes of the
2-oxo-acid dehydrogenase complex (2-OADC) family (Surh et al., 1988b; Van
de Water et al., 1988; Fussey et al., 1988; Van de Water et al., 1989; Fregeau et
al., 1990). For convenience, the earlier designation, M2, is used for the 2-OADC
enzyme antigens, and anti-M2, for the corresponding autoantibodies.

B. PROPERTIES OF M2 AUTOANTIBODIES

The anti-M2 mitochondrial autoantibodies in PBC show some notable features.
First, the major reactivity appears to be with PDC, the 74-kDa antigen, since
some 95% of sera are positive by immunoblotting; the frequency of reactivity
against the E2 subunits of the other enzymes, oxo-glutaric dehydrogenase com-
plex (OGDC) and branched chain oxo-acid dehydrogenase complex (BCOADC),
is lower at around 50 to 70%. Despite the fact that in PBC there is usually
reactivity against two, or even all three of the 2-OADC enzymes, there is usually
no serological cross-reactivity (Fregeau et al., 1991); the only cross-reactivity
observed among the M2 reactants is that between PDC and the protein X, which
is a constituent of the same enzyme (Surh ez al., 1989) (vide infra). Moreover, in
keeping with this immunologic specificity, the M2 antibodies are not cross-
reactive in enzyme inhibition assays (Fregeau er al., 1989), as described below.

Second, there is more than one determinant on the M2 autoantigens. For PDC,
the E2 subunit contains a major site around the lipoyl-binding region, and there
are other unmapped sites on the Ela and EIB subunits (Fregeau et al., 1990;
Fussey et al., 1990). Sites on the other 2-OADC enzymes are less well charac-
terized, but major reactivity can at least be confidently allocated to the single
lipoyl-binding domains of these enzymes.

Third, there is a restriction to class (IgM) and isotype (IgG3) of autoantibodies
to the M2 antigens (Surh ez al., 1988a). Autoantibodies in PBC are not, as was
formerly believed, predominantly IgM, but this isotype is nonetheless well repre-
sented, in contrast to antibodies in other autoimmune diseases, which are pre-
dominantly IgG. Moreover, a low molecular type of IgM is present in PBC
(Harris et al., 1986), and has anti-M2 reactivity. Among the IgG autoantibodies,
there is subclass restriction to 1gG3, as seen in other autoimmune diseases,
perhaps indicative of a fault in T cell-dependent class-switching of antibody
isotype.

Fourth, antibodies in PBC have very potent inhibitory effects on the catalytic
function in vitro of the enzyme with which they react; the effect is very rapid and
occurs at high serum dilutions. This fits with recent findings that autoantibodies
in general tend to be directed to the functional sites of their cognate antigen and
exemplified by various of the antinuclear antibodies (Gershwin and Mackay,
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1991). However, the M2 antibodies are of particular interest because PDC is such
a well-studied enzyme with relatively simple assays available for inhibitory
effects in vitro.

Data on the inhibitory capacity of PBC antibodies to PDC have been published
from three laboratories (Van de Water et al., 1988a; Uibo et al., 1990; Sundin et
al., 1990). The enzyme-inhibitory capacity of PBC sera is specific for each
enzyme, as judged by affinity purification of sera, as a further indication that
there are separate populations of antibodies reactive with each of the three 2-
OADC enzymes. This was established in a study based on the enzyme-inhibitory
capacity of PBC sera for PDC and OGDC (Fregeau et al., 1991). Thus, 73 of 188
(39%) of PDC sera reacted with OGDC-E2, as judged by immunoblotting
against purified OGDC. In addition, the same PBC sera possessing OGDC-E2
reactivity specifically inhibited enzyme function of OGDC. Enzyme activity was
not affected by PBC sera that contained autoantibodies to PDC-E2 and/or
BCOADC-E2, but that lacked OGDC-E2 reactivity. Furthermore, affinity
-purified PBC sera against OGDC-E2 inhibited only OGDC activity, but did not
alter the enzyme activity of either PDC or BCOADC. Other studies on PBC sera
using affinity purification were confirmatory since, when PBC sera were affinity
purified on PDC-E2, the adsorbed preparation in contrast to whole serum reacted
exclusively with PDC-E2 in serologic and enzyme-inhibition assays (Rowley et
al., 1991). Of interest, animals immunized with recombinant PDC-E2 develop
antibodies that resemble those of PBC in most respects except for a lack of
enzyme-inhibitory activity (Rowley et al., 1991). Hence it appears that the
inhibitory antibody is a highly specific serologic indication of PBC-related auto-
reactivity, and could well be useful in serologic diagnosis (Uibo et al., 1990;
Sundin, 1990). A semiautomated microassay for enzyme-inhibitory activity has
been described (Teoh et al., 1991).

C. MitocHONDRIAL AUTOANTIGENS
OtHER THAN M2 in PBC

It can be expected that autoantigens other than the 2-OADC enzymes will exist in
mitochondria, and various of these have been identified, notably by immu-
nofluorescence and chromatography. The series has been named M1-M9 (Berg
and Klein, 1989). M1 corresponds to cardiolipin, and M3, M5, M6, and M7 are
described in diseases other than PBC. The other claimed PBC-associated autoan-
tigens are M4, identified with the chronic active hepatitis (CAH)-PBC overlap
syndrome (Berg et al., 1980) and as yet uncharacterized, M8, and M9 identified
with benign-type disease (Berg and Klein, 1989) and characterized as glycogen
phosphorylase (Klein and Berg, 1990). Given the present availability of technical
procedures for characterizing polypeptide autoantigens, the lack of identification
of some of the M3—M9 autoantigens brings into question their existence as
independent molecules.
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D. NoNMITOCHONDRIAL AUTOANTIGENS IN PBC

The frequency of autoantibodies to nonmitochondrial antigens in PBC reflects a
clear increase above background, and includes several types of autoantibody, but
reactivity to nuclear antigens stands out (Mackay and Gershwin, 1989a; Gold-
enstein ez al., 1989). The most provocative is reactivity to centromeric antigen
with the same specificity as seen in scleroderma (CREST type), either with or
without one or more of the clinical components of calcinosis, Raynaud’s phe-
nomenon, esophageal motility disturbances, sclerodactyly, and telangiectasia
(CREST); some 12% of patients with PBC have anticentromere antibodies, and
some 2% have clinically evident scleroderma (Powell et al., 1987). This is
especially puzzling because a cDNA for centromeric antigen has been cloned and
sequenced (Earnshaw et al., 1987), and no homologies with cDNAs for M2
antigens (vide infra) are evident. A second reactivity is with nuclear lamins,
described by Wesierska-Gadek et al. (1989) and Courvalin et al. (1990). In
addition, some 40-50% of PBC sera react by immunofluorescence with other
nuclear antigens, with speckled patterns. A cDNA was derived for one of the
nuclear antigen(s) involved, SP-100; the protein sequence showed homologies
with al and «2 domains of major histocompatibility complex (MHC) class 1
molecules, and with several transcriptional regulatory proteins (Szostecki er al.,
1990).

Other autoantibodies for which there is an apparent increase in PBC include
those to thyroid and gastric antigens, and liver-specific antigens; certain of these
autoantibodies are increased in first-degree relatives of patients with PBC (Mac-
kay, 1985). Among the explanations would be a general and familial defect in
tolerance in PBC.

E. THE M2 AUTOANTIGENS:. STRUCTURAL
AND FUNCTIONAL FEATURES

The M2 autoantigens of PBC have been identified with the functionally related
enzyme family, the 2-oxo-acid dehydrogenase complexes (Mackay and Gersh-
win, 1989b, 1990). We can summarize the structure and properties of these
enzymes, PDC, BCOADC, and OGDC (Table I). The three enzymes consist of
three subunits, El, E2 and E3, each of which is nuclear encoded. The El
subunits of PDC and BCOADC exist as two forms, Ela and E1B. After syn-
thesis on ribosomes, the enzyme subunits are separately imported into mitochon-
dria by a leader sequence that directs the import into, and transfer across, the
inner mitochondrial membrane. Assembly of the three mature protein subunits
occurs on the inner membrane, and some 30 assembled molecules are packaged
as high-molecular-weight (MW) multimers. Thus, PDC has a MW of 8 X106 and
the functional enzyme exists as a very large molecular aggregate, readily visu-
alized by electron-microscopy as a dodecahedron.
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TABLE |
Molecular Weights and Functions of the 2-Oxo-Acid Dehydrogenase Complex

Enzymes kDa Function

Pyruvate dehydrogenase complex (PDC)

El-a decarboxylase 41  Decarboxylates pyruvate with thiamine
El-B decarboxylase 36 pyrophosphate (TPP) as a cofactor
E2-acetyltransferase 74  Transfers acetyl group from El to coenzyme
E3-lipoamide dehydrogenase 55 A (CoA)
Regenerates disulfide of E2 via oxidation of
lipoic acid
Protein X 56 7

