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Autoimmune Diseases

Immunopathology and Etiopathogenesis

ARGYRIOS N. THEOFILOPOULOS, MD,
and FRANK J. DIXON, MD

RECENT ACCOMPLISHMENTS in cellular immu-
nology, molecular biology, and genetics have influ-
enced current thinking about autoimmunity. These
accomplishments have led to an ever-increasing un-
derstanding of the basic aspects of antibody diversity,
generation of cellular and humoral immune responses
and their interdependence, mechanisms of tolerance
induction, and the means by which reactivity devel-
ops against autoantigenic constituents.

Since the turn of the century, the central dogma of
immunology has been that the body does not normal-
ly mount immune responses against itself. This phe-
nomenon, described originally by Ehrlich,! is accepted
today as immunologic tolerance to self-components,
an obvious necessity for health. Conversely, autoim-
munity defines a state in which the natural unrespon-
siveness or tolerance to self terminates.? As a result,
antibodies and/or cells react with self-constituents,
thereby causing disease (“horror autotoxicus” of
Ehrlich). The above definition implies that responses
against the self do not occur normally, and if they do
occur, then the outcome, depending on their magni-
tude and duration, is harmful to the host. However,
it has recently become apparent that autoimmune
responses are not as rare as once thought and, im-
portantly, that not all autoimmune responses are
“forbidden” or harmful. Actually, certain forms of
autoimmune responses, such as recognition of cell
surface antigens encoded by the major histocompati-
bility complex (MHC) and of antiidiotypic responses
against self-idiotypes, unlike the horror autotoxicus
responses of Ehrlich, appear to be essential for the di-
versification and the normal functioning of the intact
immune system. Therefore, horror autotoxicus must
now be distinguished from normal or positive auto-
immune responses.

It is now recognized that an abnormal autoimmune
response is sometimes a primary cause and other
times a secondary contributor to many human and
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animal diseases. Clinically, the wide spectrum of
autoimmune diseases has been divided into systemic
or “non-organ-specific” and “organ-specific” (Table
1). Types of autoimmune diseases frequently over-
lap, and more than one autoimmune disorder tends
to occur in the same individual, especially those with
autoimmune endocrinopathies.® For as yet unknown
reasons, autoimmune syndromes may also be associ-
ated with lymphoid hyperplasia and malignant lym-
phocytic or plasma cell proliferation,** as well as im-
munodeficiency disorders such as hypogammaglobu-
linemia, selective IgA deficiency, and deficiencies in
complement components.®’ Moreover, autoanti-
bodies sometimes develop as part of the aging pro-
cess.® Non-organ-specific autoimmune diseases, epit-
omized by systemic lupus erythematosus (SLE), are
characterized by autoimmune responses directed
against widely distributed self-antigenic determi-
nants.’'® Although a given non-organ-specific dis-
ease usually involves many self-antigens, such dis-
eases may also develop following abnormal immune
responses against only one antigenic target that is,
however, expressed in different organs, for example,
antigens on basement membranes at diverse sites. In
contrast to generalized autoimmune diseases, organ-
specific diseases, such as certain forms of thyroiditis,
result from abnormal responses directed against an
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antigen that is confined to a given organ. What deter-
mines the extent of autoimmune responses, the
number of autoantigens that elicit them, or the target
organ is unknown. Nor is it always clear whether
autoimmune responses are directed against unmodi-
fied self-antigens or self-antigens that have been
modified by any of numerous agents such as viruses
and hapten groups.

Concerning the cause of these various autoimmune
disorders, no single concept has achieved universal
acceptance. To the contrary, studies in experimental
animals tend to infer that autoimmune diseases result
from a broad range of genetic and immunologic ab-
normalities that differ from one individual to another.
Depending on the presence or absence, respectively,
of many superimposed exogenous (viruses, bacteria)
or endogenous (hormones, abnormal genes) acceler-
ating factors, abnormalities of this type become ap-
parent early in life or remain quiescent until later.

Immunopathologic Mechanisms in
Autoimmune Diseases

Mediation of autoimmune diseases is divisible into
three main routes, but in any given autoimmune dis-
order more than one may be involved at any given
time. The first route involves autoantibody directed
against unmodified or modified intracellular struc-
tures or cell surfaces. Destruction of cells or tissues
ensues, usually in the presence of complement but
also sometimes by antibody-mediated cellular cyto-
toxicity. In some instances, autoantibodies directed
against functional cellular receptors stimulate or in-
hibit specialized cellular functions without associated
cell destruction. The second is formation of auto-
antigen-autoantibody immune complexes in intercel-
lular fluids or in the general circulation that ultimate-
ly mediate tissue damage.!! Such complexes, depend-
ing on their size, which is primarily determined by
the ratio of the two reactants, may circulate widely
and deposit in tissues throughout the body, especially
those with large filtering membranes (kidney, joint,
choroid plexus). Complement factors, as well as
granulocytic and monocytic cells, are then attracted
to the sites of immune complex deposition, and their
involvement leads to cell death. Third, the disease
process may be caused by sensitized T lymphocytes,
which produce tissue lesions by mechanisms that are
still incompletely understood but presumably involve
the release of lymphokines that are destructive them-
selves or that recruit other inflammatory cell types to
the lesion.

The first group of autoimmune diseases is exempli-
fied by autoimmune hemolytic anemias, neutrope-
nias, lymphopenias, and thrombocytopenias as well

AJP o September 1982

as diseases caused by anti-basement membrane anti-
body, a variety of autoimmune endocrinopathies,
and anti-receptor-mediated diseases (Table 1). The
immunopathologic mechanisms of some of these dis-
eases are summarized below. Hemolytic anemias can
be idiopathic or secondary to such factors as viral in-
fections and drugs, and the cause may be warm- or
cold-reactive autoantibodies that are detectable bound
to red cell surfaces or in serum examined by direct
and indirect hemagglutination assay.!? Lympho-
penias, neutropenias, and thrombocytopenias are
frequent secondary manifestations of autoimmune
disorders such as SLE and rheumatism, in which
anti-lymphocyte, anti-polymorphonuclear cell, and
anti-platelet antibodies often develop.®!°* Goodpas-
ture’s syndrome, characterized by glomerulonephritis
and pulmonary hemorrhage, is caused by anti-
basement membrane autoantibodies; by immunofiu-
orescence, such antibodies can be found deposited
uniformly along the membrane, resulting in a smooth,
continuous, linear pattern.!* A variety of endocrinop-
athies may result from autoantibodies directed against
antigens on endocrine glands, hormones produced by
them, or receptor sites for the hormones.3'4'” For
example, Addison’s disease may be the result of anti-
adrenal autoantibodies; most patients with juvenile,
insulin-dependent diabetes have islet cell antibodies
in their serum; and patients with Hashimoto’s thy-
roiditis and primary myxedema have antibodies to
thyroglobulin, microsomal protein, and other
thyroid constituents. Of interest, more than 30% of
patients with autoimmune thyroid disease have con-
comitant gastric parietal cell antibodies in their se-
rum, whereas thyroid antibodies have been demon-
strated in up to 50% of patients with pernicious
anemia. Parietal cells in many ways behave like en-
docrine cells, since they secrete intrinsic factor in re-
sponse to stimulation by gastrin. The absence of in-
trinsic factor leads to malabsorption of vitamin B,,.
Pernicious anemia may develop as a result not only
of autoantibodies against parietal cells but also of au-
toantibodies specific for intrinsic factor.

A most interesting group of autoimmune endo-
crinopathies and of other autoimmune diseases is
caused by autoantibodies against functional cell sur-
face receptors.!” Anti-receptor antibodies are known
to underlie the pathogenesis of at least four diseases:
1) myasthenia gravis, with antibodies produced against
the acetylcholine receptors (AChRs) of neuromuscu-
lar junctions; 2) Graves’ disease, in which antibodies
against the thyroid receptors for thyroid-stimulating
hormone (TSH) develop; 3) the syndrome of
acanthosis nigricans in which profound insulin re-
sistance results from the production of anti-insulin
receptor antibodies; and 4) ataxia telangiectasia,
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Table 1 — Autoimmune Diseases
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Autoantibody

Method of detection

Organ-specific
Myasthenia gravis

Graves’ disease (diffuse toxic goiter)

Hashimoto’s thyroiditis

Insulin-resistant diabetes associated
with acanthosis nigricans

Insulin-resistant diabetes associated
with ataxia telangiectasia

Allergic rhinitis, asthma, functional
autonomic abnormalities

Juvenile insulin-dependent diabetes
Pernicious anemia

Addison’s disease
Idiopathic hypoparathyroidism
Spontaneous infertility

Premature ovarian failure
Pemphigus
Bullous pemphigoid

Primary biliary cirrhosis
Autoimmune hemolytic anemia
Idiopathic thrombocytopenic purpura
Idiopathic neutropenia

Systemic
Goodpasture’s syndrome

Rheumatoid arthritis and Sjogren’s
syndrome

Systemic lupus erythematosus

Anti-acetylcholine

Thyroid stimulating immunoglobulin (TSH)
or anti-TSH receptor autoantibody

Antibodies to thyroglobulin and to micro-
somal antigens

Anti-insulin receptor
Anti-insulin receptor

Antibodies to p,-adrenergic receptors

Antibodies to islet cells

Antibody to gastric parietal cells and to
B,, binding site of intrinsic factor

Antibodies to adrenal cells
Antibodies to antigens of parathyroid cells
Antibodies to sperm

Antibodies to interstitial cells and corpus
luteum cells

Antibodies to intercellular substance of
skin and mucosa

Antibodies against basement membrane
zone of skin and mucosa

Antibodies to mitochondrial antigens
Anti-red blood cell antibodies
Anti-platelet antibodies
Anti-neutrophil antibodies

Anti-basement membrane antibodies

Anti-y-globulin antibodies
Antibodies to EBV related antigens

Anti-nuclear antibodies (ANA)
Anti-ds and ss-DNA

Anti-Sm antibodies
Anti-ribonucleoprotein (RNP) antibodies
Anti-lymphocyte antibodies

Anti-red blood cell antibodies
Anti-platelet antibodies

Anti-neuronal cell antibodies
Anti-y-globulins

Immunoprecipitation of ?%l-a-bungarotoxin
conjugated AChR

Bioassay, measurement of adenyl cyclase
activity after incubation of thyroid tis-
sue with Ig from patient’s serum, radio-
receptor assay for antibodies competing
with TSH for the receptor on thyroid
membranes

RIA, tanned erythrocyte agglutination,
complement fixation, IF

Inhibition of '?sl-insulin binding to recep-
tors on monocytes or adipocytes

Inhibition of '?5l-insulin binding to recep-
tors on monocytes or adipocytes

Binding of 25l-protein A to lung membranes
preincubated with sera; Ability of plasma
to inhibit binding of '25|-iodohydroxy-
benzylpindolol (IHYP) to calf-lung
membranes; immunoprecipitation of
soluble receptors complexed with I-IHYP
in the presence of propanolol

Immunofluorescence (IF)
IF, (RIA) Radioimmunoassay

IF
IF

Agglutination and immobilization of
spermatozoa

Direct and indirect Coombs’ tests
IF
Agglutination, IF

IF, RIA

Sensitized-SRBC agglutination, Latex-Ig
agglutination, RIA, IF, Immunodiffusion

IF

Farr assay, solid phase enzyme and RIA,
hemagglutination, counter-electrophore-
sis

Hemagglutination, Immunodiffusion, RIA

Hemagglutination, RIA

IF, cytotoxicity

Coombs’ test

another autoimmune disorder in which one finds an-

tachment of antibody to the receptor can result in a
variety of biologic effects such as 1) blocking of func-
tion by hastening degradation of the receptor, as,
perhaps, in myasthenia gravis; 2) mimicking the ac-
tion of a normally activated receptor, as in Graves’

tibodies against the insulin receptors. In each case,
the antibody (usually IgG, but sometimes other im-
munoglobulins) competes with the neurotransmitter
or hormone for binding sites on the cell surface. At-



324 THEOFILOPOULOS AND DIXON AJP o September 1982

Schwann cell

ACh
ACh Vesicles
in Nerve Ending

Postsynaptic
Membrane

ACh Receptors Complement

Muscle Fibers

Interiorized
Vesicles With
/ ACh Receptors

Figure 1 — Immunopathologic features of myasthenia gravis. A — Normally, acetylcholine (ACh) synthesized and accumulated in vesicles
at the motor nerve terminals is released by exocytosis. Thereafter, it interacts with AChR on the invaginated postsynaptic membrane of the
muscle triggering the transient opening of cation-specific channels through which sodium and potassium flow according to their concentra-
tion gradient across the muscle cell membrane. If enough AChRs are activated, an action potential is triggered that is propagated along the
muscle and activates the contractile machinery. Transmission is terminated, and the ion channels close following removal of ACh from the
cleft by diffusion and destruction by acetylcholinesterase that is localized over the whole surface of the postsynaptic membrane. B and
C—In myasthenia gravis, there is a reduction of AChRs due to focal lysis of the postsynaptic membrane by complement-fixing anti-AChR auto-
antibodies and/or antigenic modulation involving cross-linking of AChR, interiorization, and proteolysis. (Modified from Lindstrom J: Autoim-
mune response to acetylcholine receptors in myasthenia gravis and its animal model. Adv Immunol 1979, 27:1. Used with permission of the

author and publishers)

disease and in certain cases of acanthosis nigricans
with diabetes; or 3) blocking hormone binding, there-
by inducing resistance to the hormone, as in ataxia
telangiectasia.

Myasthenia gravis is a neuromuscular disorder
manifested by weakness, fatigue of voluntary mus-
cles, and often remarkable patient responsiveness to
anticholinesterase drugs. The functional defect in neu-
romuscular transmission observed in this disease is
localized in the postsynaptic surface of the neuromus-
cular junction. The structure of the neuromuscular
junction is altered, and the number of functional
AChRs decreases, all brought about by anti-AChR
antibodies.’® These autoantibodies interact with
AChRs located on the postsynaptic membrane at or
near the acetylcholine binding site, and this interac-
tion leads to blockade, greatly increased receptor in-
teriorization, and subsequent degradation as well as
focal lysis in the presence of complement (Figure 1).
The disease can be transmitted into experimental
animals by serum IgG of myasthenic patients.

Graves’ disease, characterized by overproduction

of thyroxine and triiodothyronine, is probably caused
by thyroid-stimulating immunoglobulins (TSIs), which
stimulate the thyroid gland through a reaction with
the cell receptor for TSH.'*!!7-1° This reaction acti-
vates adenylate cyclase inside the cell membrane, ini-
tiating increased activity by protein kinases, which
leads to increased secretion of thyroid hormones
(Figure 2).

In a few nonobese patients with acanthosis nigri-
cans, Type B, and diabetes, insulin is often present at
normal or supranormal levels, but its binding to spe-
cific receptors is greatly diminished.!”-2°-2! The insulin
receptors, although normal in number, are almost
completely inactivated by autoantibody directed
against them. The antibodies attach themselves to the
receptors, probably at some spot adjacent to the re-
ceptor, rather than at the actual insulin-binding site,
changing the receptor’s total structure in such a way
that it can no longer bind insulin tightly (Figure 3).
Sometimes such autoantibodies not only block and
desensitize the receptors but, when bound, can also
mimic insulin’s action on target cells. Although this
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insulin-mimicking effect lasts only a short while, it in-
dicates that the information for turning on the cells is
in the receptor, rather than in insulin itself. Insulin-
resistant diabetes can also be found in approximately
60% of patients with ataxia telangiectasia, and this
finding has been attributed to the presence in serum
of blocking anti-insulin receptor antibodies.'’