Branched-chain 2-oxo-acid
dehydrogenase complex

El-a decarboxylase 46  Decarboxylates a-keto acids

El-B decarboxylase 38 Derived from leucine, iso-leucine and valine
with TPP as a cofactor

E2-acyltransferase 52 Transfers acyl group from El to CoA

E3-lipoamide dehydrogenase 55 Regenerates disulfide for E2 via oxidation of
lipoic acid 38

2-oxoglutarate dehydrogenase, complex

(OGDC)

El-2-oxoglutarate decarboxylase 113 Decarboxylates a-ketoglutarate with TPP as a
cofactor

E2-succiny! transferase 48  Transfers succinyl group from El to CoA

E3-lipoamide dehydrogenase 55  Regenerates disulfide for E2 via oxidation of
lipoic acid

The 2-OADH enzymes are functionally complex. For PDC, the E1 subunit, a
dehydrogenase, decarboxylates pyruvate-releasing CO, and an acetyl group; the
E2 subunit, dihydrolipoamide, effects the reductive transfer of the acetyl group
by the lipoic acid cofactor to co-enzyme A, which enters the Krebs cycle; the E3
subunit is a (FAD)-containing dihydrolipoamide that reoxidizes lipoic acid with
formation of NADH, reduced nicotinamide adenine dinucleotide (NAD), a read-
ily measurable end product of the enzyme reaction. The E2 subunits serve as the
framework for the other components of PDC (El, E3, X, kinase, and phos-
phorylase), which are noncovalently bound to E2 (Roche and Cate, 1977; Roche
and Lawlis, 1982; Yeaman 1986). All three enzymes, PDC, OGDC, and
BCOADC, have structural similarities but act on different substrates (Lawson et
al., 1983; Yeaman, 1986; Perham and Lowe, 1988). PDC oxidatively decarboxy-
lates pyruvate, OGDC decarboxylates a-oxo-glutarate to form succinyl Co A,
and BCOADC catalyzes the catabolism of essential amino acids, including the
branched-chain amino acids, leucine, isoleucine, and valine.
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F. MoLecutar Domains oF PDC-E2

Since the E2 subunit carries the major antigenic reactivity of PDC, the 74-kDa
antigen, it is appropriate to consider the four structural/functional molecular
domains of PDC-E2 (Thekkumkara et al., 1988). From the N-terminus, these
include the lipoyl-binding domain(s), alanine-proline-rich linker regions that
confer flexibility on the molecule, a site at which there is binding of the other
subunits (E1 and E3) and, at the C-terminus, the catalytic site at which transfer
occurs of an acetyl group to co-enzyme A. The structure of the lipoyl domains
varies according to the source of the enzyme. Escherichia coli PDC contains
three lipoyl regions, whereas mammalian PDC has two such regions, outer and
inner (Fussey et al., 1988); the inner appears to be more potent as an autoantigen
than the outer (Surh et al., 1990). The other 2-OADH enzymes have only one
lipoyl-binding domain.

G. Eptore MAarrPinGg ON PDC-E2

To characterize further the major PDH-E?2 epitope, a set of truncated constructs
of PDH-E2 were generated by progressively creating cDNA restriction fragments
at the amino and the carboxyl termini (Surh ez al., 1990). The cDNAs were
subcloned and the resultant fusion proteins analyzed by immunoblotting and
ELISA, using PBC sera at a 1:500 dilution. Of the N-terminal deletion con-
structs, the fusion protein that contained amino acid residues 128-227 from the
N terminus of the mature protein was strongly reactive, whereas the fusion
protein that contained residues 136-227 was less frequently and more weakly
reactive. Thus, by immunoblotting, 23 of 26 sera reacted with the 128-227
protein, but only 14 of 26 PBC reacted with the 136—227 protein. Furthermore,
although serum titers by immunoblotting or ELISA against the 128—-227 protein
and the full-length fusion protein were similar for all of 10 sera analyzed, the
titers against the 136-227 fusion protein were 100-fold lower. A similarly dimin-
ished frequency of reactivity and titer was observed against a fusion protein that
contained residues 146—227, and a fusion protein that contained residues 160—
227 was not reactive. From the C-terminus, only the deletion to residue 221 was
permissive without any effect on the frequency or titer of reactivity with PBC
sera. This indication that the smallest reactive determinant required residues
146-221 was verified by subcloning a restriction cDNA that encoded residues
146221 to produce a fusion protein weakly reactive with PBC sera (Surh et al.,
1990).

In previous work, using only a partial-length rat liver cDNA clone, it was
demonstrated that the immunodominant epitope of PDH-E2 was localized to the
lipoic acid-binding site (Van de Water ef al., 1988b). Noting that human PDC-
E2, in contrast to rat PDC-E2, has two lipoic acid-binding sites, and by using a
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full-length human ¢cDNA for PDC-E2 and preparation of multiple overlapping
recombinant fusion proteins, we can specify that at least three autoepitopes are
present on human PDC-E2: the cross-reactive outer and inner lipoyl sites and a
site surrounding the E1/E3-binding region. The dominant epitope is localized to
the inner lipoyl site; the outer lipoyl site has only weak reactivity, and only 1 of
26 PBC sera reacted with the E1/E3-binding region sera. As indicated above,
analysis of recombinant fusion proteins expressed from small restriction cDNA
fragments encoding the inner lipoyl site has shown a requirement of 75 amino
acids (residues 146-221) for detectable autoantibody binding, and 93 amino
acids (residues 128-221) for strong binding. This requirement for such a large
peptide region is of interest and indicates that a conformational autoepitope is
involved. Strong evidence for this has also been obtained by Rowley er al. (in
press) based on the reactivity of PBC sera after affinity purification on columns
loaded with the PDC-E2 fusion protein or the intact PDC enzyme. The pattern of
reactivity of the column eluates indicated that the conformational epitope in-
volved is closely associated with the functional activity of the E2 subunit.

Since the lipoyl region constitutes the major antigenic site of the 2-OADC
enzymes, the contribution of the lipoic acid cofactor to the antigenicity of the
lipoyl domains of the 2-OADC enzymes is of interest. Three mutants in the lipoyl
domain of PDC-E2 were created by site-directed in vitro mutagenesis (Leung et
al., 1990). The critical lysine residue at which lipoic acid is covalently attached
was replaced by differently charged residues, glutamine or histadine, or by an
aromatic amino acid, tyrosine. These variations in the charge distribution at the
lipoyl-binding site of PDC-E2 did not significantly alter the reactivity of M2
antibody by immunoblotting or enzyme-linked immunosorbent assay (ELISA).
Full interpretation of the data requires knowledge of whether lipoic acid is in fact
present on transcripts from the cDNA for mammalian PDC-E2. This seems
unlikely, since a recombinant mammalian BCOADC-E2 had no attached lipoic
acid, but could be lipoylated in vitro in the presence of 2 mM adenosine triphos-
phate (ATP) using a mitochondrial extract (Griffin et al., 1990).

However, in other studies on the reactivity of PBC sera with bacterial (E. coli)
wild-type PDC-E2, or with genetically engineered bacterial PDC-E2, there was a
requirement for the lipoic acid moiety, since reactivity was lost with an unlipoy-
lated (lysine — glutamine) mutant (Fussey ez al., 1990). Also, the nonreactivity
with lipoyl-deficient molecules could be partially restored if the lipoic cofactor
was replaced by another group, octanoic acid, which could mimic the unique
peptide—cofactor conformation within the lipoyl domain. It was found (Teoh, K.-
L., Mackay, 1. R., Rowley, M. I., and Fussey, S. P. M., 1991), that PBC sera
inhibited the catalytic function of purified mammalian PDC but not that of
purified bacterial PDC, despite the sera’s being reactive with the E2 subunits of
both enzymes by immunoblotting, indicative of a fine difference in the configura-
tion of the lipoyl domains of the mammalian and bacterial enzymes. A more
detailed characterization of the binding site of the PBC autoantibodies is needed.



9. CYTOPLASMIC AUTOANTIGENS IN LIVER DISEASE 221

. AUTOIMMUNE-TYPE CHRONIC
ACTIVE HEPATITIS

A. BACKGROUND

Chronic active hepatitis is defined using clinical and morphological criteria. It is
known that several different etiological agents or processes are responsible for
this condition. Hepatitis B virus (HBV), hepatitis D virus (HDV), and hepatitis C
virus (HCV) have been identified as important etiologic agents, whereas meta-
bolic and toxic causes and drug hypersensitivities account for a small minority of
cases. A decreased or ineffective response of the T-cell component of the im-
mune system is a main contribution to the chronicity of hepatotropic virus infec-
tions, whereas a loss of tolerance against hepatocellular antigens underlies the
pathogenesis of autoimmune-type chronic active hepatitis (AI-CAH). AI-CAH is
characterized by a predominance of females over males (8:1), hypergam-
maglobulinemia (> 30 g per liter), association with particular human leukocyte
antigen (HLA) alleles (B8 and DR3 among Caucasians and DR4 among Japa-
nese), absence of markers of infection with HBV, and circulating autoantibodies
against tissue antigens (Manns, 1989a and b; Mackay, 1990). Immunosup-
pressive treatment with corticosteroids alone or in combination with azathioprine
leads to clinical, biochemical, and morphological remission associated with a
prolonged survival (Kirk et al., 1980). Various autoantibodies, non-tissue specif-
ic and liver specific, have been described in AI-CAH. Based on these autoan-
tibodies as markers, subgroups of AI-CAH have been defined (Table II). The
presence of these serum autoantibodies is useful in distinguishing AI-CAH from
chronic hepatitis due to persistent infection with hepatotropic viruses. This is at
least applicable to infection with HBV. However, for HCV, the picture is less
clear in view of reports of coexistence of antibody to HCV and marker autoan-
tibodies (Esteban er al., 1989; Lenzi et al., 1990; McFarlane et al., 1990),
although our view is that most positive tests for anti-HCV in cases otherwise
fulfilling criteria for autoimmune hepatitis are spurious, and are owing to reac-
tions with components other than HCV in the test system. An exception may be
some elderly patients with type 2 AI-CAH sera positive for anti-LKM-1 (vide
infra). The issue is clinically relevant, since in AI-CAH immunosuppressive
treatment prolongs survival whereas interferons that are given for virus-induced
liver diseases may be deleterious.

Classic AI-CAH was described 40 years ago in young females with hyper-
gammaglobulinemia who responded well to corticosteroids (Waldenstrém,
1950). This form of chronic hepatitis was found to be associated with positive
lupus erythematosus (LE) cell tests and antinuclear antibodies (ANA), which led
to the term lupoid hepatitis (Mackay er al., 1956). It is known that there is an
array of antigens for antinuclear antibodies in AI-CAH, but these have still not
been characterized at a molecular level. Whereas subtypes of AI-CAH can be
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TABLE 11
Heterogeneity of HBSAG-Negative Chronic Active Hepatitis (CAH)¢

Immunosuppressive
ANA LKM SLA SMA AMA treatment

CAH nonA, nonB (HCV) - - — - . _
Classic autoimmune (lupoid)

CAH + — — + -~ +
LKM antibody-positive CAH - + - - — +
SLA antibody-positive CAH - - + +/- +/— +
SMA antibody-positive CAH - - - + - +

|
|
+

Primary biliary cirrhosis - -

aFrom Manns et al. (1987a).

specified, the two major types are type 1, the lupoid type, and type 2, as
described in Table II. Type 1 was described in the previous edition of The
Autoimmune Diseases, and type 2, for which there is molecular identification of
the target autoantigen, will be described herein.

There are further autoantibodies associated with AI-CAH. Antibodies against
a soluble liver antigen (SLA) have been characterized by radioimmunoassay
(Manns et al., 1987a) (Table II), and these are not detectable by immunofiuores-
cence. They seem to characterize a third subgroup of AI-CAH and may help in
distinguishing this form of autoimmune hepatitis from chronic viral hepatitis
(Table 1I). Data suggest that liver cytokeratins 8 and 18 are the antigens recog-
nized by autoantibodies to SLA (Wichter ez al., 1990).

Finally, autoantibodies against the hepatic asialoglycoprotein-receptor (ASGP-
R) have been described (McFarlane et al., 1986; Treichel et al., 1990). Anti-
bodies against this liver-specific membrane antigen are not restricted to any given
subgroup of autoimmune liver diseases, and they occur also in a proportion of
virus-induced liver diseases, and in PBC. Antibodies to ASGP-R appear to
correlate with disease activity and may be a consequence of liver degradation, or
represent a secondary autoimmune response that potentiates liver disease due to
various primary causes.

B. CunicaL FEATURES OF TYPE 2 AUTOIMMUNE
CHronic Active HEPATITIS

In 1973, antibodies against a microsomal antigen enriched in liver and kidney
(LKM) were recognized by immunofluorescence (Rizzetto et al., 1973) and were
later found to be associated with a subgroup of AI-CAH (Smith et al., 1974;
Homberg et al., 1987; Manns et al., 1987b). In some respects type 2 AI-CAH
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resembles the classic lupoid type, but there are particular differences. A point
worth making is that, whereas the first description of anti-LKM positive CAH
was from England, this type of CAH has been accorded only minor reference in
case surveys from North America, [e.g., Mayo Clinic (Czaja et al., 1983)] or
Australia, whereas the proportion of all cases of AI-CAH in Europe is cited as
about 10% (Manns et al., 1984). A detailed clinical description of type 2 Al-
CAH is given by Homberg et al. (1987), based on 68 cases. As for type 1, there
was a high preponderance of females (61:7) and a bimodal age distribution, but
there was a striking frequency of cases in the 0—10-year age group (Homberg et
al., 1987; Manns et al., 1987b). The onset was often acute (58%), and there was
rapid progression to cirrhosis. As for type 1 AI-CAH, there was a striking re-
sponse to prednisolone. The survival rate for untreated cases is poor, and for
treated cases resembles that of type 1 AI-CAH. In 22 of the 68 cases cited by
Homberg et al. (1987), there was an associated extrahepatic disease of autoim-
mune type, vitiligo, thyroid disorder, insulin-dependent diabetes mellitus, per-
nicious anemia, representing the organ-specific thyrogastric group, as well as
various others (Homberg et al., 1987; Manns et al., 1987b; Sacher et al., 1990).
The clinical, laboratory, and histologic features resemble those of type 1 Al-
CAH, apart from the frequency of low levels of immunoglobulin A in type 2 Al-
CAH. HLA phenotypes, present in only 23 of the patients, showed a nonsignifi-
cant increase in HLA-A1, B8 (Homberg er al., 1987); analysis of a larger case
series is awaited.

There is a notable subclass restriction of LKM-1 autoantibodies for IgG1 and
IgG4 (Weber et al., 1988; Peakman ez al., 1987), which is different from the
IgG3 restriction seen for mitochondrial antibodies in PBC (Surh et al., 1988a;
Weber et al., 1988).

C. IDENTIFICATION OF REACTANT FOR MICROSOMAL
LKM-1 ANTIBODIES

These antibodies were first recognized in CAH by immunofluorescence (Rizzetto
et al., 1973), owing to their characteristic high reactivity with the cytoplasm of
hepatocytes and proximal tubules of rat kidney and liver. Subsequently, LKM
antibodies were found in other diseases (Smith et al., 1974; Manns et al.,
1989a). It was shown that the antibody bound to the rough and smooth endo-
plasmic reticulum (Storch et al., 1977; Ballardini et al., 1982). Alvarez et al.
(1985) and Kyriatsoulis et al. (1987) reported that LKM sera from patients with
AI-CAH recognize a 50-kDa microsomal protein by immunoblotting. The LKM
antibodies in spontaneous AI-CAH were nominated as LKM-1 as opposed to
LKM-2 present in drug-induced hepatitis (Table I1I). Different groups then found
that LKM-1-positive sera reacted with preparations of several biochemically
purified cytochrome P450 proteins (Manns et al., 1988; Waxman et al., 1988).
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TABLE il
Liver-Kidney Microsomal {LKM) Autoantigens in Liver Disease

Molecular mass Biochemical definition Disease association

50 kDa LKM-1 P450 dbl (IID6) Autoimmune CAH

50 kDa LKM-2 P450 meph (1IC9) Drug-induced hepatitis
(tienilic acid)

? LKM-3 ? Chronic hepatitis D

50 kDa LKM P450 1A2 Autoimmune CAH,
dihydralazine hepatitis

55 kDa ? ? Autoimmune CAH

64 kDa ? ? Autoimmune CAH

Thus, either the autoepitope recognized by LKM-1 antibodies was shared by
different P450 proteins, or the LKM-1 antigen was an unidentified protein
copurifying with these P450 enzymes.

The identification of cytochrome P-450 1ID6 as major target of LKM-1 anti-
bodies was achieved by various groups applying different experimental ap-
proaches. Zanger et al. (1988) immunopurified P-450 1ID6 with human LKM-1
positive sera and showed specific inhibition of bufuralol-1'-hydroxilation medi-
ated by P-450 I1ID6. Gueguen et al. (1988) isolated rat liver cDNA clones and
concluded from their restriction map analysis that LKM-1 antibodies react with a
class 11 P-450. Manns et al. (1989a) used immunoblots to analyze a panel of
LKM-1 sera from children and adults with type 2 AI-CAH and found reactions of
these sera with human microsomal antigens at 50, 55, and 64 kDa. The main
antigen is 50 kDa, but some sera recognized in addition the 55-kDa or 64-kDa
antigen (Manns ef al., 1989a). A high-titer serum reactive with both the 50-kDa
and 64-kDa antigen was selected to screen a human liver cDNA library, and five
immunopositive clones were isolated (Manns er al., 1989a). Autoantibodies that
were affinity purified on LKM-cDNA-derived fusion proteins reacted only with
the 50 kDa but not with the 55-kDa or the 64-kDa liver microsomal antigen by
Western blots and with the cytoplasm of proximal renal tubular epithelium in
immunofluorescence. These experiments demonstrated that the isolated cDNA
encodes for the 50-kDa LKM-1 antigen, which is immunologically identical in
liver and kidney; however, the 64-kDa and 55-kDa antigens are immunologically
distinct from the 50-kDa antigen. Nucleic acid sequence analysis revealed that
the recombinant cDNA encodes for human cytochrome P-450 1ID6 (Manns et
al., 1989a; Gueguen et al., 1989). The immunodominant B-cell epitope has been
localized on human cytochrome P-450 IID6 and consists of a linear sequence of 8
amino acids, which are highly conserved for class IID P-450s (Manns ez al.,

1990a).
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D. AutoANTIBODIES TO ANTIGENS OTHER THAN LKM

The uniqueness of type 2 AI-CAH is highlighted by the serologic profile of the
disease. Thus, of Homberg’s 68 cases, only two had an ANA titer > 1/100, only
two had SMA titers > 1/100, and none had actin antibody, which is a distinct
marker for type 1 AI-CAH. By contrast, autoantibodies to thyroid micro-
somes/gastric parietal cells were present in 30%. This aligns this type of Al-
CAH more with the thyrogastric than with the lupus-associated autoimmune
discases, but it needs to be established whether LKM-1-positive sera react with
the organ-specific antigens, thyroid peroxidase, and gastric H* K+ -ATPase.