Recent findings suggest that anti-receptor autoanti-
bodies may be responsible for many other syndromes.
For example, autoantibodies to f3,-adrenergic recep-
tors have been identified occasionally in the serum of
patients with bronchial asthma or allergic rhinitis.??
Receptor blockade by f,-receptor antibodies could
upset the balance between f-receptor-induced relax-
ation of airway smooth muscle and the opposing in-
fluence of other mediators such as a-receptor agon-
ists, histamine, prostaglandins, and acetylcholine.
The B-receptor antibodies might also reduce receptor
density on smooth muscle cells by hastening receptor
degradation, as with AChRs in myasthenia gravis. A
very recent suggestion is that such autoantibodies
may be more prevalent than originally thought and
that they may play an important role in the patho-
genesis of inherent functional autonomic abnor-
malities.?

The non-organ-specific autoimmune diseases are
exemplified best by the prototype SLE, with its varied
autoimmune responses and manifestations of im-
mune complex disease, such as glomerulonephritis,
vasculitis, and nonerosive polyarthritis. Among the
various autoantibodies encountered, the most
notable are those against nuclear components such as
DNA, deoxyribonucleohistone, histone, RNA, nu-
cleolar antigens, and components of the soluble nu-
clear extracts —the ribonucleoprotein antigen (RNP),
the Sm antigen, and others.?* High titers of antibody
to double-stranded DNA and to Sm are found only in
patients with SLE and can be considered diagnostic.
Some antinuclear antibodies, especially antibodies to
single-stranded DNA, occur with varying frequencies
and titers in other rheumatic diseases as well. In SLE
there also may be anti-red cell and anti-platelet anti-
bodies that cause hemolytic anemia and thrombocy-
topenia as well as anti-lymphocyte antibodies directed
against T and B cells**-?” and anti-neuronal cell anti-
bodies?® that may play some role in the central ner-
vous system manifestations of SLE. Recent studies of
monoclonal anti-DNA antibodies derived from the
MRL/1 strain of mice, which spontaneously devel-
ops SLE, have suggested to some investigators that
the autoantibody spectrum of lupus may not be as
broad as once thought, since individual monoclonal
antibodies react with numerous substances (cardio-
lipin, phosphatidic acid, phosphatidyl glycerol, lupus
anticoagulant factor, polynucleotides) whose mole-
cules contain diester-linked phosphate groups.?® It
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Figure 2 — Pathogenesis of Grave’s disease. TSI mimicks the action
of TSH, thereby stimulating secretion of thyroid hormones. GTP,
guanosine triphosphate; GDP + Pi, guanosine diphosphate + inor-
ganic phosphorus. (From De Baets M, et al: Autoantibodies to the
thyrotropin receptor and their significance in autoimmune thyroid
disease, Recent Progress in Diagnostic Laboratory Immunology.
New York, Masson, 1982, p 37. Used with permission of the authors
and publishers)

was suggested that some of the diverse serologic ab-
normalities of SLE may result from the binding of
certain autoantibodies to a phosphodiester-contain-
ing epitope that is present in diverse biologic mole-
cules distributed widely throughout the body. More
detailed experiments on specificity must be done
before we can determine whether this is the case.
Antinuclear antibodies in the serum of humans
and mice with SLE may have a much more funda-
mental effect than simply complexing with antigen in
serum and being deposited in tissues. Experiments in
SLE-prone strains of mice have indicated the pres-
ence in serum of autoantibodies directed not only
against the classic right-hand helical DNA (B-DNA)
but also against left-hand helical DNA, the so-called
Z-DNA.* Z-DNA was proven to be strongly immu-
nogenic in experimental animals, unlike the B-DNA
for which such animals exhibit strong tolerance.
Theoretically, Z-DNA is an inactive methylated form
of DNA that, upon methylation and activation, be-
comes involved in gene regulation. Moreover, in
recent research, autoantibodies to Sm and RNP in-
teracted with a type of small RNA complexed with
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Figure 3 — Pathogenesis of insulin-resistant diabetes associated with acanthosis nigricans. Insulin released from the pancreas normally binds
to receptors on sensitive cells, and the hormone-receptor complex activates various intracellular processes (top panel). In a small number of
diabetic patients, insulin secretion is normal, but receptor sites are partially blocked by autoantibody. Impaired hormone binding means that
few sites are activated at any given time (bottom panel). (From Roth J: Insulin receptors in diabetes. Hospital Practice, May 1980:98. lllustrated
by Albert Miller for Hospital Practice. Used with permission of the author and publishers)

protein.?'3? This small RNA was highly conserved
among the species tested. The anti-RNP antibodies
recognized small nuclear ribonucleoprotein particles
(snRNP) that contained Ul RNA, whereas the anti-
Sm antibodies recognized, in addition to Ul RNA,
particles containing the snRNP U2, U4, US, and
U6.3* Experiments with an in vitro system containing
HeLa cells infected with adenovirus revealed that
both anti-RNP and anti-Sm antibodies could inhibit
the appearance of spliced mRNAs by interfering with
the function of the Ul snRNP, thus suggesting that
these autoantibodies may inhibit nuclear editing by
RNA transcripts.*? The above findings, although pro-
vocative, may have limited importance in the patho-
logic process of SLE if the autoantibodies cannot
penetrate living cells. Although certain investigators
have obtained data suggesting penetration of cells by
anti-RNP antibodies attached first via Fc surface re-
ceptors,®® these findings remain controversial, and
the bulk of evidence so far indicates that such auto-
antibodies do not internalize within living cells so as
to interfere with specific metabolic processes.

Rheumatoid arthritis, another major autoimmune
disease, is characterized by the presence in serum of
autoantibodies directed against the Fc portion of
IgG. Such autoantibodies, usually of IgM or IgG iso-
type, combine with IgG to form immune complexes
that are considered to participate in the associated
synovitis and vasculitis via activation of the comple-
ment cascade and attraction of polymorphonuclear
cells to the sites of their deposition.3*3%

In the course of these organ-specific and non-or-
gan-specific autoimmune diseases, along with auto-
antibodies, certain cell types such as K cells and T
cells also seem to participate as primary or accessory
factors of the immunopathologic process. Of course,
as discussed in subsequent sections of this review, ab-
normalities of regulatory T cells have been considered
as one of the primary causes of autoantibody produc-
tion by B cells.

As information has accumulated in the last few
years concerning the immunopathologic mechanisms
of autoimmune diseases, data have simultaneously
accrued on such important topics as the diversity of
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the immune system and the means of normal immu-
noregulation and tolerance induction. Thus, as re-
viewed below, one can now construct a reasonable
framework on which future work concerning such
disorders will be based.

The Diversity of Immune Responses

Humoral and cellular diversity in the immune sys-
tem is intimately connected with the question of self-
nonself discrimination. The first task of an immune
system is to react against virtually any foreign sub-
stance. It is well established that an individual can
produce specific antibodies to any antigenic determi-
nant in the universe. In fact, the immune system is
capable of producing specific antibodies even against
all sorts of odd, artificially synthesized chemicals and
molecules; ie, the immune system appears to be
aware of all future possibilities. Simultaneously with
acquisition of immune responsiveness, the immune
system must fulfill a second requirement—that is,
lack of or minimal reactivity against self-antigens.
How such an enormous diversity of immune responses
develops, accompanied by a very restricted self-re-
sponsiveness, is not as yet known, although several
recent findings have greatly advanced our knowledge
in these respects.

The great diversity of self-determinants seems to
be the driving force that sets the necessary size of the
immune repertoire.*¢ If the repertoire is limited, then
the possibility for self-reactivity via cross-reactions is
high. If, on the other hand, the repertoire is large,
then the possibility for cross-reactivity against self is
greatly reduced. Two major theories offer genetic ex-
planations for the enormous diversity of immuno-
globulin (Ig)chain variable (V) regions, which deter-
mine the antigen-combining sites.3”:*® The germ-line
theory, in its most extreme form, postulates that for
every V region specificity there must exist a different
gene in the germ line. In contrast, the somatic muta-
tion theory proposes that a small number of germ-line
genes diversify either by point mutations or by re-
combination events during the differentiation of lym-
phocytes to create the antibody repertoire de novo in
each individual. Recent studies by DNA cloning of
human and murine cells containing genes for Ig strong-
ly indicate that both germ-line and somatically mu-
tated genes contribute to antibody diversity. Thus, it
has been clearly demonstrated that, although a large
number of germ-line antibody genes exist (10*-10%),
further expansion of antibody repertoire occurs via
somatic recombinations and rearrangements of sepa-
rate segments of DNA coding for particular portions
of the antibody molecule (V, variable; J, joining; D,
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diversity; C, constant).***° These multiple gene seg-
ments scattered along the chromosome of a germ-line
genome assemble during the development of B lym-
phocytes and form a complete Ig gene (Figure 4). By
further substitutions and mutations, especially oc-
curring in V regions of IgG and IgA isotypes and far
less, if at all, of the IgM isotype, a vast array of anti-
bodies can be generated. Thereby, the germ-line di-
versity of 10*-10° antibody specificities is expanded
to a total diversity well over a million antibodies.
Thus, through a large number of germ-line genes,
somatic mutations, and selection of useful variant
lymphocytes that react against foreign antigens, great
diversity is generated. At present it is unclear at what
stage of B-cell differentiation, from stem cell to ma-
ture B cell, commitment to an ultimate antibody spe-
cificity occurs.*' However, central to understanding
B-cell expression is the fact that most B cells are rela-
tively short-lived (a few days),*? and thus the reper-
toire is generated over and over again, presumably
from stem cells within the marrow of mature indi-
viduals. Apparently lymphocytes are constantly
“learning,” in an evolutionary sense, throughout the
life of their host, but this progress is lost when the
animal or a particular clonotype dies, and the lym-
phocytes of the next generation of vertebrates must
start again from the baseline “knowledge” of inherited
V genes.

Concerning the second type of immunocyte, namely
the T cell, little is proven about the mechanisms that
drive its complex diversification. This, in large part,
reflects the many unknowns surrounding the nature
of T-cell receptors for antigen and such properties as
affinity of antigen-binding by such cells, as well as the
great technical difficulty, until recently, in obtaining
relatively enriched or clonable antigen-specific T-cell
populations for analysis. Experiments with murine
hematopoietic radiation chimeras strongly suggest
that the major organ in which T cells diversify is the
thymus,**" via contact or processing by epithelial
and giant nursing cells, respectively. Jerne suggested
in 1971 that the T-cell receptor repertoire is selected
by these cells’ reactivity with self-MHC antigens.?” In
Jerne’s model, the starting point is an inherited set of
T-cell receptor genes each specific for an allelic form
of the MHC of the species. That species’ total reper-
toire then reflects the extent of polymorphism for all
its histocompatibility antigens. According to this
theory and its later modifications by others*’-s!
(Figure 5), in the first stage T cells initially specific for
self-MHC gene products are selected in the thymus to
differentiate and proliferate. The self-MHC antigens
expressed in the thymic epithelial cells may be either
Class I (K, D, L antigen of murine H-2 or -A, -B, and
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Figure 4 — Heavy chain gene assembly. The upper diagram shows the arrangement in germ-line cells of the gene segments for antibody heavy
chains. The assembly of a complete variable region gene (VH) requires the joining of three gene segments, one of those designated VH,
through VH,, one D, and one J. After V-D-J joining, transcription of the rearranged DNA into RNA, followed by differential splicing of the tran-
script, allows the simultaneous production of messenger RNAs for two different classes of heavy chain (shown in the right-hand branch of the
diagram). The messengers direct the synthesis of either an IgM or IgD heavy chain. The shift to the final class of heavy chain that will be pro-
duced by the cell involves a further gene rearrangement (left-hand branch). In this case, the cell will make an IgD heavy chain, and the Cu gene
segment has been deleted to bring the completed variable region gene nearer to the Cd gene segment. If the cell were going to make an IgA
heavy chain, gene segments Cu through Ce would have to be deleted. The rearranged DNA is transcribed and the RNA copy spliced to form the
final messenger. (From Marx JL: Antibodies: Getting their genes together. Science 1981, 212:1015. Used with permission of the author and

publishers)

-C antigens of the human HLA) or Class II (Ia anti-
gens of mice, DR of humans). Stem cells that carry
anti-Class I receptors are destined to become cytotox-
ic, whereas those carrying anti-Class II receptors even-
tually become helper T cells (see below). Then in a
second stage, only those T cells that bear low affinity
receptors for self-MHC antigens are allowed to ma-
ture and leave the thymus as functional T cells, while
the high-affinity anti-self receptor-bearing T cells are
eliminated by an unknown process. Such T cells with
low reactivity for self-MHC antigens have concomit-
antly high affinity for allelic variants of self-MHC
antigens. These clones of cells account for the high
frequency of alloreactive T cells present in man and
animals. Simultaneously and independently, the low-
affinity anti-self cells modify their receptors, either in
the thymus or in the periphery, by rapid mutational
events, so as to recognize not only self-MHC antigens
but also determinants on conventional thymus-de-
pendent antigens. Recognition of either antigen (self-
MHC and non-self-MHC antigen) separately is not
enough to trigger T-cell differentiation to effector

cells, whereas simultaneous recognition of both anti-
gens delivers a sufficient signal to allow T-cell differ-
entiation. Many modifications of this original
postulate as well as new models have been proposed
to explain T-cell diversification, alloreactivity, and
the roles of the thymus and of self-MHC determi-
nants in T-cell-dependent responses. At present it is a
difficult task to prove or disprove any of these hy-
potheses as long as the T-cell receptor for antigens
and the respective genes for such receptors are not
identified. Nevertheless, one fact remains clear, as
discussed further below: self-recognition is of ex-
treme importance in diversification of repertoire and
efficient T-dependent immune responsiveness.

Normal Autorecognition and Autoimmunity
Recognition of Self-MHC by T Cells

Numerous studies on colonial marine forms and
flowering plants as well as on more sophisticated and
diversified higher animals have demonstrated that
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Figure 5 — Stages in T-cell maturation and generation of T-cell repertoire (see text).

self-recognition mediated by cell-surface receptors is
a fundamental biologic process concerned with many
types of developmental and differentiation events.5?
Examples are the lectinlike cell-surface molecules of
the cellular slime mold Dictyostelium discoideum
that determine cellular cohesiveness, the specific cell-
surface molecules of simple metazoa and of colonial
tunicates that allow formation of colonies, and the
cellular receptors on vertebrate embryonic cells that
allow appropriate cells to aggregate into tissues and
organs. Such self-recognition may occur between
cells having identical receptors (like-like interactions),
complementary receptors (lock and key interactions),
or receptors interacting via a linker molecule.5?

It has now been demonstrated beyond any doubt
that certain elements of the vertebrate immune sys-
tem preserve and express throughout life such a self-
recognition capacity, and that it is an apparent requi-
site for the normal functioning and diversification of
the immune system. This conclusion, now a funda-
mental tenet of immunologic theory and a radical de-
parture from orthodox concepts of the near past,
evolved during the last decade after discovery of the
need for collaboration between the various cellular ele-
ments of the immune system for efficient responses. 45

The initial finding for most antigens was that collabo-
ration between T-helper cells and precursors of effec-
tor cells (B cells, T-cytotoxic cells, T-suppressor cells)
is required for antigen-driven differentiation to mature
effector cells. In addition, T-helper cell differenti-
ation begins only after association with antigen-pre-
senting macrophages or antigen-expressing cells. In
contrast, B cells and T-suppressor cells can prolifer-
ate after contact with free soluble antigen. Signif-
icantly, in murine humoral responses, T-cell help is
initiated and delivered only if the T cells, B cells, and
antigen-presenting macrophages are compatible at
the MHC, more specifically at the I region (D/DR re-
gion for human HLA).***” The complete uncovering
of the MHC’s role and self-recognition in immune re-
sponses came by virtue of the discovery that T-cell-
mediated immunity and efficient killing of virus or
hapten-modified cellular targets also required identity
of the effector T-cytotoxic cells and target cells at the
MHC, more specifically, at the K and/or D region of
the murine H-2 (A and B for HLA).*’-*® This phe-
nomenon, applicable to both T-helper and T-cytotoxic
cells was termed the MHC restriction phenomenon
and found to be operative in many species, including
man, and in both in vitro and in vivo conditions. The
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Figure 6 — The one-receptor, two-receptor hypothesis for cytotoxic
and helper T-cell recognition. It is still not clear whether the T cell ex-
presses one receptor specific for self H-2 (Rs) and another that
recognizes non-self-antigen (in the illustrated instance viral antigen,
Rv), or a single receptor that recognizes a complex of self-H-2 and
non-H-2 antigens (in the illustrated instance viral [V] antigens).
(From Doherty PC, Bennink JR: Monitoring the integrity of self:
Biology of MHC-restriction of virus-immune T-cells. Fed Proc 1981,
40:218. Used with permission of the authors and the publishers)

restriction and interaction of T cells with self-MHC-
bearing stimulator cells results not from a like-like
interaction between T cells and stimulator cells, but
from a true T-cell anti-self receptor.*”-4°

A key question raised by MHC-restriction con-
cerns the nature of the T-cell receptor. Two models
have been proposed to explain the dual specificity of
subsets of T cells for antigen and self-MHC prod-
ucts*’~*° (Figure 6): 1) The two recognition sites model
states that T-helper and T-cytotoxic cells possess two
separate recognition sites that are specific for two
separate antigens on macrophages or target cells, re-
spectively. One receptor site binds to the restricting
self-MHC; the other receptor site binds to the cell
surface associated non-MHC antigen. 2) The single
recognition site model states that T cells express a
single receptor site that is specific for a single neoanti-
genic determinant formed when the self-MHC com-
plexes with the foreign antigen on macrophages or
target cells. At present, no definite proof exists for
either model, and convincing arguments for both
models as well as additional models***® have been
presented. Nor has the nature of the T-cell receptor
been clearly defined, although strong evidence impli-
cates the V region of Ig heavy chain as responsible
for both the specificity directed to MHC and the
specificity for non-MHC antigenic determinants.'-¢

Exactly why T cells are MHC-restricted and must
recognize self together with foreign antigen for opti-
mum participation in humoral and cellular responses
is unknown. This dual recognition could quite well
act as an efficient stimulus for T cells endowed with
low-affinity receptors for foreign antigen only. Such
dual recognition would appear to be advantageous
for survival of the species.®*¢® For example, cytotoxic
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T cells seem to be essential for recovery from some
acute primary viral infections. By recognizing and
lysing virus-infected cells displaying viral antigens
plus self-MHC antigens, before assembly of progeny
virus particles, these T cells limit viral multiplication.
If their antigen receptors bound avidly to free antigen
(viral) molecules, these receptors would be inhibited
in binding to foreign antigen on an infected cell’s sur-
face, thus reducing the cytotoxic T cell’s antiviral
function. Evolutionary pressure would therefore lead
to retention of the self-recognition capability in cyto-
toxic T cells, which presumably evolved from a self-
recognition system that existed before the appearance
of adaptive immune responses. Regardless of the rea-
son, generation of effector immune functions require
that T cells recognize self-MHC along with an ex-
traneous antigen.

Recognition of Self-Ig V Region Determinants and
the Idiotype-Antiidiotype Network

As summarized above, responses of T cells to self-
MHC antigens play an essential role in initiating both
humoral and cellular immune responses. We shall see
now that responses to self may also play a role in reg-
ulating these immune responses.

Clearly, the immune system interacts with antigenic
determinants, also called epitopes, via antigen-com-
bining sites present in the hypervariable regions of V
domains within Ig molecules either on the surfaces of
or secreted by lymphocytes. The B cells probably ex-
press the whole Ig molecule as their receptors but the
T cells appear to express only the combining site de-
rived from the V domains of heavy chains.®'~%* During
the 1950s and thereafter important discoveries clearly
demonstrated that an antibody molecule has a dual
character, acting to recognize a given antigen and, in
turn, itself becoming immunogenic, even in the ani-
mal that produces this antibody.%¢-¢” The hypervari-
able regions of a given Ig alone can act as antigenic
determinants to generate another set of antibodies
that recognize the uniqueness of that Ig as distinct
from antibodies of different specificities. Sets of anti-
genic or epitopic determinants of Ig V domains were
termed idiotypes, and the antibodies elicited against
them were termed anti-idiotypes.®®’° Each single
idiotypic epitope located on different portions of the
V region was called an idiotope. An anti-idiotope an-
tibody does not react with the entire array of idiotyp-
ic determinants of an Ig molecule, but only with a
single determinant, the idiotope. However, anti-idio-
typic antibodies of a single specificity may be
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represented in different Ig classes. Idiotypic determi-
nants have been described that are on Vi alone, Vg
alone, or both, involving either antigen-binding sites
or noncombining sites (framework regions) of the V
domains®®-7* (Figure 7). Idiotypes representing anti-
genic differences of Ig molecules at the V region differ
from allotypes, which result from inherited variations
(polymorphism) in the genes coding for certain
amino acid sequences in the constant region (C re-
gion) of Ig molecules,”>”® and from isotypes, which
depict the different C regions found on Ig molecules
(Cu, Cd, Cys, Cy,, Cy2b, Cy2a, Ce, Ca). Both B cells
and T cells, as well as their soluble products (anti-
bodies, antigen-specific T-cell-derived helper and
suppressor factors), express idiotypic determinants. -8
Moreover, in accord with the clonal selection theory
of Burnet (see below), the idiotype of Ig secreted by
an antibody-forming B cell is the same as that of the
cell-surface Ig receptors for antigen.”* The number of
idiotypes that an individual possesses is apparently as
large as one’s range of antibody specificities or reper-
toire, actual and potential.

The responses of animals to most antigens involve
several clones of reactive cells producing antibodies
that have many idiotypic specificities or antigenic dif-
ferences in the V region. However, after antigenic
challenge, sometimes just a few clones of lympho-
cytes expand, resulting in the expression of a domi-
nant idiotype. Idiotypic cross-reactions in inbred
animals such as mice are not uncommon, especially
among antibodies directed against relatively simple
antigenic determinants. In most cases, cross-reactive
idiotypes show linkage to allotypic markers present
on the constant region of the Ig heavy chains.” In
contrast, most outbred animals’ and humans”” infre-
quently express cross-reactive idiotypes consistent
with the broadly heterogeneous regions that can com-
bine with the different antigenic determinants present
on a complex antigen. Nevertheless, even in outbred
species, cross-reactive idiotypes are occasionally
present’®-®! either as a result of inheritance of anti-
body genes among related individuals or preservation
and sharing of certain germ-line genes by unrelated
individuals within the species.

The dual characteristics of antibody molecules and
the apparent presence within an individual’s repertoire
of V genes with specificities for other V region prod-
ucts stimulated Jerne to propose in 1974 that autoim-
mune responses to self-idiotypes might form the basis
of immunoregulatory network systems in which
homeostasis is preserved through a functional assem-
bly of idiotype-anti-idiotype interactions.s*7° Ac-
cording to this model, an antigen induces the produc-
tion of an antibody (Ab,) characterized by its idio-
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Figure 7 — Specificity of anti-idiotypic antibodies. In this model a
B-cell clone is the predominant clone reacting to an antigenic deter-
minant on antigen X (Ag-X). Having expanded to the point that its
antigen-binding receptors reach an immunogenic level, the B clone
stimulates three separate lymphocyte clones, each of which
possesses surface receptors that recognize idiotypic determinants
on the immunoglobulins expressed by the B clone and its progeny
cells. Anti-idiotype clone A recognizes idiotypic determinants within
the antibody combining site, whereas clone C recognizes H-chain
idiotypic determinants outside the combining site, and clone D
recognizes L-chain idiotypic determinants in combination with
determinants on antigen X. Each of these anti-idiotype clones could
be in the T-cell or B-cell series, and the cells or their products could
express helper or suppressor functions, leading respectively to idio-
type-specific augmentation (positive feedback) or inhibition (nega-
tive feedback) of this immune response. In turn, since each anti-idio-
type expands to the point that its antigen-specific receptors reach
immunogenic levels, anti-(anti-idiotypic) responses of a positive and
negative type could be induced. (Modified from Hood LE, Weissman,
IL, Wood WB: Immunology. Menlo Park, Calif, Benjamin/Cummings
Publishing Co., 1978. Used with permission of the authors and pub-
lishers)

type (Id,). In turn, the latter stimulates the synthesis
of an anti-idiotypic antibody (a Id, or Ab,) bearing
the idiotype Id, that can trigger the production of
anti-(anti-idiotypic) antibody (a Id, or Ab,), and so
on. Initial models of the network system suggested
that the network was open-ended and of unlimited
extent, whereas more recent studies tend to support a
circular configuration of limited sets of idiotypes and
anti-idiotypes.®? According to network theories, for
every paratope (antibody combining site of an anti-
body molecule) a complementary fitting idiotope on
another antibody molecule can be found, and vice
versa. Such an idiotope must be stereochemically
(three-dimensional shape) similar to the epitope on
the antigen against which the antibody was originally
directed. Jerne calls the subset of Ig molecules that
contain these idiotypes the “internal image set,”* and
Lindenmann calls them “homobodies.”®?

Jerne assumes that such an idiotypic-anti-idiotypic
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network is functional, which means that its regula-
tion should account for the various modes of the im-
mune response (steady state, enhancement, suppres-
sion). One must infer that suppressive interactions
dominate stimulatory ones in order to avoid the aber-
rant proliferation of clones. Moreover, before anti-
genic challenge, the system is in a virgin state that can
be regarded as a stable reference state. Upon the in-
troduction of antigens, macroscopic perturbation oc-
curs and drives the system toward a new steady state
characterized by immune memory or tolerance.

By now the idiotype network concept is widely ac-
cepted because of a rather impressive accumulation
of data in support of its existence and functional im-
portance. Thus, autoanti-idiotypic antibodies as well
as operational suppressive and enhancing networks
have been described. Autoanti-idiotypic antibodies
have been detected in mice immunized with
T-independent antigens such as phosphorylcholine,
bacterial levan, trinitrophenyl (TNP)-Ficoll and
others.®2:8487 Apparently, antibody titers and num-
bers of specific antibody-secreting plaque-forming
cells decrease, while the amount of autoanti-idiotypic
antibodies increase, which seems to indicate that
autoanti-idiotypic antibodies exert negative feedback
on expression of the immune response. Moreover, in
accord with predictions made by the network theory,
when experimentally produced anti-idiotypic anti-
bodies are administered passively to animals, sup-
pression or enhancement of the relevant idiotype may
ensue.®®-#-23 This is accomplished via the interaction
of sets of B cells, T-helper and T-suppressor cells
bearing complementary idiotypic and anti-idiotypic
determinants, identical idiotypic determinants through
an antigen bridge or an anti-idiotype bridge, or iden-
tical anti-idiotypic determinants through an idiotype
bridge. For suppressive effects, the following hypo-
thetical sequence of events could take place® (Figure
8A). First, antigens (in the illustrated instance, a
T-independent antigen) induce proliferation of B
lymphocytes whose receptors are characterized by Id,.
In a first step, precommitted precursor PB, cells dif-
ferentiate into mature B, lymphocytes. The latter
proliferate and differentiate into plasma cells (in the
figure depicted as Z,) secreting an antibody Ab, char-
acterized by Id,. Ab, recognizes and eliminates the
antigen. Its idiotype, Id,, stimulates the proliferation
of anti-idiotypic (ald,) B, cells, which differentiate
from the precurosr PB,. Presumably, this step is de-
pendent on T cells that carry ald, receptors, since it
has been established that an immune response to an
Ig molecule requires helper T cells.®* The B, cells
differentiate into Z, plasma cells secreting ald, (Ab,)
antibodies, which act negatively on the Id,-bearing B,
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cells. Anti-idiotypic antibodies, upon attaining con-
centrations above a critical threshold, can also exert
negative influences on these idiotype-expressing cells
by engaging subsets of suppressor T cells that express
the relevant anti-idiotype. An intermediate T-helper
cell whose receptor would express 1d, idiotype may
be necessary for interaction with anti-idiotypic anti-
bodies and induction of anti-Id,-bearing suppressor
T cells (Figure 8B). By studying idiotype-induced
suppression in mice, Nisonoff and Greene and Sun-
day et al have subdivided suppressor T cells into three
populations.®s-*¢ The first population (Ts,) is Lytl*,
bears I-J and idiotypic determinants, and functions
in a non-H-2(?) or Vy-restricted manner during the
induction phase of the immune response. The Ts,
population secretes a factor (TsF,) that, together
with antigen, induces a second complementary pop-
ulation of suppressor cells (Ts,) that bear Lyt2 allo-
antigen, I-J determinants, and anti-idiotypic recep-
tors. The latter population functions in an H-2 and
Vy-restrictive manner during the effector phase of the
immune response in previously primed animals.
However, this second population does not contain
the final suppressor T cells. The available data sug-
gest that the Ts, cells, via a soluble factor (TsF,),
activate a third population of Lyt2, I-J, and idiotype-
bearing T cells (T'ss), the possible final suppressors in
the immune recipient.

Anti-idiotypic antibodies can also induce enhance-
ment of immune responses instead of suppression. 583
This can result either 1) from the stimulation of idio-
type-bearing helper T cells that then induce idiotype-
bearing B cells or 2) from the elimination of specific
suppressor T cells. In this last instance, anti-idiotypic
antibodies (ald,, Ab,) might induce the production
of anti-anti-idiotypic antibody (ald,, Abs), which is
assumed to suppress the production of ald, antibody
by B cells, on the one hand, and to eliminate ald,-
bearing suppressor cells, on the other.

Thus, various experimental models seem to indicate
that idiotypic interactions, essentially autoimmune in
nature, can play an important role in functional regu-
latory circuits of the immune system and in promoting
communications between T and B cells. The system
emerges as a self-contained, highly organized net-
work of complementary T- and B-cell surface-bound
and soluble idiotypes that is constantly engaged in
self-recognition. If one agrees that idiotypes may
sterically represent mirror images of antigens, then it
would be reasonable for one to assume that the im-
mune system accepts the structural diversity in the
universe as nothing new or strange, since “it sees”
these structures continuously in its complementary
circuits. According to this extreme, yet provocative
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Figure 8A — Regulatory in- PB
teractions leading to the pro- 1 (=)
duction of autoantiidiotypic
antibodies (eld,), which sup-
press the proliferation and
differentiation of 1d*, clones
in the case of a T-indepen-
dent response. Pg, and Pg,,
respectively, are the pre-
cursors of B, and B, cells. Z,
and Z, cells differentiate
from the corresponding B
cells. Pty are the precursors
of the T helper (TH) cells. Id,
antibodies are specific for
the antigen, whereas (ald,)
antibodies are specific for
the idiotype Id,. The sign +
corresponds to activation
and the sign — to inhibition.
B — Regulatory circuit corre-
sponding to a suppressive
type of network where idio- B
type-specific T suppressor
(Ts) cells are generated in

the course of a T-indepen-

dent response. Prg are the (+ )j
-)

precursors of the Tg cells. By ——————e
The other elements of the L
circuit have been defined in
the legend of Figure B8A.
(From Hiernaux J: Antiidio-
typic networks. Fed Proc
1981, 40:1484. Used with per-
mission of the author and
the publishers)

view, “foreign” determinants are in fact never for-
eign; and, consequently, challenge with non-self anti-
gens is an epiphenomenon that does not set in motion
any novel element in the system but only perturbs it
until it reaches a new steady state.®**’

Theories of Tolerance Induction

Despite the foregoing conclusion that vertebrates
have all the genetic information necessary to respond
immunologically against self- and non-self-constitu-
ents and can induce and regulate their immunologic
apparatus via self-recognition processes, the normal
immune system is in general phenotypically tolerant
to self.