E. DiagnosTic UTiLity oF REcOMBINANT LKM-1
(P450 1ID6) ANTIGEN

Human recombinant LKM-1 (P450 IID6) antigen was used in diagnostic tests for
LKM-1 antibodies in 46 disease sera that gave anti-LKM 1 reactions by immu-
nofluorescence (Manns ez al., 1989b); 3 of the 46 sera were from patients with
nonhepatic autoimmune diseases (scleroderma, Wegener'’s disease, idiopathic
thrombocytopenia), and 43 were from patients with chronic hepatitis. Of the 46
sera, 25 reacted with a 50-kDa liver microsomal protein and 39 with the 78-kDa
recombinant P450 IID6 in Western blots. From these data it became evident that
approximately 10% of patients with anti-LKM-positive liver disease react with a
50-kDa microsomal protein that differs from cytochrome P450 1ID6 (LKM-1).
One of these rare LKM antigens has been identified as another enzyme of the
cytochrome P450 supergene family, cytochrome P450 IA2 (Sacher et al., 1990;
Manns et al., 1990b) (see the following).

F. INHIBITION OF ENZYME FUNCTION
By Human Serum

Zanger et al. (1988) showed that sera positive for anti-LKM-1 inhibit bufuralol-
I’-hydroxylation mediated by P450 IID6 in isolated human liver microsomes.
The metabolism of the antiarrhythmic drug sparteine, also mediated by P450
IID6, is similarly inhibited by LKM-1 autoantibodies. Sparteine has a high first-
pass effect; therefore, its metabolism in vivo is independent of hepatic blood
flow. Thus sparteine can be used to study drug metabolism in vivo mediated by
P450 1ID6. Cytochrome P450 I1ID6 is a a drug-metabolizing enzyme known to
metabolize more than 25 commonly used drugs, including those blocking -
adrenergic receptors, antiarrhythmic drugs, antihypertensive drugs, and tricyclic
antidepressant drugs (Gonzales et al., 1988). There exists a genetic poly-
morphism that is responsible for the lack of expression of cytochrome P450 1ID6
enzyme in the livers of 5 to 10% of Caucasians; accordingly, such individuals
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have a poor capacity to metabolize these drugs. The molecular basis for this
genetic polymorphism has been analyzed, and found to result from erroneously
spliced P450 1ID6 pre-mRNA (Gonzales et al., 1988). However, patients with
type 2 AI-CAH express functionally intact cytochrome P450 IID6 in their livers
and hence are competent to metabolize drugs by cytochrome P450 IID6 includ-
ing sparteine, etc. (Manns et al., 1990c). Thus the genetic polymorphism result-
ing in lack of this autoantigen is not linked to the expression of the disease. Since
sera of patients with type 2 AI-CAH inhibit P450 IID6 in vitro, yet the patients
can metabolize drugs dependent on this enzyme, it appears that LKM-1 autoan-
tibodies do not penetrate through the intact liver cell membrane to inhibit enzyme
function in vivo (Manns et al., 1990c).

G. OtHEr CytocHROME P450 AUTOANTIGENS

There are LKM autoantigens additional to LKM-1, the reactant in type 2 Al-
CAH. LKM-2 is the antigen for the microsomal antibodies detected in
ticrynafen-induced hepatitis (Beaune et al., 1987), and LKM-3 for the micro-
somal autoantibodies detected in chronic hepatitis D (delta) virus (HDV) infec-
tion (Crivelli et al., 1983) (Table III).

The first cytochrome P450 that was identified as a human autoantigen was
cytochrome P450 IIC9 (LKM-2) (Table III) (Beaune et al., 1987, Meier and
Meyer, 1987). Cytochrome P450 IIC9 metabolizes drugs that include the diuretic
agent ticrynafen. The occurrence of antibodies to P450 1IC9 is linked to hepatitis
induced by ticrynafen (tienilic acid) (Beaune et al., 1987). Cases of hepatitis
with anti-LKM-2 have been described only in France, presumably because this
drug is available only in France and the United States of America. In Germany
there has been no example of a serum reacting with P450 IIC9. While autoan-
tibodies to cytochrome P450 IID6 and IA2 occur in spontaneous autoimmune
hepatitis, antibodies to P450 IIC9 occur only in drug-induced hepatitis. In terms
of pathogenesis, it is speculated that a reactive metabolite of tienilic acid binds to
the P450 enzyme, which renders it antigenic (Beaune er al., 1987).

There is a rare type of anti-LKM reactivity in which the antigen has been
identified as cytochrome P450 IA2. This enzyme is dioxin(TCDD) inducible and
is the main enzyme in man for the metabolism of phenacetin. Antibodies to P450
IA2 occur in spontancous AI-CAH, and in drug-induced hepatitis related to the
intake of dihydralazine (Manns et al., 1990b; Bourdi et al., 1990). This cyto-
chrome is liver specific and so far has not been detected in other organs. Autoan-
tibodies to cytochrome P450 IA2 react predominantly with perivenous hepato-
cytes (Sacher ez al., 1990; Bourdi et al., 1990) in contrast to P450 IID6 (LKM-1)
antibodies, which react homogeneously with the entire liver lobule. Interestingly,
autoantibodies to cytochrome P450 IA2, like those reactive with P450 1ID6,
specifically inhibit the drug metabolism mediated by this enzyme in vitro (Manns
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et al. 1990b). Proof of the specificity of these autoantibodies for P450 1A2 is
derived from the following experiments. First, there is increased reactivity of
anti-P450 [A2 sera when microsomes are tested from rabbits pretreated with
TCDD (dioxin). Second, there is strong reactivity of anti-P450 IA2 serum with
lysates from COS-cells transfected with a vector carrying the full-length human
cDNA for P450 1A2, whereas negative results were obtained for lysates from
COS-cells transfected with a full-length human P450 [A1 ¢cDNA, or the vector
alone (Manns et al., 1990b). These and other P450 autoantibodies may be useful
in the future for studying specific drug metabolism mediated by individual mem-
bers of related P450 subfamilies.

Autoantibodies reacting with human microsomes from liver and kidney were
found by immunofluorescence in a minor proportion of patients with chronic
HDV infection (Crivelli et al., 1983). However, the LKM-3 antigen for these
antibodies has not been identified. In addition, the 55-kDa and 64-kDa liver
microsomal autoantigens detected by immunoblotting (Manns et al., 1989a;
Codoner-Franch et al., 1989) await molecular definition (Table III). Possibly
these latter microsomal antigens are also cytochrome P450 proteins.

H. OrIGIN AND SIGNIFICANCE OF
MICROSOMAL AUTOANTIBODIES

Microsomal autoantibodies in liver disease are directed against antigens located
in the endoplasmic reticulum of hepatocytes, and these proteins are members of
the cytochrome P450 superfamily of enzymes. These antibodies, like various
other autoantibodies, inhibit the function of their cognate enzyme antigens in
vitro, and epitopes recognized by these autoantibodies are conserved parts of the
molecules. Although anti LKM-1 antibodies inhibit the function of the cyto-
chrome P450 IID6 enzyme in vitro, they do not penetrate the intact liver cell
membrane sufficiently to allow inhibition of the enzyme in vivo (Manns et al.,
1990c). So far, it is unknown how the immune reaction is initiated against
microsomal autoantigens in type 2 AI-CAH. Metabolites of these enzymes are
candidates, or as yet unidentified hepatotropic viruses (Manns et al., 1990a).
Antibodies against the hepatitis C virus detected by ELISA are reported in
autoimmune hepatitis in some 50 and 70% of the patients (Esteban et al., 1989;
Lenzi et al., 1990; McFarlane et al., 1990), but some or even most of this
reactivity may be spurious. Studies applying the polymerase chain reaction
(PCR) that can directly detect HCV-specific RNA will clarify this question.