There exist two types of tolerance, central and pe-
ripheral.? In central forms, no antibody is produced
at all after antigenic challenge, since the responsible
immunocytes are missing (clonal deletion) or are si-
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lenced (clonal anergy) directly. In peripheral forms,
some antibody is initially produced; but then, due to
the expression of suppressive mechanisms (suppres-
sor T cells, antibodies, anti-idiotypes, and immune
complexes), antibody production diminishes greatly
or halts.

Early studies demonstrated that tolerance to self is
acquired through an active process that involves a
direct contact between self-components and specific
antigen-reactive cells. For example, removal of the
hypophysis from a tree frog during early life (tad-
pole), subsequently allowing the gland to differenti-
ate in isolation from its donor, and, finally, trans-
planting the organ back into the mature donor result
in rejection instead of acceptance.®® Moreover, ani-
mals that are genetically deficient in certain proteins
still make antibodies when given injections of the
proteins.®?1% After studying responsiveness to ex-
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ogenous antigens in experimental animals, and as-
suming that responses against them are controlled by
mechanisms similar to those for endogenous anti-
gens, investigators have advanced several hypotheses
to explain the apparent unresponsiveness to self by
an individual that has the genetic information to do
sO.

The first serious attempt to explain how self-unre-
sponsiveness might be acquired was undertaken by
Burnet as a corollary to his clonal selection hypothe-
sis.'?! He was the first to introduce the concept of the
immunologic clone, a subset of immunocytes all hav-
ing identical receptors for antigen. Burnet’s clonal
selection theory of acquired immunity proposed that
virgin clones of immunocytes circulate in the body
awaiting contact with their specific antigens, after
which they undergo blast transformation and divide
repeatedly to produce thousands of descendant cells
of the same specificity. This concept followed Jerne’s
postulation that antibody molecules are not fashioned
on a template formed by an invading antigen, but are
preformed, waiting to be selected by their comple-
mentary antigen.!°? In other words, antibodies are
made before the exposure to antigens, and their com-
bining site specificity is solely determined by struc-
tural genes upon which antigens have no influence
other than inducing proliferation of the clone that ex-
presses the specific idiotype or V domain for that
antigen.

In any event, Burnet!®' proposed that immune tol-
erance to self-antigens is subserved by a mechanism
that causes fetal immunocytes to be deleted by con-
tact with their specific autoantigen (clonal deletion,
holes punched in the repertoire) (Figure 9). This
proposition originated from the work of Owen,'*
who first demonstrated that contact with foreign an-
tigenic substances during early life resulted in immu-
nologic tolerance. He observed that mature dizygotic
twin cows tolerated each other’s body tissues in that
they did not reject mutual grafts. Undoubtedly, the
tolerance resulted from embryonic parabiosis in
which blood was exchanged between the twins. Sub-
sequently, Billingham, Brent, and Medawar'** found
that adult mice of an inbred strain tolerated skin grafts
of a second inbred strain if, as newborns, animals of
the first strain were injected with replicating cells of
the second strain. For the development of autoim-
mune diseases, Burnet suggested that precursor lym-
phocytes committed to non-self but related to self-
antigens mutate during their multiplication and acci-
dentally make lymphocytes reactive to self.

The above theory was later redefined and expanded
by Nossal and associates, who coined the terms clonal
abortion, clonal anergy, clonal silencing, and clonal
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purging, all to describe the same event.'*® Nossal pro-
posed that at some stage in their differentiation from
stem cells to mature antibody-forming precursor
cells, B lymphocytes go through a phase during
which contact with antigen (whether endogenous or
exogenous) induces only tolerance and not immunity
(Figure 9). This phase is referred to as the tolerance-
sensitive or obligatory paralyzable phase. The con-
cept is based on work in vivo and in vitro showing
that the amount of antigen required to produce an
effective negative signal varies enormously with the B
cell’s degree of maturity. If a hapten, polyvalently
substituted on essentially any carrier moiety, is al-
lowed to act for several days on lymphocytes in vivo
and then for a brief time in vitro, a typical situation
producing tolerance might be one in which mature B
cells need a high antigen concentration, for example,
2 X 107 M; immature B cells need 5 x 10" M, and
cells “caught” in the pre-B to B transition need 5 X
10-* M, for 50% of the cells to become tolerant.
There is, then, a several-fold sensitivity difference be-
tween the extreme cases, and one should remember
that the physiologic circumstance engendering acqui-
sition of self-tolerance is that a B cell first encounters
antigen during the pre-B to B transition. Further ex-
periments showed that the early, tolerance-inducing
encounter between antigen and immature B cells did
not lead to death of the tolerant cells. In other words,
the immature B cells received and stored some nega-
tive signal without having been eliminated. Given
that an animal can have antigen-binding B cells in-
capable of reacting to antigen and present in a func-
tionally silent state, the process whereby such toler-
ance is induced was more accurately redefined as
“clonal anergy” than “clonal abortion” or “clonal
deletion.”

Additional studies clearly demonstrated the ease of
inducing tolerance in neonatal spleen cells and bone
marrow cells of neonates and adults with a concomi-
tant resistancc of tolerance induction in adult spleno-
cytes.*!-1% Significantly, spleens of adult animals con-
tain a minor subset of immature B-cells that can be
tolerized as easily as neonatal B cells.'®” This finding
suggests that the ease of tolerance induction is not a
unique property of neonatal cells but of immature
B-cells, in general, which are continuously produced
throughout life. Subsequent experiments!'®® showed
that tolerance induction in immature or neonatal
B-cells requires 1) protein and DNA synthesis, an ac-
tive process that cannot be explained simply by a
passive phenomenon such as receptor blockade, and
2) multivalency of the inducing antigen. This last
finding suggests that receptor cross-linking is involved
in negative signal generation and that many autolo-
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mission of the authors and
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gous proteins, present in serum and extracellular
fluids in monovalent form, may not induce self-toler-
ance by this mechanism unless they become associated
with certain cell membranes, thereby gaining oper-
ational multivalency. Of course, many key self-
antigens are presented to the developing lymphoid
system predominantly in multivalent form, such as
the MHC determinants, which exist as cell membrane
macromolecules.

The particular tolerance sensitivity of immature B
cells was reinforced in experiments showing that fetal
and neonatal spleen B lymphocytes, unlike adult
splenocytes, were highly sensitive to suppression of
cell surface Ig (antigen receptor) expression after ex-
posure to heterologous anti-Ig antibodies.°%-!'° Simi-
lar susceptibility can be observed in adult bone mar-
row B lymphocytes, clearly indicating that newly
formed B-cells are susceptible to ligand-induced in-
activation throughout life. These observations strongly
suggest that interaction at the cell surface receptors
of B lymphocytes at a particularly sensitive stage of
the maturation cycle, regardless of this interaction’s
antigen specificity or nonspecificity, results in func-
tional inactivation of such cells. At least in the case
of anti-Ig modulation, this inactivation is expressed

Polyclonal B Activators

\_/

As g Receptors Emerge,
Antigen Induces Anergy or
Abortion of the Specific Clone

by the inability of such cells to replace receptors on
their surface membranes. Whether or not this process
involves inhibition of further intracellular Ig synthe-
sis or, rather, reflects a cell’s inability to transfer the
intracellular Ig to the cell surface membrane has not
been established. Nor has it been determined at the
molecular level why immature B cells are so much
more easily induced to become tolerant and inactive
than their mature counterparts.

Until recently there was no clear indication that the
T-lymphocyte class undergoes a central form of tol-
erance, in the sense of classic clonal deletion or aner-
gy described above for B cells. However, the recent
development of methods to produce clones of cyto-
toxic T lymphocytes from single precursor cells has
enabled Nossal and Pike to address this question.!!!
They find that a profound and long-lasting deficit in
activated cytotoxic precursors, first demonstrated by
the fifth day of life in the thymus and the eighth to
tenth in the spleen, develops in mice rendered toler-
ant to semiallogeneic cells when newborn. Whether
this represents their destruction through early contact
with antigen (clonal deletion), their functional silenc-
ing through a mechanism akin to B-cell “clonal aner-
gy” described above, the in vivo action of suppressor
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Figure 10 — Antigen-blockade mechanisms of B-lymphocyte toler-
ance. (From Nossal GJV, Pike BL: Antibody receptor diversity and
diversity of signals, Immunology 80 — Progress in Immunology. Lon-
don, Academic Press, 1980, p 136. Used with permission of the au-
thors and publishers)

cells preventing their emergence, or some mixture of
these phenomena remains to be determined. Experi-
ments in murine lymphoid populations in vitro indi-
cate that phenotypic deletion of inducer Lytl* cells
with specific helper activity and Lytl* cells that in-
duce suppressor cell activity by suppressor T cells
may occur,!*? thereby suggesting that T-suppressor
activity promotes clonal deletion of T-cell subsets
such as helper and cytotoxic cells.

Centrally induced tolerance might otherwise result
from antigen- or ligand-induced inactivation of im-
mune responsiveness (Figure 10). The term ligand-
induced inactivation is used in a broadly descriptive
sense to indicate the loss of reactivity in a population
of specific immunocompetent lymphocytes as a direct
consequence of interaction between antigenic deter-
minants and the cell surface receptors binding such
determinants under circumstances or conditions that
are either particularly unfavorable to triggering or
are particularly favorable to inactivation of the
cell. 3419 Monomeric antigens could be incapable of
signaling the immunocyte, in which case, at high
molarity, they could occupy the B or T cells’ antigen
receptors sufficiently well to prevent macrophage-
associated or other immunogenic forms of antigen
from gaining access to these cells. Perhaps of rele-
vance is that aggregate-free forms of antigens are
much more tolerogenic than the aggregated forms.2
Bivalent to multivalent antigens could, on the other
hand, induce tolerance by depriving the cell of its an-
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tigen receptors through the patching-capping-endo-
cytosis cycle, a process that has been called modula-
tion. The example of anti-Ig-induced inactivation of
immature B cells discussed above may be related.
Finally, a third possibility is that high concentrations
of certain multivalent antigens, especially those that
are linear with repetitive units more or less equally
spaced along the membrane, can immobilize antigen
receptors, thus “freezing” the membrane and inhibit-
ing transmission of stimulatory signals.

The absence of autoimmune reactions, in addition
to resulting from clonal abortion or anergy as well as
antigen blockade, may be partially caused by con-
tinuous and active suppression exerted peripherally
by subsets of T cells, the so-called suppressor T
cells*s4+105.113.113 (Figyre 11). In such instances, sup-
pressor T cells may carry anti-idiotypic determinants
for interacting with and silencing a B cell that carries
the complementary idiotype, or they may antagonize
the action of a helper T lymphocyte as outlined in the
previous and subsequent sections.

Mice apparently develop three types of T
cells: *4-11¢ Inducer cells, suppressor cells, and an in-
termediate cell type that acts on both inducer and
suppressor cells. These cell types, apart from having
separate and distinct physiologic functions, can be
identified by characteristic surface markers associ-
ated with each. T cells containing the surface glyco-
protein Lyt1* are known as inducer or initiator cells,
since they induce or activate other effector cells sets

Antigen P With

Carrier determinant C
and epitope A.

Anti-A

1. S T
uppressor T Cell Acts 8 Cell

directly on B Cell.

2. Suppressor T Cell acts
on helper T Cell.

Figure 11 —Suppressor mechanisms of B-lymphocyte tolerance.
Suppressor T cells with complementary anti-idiotypic determinants
may act either directly on B cells or on helper T cells. (From Nossal
GJV, Pike BL: Antibody receptor diversity and diversity of signals,
Immunology 80— Progress in Immunology. London, Academic
Press, 1980, p 136. Used with permission of the authors and
publishers)
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to fulfill their respective genetic programs. These
Lytl* cells act to stimulate B cells to antibody pro-
duction, induce macrophages and monocytes to par-
ticipate in delayed type hypersensitivity reactions,
and stimulate precursors of cytotoxic T cells to differ-
entiate to killer-effector cells. Moreover, they induce
a set of resting nonimmune T cells of the phenotype
Lyt123*, a precursor pool of cells that regulate supply
and function of the more mature Lytl* inducer and
Lyt2* suppressors, to generate potent feedback inhib-
itory activity via the suppressor T-cell subset. De-
pending on the expression of surface alloantigens en-
coded by the J subregion of the I region of the murine
MHC, the inducer Lytl* cells, playing a pivotal role
in the type of immune response produced, have been
subdivided into two subsets: Lyt1*:I-J* are inducers
of suppressors, whereas Lyt1*:1-J- are inducers of an-
tibody secretion. The nature of these inducer T-B-cell
interactions is not completely defined, but one possi-
bility is that the T-inducer antigen-receptor structure
related to the V region of Ig heavy chains may trigger
only B cells that bind the same antigen and carry sim-
ilar idiotypic determinants.

In contrast to Lytl* inducer cells, cells of the Lyt2*
set, representing approximately 10-20% of the T-cell
pool (current studies with monoclonal antibodies
suggest that all murine T cells carry varying densities
of Lytl* alloantigen'!?), are specifically equipped 1)
to develop cytotoxic activity against alloantigens and
hapten- or virus-modified target cells, 2) to suppress
both humoral and cellular immune responses after
immunization, 3) to amplify suppressor activity, and
4) to induce other cells to countermand suppressor
signals (contrasuppression).!'® Suppressor and cyto-
toxic cells are probably two different subsets, and
there probably is more than one type of suppressor T
cell. Initial suppression of inducer Lytl* T cells is
brought about by suppressor T cells secreting anti-
gen-binding protein that expresses MHC determinants
(usually I-J) and idiotypic V region determinants.
Such suppressor T cells then induce other idiotypical-
ly complementary subsets of suppressor T cells that,
via complex interactions among themselves and with
inducer T cells and B cells, finally diminish an im-
mune response. A simplified version of these types of
interactions is given in Figure 12. The induction of
suppressor cells to many antigens is under the control
of immune response (Ir) genes.

From the above description it becomes apparent
that the immune system has evolved complex but
sophisticated methods for preventing excessive re-
sponses to antigenic stimulation. In fact, the majority
of immunologic cells do not seem to be effector cells
ready to respond to foreign antigens, but regulatory
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Figure 12— Regulatory circuits of murine T cells.

cells that respond to messages originating from with-
in the immune system itself in the form of cell-surface-
bound and soluble idiotypes and anti-idiotypes. Al-
though the role of suppressor cells in tolerance induc-
tion and regulation of responses against conventional
antigens, transplantation antigens, allotypes, and
idiotypes is well-documented,'** the importance of
these cells in inducing tolerance to autoantigens and
in preventing autoimmune responses remains un-
proven. Newborn animals appear to have an exces-
sive number of suppressor T cells in the thymus and
spleen; nevertheless, experimentally suppressor T
cells are associated more with tolerance induction in
adult life than in neonates. Certain antigens have
been described that carry epitopic determinants en-
dowed with the ability to interact specifically with
suppressor but not helper T cells.''8

Additional peripheral means of tolerance induc-
tion include circumstances in which the antibody
alone or in the form of immune complexes in anti-
body excess may act suppressively relative to the on-
going response.?!! Suggested mechanisms*! (Figure
13) of antibody and/or immune-complex-mediated
suppression include 1) antigen shielding or masking
by antibody, resulting in blockade of antigen recog-
nition by antigen-receptor-bearing lymphocytes, 2)
activation of IgG Fc-receptor-bearing suppressor T
cells with subsequent release of soluble factors that
suppress helper T cells, and 3) direct stimulation of B
cells with Fc receptors to secrete soluble suppressor
factors. Although some forms of antibody-induced
suppression require the Fc portion of the molecule,
others do not. Some suggest that suppressive effects
exerted by high concentrations of antibody are inde-
pendent of the Fc portion, whereas those exerted by
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Figure 13— Suppression of immune responses by antigen-antibody
complexes. A— Antigen shielding or masking by antibody
(blockade of antigen recognition by antigen-receptor-bearing B and
T cells). B — Activation of IgGFc-receptor-bearing suppressor T
cells with release of factors that suppress helper T cells.

low concentrations are Fc-dependent. Antibody
and/or immune complexes may also serve as “block-
ing factors” that impede an effective immune response
to such cell-associated antigens as those on tumor
cells. The premise is that such a response requires ac-
cess of cytolytic T cells to antigenic determinants on
the cell surface. However, stimulation of humoral
immune responses and subsequent complexing of an-
tibodies with antigen in the circulation may result
either in masking of the antigenic determinants or oc-
cupation of the antigen receptors on the cytolytic
cells, thus blocking these cells from access to and
direct interaction with the target cell (Figure 14). In-
terestingly, autologous anti-idiotypic responses of
mice to tumor-specific lymphocytes were found to
suppress tumor regression, presumably via occupa-
tion of the antigen receptors on cytotoxic cells.'*®
Means for inducing tolerance or unresponsiveness
varies, in that some inhibit immune responses cen-
trally by paralyzing or silencing the responding cells,
others by acting peripherally via suppressor cells or
antibodies. Central forms of tolerance appear to be
more compatible with the expected mechanisms for
induction of tolerance to self.2 However, the mecha-
nisms described above should not be regarded as mu-
tually exclusive. Indeed, it seems certain that differ-
ent forms of the tolerant state result from separate
mechanisms, and a diversity of mechanisms may
operate simultaneously. Because self-antigens occur
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in diverse forms and concentrations, undoubtedly the
same is true for physiologic self-tolerance.

Etiopathogenesis of Autoimmune Diseases

Many theories and mechanisms have been proposed
for the generation of autoimmune responses (Table
2). Their theoretic bases, pertinent examples, and
controversies concerning each are presented below,
with findings in man and appropriate experimental
animals, especially SLE-prone mice, summarized in
parallel. Reviewing the available evidence, one must
surmise that such spontaneous diseases have a multi-
factorial basis with immunologic, genetic, virologic,
hormonal, and other factors playing essential roles,
each acting alone or in variable combinations.

Immunologic Factors in Autoimmune Diseases

Release of Sequestered Antigens

As indicated above, for induction of self-unre-
sponsiveness, contact between the autoantigen and
the immune system is required. If an antigen is se-
questered within an organ, thus precluding its con-
tact with the lymphoreticular system, then no im-
munologic tolerance at the T- or B-cell level can be
established. However, any tissue damage that exposes
the antigen, especially later in life, would then pro-
vide an opportunity for autoantibody formation,
since tolerance induction in adults with many mature
B cells is much more difficult to achieve than in neo-
nates, whose immature, easily tolerizable B cells pre-
dominate.!°5-'® Autoantibody production following
release of sequestered antigens has been repeatedly
demonstrated: for example, autoantibody formation
against sperm after vasectomy,'?® against lens crystal-
line after eye injury,'?! against heart muscle antigens
after myocardial infarct,'?? and so forth. In most of
these instances the autoimmune response is transient
and probably disappears before clinical symptoms
are generated. Progressive autoimmune disease ap-
pears to require persistent antigen that is presented in
an immunogenic form. Conceivably, chronic autoim-
mune disease could also follow the liberation of anti-
gen by nonspecific injury; the autoantibody thus in-
duced might secondarily cause chronic release of an-
tigen by participating with complement to mediate
tissue injury.

Diminished Suppressor T-Cell Function

The down-regulation of immune response, by com-
plex interactions between imune-response-helping
and immune-response-suppressing cells and their sol-
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Figure 14 — Blocking of anti-tumor-cell-mediated immunity by anti-
bodies or antigen-antibody complexes. A—Cytolytic T cells
with appropriate receptors and access to antigenic terminants on
the tumor cell surface induce lysis of the target cells. B —Stimu-
lation of humoral immune responses via antigen sensitization of an-
tigen-receptor-bearing helper T and B cells will also result in anti-
tumor antibodies. These antibodies, although usually beneficial to
the host, may sometimes block anti-tumor cellular responses by
combining directly with antigen on the tumor cell surface, thereby
rendering it inaccessible to cytolytic T cells, or they may combine
with tumor antigens (released or shed after tumor cell lysis) in the
circulation, form complexes, and then bind to antigen-receptor-
bearing cytotoxic T cells, thus blocking them from access to and
direct interaction with tumor cell determinants. C — Anti-tumor
antibodies may also induce anti-idiotypic antibodies directed
against the antigen receptors (V-region) on cytolytic T cells, thereby
inhibiting these cells from interacting with the target tumor cells.
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Table 2 —Theories of Autoimmunity

Release of sequestered antigens

Diminished suppressor T-cell function

Enhanced helper T-cell activity, T-cell bypass
Thymic defects

Presence of abnormal clones; defects in tolerance induction
Polyclonal B-cell activation; enhanced maturation
Refractoriness of B cells to suppressor messages
Defects in macrophages; antigen presentation
Stem cell defects

Defects in the idiotype-anti-idiotype network
Abnormal genes: Ir genes, |g genes

Viral factors

Hormonal factors

uble products already described here, is logically fol-
lowed by the conclusion that loss of a given autoanti-
gen-specific suppressor T-cell subset or nonspecific
loss of this class of cells could result in the sponta-
neous appearance of autoantibodies. Antigen-non-
specific suppressor T cells can be identified numeri-
cally by the expression of certain surface alloantigens
detected by polyclonal or monoclonal antibodies
(OKT-5, OKT-8) against them or by expression of
surface Fc receptors for IgG.!2*-12¢ Functionally these
suppressors are marked by their ability to release sol-
uble products after stimulation with concanavalin A
(Con A), which suppresses B-mitogen-induced poly-
clonal activation and Ig secretion or allogeneic mito-
genic responses.'?” With these methods, numerical
and/or functional abnormalities of suppressor T cells
have been noted in a variety of organ-specific and
generalized autoimmune disorders.'?®-'*” However,
the validity of ascribing reduced suppressor T-cell
number or function assessed by the above procedures
as causative in organ-specific autoimmune diseases
must be questioned for the following reasons: 1) it is
very difficult to imagine how a generalized suppressor
T-cell defect could be expressed as an organ-specific
autoimmune disease; and 2) it is equally difficult to
imagine how elimination, reduction, or dysfunction
of a very minor subset of suppressor T cells that re-
duces the activity of immunocyte clones responsive to
a specific autoantigen could be expressed in the total
compartment of suppressor T-cells that are enumer-
ated with monoclonal antibodies or assessed func-
tionally by Con A stimulation. Although more accept-
able on theoretic grounds, the numeric or functional
diminution of total suppressor T cells in generalized
autoimmune diseases involving many autoimmune
responses, such as SLE, also remains controversial.
Usually, such subjects have significant lymphopenia
and decreases in absolute and relative numbers of T
cells.®” T-cell functional studies in persons with SLE
reveal, in most cases, impaired delayed hypersensitiv-
ity to various antigens in addition to decreased prolif-
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erative responses to T-cell mitogens and to autolo-
gous (syngeneic mixed lymphocyte response) and al-
logeneic stimulator cells.'®’-13® The severity of some
of these impairments was thought to correlate with
disease activity. Moreover, the subject of repeated
claims is that T cells from patients with active SLE
cannot generate antigen-nonspecific supressor sig-
nals.*?'-13¢ This was considered to represent an inher-
ent defect of T-suppressor cells, since B cells from
such patients show normal responses to suppressor
activity generated by normal T cells.'** A related as-
sertion is that anti-lymphocyte antibodies present in
the serum of most patients with SLE have preferen-
tial reactivity with suppressor T-cell subsets.!3?-14°
The primary importance of these findings remains
questionable, since most patients included in these
studies are at an advanced stage of their disease and
under treatment with a variety of anti-inflammatory
drugs, such as corticosteroids, and of cytostatic agents
that profoundly affect the immune system. Recent
studies have failed to confirm some of the above find-
ings, in that the polyclonal suppressor T-cell activity
of the patients with SLE who were examined was
within normal limits,** and anti-lymphocyte anti-
bodies did not react preferentially with any particular
type of immunocyte. !4

Initial studies in the spontaneous SLE model of
NZB and (NZBXxNZW)F, (New Zealand strains,
NZ) mice similarly suggested substantially lowered
antigen-nonspecific suppressor T-cell function with
age and the parallel appearance of disease!*?; the
Lyt123* T-cell subset responsible for feedback sup-
pression was reported to be absent or malfunctioning
in NZ mice'*; in BXSB mice the claim was made
that Lytl* cells were unable to induce Lyt123* cells,
and in MRL/1 mice Lytl* cells were insensitive to
suppressor effects by Lyt123* cells.!'>s However, sub-
sequent studies showed no apparent defect in antigen-
nonspecific (Con A-induced)!*® or exogenous antigen-
specific suppressor T-cell function'#® in the susceptible
NZ mice or the two newly described SLE murine
strains, BXSB and MRL. Table 3 shows the origins,
histologic, serologic and cellular characteristics of
these SLE-prone strains of mice. Additional studies
in these and other murine strains questioned the pri-
mary importance of natural thymocytotoxic anti-
bodies (NTA), proposed by some investigators in the
development of murine SLE,!*’-148 since not all of the
above three afflicted strains have NTAs in their se-
rum.'#?:1%® Moreover, NTAs are found in some re-
combinant NZB inbred strains in the absence of
other types of autoantibodies and vice versa,'s! and
some strains with NTAs in their serum do not have
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detectable disease.!®® Therefore, the above studies
cast doubt on the idea that a generalized defect of
suppressor T cells or the presence of NTAs cause au-
toimmunity. Furthermore, as discussed in the section
describing genetic aspects of autoimmunity, studies
in murine models of SLE have excluded the presence
in such animals of a unique gene predisposing to
autoimmune responses, since the various autoanti-
bodies found in these mice segregate independently in
recombinant mice and in F, hybrid generations, 4%-151-152
However, these findings still do not exclude abnor-
malities of specific subsets of suppressor T cells that
control responses to autoantigens; nor do they ex-
clude a secondary role of anti-T-cell autoantibodies
in accelerating autoimmunity. In general, little cur-
rent experimental data support the concept that sup-
pressor T cells are important in controlling immune
responsiveness to self. Undoubtedly, such new and
sophisticated techniques as experimentally induced
specific elimination in vivo of suppressor T cells, and
the study of autoantigen-specific suppressor T-cell
function as well as of idiotype-anti-idiotype regula-
tion will eventually define the role of suppressor T
cells in autoimmunity.

Enhanced Helper T-Cell Activity, Escape of
Tolerance at the T-Cell Level and Other
T-Cell Abnormalities

Helper T cells and B cells must collaborate for
most immune responses—now a well-established
principle. It has been proposed that unresponsiveness
to self is maintained by self-tolerance at the helper
T-cell level.? Where such tolerant helper T cells be-
come activated via non-self-antigens that cross-react
with self, or certain nonspecific factors replace helper
T cells, existing non-self-tolerant B cells can be acti-
vated to produce autoantibodies. This concept de-
rives from the work of Weigle, Chiller, and associ-
ates, who found that T and B cells have different
antigen concentration requirements for induction of
tolerance and that escape from a tolerant state occurs
much faster at the B-cell level than at the T-cell level.
Thus, after injection of deaggregated human gamma
globulin as a tolerogen, tolerance induction in the in-
tact mouse takes 4-5 days for completion. Induction
of tolerance in either thymus cells or peripheral T
cells is rapid and parallels the kinetics of tolerance in-
duced in the intact animal; peripheral B cells are only
slightly slower to assume the tolerant state. Con-
versely, a latent period of 8-15 days follows injection
of the tolerogen before tolerance is noticeable in
bone marrow cells, and the tolerant state is not com-
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Table 3—Characteristics of SLE-Prone Murine Strains
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Derivation and genetic markers

Lymphocyte surface Igh-1 (IgG2a) Accelerating
Strain Derivation H-2 alloantigens allotype gene(s)
NZB Inbred for color from H-2d Thy1.2, Lyt1.2, Lyt2.2, e ?
stock of unde- Lyt3.2, Qa-13,
fined background Misa Thy1.2
NZW Inbred for color from H-22 e
stock of unde-
fined background
BXSB Derived from H-2b Thy1.2, TL-, Lyt1.2, b Y-linked
(C57BLIBJ x Lyt2.2, Lyt3.2,
SBILe)F, Qa-1b
MRL Genome = 75% H-2k Thy1.2, TL-, Lyt1.2, a Ipr only in MRL/1 (MRL/
LG, 13% AKR, Lyt2.1, Lyt3.2, Mp-Ipr/ipr) but
12% C3H and Qa-1b not in MRL/n

0.3% C57BL/6

(MRUMp-+/+)

Mortality rates

Strain 50% Mortality (months) 90% Mortality (months)
NzZB

Female 16.0 21.0

Male 17.0 23.0
NZW

Female 240 32.0

Male 255 33.5
(NZB x NZW)F,

Female 8.5 12.8

Male 15.0 19.0
MRU/I

Female 5.0 7.3

Male 55 8.6
MRUn

Female 17.0 23.0

Male 23.0 27.0
BXSB

Female 20.0 24.0

Male 5.5 8.0

Histoimmunopathologic characteristics

Strain Glomerulonephritis Thymic atrophy Lymphoid hyperplasia Arteritis Myocardial infarct Arthritis
NZB + + + 0 + 0
(NZB x NZW)F, 444+ + N 0 + 0
MRUI +++ + ++ + + + +
BXSB ++ + + + + 0 + 0

Serologic characteristics
Common

Hyper-y-globulinemia, anti-nuclear antibodies, anti-dsDNA, anti-ssDNA, anti-hapten antibodies, high levels of gp70, immune

complexes, (DNA-anti-DNA, gp70-anti-gp70), reduced complement levels (NZB is C5-deficient)

Uncommon

Anti-Sm (MRL mice; with sensitive techniques such antibodies can also be found in the other SLE strains), IgG + IgM rheu-

matoid factors and intermediate complexes (MRL/1), anti-erythrocyte (NZB; NZB x NZW), NTA (NZB, NZB x NZW, BXSB)

Surface and functional characteristics of lymphoid cells

B cells

mice only, normal ontogeny of isotype diversity in all strains

T cells

Hyperfunction and polyclonal activation in all strains, autoimmune clones in all strains, increased number in BXSB

Generalized suppressor function normal in all strains, T-cell number (Lyt1*) and nonspecific T-helper function increased in

MRU/I only, defects in interleukin-2 production and response in all strains, reduced syngeneic mixed lymphocyte re-
sponse in all strains, cytotoxicity against H-2 compatible allogeneic cells in NZ mice only