In a family with identical twins investigated by one of us (M.M.), only one of
the 13-year-old female twins suffered from chronic hepatitis (Manns et al.,
1991). Both twins had the autoimmune haplotype B8, DR3, C4AQQ0, and were
extensive metabolizers; only the serum from the twin with hepatitis was positive
for microsomal autoantibodies, and reacted with recombinant (LKM-1) P450



228 M. ERIC GERSHWIN E£T AL.

IID6, and inhibited P450 IID6 function in vitro. These data indicate that an
environmental agent(s) may initiate this type of liver disease in patients with an
appropriate genetic background. It will certainly be relevant to analyze the genet-
ic background of anti-LKM-1 autoimmune liver disease not only at the MHC
locus, but also at the locus of the autoantigen itself.

It has been reported that the LKM-1 (P450 1ID6) antigen is expressed on the
intact liver cell membrane (Lenzi et al., 1984; Loeper et al., 1989). However, it
could not be demonstrated that cytochrome P450 1ID6 is expressed on isolated
viable normal hepatocytes in tissue culture (Gerken et al., 1987). Newer tech-
niques need to be developed to facilitate investigations on whether epitopes
derived from cytochrome P450 IID6 are expressed on the liver cell surface in
patients suffering from type 2 AI-CAH. The specificity of autoimmunity to
cytochrome P450 1ID6 in type 2 AI-CAH is supported by the fact that whereas a
similar type of tissue destruction is caused by hepatitis B virus infection, and that
this viral liver lesion may be associated with massive liver cell necrosis, there is
no associated formation of cytochrome P450 (LKM) autoantibody. In other
words, this autoantibody cannot be triggered simply as a consequence of liver
destruction and release of the autoantigen.

IV. ANALOGIES BETWEEN AUTOIMMUNE
LIVER DISEASES AND OTHER
AUTOIMMUNE DISEASES

The application of techniques of molecular biology to autoimmune diseases has
led to the cloning of cDNAs for several intracellular autoantigens and to the
mapping of immunodominant epitopes for antibody (B cells), although not so far
for T cells. Examples include sequential epitopes of La/SS-B (Chambers and
Keene, 1985; Chan and Tan, 1987), Ro/SS-A (Chan and Tan, 1987; Deutscher et
al., 1988; Ben-Chetrit et al. 1989), cyclin (Ogata et al., 1987), Ul-RNP
(Thiessen et al., 1986), and ribosomal phosphoproteins (Coppel et al., 1989). In
these examples, more than one, and often several, immunodominant epitopes
have been characterized. The existence of more complex conformational epi-
topes on these and other intracellular autoantigens has been suggested. As noted
above, a major epitope on PDC-E2 (and probably the other 2-OADC enzymes) is
located within a region where the functionally critical cofactor, lipoic acid, is
bound, consistent with the inhibition by PBC sera of the catalytic function of
these enzymes.

These observations are consistent with an emerging trend seen with a number
of other autoimmune diseases for autoantibodies to be directed to functionally
important sites of cognate antigens. This pertains also to the microsomal autoan-
tigens that have been identified in type 2 autoimmune hepatitis; all LKM autoan-
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tibodies react with cytochrome P450 proteins and inhibit their function in vitro
(Manns, 1989). Autoantibodies to tRNA synthetases in polymyositis sera inhibit
tRNA aminoacylation (Mathews and Bernstein 1983; Mathews er al., 1984;
Dang et al., 1988); antibodies to proliferating cell nuclear antigen in SLE sera
inhibit in vitro DNA replication (Tan et al., 1987); synthesis of 28S and 18S
RNA is inhibited by RNA polymerase I-specific antibodies in scleroderma sera
(Reimer et al., 1987); autoantibodies to Sm and U1-RNP (both components of
small nuclear ribonucleoproteins) inhibit splicing of early RNA sequences
of adenovirus, and autoantibodies to La/SS-B interfere with the termination of
transcription by an RNA polymerase (Padgett er al., 1983; Gottlieb and Steitz,
1989).

Two striking themes are prominent. First, as for many of the described autoan-
tigens, the mitochondrial antigens of PBC and the microsomal P450 antigens in
autoimmune and drug-induced hepatitis are intracellular enzymes and exist not as
single proteins but as components of large enzyme aggregates. Second, the
autoantibodies directed against these subcellular structures, including anti-M2
and LKM, are directed against functional sites or domains and dramatically
inhibit critical biological or catalytic activities of the autoantigen molecule in
vitro. In the model of LKM-1-positive autoimmune hepatitis, it is also possible to
study the function of the autoantigen in vivo (Manns et al., 1990c).

The advent of cDNAs for mitochondrial autoantigens has allowed not only for
more precise studies of their role in PBC but also for the development of quick
and sensitive immunoassays utilizing recombinant PDC-E2 and BCOADC-E2
proteins (Van de Water ef al., 1989). Immunoassays with recombinant proteins
have facilitated examination for Ig subclass restriction shown to exist for anti-
bodies to both PDC-E2 and BCOADC-E2, and probably also for PDC-Ela (Surh
et al., 1988a). The advent of cDNAs for microsomal autoantigens is even more
important, since reactivity with 50 kDa bands in immunoblotting may be owing
to different antigens. More than 200 members of the cytochrome P450 supergene
family have been identified, and all have a molecular mass around 50 kDa.

The availability of cloned autoantigens is a valuable resource for accurate
diagnosis, and further understanding of the molecular basis of autoimmune dis-
eases. A cloned cDNA provides for a precise characterization of autoantigens,
including nucleotide sequence and amino acid sequence determination. Subclon-
ing of cDNAs for autoantigens with epitope mapping allows for accurate defini-
tion of autoantibody-binding sites. Moreover, relatively simple assays such as
ELISA based on recombinant antigens can be employed for more direct and
precise diagnosis of specific diseases. Other potential uses of cloned cDNAs for
autoantigens include detailed clinicoserologic correlations between autoimmune
disease expression and the type of antibody response. Furthermore, LKM auto-
antibodies may become important tools for pharmacologists and toxicologists
working with these enzymes. A good example is cytochrome P450 IA2 (Sacher
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et al., 1990, Manns et al., 1990b; Bourdi et al., 1990). Whereas murine mono-
clonal antibodies against class I P450s react with both IA2 and IA1, the human
autoantibodies predominantly react with IA2. This conclusion is derived from
the observation that IA2 antibodies react with COS-cells transfected with full-
length IA2 cDNA but not with COS-cells transfected with IA1 cDNA (Manns ez
al., 1990b).

Finally, we can note the interest of experimental immunopathologists in vac-
cination against autoimmune disease using attenuated T-cell clones, and/or
blocking T-cell epitopes by monoclonal antibodies or mimotopes (Vandenbark et
al., 1989; Wraith et al., 1989; Lider et al., 1987, Acha-Orbea et al., 1988). The
understanding of the molecular structure of autoantigens, and the identification
and mapping of sites that stimulate T-cell responses, could open up new thera-
peutic approaches (Lider ez al., 1987; Acha-Orbea et al., 1988) as described in
Chapter 16 of this volume. The identification of autoantigens, and the auto-
epitopes relevant to human autoimmune diseases, consequent on the application
of molecular biological techniques, is a prerequisite for these future therapeutic
developments.
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I. INTRODUCTION AND CLINICAL
CHARACTERIZATION

A. HistoricAL BACKGROUND

Several early documents indicate knowledge of diabetes; the disease was de-
scribed more than a thousand years ago (Papadopoulos et al., 1984; Bliss, 1982).
Of particular interest to this chapter are the early morphological descriptions of
pancreatic lesions in diabetes (cf. Gepts, 1965). Already at the beginning of this
century, before the discovery of insulin, several authors distinguished between
two types of diabetes. The most devastating type, associated with the classic
symptoms of insulin-dependent diabetes, showed distinct pancreatic pathology.
First, the pancreas was diminished in size in new-onset patients dying of ketoaci-
dosis. Second, the islets of Langerhans were small and showed signs of degener-
ation. The islet pathology was associated with hydropic degeneration and
hyalinosis, and patients had mononuclear cell infiltrates in the islets. Although
special fixation and staining techniques were not available, the histopathological
descriptions from the pre-insulin era are important since they describe changes
that are difficult to document at the present time owing to insulin’s lifesaving
usefulness. It is of interest that speculations of an inflammatory disease were
introduced already at the beginning of this century.

In an early report (Opie, 1901), the author concluded from his histological
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analysis of pancreas from patients with or without diabetes that ‘Diabetes
mellitus, when the results of a lesion of the pancreas, is caused by destruction of
the islands of Langerhans and occurs only when these bodies are in part or
wholly destroyed.” M. B. Schmidt (cf. Papaspyros, 1964) is likely to have made
the first observation of insulitis. In the pancreas of a 10-year-old diabetic boy, he
described isolated, acute interstitial inflammation of the islets of Langerhans.
This report was followed by numerous similar case reports further documenting
severe abnormalities of the endocrine pancreas in children developing diabetes.
In these patients, inflammatory cells were observed, and the term insulitis was
introduced.