Tolerance

Thymus

Nonlymphoid
tissues

Defective tolerance induction to some exogenous antigens in all strains

Essential in MRL/I disease but not essential in NZ and BXSB disease
Noncontributory to disease development in any SLE-prone strain
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plete in these cells until 21 days elapse. Of more im-
portance to self-tolerance is the marked kinetic dif-
ference in the spontaneous termination of tolerance
in peripheral T and B cells. Peripheral T cells, like in-
tact mice, remain tolerant for 100-150 days, although
peripheral B cells return to complete competency be-
tween 50 and 60 days after injection of tolerogen.
The dose of antigen required to induce tolerance in
adult thymus cells or peripheral T cells is 100-1000
times less than that required to induce tolerance in
adult bone marrow cells or peripheral B cells. There-
fore, when central unresponsiveness is induced with
small doses of antigen, B cells remain competent or
quickly escape from tolerance, whereas T cells be-
come tolerant for a long time. On the basis of these
findings, self-tolerance is apparently maintained de-
spite the presence of self-responding B cells due to
the lack of appropriate help from the tolerant T-cell
partners. Accordingly, autoimmunity is then induc-
ible 1) by direct stimulation of autoantigen-reactive B
cells with polyclonal activators (see below), where
T-cell help is not needed; 2) by circumvention of the
T-cell unresponsive state to self-antigens through
nonspecific T-cell-replacing helper factors; or 3) by
induction of helper T cells via altered forms of the
tolerated self-antigen or with antigen that cross-re-
acts with the tolerated self-antigen. Induction of
autoreactivity by certain polyclonal B-cell activators
will be discussed below. Factors have also been iso-
lated from activated T cells that are capable of caus-
ing competent B cells to differentiate.!53-!%% In theory,
such factors that terminate tolerance to certain exo-
genous and endogenous antigens could be liberated
from T cells during responses to allogeneic cells (allo-
geneic effector factor, AEF), presumably because of
nonspecific activation of host T cells via a graft-
versus-host (GVH) reaction.!%¢-1%® A probable ex-
ample of this mechanism is the appearance of auto-
antibodies, the development of immune-complex-
mediated glomerulonephritis, and the deposition of
immune complexes in the skin of some patients un-
dergoing GVH reactions after bone marrow allo-
transplantation.'*®* However, whether autoimmune
responses are indeed induced by such T-replacing
factors remains to be shown more directly. In fact,
factors secreted from T cells activated by suboptimal
concentrations of Con A failed to induce autoanti-
bodies in recent experiments, despite enhancement of
polyclonal Ig synthesis by B cells and induction of
antibodies against heterologous serum proteins.'s*
This inability of endogenous T-cell-replacing factors
to collaborate with self-reactive B cells in the gener-
ation of autoantibody, if verified further, would sug-
gest that the above proposed mechanism of autoim-

AJP e September 1982

munity, ie, the bypass of tolerant T cells by T cell-
replacing factors secreted in response to nonspecific
stimuli, is unlikely to be of significance in vivo.
Specific immunologic tolerance terminates after
immunization either with altered preparations of the
tolerated antigen or with antigens that cross-react
with that tolerogen.!¢*'¢! Thus, rabbits made tolerant
to bovine serum albumin (BSA) after neonatal injec-
tion lose their tolerant state following injection of
chemically altered BSA or heterologous albumins
that cross-react with BSA.!¢? In this situation the un-
related determinants on the cross-reacting albumins
seem to activate T cells, permitting stimulation of B
cells competent for both BSA and the unrelated de-
terminants. Presumably, provision of a new carrier
determinant for which no self-tolerance has been es-
tablished bypasses the tolerant T cells and induces
them to collaborate with non-self-tolerant B cells to
produce autoantibodies. A new carrier determinant
could arise through some modification of the self-
molecule, for example, by defects in synthesis or ab-
normalities in lysosomal breakdown yielding a split
product and exposing new groupings, by combina-
tion with a drug, by association with a new antigen
that drugs or viruses have induced on cells, and final-
ly by the presence of exogenous cross-reactive anti-
gens that provide the new carrier with the ability to
provoke autoantibody formation. Incorporation of
autoantigens into Freund’s complete adjuvant fre-
quently endows them with the capacity to stimulate
humoral and cellular immune responses in the species
from which the antigen originated.'°-*¢* Drug-induced
autoimmune responses are well documented; for ex-
ample, autoimmune hemolytic anemia develops in as-
sociation with the adminstration of a-methyl-dopa, !4
and production of antinuclear antibodies follows
treatment with hydralazine, isoniazid, or procain-
amide.'®* Parenthetically, a genetically controlled
polymorphism of the hepatic acetyltranferase enzymes
is responsible for different rates of inactivation of
drugs such as hydralazine, procainamide, isoniazid,
sulfamethazine, and dapsone. Slow acetylators are
more prone to develop antinuclear antibodies with
hydralazine ingestion than high acetylators; but there
is no predominance of slow acetylators among pa-
tients with SLE; nor are slow acetylators at greater
risk of SLE development.!s® High titers of cold ag-
glutinins to the I blood group arise as an occasional
complication of Mpycoplasma pneumoniae infec-
tions.!®® The autoantibody persists for only a few
days but is associated with a short-lived and some-
times severe hemolytic episode. The cold agglutinin is
thought to be a cross-reacting autoantibody arising
from the response to I-like determinants of the My-
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coplasma. Anti-1 cold agglutinins also develop in
rabbits given injected Group C streptococcal vaccine,
due to cross-reactivity of the I blood group substance
with the immunodominant sugar moiety of the
Group C carbohydrate.!s” A similar situation prob-
ably occurs in human rheumatic fever, in which cer-
tain streptococci carry antigenic determinants that
cross-react with heart muscle or neuronal tissues,
resulting in Sydenham’s chorea. The brain and nerve
damage of some persons after a rabies vaccination
may develop in much the same way if the rabies vac-
cine is prepared from heterologous brain tissue, as
could autoantibodies evolve in patients receiving ani-
mal hormone replacement therapy, for example, with
bovine insulin or adrenocorticotropic hormone
(ACTH). There is also some evidence for the view
that antigens common to Trypanosoma cruzi and
cardiac muscle provide some of the immunopatho-
logic lesions seen in Chagas’ disease.!681%°

Regarding possible increases in generalized or au-
toantigen-specific T-helper activity during autoim-
mune diseases, experiments in murine strains with
SLE suggest that antigen-nonspecific T-helper activ-
ity is within normal limits in NZB, (NZB x NZW)F,,
and BXSB mice but elevated in MRL/1 mice,!*’
which are characterized by a profound proliferation
of their Lyt1* T-cell subset.!’°-!”* Manipulations such
as total lymphoid or whole body irradiation,!”? as
well as neonatal thymectomy,*?? all of which suppress
or completely inhibit the massive T-cell proliferation
of this strain, result in markedly prolonged survival
and reduced levels of autoantibodies.

Of these immunologically abnormal strains, MRL/1
mice exhibit, even at an early age, a profound pro-
gressive defect in Con A-induced proliferation as well
as production of and response to exogenous interleu-
kin-2 (IL-2).7+'"S A similar defect, but less severe,
develops in the NZ and BXSB autoimmune mice.
IL-2, previously called T-cell growth factor, is a lym-
phokine produced by mitogen- or antigen-stimulated
T cells. IL-2 has significant T-cell regulatory func-
tion, since it stimulates thymocyte proliferation, pro-
vides helper activity for antibody production, facili-
tates the induction of cytotoxic T cells, and promotes
the proliferation of helper and cytotoxic T lympho-
cytes in long-term culture.!’¢ The relationship, if any,
of the defect in IL-2 production in SLE strains and
their disease remains unclear at this time. It is of in-
terest that, despite this defect in vitro, most SLE mice
respond well to exogenous and of course to endoge-
nous antigens, including T-dependent antigens, and
exhibit normal cytotoxic responses against virus-
infected targets as well as allogeneic cells when tested
just preceding overt manifestations of their disease.
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These contrasting findings (reduced IL-2 production
in vitro but normal or enhanced responsiveness in
vivo) would suggest that the in vitro findings do not
accurately reflect the in vivo situation, that IL-2 has
little influence on the manifestations of immune
function in vivo, or that one or more factors other
than IL-2 stimulate T-cell proliferation.

Mixed lymphocyte responses in co-cultures of T
lymphocytes with autologous or syngeneic non-T
cells (SMLR), are also reported to decrease in both
persons'*® and mice with SLE.'”” Normally in mice,
this response results from the stimulation of Lytl* T
cells by antigens, presumably self-Ia antigens, ex-
pressed on B cells and macrophages.'”® The defect of
older SLE mice found in the responder T-cell popula-
tion remains undefined as to origin or pathogenic im-
portance in generalized autoimmunity.

Thymic Defects

By virtue of its epithelial microenvironment, its
giant nursing cells, and its hormonelike substances
thymopoietin and thymosin, the thymus is essential
for the differentiation of T cells and their helper, sup-
pressor, and cytotoxic subsets. Whether generalized
autoimmunity, such as that in SLE, can result from
intrinsic thymic abnormalities is unclear, although a
variety of related pathologic and hormonal thymic
abnormalities have been described. Indeed, all SLE
mice develop early thymic atrophy, particularly in-
volving the cortex and, to a lesser extent, the medul-
la.**® Such thymic atrophy associated with abnormal
fine structure appears by the fourth month in (NZB
X NZW)F, mice, which at 6-7 months of age have
lost 70-90% of their cortexes. In BXSB and MRL/1
mice, which die earlier than the (NZBxNZW)F,
mice, thymic atrophy and cystic necrosis appear by 2
months of age and progress to a complete loss of the
cortical areas by 412 and 3' months of age, respec-
tively. In addition, some have reported that adult
NZB mice lack a serum activity, thought to be a thy-
mic hormone,'”® and that administration of thymic
hormone (ie, extract of thymic tissue) to NZB mice!®®
or transplantation of thymuses or of thymocytes
from young NZB mice to the older mice!s*!82 may
temporarily prevent some of the immunologic defects
and delay the onset of autoimmunity. However, others
have failed to inhibit the disease of autoimmune mice
treated repeatedly with thymocytes from young
counterparts'83-'8 and attempts to confirm the thera-
peutic efficacy of thymosin in NZ mice have also
failed.'®>-'8¢ Moreover, newborn thymectomy of
(NZB x NZW)F, and BXSB mice has little effect on
the time of onset, mortality rate, or development of
SLE in these strains of mice,'®”-'*® and congenitally
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athymic (NZB x NZW)F, mice develop disease like
their euthymic counterparts.'®® Furthermore, trans-
plantation and exchange of thymuses between the
congenic MRL/] and MLR/n mice—which exhibit
markedly differential expression of SLE (the former
dies by the fifth month of age with severe SLE, where-
as the latter has a very late-developing SLE with death
occurring at around the second year of life) —showed
that the genotype of the thymus is not the determin-
ing factor in expression of this disease.!’”®> MRL/I1
mice neonatally thymectomized and then transplanted
with either MLR/1 or MRL/n thymus developed
equally early disease, and MRL/n mice thymectom-
ized and transplanted with MRL/n or MLR/1 thymus
developed late disease like their unmanipulated coun-
terparts. However, in contrast to the situation in NZ
and BXSB mice, MRL/1 mice expressed the disease
only in the presence of a thymus, irrespective of its
genotype, and neonatally thymectomized animals did
not develop SLE-like disease nor this strain’s char-
acteristic massive T-cell proliferation. Although
these experiments strongly suggest that thymuses of
autoimmune mice are not intrinsically abnormal or
necessarily essential for autoimmunity, they do not
exclude the possibility that secondary thymic defects
or accelerated thymic involution occurring in such
mice or man via a variety of means, including thymo-
cytotoxic antibodies, may accelerate the autoimmune
manifestations.

Polyclonal B-Cell Activation

Most, if not all, autoimmune diseases bear the
characteristic mark of antibodies produced against
numerous self-antigens by the host’s B cells. Although
such an abnormality may be secondary to T-cell de-
fects (enhanced helper and/or reduced suppressor
function), the alternative possibility that one or more
defects at the B-cell level are the primary cause of au-
toimmunity must also be considered. Of course, such
B-cell defects might secondarily induce T-cell abnor-
malities that could accelerate the disease process. The
B-cell defect(s) might be intrinsic and genetically im-
posed — for example, certain clones of autoreactive B
cells might have the ability to respond without T-cell
help or express more receptors for T-cell-derived ac-
tivating signals — or might be extrinsic — for example,
B cells might be activated by endogenous or ex-
ogenous mitogens, the so-called polyclonal ac-
tivators.

The belief that polyclonal B-cell activators can in-
duce autoantibody production is based on the ex-
istence in the body of B cells that are not tolerant to
self and the ability of B-cell mitogens to stimulate
these cells directly or by substituting for helper T cells.
Thus, when self-antigens are present in low concen-
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trations, B cells with receptor reactivities ranging
from low to high avidity are thought to escape toler-
ance induction and assume competence to interact
with autologous antigens, while T cells are rendered
tolerant.? Thereby, polyclonal B-cell activators could
drive such B cells to autoantibody production.
Bacteria, viruses, and parasites as well as other
substances act as polyclonal B-cell activators'®®'*!
(Table 4). Considering that such a large number of
exogenous substances can act as polyclonal B-cell ac-
tivators, many investigators have become interested
in their ability to induce antibodies directed against
the body’s own components. Indications that this
does occur are the development of such autoanti-
bodies as rheumatoid factors and antinuclear, anti-
lymphocyte, anti-erythrocyte and/or anti-smooth
muscle antibodies after bacterial, parasitic, or viral
infections.!¢” Moreover, bacterial lipopolysaccharide
(LPS) induces murine lymphocytes to form anti-
DNA, 219 anti-y-globulin,!**!** anti-thymocyte,*¢
and anti-erythrocyte autoantibodies,'®” primarily of
the IgM class. Injection of mice with LPS induces IgM
responses against self-IgG which account for between
25-85% of the total number of IgM-producing cells.*
Many other bacterial products also provoke poly-
clonal B-cell activation, but their ability to induce au-
toantibodies remains unproven. Protozoan parasites,
such as Trypanosoma brucei, T cruzi, and Plasmodi-
um malariae are also polyclonal B-cell activators,
and autoimmune responses to DNA, red blood cells,
and thymocyte antigens have been observed in ani-
mals experimentally infected with T brucei.'*s1%°
Finally, some viruses act as polyclonal B-cell activa-
tors, the best known of which is Epstein-Barr virus
(EBYV).2%° Peripheral mononuclear cells from normal
persons and patients with rheumatoid arthritis be-
come activated to secrete polyclonal IgG and IgM
anti-y-globulin antibodies during incubation with
EBYV, but cells from the rheumatoid patients produce

Table 4—Polyclonal Activators of B-Lymphocytes*

Lipopolysaccharide (LPS)

Purified protein derivative of tuberculin (PPD)
Staphylococcus aureus protein A

Nocardia water-soluble mitogen

Lipid A-associated protein

2-Mercaptoethanol (2-ME)

a-Thioglycerol (a-TG)

Macrophage- and T-cell-derived lymphokines

Fc fragment of Ig

Proteolytic enzymes, eg, trypsin

Polyanions, eg, dextran sulfate, poly IC

Antibiotics, eg, nystatin, amphotericin B

Lanatoside C

Mycoplasma

Some viruses and viral components (EBV, gp70, measles)
Parasites (Trypanosoma congolense, T cruzi, Plasmodium malariae)

* From Goodman and Weigle.!?
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considerably greater quantities of antibody with
higher affinity than cells from normals.?°* EBV acti-
vates the B cells directly, without requiring the par-
ticipation of the helper T cells, although T cells can
suppress this process. Thus, during EBV-induced in-
fectious mononucleosis, suppressor T cells become
activated, preventing B-cell activation in vitro by
EBYV as well as by other polyclonal B-cell activators
such as pokeweed mitogen.2°? Cultured cells from pa-
tients with rheumatoid arthritis generate much less
T-cell-mediated suppression for EBV-induced poly-
clonal B-cell activation than normal cells.??® This de-
fect in suppressor T-cell function is specific for EBV-
induced polyclonal B-cell activation, although other
T-cell suppressor functions such as Con A-induced
suppression and even EBV-induced suppression of
allogeneically induced polyclonal B-cell activation re-
main within normal limits. In addition, the defective
T-suppressor function described in patients with
rheumatoid arthritis is not a common feature of
many other autoimmune diseases, including SLE.
Such other factors as macrophage- and T-cell-
derived lymphokines, Fc fragments of Ig, proteolytic
enzymes, polyanions, and certain antibiotics may ex-
press properties of polyclonal B-cell activators, but
whether they can induce autoantibodies has not been
tested. In general, autoantibodies induced by poly-
clonal activators are transient, of low affinity, and
primarily of the IgM isotype, although induction of
IgG type rheumatoid factors and anti-DNA by cer-
tain forms of lipopolysaccharides (LPS), especially
those high in lipid A, has recently been demon-
strated.?®* How often or whether such polyclonal ac-
tivation occurs in vivo is unclear, but if so, it may be
partly responsible for the low levels of autoreactive
antibody found in the serum of normal individuals.
Because these autoantibodies are usually of such low
affinity, they probably have little significance.
Polyclonal activation of B cells may also contrib-
ute to the spontaneous SLE-like disease of susceptible
murine strains. Indeed, B cells of all these strains are
polyclonally activated very early in life.45-149.205-207
This polyclonal activation is manifested by hyper-
gammaglobulinemia, large numbers of Ig-containing
and/or -secreting cells in their spleens, excessive pro-
duction of Ig in splenocyte cultures, and production
of anti-hapten antibodies in vitro and in vivo. Neither
the role of this polyclonal activation nor its relation-
ship to the specific autoantibody production has been
totally clarified. Of note, introduction of the xid mu-
tation of partially immunodeficient CBA/N mice into
NZB mice,**® but not into MRL/1 mice,?* prevents
the development of high numbers of spontaneously
activated B cells and other autoimmune phenomena.
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However, studies in recombinant strains of NZB
mice'®” as well as their F, hybrids?!° showed that the
polyclonal B-cell activation segregated independently
of autoantibody production. Moreover, transfer of
autoimmunity with bone marrows of SLE mice into
histocompatible normal mice and the absence of au-
toimmunity after reciprocal transfers of normal bone
marrow cells into SLE strains?''-2*¢ further suggests
the irrelevance of polyclonal nonlymphoid cell-asso-
ciated activators as primary causative agents of
murine SLE. This conclusion is reinforced by the
firdings that 1) known potent polyclonal B-cell acti-
vators induce primarily IgM autoantibodies, and yet
the tissue damage that accompanies most autoim-
mune diseases is mediated by IgG autoantibodies; 2)
induction of autoantibodies by polyclonal activators
is transient and disappears with elimination of the ac-
tivator; and 3) no endogenous polyclonal B-cell acti-
vator has been proven as an exclusive property of se-
rum or tissue extracts of animals or humans with
SLE. Nevertheless, in genetically predisposed indi-
viduals, polyclonal B-cell activators may serve secon-
darily as accelerators of autoimmunity.

Macrophage Defects

Essential in the cellular and molecular events that
underlie immune competence is the mononuclear
phagocyte, which processes and presents antigen to
lymphocytes and generates humoral factors that in-
fluence the activities of lymphocytes.?!’-2'® Moreover,
the phagocytic function is important in disposal of
immunologically undesirable materials such as im-
mune complexes. Surprisingly, little information is
available on the functional state of mononuclear
phagocytic cells in autoimmune disorders. Most ex-
periments deal with the capacity of macrophages
from mice and persons with generalized autoimmune
diseases to process and degrade antigens and the abil-
ity of the reticuloendothelial system (RES) to remove
immune complexes or other particles from the serum
of such individuals.?!*-2?% Of reports on the phago-
cytic activity of NZB-derived macrophages, most
have shown heightened phagocytosis of antigen, 221222
although some data suggest that the NZB cells are
relatively unable to degrade the ingested antigen.???
Studies on the clearance of inert particles or immune
complexes by macrophages of NZ mice are inconclu-
sive; some have shown a reduction in clearance,??
others portray clearance as increased or normal,220-224
whereas still others claim normal clearance but weak
affinity for binding to Fc receptors of Kupffer cells
and therefore easy re-release into the circulation.??
Decreased in vivo clearance of antibody-sensitized
red blood cells has been described in humans with



346 THEOFILOPOULOS AND DIXON

autoimmune disorders.?*®* We do not know whether
this defect is primary due to a defect in the number or
function of receptors for Fc or complement or secon-
dary, due to occupation of the receptors by circulat-
ing immune complexes formed in vivo.

Phagocytes are essential for the development of
various lymphocyte functions, in particular, those of
the T lymphocytes.?'”-2'®* As stated above, most
T-lymphocyte activities require that the macrophage
take up and present the antigen in a process modu-
lated by the I region of the MHC. Macrophages from
neonatal mice, tested at an age when immune respon-
siveness is low and tolerance is easily induced, pre-
sent antigen poorly.??¢ This defect has been corre-
lated with the small number of macrophages that
bear Ia antigens in spleens of neonatal mice, com-
pared with adult mice.??” Whether the ontogenic de-
velopment of Ia antigens on macrophages of autoim-
mune and normal mice differ (earlier development in
the former than the latter), accounting for the lack of
tolerance to self, remains to be determined.

Defects in Tolerance Induction

All the murine SLE strains have proven to be defec-
tive in tolerance induction to deaggregated human
gamma globulin, bovine gamma globulin, or hap-
ten-substituted gamma globulin in vitro and in
vivo.'49:228-231 §ome studies have attributed this de-
fect to T cells, others to B cells, and yet others to
both types. Whether difficulty in tolerance induction
applies to antigens other than deaggregated gamma
globulins, both exogenous and endogenous, has not
been investigated comprehensively. However, experi-
ments with hapten-modified self-cells have shown
that MRL/1 mice are as easily made tolerant as
immunologically normal mice,?? suggesting that the
defect might not be universally applicable to all
antigens.

Defects of Multipotential Stem Cells, Committed
Progenitor Cells of Various Hemopoietic Lineages,
and B-Cell Precursors

The humoral, cellular, microenvironmental, and
viral factors from which autoimmunity develops are
best defined by transferring autoimmune disease with
specific tissues or tissue extracts taken from strains of
animals having a genetic predisposition to autoim-
munity and administered into recipients without this
defect. Such transfer studies have been performed in
SLE murine strains and their normal counterparts.
Thus, NZB autoimmune disease has been transferred
with this strain’s fetal liver, bone marrow, or spleen
cells into lethally irradiated, normal histocompatible
strains of mice.?'>-2'* Lethally irradiated NZB mice
transplanted with H-2-compatible allogeneic bone
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marrow or spleen cells from normal mice do not de-
velop autoimmunity. In reverse transfers, NZB bone
marrow cell suspensions were depleted of T cells; the
H-2-compatible normal recipients were thymec-
tomized, or anti-T-cell antibodies were given after
transplantation. Still, disease developed.?'32'¢ These
experiments have been cited as evidence that many of
the NZB peculiarities may be intrinsic to hemopoietic
cells and may develop independently of T-cell aberra-
tions. However, incompatibilities between donor and
recipient potentially complicate these interpretations.
Similar experiments have been performed between
BXSB male and female SLE mice.?"! Unmanipu-
lated male BXSB mice develop severe early SLE with
50% mortality at 5-6 months of age, whereas the fe-
males develop late SLE with 50% mortality beyond
18 months. Reciprocal transfers of bone marrow or
spleen cells between these mice show that male cells
can transfer early disease in both lethally irradiated
male and female recipients, but female cells cause
late disease regardless of the recipient’s sex. Further
experiments indicate that transfer of spleen cells
from older male BXSB mice with clearcut disease
does not produce disease in recipients any faster than
transfer of cells derived from premorbid mice. The
conclusions are, therefore, that the active cells in
these transfers are stem or precursor cells—not auto-
antibody-secreting B cells —and that the development
of BXSB disease does not result from an accumula-
tion of defects among stem cells, which are equally
abnormal throughout the animal’s life. Like the NZB
mice, transfer of BXSB male disease by bone mar-
row cells can be accomplished in the absence of T
cells in the inoculum and in thymectomized female
recipients.?*® This finding implies that the defect of
this strain of mice is associated with precursors of
B-cell lineage.

Defects in Idiotype-Anti-Idiotype Network and
Idiotype Mimicry of Autoantigen

As stated above, idiotypic or anti-idiotypic de-
terminants on B cells, T cells, and their soluble prod-
ucts may regulate immune responses. Anti-idiotypic
antibodies may suppress or enhance immune re-
sponses.%®-#%-?° In most instances of autoanti-idiotypic
responses to antibodies against exogenous antigens,
the autoanti-idiotypic antibodies suppress the origi-
nal immune response expressing the corresponding
idiotype.®** In addition to anti-idiotype-mediated
suppression, stimulation of Ab, by anti-idiotypes
representing the “mirror image” of antigens that Jerne
postulated has been described in recent experiments.
Initial studies provided evidence that expression of
idiotypes specific for Ab, may reappear on Ab;, since
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Ab, bound to Ab,, and Ab, inhibited the binding of
radiolabeled Ab, or Ab,.%2 These results suggest that
the immune idiotypic network is not open-ended but
is somehow circular. In additional experiments, ani-
mals immunized with Ab, (anti-idiotype) developed
not only Ab; (anti-anti-idiotype) but also produced
Ab, (idiotype), suggesting that Ab, contains antigen-
ic determinants (epitopes) conformationally similar
to those on the inciting antigen, therefore fulfilling
the predicted concept of an “internal mirror image.”
Together, these observations suggest that a given
antibody, as well as an autoantibody, could be viewed
both as the product of original stimulation by the an-
tigen and as the product of stimulation by Ab, (anti-
idiotype) that can internally mimic the antigen. The
induction of idiotypes in the absence of antigen has
been demonstrated in several systems. For example,
monoclonal IgM antibodies directed against sheep
erythrocytes, when injected into normal mice, in-
duced direct plaque-forming cells of the same specif-
icity as the injected antibodies.?** Moreover, induc-
tion of anti-tobacco mosaic virus (TMV) antibodies
in mice given injected specific anti-idiotypic anti-
bodies has been observed.?*® In this instance Ab, be-
haved like the antigen: it reacted with anti-TMYV anti-
bodies and also promoted the synthesis of anti-TMV
antibodies in the total absence of TMV. Thus, these
antibodies may be considered the internal images of
TMYV. Furthermore, injection of experimental mice
with anti-idiotypic antibodies to the murine MHC
(H-2Kk specificity) induced anti-H-2Kk antibodies in
the absence of exposure to H-2K¥ antigen.?*® Anti-
idiotypic antibodies have even been known to gener-
ate helper and Kkiller T-cell subsets.237-238

In some instances anti-idiotypic antibodies not only
induced the idiotype but also mimicked functional
properties of the inciting antigen unrelated to the lat-
ter’s capacity to stimulate the immune system. For
example, anti-idiotypic antibodies prepared against
bovine anti-insulin mimicked the action of insulin by
interacting with insulin receptors on tissues and stim-
ulating the physiologic action of insulin itself.?** In
this instance, a portion of the anti-idiotype, presum-
ably part of its combining site, apparently resembled
the insulin site reactive with insulin receptors. Simi-
larly, anti-idiotypic antibodies against antibodies to
retinol-binding protein?*® or to alprenolol (a -adre-
nergic antagonist)**® competed with retinol-binding
protein or dihydroalprenolol binding to specific re-
ceptors on intestinal epithelial cells or red blood cells,
respectively.

From the aforementioned, one can speculate that
autoimmune responses may be the result of defects in
immunoregulation that allow underproduction or

AUTOIMMUNE DISEASES 347

overproduction of anti-idiotypic antibodies. Such de-
fects would permit either unchecked production of
autoantibodies or cyclic stimulation of Ab, (idiotype)
in the absence of the inciting antigen, respectively.
Ultimately, such defects must be connected to the
B-cell, helper T-cell, suppressor T-cell circuit and
their idiotypes and anti-idiotypes.

To summarize, quite clearly, any single or combina-
tion of T- and B-cell immunologic defects may lead
to transient or permanent autoimmune manifesta-
tions. No one of these mechanisms excludes the
others; and in fact, their concerted action is likely,
since defects of the T-cell component are reflected by
B cells and vice versa. Some of these abnormalities,
such as in suppressor cells or helper cells, can be op-
erative in either organ-specific or organ-nonspecific
autoimmune diseases, whereas others, such as poly-
clonal B-cell activators and early thymic involution,
whose effects are organ-nonspecific, would relate
more closely to generalized diseases.

Genetic Factors in Autoimmune Disease

Autoimmune diseases of man and many laboratory
animals clearly involve genetic factors that determine
the incidence, onset, and nature of the autoimmune
process.?** However, for most of these conditions, it
has not been possible to assign autoimmune predis-
position to the action of a single genetic locus.

Primary candidates suspected of determining sus-
ceptibility or resistance to the development of autoim-
mune and, of course, to other types of diseases are
those genes that code for the magnitude and nature of
immune responses to antigens. These are the MHC
genes and the Ig genes. The theoretical reasons for
expecting MHC and Ig gene-linked associations with
immune responses in general and autoimmune
disease in particular are overwhelming, as discussed
in the preceding sections of this chapter. As outlined,
the murine MHC, designated H-2, is located on
chromosome 17 and is subdivided into several sub-
regions called K, I, S, D, and L, in order of increas-
ing distance from the centromere. The human MHC,
designated HLA, is located on chromosome 6 and
contains regions comparable in character to those of
murine MHC, but in slightly different order. The D
or DR region, equivalent to the murine I region, is
closest to the centromere, followed by the B and A
regions, which are equivalent to murine D and K
regions, respectively; the C region located between A
and B is equivalent to the L region of H-2. These sub-
regions code the different classes of cell-surface anti-
gens that have such profound effects on both hu-
moral and cellular immune responses (Table
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Table 5—Involvement of H-2 Molecules in Various Immunologic Functions

Subregions of H-2 complex

| region
A E
Trait K (AaAp) (EaEp) J S D
Serologically detectable antigens ++ + ++ + ++ + + ++ + ++ +
Rejection of allografts ++ + + + + + ? 0 ++ +
Cell-mediated lympholysis +++ + + + + ? 0 + + +
Mixed lymphocyte reactions + + + + + + + 0 +
Control of immune response + ++ + ++ + + 0 +
Control of T-B collaboration 0 ++ + ++ + ? 0 0
Restriction of cytotoxic T cells ++ + 0 0 0 0 ++ 4+
Restriction of helper T cells 0 ++ + ++ + ? 0 0
Control of complement activity 0 0 0 0 + + + 0

+ + +, strong involvement of molecules in expression of the trait; + +, +, intermediate and weak involvement, respectively; 0, no involve-

ment.