A systematic quantitative study in the postinsulin era did not appear until
Gepts (1965) reported on a larger series of newly diagnosed juvenile-onset dia-
betic patients. In a series of careful investigations, it was documented that there
was a major loss of B cells at the time of clinical onset (Gepts, 1965). Other
alterations included infiltrates of mononuclear cells in some but not all islets. The
frequency of insulitis was, however, reported to be only 9 of 16 (56%) new-onset
insulin-dependent diabetes mellitus (IDDM) patients. A critical reevaluation of
this early literature indicates that, at the time of clinical onset, the frequency of
insulitis may have been slightly exaggerated. In fact, one report failed to detect
insulitis (Doniach and Morgan, 1973). Later, reports on new-onset IDDM pa-
tients with a young age at onset suggest that the insulitis inflammatory lesion
varies not only from patient to patient but also within the individual pancreas
(Foulis and Stewart, 1984).

The increased frequency of inflammatory cells in the islets of Langerhans at
the time of clinical onset of IDDM stimulated the concept of insulin-dependent
diabetes as an autoimmune disease. The original publication by Gepts (1965)
inspired a series of investigations to test the hypothesis that the 3 cells in the
pancreatic islets were lost to an autoimmune reaction.

However, the understanding of different forms of diabetes required further
work. In 1950, Harris reported evidence to suggest that juvenile- and maturity-
onset diabetes have different modes of inheritance (cf. Papaspyros, 1964). The
development of the insulin radioimmunoassay provided means by which to esti-
mate the amount of circulating insulin (cf. Rifkin and Porte 1990). Numerous
investigations provided evidence for insulinopenia in juvenile-onset, ketosis-
prone diabetes, but for hyperinsulinemia associated with maturity onset, non-
ketosis-prone diabetes. Since insulinopenic diabetes could, however, occur also
in older patients, two forms of diabetes, insulin-dependent (IDDM) and nonin-
sulin-dependent (NIDDM), were suggested (Table I).

The observations that the islets of Langerhans might be affected by immune
destruction resulted in a rapid development of our understanding of IDDM. It
was reported that IDDM occurs more frequently in patients with autoimmune
thyroid disease or in patients with autoimmune Addison’s disease (MacCuish ef
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TABLE |
Diagnostic Values for Diabetes Mellitus®

Whole blood Plasma

Venous Capillary Venous Capillary

Diabetes mellitus fasting value =6.7 =6.7 =7.8 =7.8
(=120) (=120) (=140) (=140)
Two hr after glucose load =10.0 =11.1 =11.1 =12.2
(=180) (=200) (=200) (2200)
Impaired glucose tolerance fasting value = <6.7 <6.7 <7.8 <7.8
(<120) (<120) (<140) (<140)
Two hr after glucose load 6.7-10.0 7.8-11.1 7.8-11.1 8.9-12.2

(120-180)  (140-200)  (140-200)  (160-220)

aGlucose concentration in mmol/liter (mg/dl). Reprinted from WHO Study Group (1985).

al., 1975). Patients with juvenile-onset diabetes were subsequently found to have
an increased frequency of organ-specific autoantibodies (MacCuish et al., 1975).
In addition, first-degree relatives of patients with IDDM were found to have an
increased frequency of thyroid autoantibodies (Fialkow er al., 1975). The leuko-
cyte migration-inhibition test provided the first evidence for antipancreatic (islet)
cellular hypersensitivity in diabetes (Nerup ef al., 1971; Nerup et al., 1973). In
1974, islet-cell antibodies (ICA) were first described, suggesting that IDDM
represented yet another organ-specific autoimmune disease (MacCuish er al.,
1974, Bottazzo et al., 1974). This hypothesis was further substantiated by the
demonstration of a close association between diabetes and human leukocyte
antigen (HLA) type (Singal et al., 1973; Nerup et al., 1974). Subsequently,
patients with IDDM were found also to have antibodies against -cell plasma
membrane antigens (Lernmark ez al., 1978). These antibodies mediated comple-
ment-dependent cytotoxicity (Dobersen et al., 1980; Eisenbarth et al., 1981)
suggesting that they might be of pathogenetic importance. The first islet cell
autoantigen, a f-cell specific M, 64,000 protein, was described in 1981
(Lernmark and Baekkeskov, 1981; Baekkeskov er al., 1982b) and identified in
1990 (Backkeskov et al., 1990) as glutamic acid decarboxylase (GAD). Insulin
autoantibodies, present before exogenous insulin administration, were described
in 1983 (Palmer er al., 1983).

Studies in patients as well as in their first-degree relatives showed that markers
for IDDM such as ICA may be present years before clinical onset of the disease
(Gorsuch er al., 1981). Quantitative analysis of cells in the endocrine pancreas
indicated that by the time of clinical diagnosis, the majority of the B-cells have
already been lost (Rahier er al., 1983; Rahier, 1988). Taken together, these data
suggested that IDDM is not an acute disease, but rather a chronic ailment. The
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disease has a long prodrome of anti-islet autoimmunity in the patient with young
adult or adult age at onset. In very young children, the rate of 3-cell destruction
appears to be accelerated, and the length of the prodrome may be shortened.

The accumulated evidence of clinical as well as biochemical measures resulted
in a set of diagnostic and classification guidelines most recently updated by the
World Health Organization (WHO Study Group, 1985).

B. CuinicaL Derinimion ofF IDDM

The WHO diagnostic guidelines of IDDM and other forms of diabetes are sum-
marized in Table I. The untreated disease is characterized by a chronic hyper-
glycemia. The main diagnostic criterion for diabetes is a fasting blood sugar of =
6.7 mmol/liter glucose. A number of glucose tolerance tests may be used to
confirm the diagnosis (WHO Study Group, 1985). These tests are of greater
importance in adults than in children, since diabetes in children usually presents
with the unequivocal symptoms of hyperglycemia, glycosuria, and ketonuria.

After diagnosis, patients are classified (WHO Study Group, 1985) into either
its two major forms, IDDM or NIDDM, or to secondary diabetes (Table II). In
the case of IDDM, several studies have already indicated that current guidelines

TABLE Nl
Classification of Diabetes Mellitus and Other Categories of Glucose Intolerance

Clinical classes
Diabetes mellitus (DM)

Insulin-dependent diabetes mellitus (IDDM)

Non-insulin-dependent diabetes mellitus (NIDDM)
Nonobese
Obese

Malnutrition-related diabetes mellitus (MRDM)

Other types of diabetes associated with certain conditions and syndromes: (1) pancreatic
disease; (2) disease of hormonal etiology; (3) drug-induced or chemical-induced
conditions; (4) abnormalities of insulin or its receptors; (5) certain genetic syndromes;
(6) miscellaneous

Impaired glucose tolerance (IGT)

Nonobese

Obese

Associated with certain conditions and syndromes

Gestational diabetes mellitus (GDM)
Statistical risk classes (subjects with normal glucose tolerance but substantially increased risk of
developing diabetes)
Previous abnormality of glucose tolerance
Potential abnormality of glucose tolerance

From WHO Study Group (1985).
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of classification may not be sufficient (Wilson et al., 1985). Typically in IDDM
(or type 1 diabetes) there is ketoacidosis and hyperglycemia with hyper-
osmolarity. The body weight is less than or equal to the ideal body weight (IBW).
The fasting plasma glucose consistently exceeds 6.7 mmol/liter. In typical
NIDDM (type 2 diabetes) there is no history of diabetic ketoacidosis. The body
weight of the patient is increased. NIDDM is often asymptomatic and may have
been present for years before diagnosis. In fact, sometimes patients are diag-
nosed because they show signs of diabetic complications. NIDDM in the young,
often referred to as MODY (maturity-onset diabetes of the young), is reported as
a form of NIDDM inherited in a dominant fashion (Rifkin and Porte, 1990). The
presence of such patients indicates that NIDDM may also develop at any age.

Different glucose tolerance tests have been developed to analyze the function
of the B-cells and to aid in the classification of diabetes (WHO Study Group,
1985). These tests are, however, not standardized, and interlaboratory com-
parisons are difficult. Measurements of plasma C-peptide, the connecting peptide
that is formed when proinsulin is converted to insulin, and secreted in equimolar
concentrations with insulin (cf. Steiner ez al., 1989), may be useful as a bio-
chemical measure in the classification of diabetes. It is estimated that NIDDM
patients develop IDDM at a rate of 1 to 2% per year. Several investigators have
presented data indicating that older patients, usually greater than 20 years of age,
are not readily classified into IDDM or NIDDM. For example, ICA have been
reported in NIDDM patients with secondary failure to treatment with oral hypo-
glycemic agents (Irvine er al., 1977; Gleichmann et al., 1984). ICA-positive
NIDDM patients followed prospectively are often found to progress to IDDM
(Irvine et al., 1977, Groop et al., 1986; Groop et al., 1986). A recent prospective
study suggests that the predictive value for insulin dependency is nearly 100% in
NIDDM patients who are ICA positive at the time of clinical diagnosis (Landin-
Olsson et al., 1990). Interestingly, at the time of diagnosis, these patients showed
significantly lower fasting C-peptide than did the ICA-negative patients.

In summary, although IDDM and NIDDM are usually classifiable based on the
former being ketosis-prone and with nonelevated IBW, further investigations are
necessary to develop diagnostic tests that clearly distinguish IDDM from other
forms of diabetes. These tests of differential diagnosis should be made applicable
to the subclinical state of IDDM to accurately estimate the residual B-cell func-
tion as well as to employ immunological and genetic markers to distinguish
between the two major forms of diabetes. More important, however, a diagnosis
of IDDM with objective and accurate biochemical tests may permit a diagnosis
of IDDM before the B-cell destruction is severe enough to produce glucose
intolerance. An early diagnosis will likely be necessary to develop new measures
to prevent insulin dependency, perhaps by a specific immune intervention
therapy.
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C. Cunicar CHARACTERISTICS

A large number of epidemiological studies of IDDM throughout the world sug-
gest that IDDM may develop at any age (Palmer and Lernmark, 1990a; Dahlquist
et al., 1989). The incidence rate varies with age and sex. In children, there is an
increasing incidence rate until the age of 11 to 14 years, with a decline thereafter.
The peak incidence rate occurs slightly earlier in girls than in boys. A sexual
dimorphism has been observed in patients with onset as adults, with a signifi-
cantly higher incidence rate for males (Nystrom et al., 1990).

The lifetime risk for IDDM is being quantified based on large population-
based studies, primarily in Northern Europe and in England (Dahlquist et al.,
1985; Dahlquist et al., 1989; Nystrom et al., 1990). It can be estimated from
these studies that about 100,000 children are born per year in a population of 10
million inhabitants. Out of these 100,000 newborns, about 1000 will develop
IDDM within their lifetimes. It is furthermore estimated that 40% of the patients
will develop the disease before 15 years of age; 30%, between 15 and 34 years of
age; and the remaining 30% will develop autoimmune diabetes by old age. The
use of defined criteria to classify diabetes is therefore critical to our understand-
ing of the role of autoimmunity in IDDM and the detection of this disease before
insulin dependency, since the disease may occur at any age (Andres, 1971;
Wilson et al. 1985; Tattersall, 1986) and is often mistaken for NIDDM (Di Mario
et al., 1983; Landin-Olsson ef al., 1989; Irvine et al., 1980; Gleichmann et al.,
1984; Groop et al., 1986). Second, only 10—13% of new patients have a first-
degree relative with the disease (Tillil et al., 1987; Dahlquist et al., 1989; Mason
et al., 1987). These and recent phenomena of transient immune markers such as
ICA (Gorsuch er al., 1981; Spencer et al., 1984; Landin-Olsson et al., 1989;
Karjalainen, 1990) and of subclinical B-cell dysfunction with or without per-
sistent immune markers (McCulloch et al., 1990; Barmeier et al., 1990) under-
line the difficulties of ascertaining biochemical and clinical data that clearly
identify IDDM.

Genetic inheritance of a disease may often be best understood in studies of
monozygotic twins. Most of our information of IDDM among twins is obtained
from studies in the United Kingdom (Tattersall et al., 1972; Pyke, 1979). In a
first analysis, twins with IDDM who developed their disease before the age of 35
were compared with NIDDM twins who developed their disease after the age of
45. It was found that while 89% of the NIDDM twins were concordant for the
disease, this was the case among only 55% of twins with IDDM (Pyke, 1988).
The higher the concordance rate, the more likely it is that a disease is attributable
to genetic mechanisms, while lower concordance rates suggest that environmen-
tal factors predominate. More recent studies in the United Kingdom and other
countries with twin registries indicate that the IDDM concordance rate, in fact,
may be closer to 30% (Olmos et al., 1988; Rotter et al., 1990). This surprisingly
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low concordance rate needs to be explained. It is possible that both twins are
born susceptible to IDDM. The disease does not develop unless there is an
etiological agent in the environment to trigger the pathogenesis that results in (3-
cell destruction and loss of insulin production. Monozygotic twins, interestingly,
show a heterogeneous pattern with respect to the clinical onset of IDDM. Twins
who are HLA-DR3/4 positive have a higher concordance rate than twins with
only one of these HLA types (Barnett et al., 1981). The data indicate that older
twin pairs have less chance of becoming concordant. Similar to siblings, the
longer the time from the diagnosis in the first twin, the lesser the possibility of
the pairs becoming concordant (Gamble, 1980a). Impaired B-cell function is also
reported in nonaffected twins who have failed to develop IDDM during follow-up
(Heaton et al., 1987). Several immune abnormalities have been reported, but
none of them seems to predict IDDM (Beer et al., 1990; Heaton et al., 1988;
Johnston et al., 1989; Millward et al., 1986). It is therefore possible that a
previously active diabetogenic process in these individuals has remitted. Immune
abnormalities such as ICA have been detected but proven to be transient. It is
possible that both twins may have been born with the disease. The pathogenesis
of the disorder has progressed differently in the two twins, for example, owing to
factors in the environment protecting one of the twins from developing IDDM,
rather than inducing the disease in the other twin. This is suggested by animal
models of spontaneous IDDM, as well as a study suggesting that families with
greater numbers of siblings may be relatively protected from IDDM, perhaps
owing to increased exposure to transmitted infectious agents.

Studies in families are the next important approach to uncover patterns of
inheritance. Numerous studies on the mode of inheritance of IDDM have been
published and reviewed (Koébberling and Tattersall, 1982; Wassmuth er al., 1990;
Rotter et al., 1990; Rich, 1990). Despite this effort, it has not yet been possible
to clarify the mode of inheritance of IDDM. Nearly every possible model has
been proposed, and IDDM has been referred to as the geneticist’s nightmare
(Kobberling and Tattersall, 1982). A large number of genetic markers or traits
have been tested, including markers for blood group types and HLA transplanta-
tion antigens. In family studies, none of these markers except HLA has shown
linkage to IDDM. Studying IDDM in families is difficult, however, since in
patients with onset before age 20 only 10-13% of new patients have a first-
degree relative with the disease (Tillil and Kobberling, 1987; Dahlquist ef al.,
1989; Mason er al., 1987). The familial aggregation has been confirmed in
studies comparing the frequency of diabetes among first-degree relatives to that
in controls (Rotter et al., 1990). In a recent case-control study, the 13% frequen-
cy of IDDM among parents and siblings was confirmed, but familial risk factors
were extended to also include NIDDM as well as non-pancreatic diseases of
organ-specific autoimmunity (Dahlquist et al., 1989).

The geographic distribution of IDDM varies markedly. In Europe there seems
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to be a south-to-north gradient of increasing frequency. This is not entirely true,
since areas of high incidence rates, such as Sardinia, have recently been docu-
mented (Group, 1990). The geographic distribution may therefore rather reflect
the distribution of genetic factors. The known incidence rates are highest in
Finland and Sweden (Dahlquist ez al., 1989; Akerblom et al., 1988). The inci-
dence rate is higher in American whites than in black or Mexican-Americans.
The occurrence of IDDM in these groups may be attributable to transracial
admixture of European IDDM susceptibility genes. The lowest recorded inci-
dence rates are obtained from Japan. The role of genetic factors is therefore
important to our understanding of IDDM, and will be reviewed briefly below. A
more comprehensive review is provided in Chapter 5 by Nepom and Concannon
in this volume.

Il. GENETIC PREDISPOSITION

Several genes or loci of the human genome have been studied to determine their
linkage or association to IDDM. In association studies, the frequency of a marker
among patients is compared to that in the control population. In this approach, it
is asked whether a gene is distributed with the disease throughout the population.
The association with the HLA complex on chromosome 6 was first reported in
1973 for B15 (Singal and Blajchman, 1973) and in 1974 for B8 (Nerup er al.,
1974). The availability of HLA as a marker for IDDM generated numerous
investigations. Initially HLA typing was carried out by serological techniques.
These techniques have to a great extent been replaced by genotyping using
cloned probes or oligonucleotides of defined genes (see Chapter 5 by Nepom and
Concannon in this volume). A decreased frequency of HLA-DR2 was also ob-
served in IDDM. This haplotype was therefore referred to as protective (confer-
ring resistance to IDDM). This concept is questionable, however, since an in-
creased frequency of an HLA marker in patients compared to its frequency in the
controls indicates that other HLA specificities must have a decreased frequency
since the number of known HLA specificities or genes is finite.

As indicated above, the first association between HLA and IDDM was with
HLA-B15 and B8. The strongest association with the typing sera for the HLA-B
class 1 molecules was with B8/15 heterozygosity (Nerup er al., 1974). The
association between HLA-B and IDDM was shortly thereafter shown to be sec-
ondary to HLA-Dw3 and Dw4 (Thomsen et al., 1975). In these studies, primed
lymphocyte typing was used to identify HLA-D specificities. Using typing sera
for HLA-DR (R for related) specificities, DR3 and DR4 were frequent enough to
support the conclusion that HLA-B8 and HLA-B15 were associated with IDDM,
because these specificities are in strong linkage disequilibrium with HLA-DR3
and DR4, respectively. Subsequently, numerous investigations have confirmed
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the strong association between HLA-DR3 and/or DR4 and IDDM (for review see
Wassmuth and Lernmark, 1990).

About 90 to 95% of patients with IDDM are either DR3 and/or DR4 positive
compared to 50 to 60% among the controls. The highest known relative risk is
observed for HLA-DR3/4 heterozygosity. The HLA-DR3/4 heterozygosity is
particularly prevalent in Northern Europe. In Sweden, 30-40% of patients com-
pared to 3 to 8% among controls are HLA-DR3/4 heterozygous (Wassmuth and
Lernmark, 1990). Heterozygosity as such may be important, since the highest
risk for Chinese patients with onset of IDDM younger than 11 was observed in
HLA-DR3/9 individuals (Hawkins et al., 1987). In Japan the highest risk was in
HLA-DR4/9 patients (Kobayashi et al., 1986). Recent data in Swedish, Danish,
and Finnish patients and controls suggest that heterozygosity both of HLA-
DQw2/8 (Wassmuth er al. 1991) and a HLA-DQ B-chain polymorphism
(Michelsen et al., 1990; Reijonen et al., 1990) confer higher risks than does
HLA-DR3/4.

The discovery of additional genes for HLA class II molecules in the HLA-D
region resulted in the demonstration first by analysis of restriction fragment
length polymorphism (Owerbach er al., 1983) and later by direct sequence
analysis (Todd et al., 1987; Todd et al., 1988) that the DQ region may be closer
to IDDM than is DR. Using a similar approach (Platz et al., 1981), it was
demonstrated that DR4-positive patients are more often positive for DQw8 than
are healthy DR-4 positive controls (Wassmuth et al., 1991). Diabetes risk would
therefore be closer to DQ than to DR, yet another example of linkage disequilib-
rium. These observations illustrate the perils of oversimplification, and teach a
lesson that a marker found to be increased in frequency among patients compared
to controls does not necessarily represents a diabetes gene, nor does the marker
necessarily play a role in the pathogenesis of the disease. Further studies on the
association between HLA gene markers and IDDM, as well as studies on the
linkage between individual HLA markers and IDDM, will be necessary to accu-
rately map the diabetes susceptibility locus. Once identified, it is hoped that this
locus will contain nucleotide sequences that are found among 100% of the IDDM
patients. The frequency among controls is expected to be low since only 0.15—
0.3% of the population has IDDM. Future studies on HLA markers in IDDM
therefore require a large number of samples from population-based patients and
controls. Alternatively (and assuming that this hypothetical locus is the same in
ethnic groups other than Caucasians, e.g., Mexican-Americans or U.S. blacks),
transracial gene mappings should prove an effective means by which to identify
the hypothetical IDDM susceptibility sequences (Jenkins et al., 1990; Todd,
1990).

By sequence comparisons of DQ B-chain genes (Todd et al., 1988) it was
concluded that haplotypes associated with IDDM (DR4-DQw8, DR3-DQw2,
DR1-DQwS, DR2-DQw1.AZH) were different at amino acid position 57
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compared to haplotypes that are negatively associated with IDDM (DR4-DQw?7,
DR2-DQw1.2, DR2-DQw1.12). Although the crystallographic structures of these
HLA-DQ class 1I molecules is yet to be determined, it has been inferred from
analogy to HLA class I molecules (Bjorkman et al. 1987) that the position 57
amino acids would be located at one end of the peptide binding groove on the HLA
molecule, and therefore accessible to both peptide binding and T cell-receptor
recognition (Todd et al., 1988). HLA haplotypes that are associated with IDDM
have alanine, serine, or valine in this position, while in nondiabetic haplotypes
Asp is present. Numerous studies testing this hypothesis have refuted it, since as
many as 2% of Norwegian, 9% of Polish, 22% of Chinese, and 56% of Japanese
IDDM patients develop IDDM despite being asp/asp homozygous (see Wassmuth
and Lernmark, 1990). Additional observations that do not support the position 57
hypothesis include the findings that HLA-DR7/DQw2 (which has a non-asp in
position 57) is negatively associated with diabetes, and that HLA-DQw?7, which
has an asp in position 57, is positively associated with IDDM in DQw8-positive
individuals. It is therefore concluded that genotyping solely for aspartic acid at DQ
@ position 57 is insufficient to assess disease risk for IDDM.

HLA-DR and -DQ genotyping in Swedish (Wassmuth et al., 1991), Ameri-
can (Baisch et al., 1990), and French IDDM patients and controls has allowed
analyses of complete DR—DQ haplotypes. These haplotype analyses represent a
way to analyze the degree of linkage disequilibrium between two closely lo-
cated loci (see Chapter 5, this volume). The common haplotypes with an in-
creased frequency in IDDM are DR3-DQw2 and DR4-DQw8. DR3-DQw2 in
DQw8-positive individuals is strongly associated with IDDM. This is also the
case for DR1-DQw7 in DQw8-positive individuals. Therefore, some haplo-
types may confer risk despite containing a protective DQ type. It is therefore
possible that susceptibility to IDDM may require alleles from both the DR and
the DQ locus, or a dominant susceptibility may be provided by a gene close to
DQw8. However, DQw8 is not always dominant, since DQw1.2 (Baisch et al.,
1990) and DQw1.18 (Wassmuth er al., 1991) are negatively associated with
IDDM, both alone and when they occur together with HLA-DQwS. In current
investigations, it is therefore necessary to perform complete DR—-DQ genotyp-
ing to accurately assess susceptibility to IDDM. Additional analysis of gene
polymorphism associated with the HLA-DR/DQ region (Michelsen and
Lernmark, 1987; Reijonen ef al., 1990) and new genes in the class II region of
the human MHC complex, such as the ATP-binding casette (ABC) genes (Spies
et al., 1990; Trowsdale er al, 1990) will be of interest. It cannot be excluded
that unknown genetic elements in linkage disequilibrium with HLA-DR/DQ
represent the true diabetes-susceptibility genes.

In families with IDDM, there will be other family members who carry di-
abetes-susceptibility genes. Why do not these individuals also develop IDDM?
Recent analyses of large numbers of multiplex families suggest that the lifelong
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risk in first-degree relatives is 3% for parents, 7% for siblings, and 5% for
children of parents with IDDM. Several prospective analyses of large numbers of
families have confirmed these low conversion rates. The positive predictive
value for IDDM in marker-positive (HLA, ICA, or insulin autoantibodies, IAA)
first-degree relatives is low. In the Fifth Genetic Analysis Workshop (GAWS), the
analysis of affected sib-pair marker sharing confirmed that IDDM is strongly
linked to HLA (Risch, 1989). The distribution of HLA markers indicated that the
occurrence of IDDM was about 15% if a sibling shared both HLA markers with
the proband (HLA-identical), 5% if one (haploidentical), and 1% or less if HLA-
nonidentical. In a joint study of Caucasians with IDDM (Thomson et al., 1988),
it was found that the susceptibility to IDDM was recessivelike for HLA-DR3 and
dominant- or intermediatelike for HLA-DR4. Removing susceptibility effects of
HLA-DR3 and HLA-DR4, significant risks were observed for DR1 and DRwS8.
These residual risk effects are probably explained by linkage to the HLA-DQw-
types discussed above. In this multicenter study, the risk estimates for siblings
(based on an overall sibling risk of 6%) showed a 13%, 5%, and 2% risk for
siblings sharing two, one, and zero HLA haplotypes with the proband, respec-
tively. Again, the highest risk (19%) was observed for HLA-DR3/4 hetero-
zygosity. This analysis, which confirms and extends those of several previous
publications (reviewed by Risch, 1987, 1989) therefore suggests that (1) genetic
determinants that are not linked to HLA may be more important than HLA, since
the lifetime risk for a sibling is five times higher than that predicted by HLA; (2)
the mode of inheritance of IDDM is yet to be explained; and (3) a single-locus
model is clearly rejected, but there is strong evidence for linkage using maximal-
likelihood affected-pair methods (Risch, 1989).

In summary, HLA in IDDM represents factors that are necessary but not
sufficient for the disease to develop. This is illustrated by our analysis of HLA-
DR/DQ genotypes in Swedish patients, indicating that only 1 of 70 of HLA-
DQw2/w8-positive individuals develops IDDM. The HLA gene markers there-
fore represent merely permissive factors. In animals developing IDDM similar to
that of man, such as the NOD mouse and the BB rat, there is evidence for non-
MHC genes on chromosomes 1, 3, and 11 that determine susceptibility to
IDDM. Family studies rather than association studies may thus better help to
become more informative in attempts to detect a second or perhaps third diabetes
gene by molecular genetics techniques. Disease linkage may also be obtained by
qualified guesses of candidate genes. In the pathogenesis of IDDM, there 