S5).47.48.87.242.243 Thygs, the K,D loci of murine MHC
and A,B loci of human MHC code for the classic,
serologically defined major transplantation antigens
(Class I antigens) present on all cells except red blood
cells and, pertinent to this text, for the target antigens
with which cytotoxic T cells react. The I or D/DR
regions for murine and human MHCs, respectively,
contain the immune response (Ir) genes and encode
the serologically defined Ia (murine) or DR (human)
antigens (Class II antigens) present only on some
cells, primarily macrophages and B cells as well as ac-
tivated T cells. Ia (coded by the subregion I-A and
I-E of the I region of the murine H-2) or DR antigens
determine the magnitude of humoral responses to
thymus-dependent antigens by virtue of their role in
antigen presentation and helper T-cell-B-cell inter-
action. Genes of the I-J subregion of the I region
of the murine H-2 complex code for alloantigens ex-
pressed on suppressor T cells and on antigen-specific
suppressor factors which bear not only idiotypic de-
terminants but also I-J determinants. In addition to
containing genes for T- and B-lymphocyte functions
(production of antibodies and of helper, suppressor,
and cytotoxic T cells), the MHC includes in both man
and mice genes (S region of the mouse H-2) that code
for certain components (C2, C4, factor B) of the
complement system, which is important in im-
munologic defense mechanisms (opsonization, lysis,
chemotaxis) as well as the development of disease.
Both the murine and human MHCs are extremely
polymorphic, with large numbers of alleles for each
locus. In addition to MHC genes, those coding for Ig
are important at the effector arm of the immune
system (genes for constant, C, region) as well as in
immune regulation and antigen recognition (genes
for variable, V, region) via the idiotype-anti-idiotypic
determinants expressed on B- and T-cell surfaces and
on their soluble products.

Susceptibility to disease in general and to autoanti-
body formation in particular could derive from
allelic variants of the MHC or idiotypic and allotypic
variants of Ig genes, judging from MHC and Ig
genes’ active status throughout the immune response
from recognition to regulation. Assessing MHC
function is difficult; consequently, its role in disease
susceptibility is established by identifying its poly-
morphic allelic variants expressed in the form of allo-
antigens on surfaces of lymphocytes. Most studies
seeking a correlation between HLA and disease sus-
ceptibility are analyses of population (association).2**
Individual diseases have been associated with certain
alleles of the D, B, A, or C region, a particularly
strong association linking the alloantigen B27 with
ankylosing spondylitis.2*>24¢ The fact that even in
this best of such examples a minority of persons car-
rying the B27 allele develop the disease suggests that
additional genes and possibly environmental factors
are required for disease expression. Moreover, if
disease susceptibility genes exist, they are elsewhere
or probably spread along the whole HL-A complex,
since each locus or combination of loci is associated
with some disease.

Autoimmune diseases have been linked with both
MHC genes and Ig allotypic genes in many of the
large number of studies available. From them, one
must conclude that most autoimmune diseases, at
least in Caucasian populations, are associated, albeit
not to a very satisfactory degree, with the alleles
DR2, DR3, DR4, and DR5 (Table 6).247-25° Seroposi-
tive rheumatoid arthritis, which is independent of
HLA-ABC, correlates primarily with DR4; whereas
SLE, once assigned to HL-A-B8, is now generally
associated with DR2 and DR3. This distinction could
imply a very different pathogenic mechanism for
these two diseases, which are usually considered as
closely related. Associations found for Caucasian
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populations may not apply for other ethnic groups,
and vice versa. For example, Grave’s disease is close-
ly related to B8/DR3 in Caucasian populations but to
DR5 and DRS8 in Japanese populations.?*' Moreover,
no uniform associations are observed among patients
classified as having “organ-specific autoimmune
diseases” or among those having “generalized auto-
immune diseases,” suggesting that each autoimmune
disease has, at least in part, a distinct genetic back-
ground, although one frequently sees simultaneous
expression of multiple organ-specific autoimmune
diseases in a given individual and overlap of serologic
findings. For example, there is a high incidence of
pernicious anemia in patients with Hashimoto’s
disease and, vice versa, of Addison’s disease in those
with autoimmune thyroid disease, as well as of rheu-
matoid factor and arthritis in patients with SLE. Fur-
thermore, patients with organ-specific disorders are
slightly more prone to developing cancer in the
affected organ, whereas generalized lymphoreticular
neoplasia shows up regularly along with organ-non-
specific disease. The genetic, environmental, and im-
munologic factors predisposing to these combined
abnormalities are not known. A high frequency of
generalized autoimmune disease also accompanies
deficiencies in certain complement components.252
Thus, patients with C2 deficiency, an autosomal
recessive trait, often have vasculitis, skin rashes,
recurrent infections, and a general picture similar to
that of SLE. Similarly, a high incidence of SLE or
like syndromes characterizes patients with Clr, Cls,
or C3 deficiencies. Many autoimmune diseases also
affect more females, suggesting a linkage with the
X-chromosome, although this association may be
hormonally related (see below).

Considering the clinical spectrum of autoimmune
disease and the mode of inheritance, it is unlikely
that just one gene alone is responsible for suscepti-
bility to the development of autoimmune disease.
Nevertheless, typing for MHC specificities, par-
ticularly those encoded by the putative immune
response D/DR locus of HLA, should eventually
provide diagnostic benefits relative to clinical
autoimmune disorders. These benefits include the
better definition of homogeneous subgroups of pa-
tients with a given disease, a more accurate prognosis
for such patients, identification of individuals likely
to develop the disease, an indication of expected
severity, and development of preventative measures
via genetic counseling. Of the possible ways in which
HLA genes might regulate susceptibility to disease,
the most logical are effects on the magnitude of
humoral and cellular responses and on immunoregu-
lation (helper, suppressor, and cytotoxic T-cell func-
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Table 6 —HLA-DR and Diseases*

Anti-
gen Relative risk

Multiple sclerosis DR2 4.1

Optic nephritis DR2 2.4
Goodpasture’s syndrome DR2 15.0

C2 deficiency DR2 Linked to A25, B18
Dermatitis herpetiformis DR3 15.4

Celiac disease DR3 10.8 (also DR7)
Sicca syndrome DR3 9.7

Addison’s disease DR3 6.3

Graves’ disease DR3 3.0

Juvenile diabetes DR3 5.6 (also DR4)
Myasthenia gravis DR3 25

SLE DR3 5.8

Idiopathic membranous nephropathy DR3 120
Rheumatoid arthritis DR4 4.2
Pemphigus DR4 144

IgA nephropathy DR4 4.0
Hydralazine-SLE DR4 5.6
Hashimoto’s disease DR5 3.2
Pernicious anemia DR5 5.4

Juvenile rheumatoid arthritis DR5 5.2

* From Dausset and Contu.24?

tions); metabolic influences, especially on steroid
hormones; and changes in antigen handling by
phagocytic cells. Of particular interest is a recent
report describing defects in Fc-receptor function
associated with the HLA B8/DR3 haplotype.?s* The
possibility also exists that some of the associations
between HLA and disease simply represent strong
linkage disequilibrium between susceptibility genes
and certain HLA haplotypes.

Genes coding for V regions (antigen binding site)
or C regions (effector function such as complement
fixation and binding to cellular Fc receptors) of Ig
also have an apparent association with particular
diseases, including autoimmune diseases, as the im-
portance of Ig allotypic markers in determining
susceptibility to autoimmune disorders suggests. For
example, expression of rheumatoid factors in crosses
of 129 and C57BL/6 mice depends in part upon a
gene linked to the C locus.?** Thus, high levels of IgA
anti-IgG2a (Igh-1) autoantibodies, like those found
in the serum of the 129 strain, appear only in Igh-122
mice, whereas IgM anti-IgG1 of the C57BL/6 type is
detectable mainly in Igh-1b® mice, and both types of
rheumatoid factors are depressed in heterozygous
Igh-12® animals. In other experimental murine
systems, autoimmune manifestations and allotypes
have been linked with antibody production against
autologous erythrocytes?s* and AChRs.2*¢ Similarly, in
humans Gm allotypic homozygosity has been related
to the risk of anti-y-globulin development,?” and the
presence of certain Gm allotypes was associated with
SLE,?*® autoimmune chronic active hepatitis,?2s®
myasthenia gravis,?®® insulin-dependent juvenile



350 THEOFILOPOULOS AND DIXON

onset diabetes with serum anti-insulin antibodies,¢°
and Graves’ disease.?**2¢2 Combined assessment of
HLA haplotype and of Gm allotype in Japanese
families that had more than two first-degree relatives
affected by Graves’ disease provided an excellent pre-
dictor of risk for this disease, since all affected in-
dividuals had a given combination of these two
markers, although siblings who shared the disease-
associated haplotypes did not necessarily suffer from
the disease.?** Thus, one may expect that HLA and
Ig allotyping, along with establishing other genetic
markers and environmental factors, would allow
fairly accurate prediction of autoimmune diseases in
the future. In regard to allotypic Ig markers and
diseases, it should be noted that idiotypic determi-
nants coded by V genes have been linked to heavy
chain C region allotypic markers of mice.2¢*-26 Since
idiotypic determinants on lymphocyte membranes
appear to have fundamental roles in immune regula-
tion, the development of techniques for their assess-
ment, such as hybridoma technology, which makes
monoclonal idiotypes and anti-idiotypes available,
may provide further means of improving genetic
analysis of autoimmune disorders.

Genes controlling and otherwise active in autoim-
munity have also been studied in animals with spon-
taneous or induced autoimmune diseases, particular-
ly mice with spontaneous lupus-like syndromes. The
H-2 haplotypes, lymphocyte surface alloantigens,
and IgG allotypes of this kind of mice are shown in
Table 3. Unfortunately, these SLE strains show no
consistency or uniformity in any one of these
markers. Of the two models used to determine the
genetic factors associated with murine SLE, one re-
sults from crossing the several SLE-prone strains,
then analyzing their F, hybrids in hope of finding
common genetic denominators among these strains.
The second model involves analysis of F, hybrids and
recombinant inbred strains so as to interrelate the in-
dividual immunopathologic and histocompatibility
traits of SLE-prone strains. In initial studies by
Adams and associates,?%s-268  offspring  of
(NZB x NZW)F, backcrosses with NZB and of (NZB X
NZW)F, out-crossed with NZC mice were studied, and
the genes determining expression of lupus nephritis and
of autoimmune anemia, respectively, were assessed.
Three genes determine the occurrence of lupus nephritis
(Lpn genes) in the NZB x NZW hybrid mice; the NZB
strain contains one (Lpn-1), and the NZW strain con-
tains the other two (Lpn-2, Lpn-3). Of the two genes
governing autoimmune anemia (Aia-1, Aia-2) in the
NZB and NZB X NZC hybrid mice, both are in the
NZB strain, and one (Aia-2) is also in the NZC strain.
Thus, the autoimmune diseases of these mice clearly de-
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pend on combinations of genes that are not pathogenic
individually. Of these five genes, only one, Aia-2, is
tightly linked to the MHC in these investigators’ opin-
ion. According to Adams,?%2%¢ of the three genes
governing lupus nephritis, none can be a heavy chain V
gene because these are on murine chromosome 12%¢° (in
humans on chromosome 14?7°?"!), whereas Lpn-1 and
Lpn-2 are on chromosome 17, and Lpn-3 is not linked
to the heavy chain allotype, as clearly shown. More-
over, Lpn-1 and Lpn-2 are not kappa light chain V
genes, since these are located on murine chromosome
6?72 (in man on chromosome 2?”%). The finding that
Aia-1, governing autoimmune anemia, is on chromo-
some 4 again precludes its being a heavy chain or kappa
light chain V gene. Similarly, these genes are not related
to murine lambda light chain gene, since this gene is
located on chromosome 16%’* (in humans on chromo-
some 22%7%). Therefore, the evidence indicates involve-
ment in murine SLE of classes of genes additional to
MHC and V genes. Studies by Raveche?”® and
associates similarly showed that anti-thymocyte produc-
tion is controlled by a single co-dominant gene and that
an independent dominant gene controls the production
of autoantibodies to ssDNA. Apparently neither gene is
H-2-linked. At present, the products of such co-
dominant (produce their effect in the heterozygous
state), non-MHC, non-V genes are unknown. Addi-
tional studies in F, crosses of autoimmune mice per-
formed by Dixon and associates'*-'s? and in recombi-
nant inbred strains by Raveche and Steinberg's* and
Riblet and associates!'s'?’¢ clearly demonstrate that
murine SLE is not the result of an autoimmune gene
that predisposes an individual to a wide variety of
autoimmune phenomena, but rather of multiple ab-
normal genes that are independently inherited and in-
dependently expressed, free from any link with a par-
ticular H-2 haplotype or immunoglobulin genes.
Further analysis'* of these SLE mice shows that
individual accelerating factors characteristic for each
strain account for differences in the onset and severi-
ty of disease as well as mortality rates peculiar to
each (Table 3). In the BXSB mouse, the accelerating
factor is associated with the Y chromosome but not
with sex hormones and results in much earlier disease
and death in males than females. In the MRL mice
the accelerating factor is the autosomal recessive Ipr
gene, which accounts not only for proliferation of
Lytl* T cells but also for a significantly accelerated
onset of disease in homozygous MRL/Mp-lpr/lpr
mice, compared with congenic MRL/Mp-+/ + that
do not have the lpr gene. The significance of these
genetically determined accelerating factors in the ex-
pression of murine SLE is indicated in F, hybrids
of BXSB mice and in transfers of the lpr gene of
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MRL/1 mice to other SLE and normal strains. When
the BXSB mouse is used as mother, it complements
the predisposition to lupus in both NZB and NZW
strains and produces F, hybrids quite similar to the
traditional (NZB X NZW)F, mice with female off-
spring dying first, but BXSB females crossed with
normal strains produce F,s with little or no dis-
ease.'*152 However, when the BXSB is used as a
father in crosses with all other genetically predisposed
SLE strains such as NZB, NZW, and MRL/I, the
male offspring develop disease much earlier than the
females, as it is observed in the BXSB strain. Simi-
larly, establishment of the Ipr gene in a homozygous
state on NZB or MRL/n late-SLE developing strains,
results in acceleration of the onset and course of
SLE; for example, in NZB mice the 50% mortality
drops from 16 months to less than 5 months and in
MRL/n mice from 17 months to 5 months. But in
spite of inducing lymphoproliferation, the lpr gene
does not cause early SLE in normal mice without the
SLE background to influence it. In New Zealand
hybrid mice, the female hormones (see below) ap-
parently hasten the onset of disease and death in
females, compared with males.?”” Thus, murine SLE
is caused by many independently segregating genetic
factors, which in the presence of an endogenous or
exogenous accelerator express themselves early;
whereas in the absence of the accelerator they appear
late in life. Future analysis of certain genetic markers
whose location on a given chromosome is known and
of their possible segregation or association with auto-
immune phenomena and autoantibody production in
appropriate recombinant and F, mice may pinpoint
the exact location of the multiple abnormal genes
responsible for this disease and provide the basis for
further genetic characterization of persons with such
multifactorial diseases as SLE.

Hormonal Factors in Autoimmunity

Sex hormones, as well as X-chromosome- or
Y-chromosome-linked genes, may influence the ex-
pression of autoimmune diseases. It is well-known
that hormones of the hypophysis, thyroid, parathy-
roid, adrenals, and gonads clearly affect the
homeostasis of the lymphoid system and responses to
antigens by as yet undefined mechanisms. Within the
intricate homeostatic role that hormones play in lym-
phocyte function, the effects of the gonads on the im-
mune response and autoimmune disease are par-
ticularly apparent. In general, females are far more
susceptible to most connective tissue diseases than
males. For example, the incidence of SLE in women
after puberty is nine times that in men.?”® No ex-
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planation is readily apparent for this sex difference,
but experimental and clinical studies in man and
animals tend to incriminate, at least in part, female
sex hormones rather than X-chromosome-associated
genes. Consistently, females and castrated males,
both in lower animals and man, have higher levels of
Ig and higher specific immune responses than sexual-
ly normal males, although the direct immunosup-
pressive effects of testosterone or immunoenhancing
effects of estrogens have not been shown conclusive-
ly.?”® Recent findings of elevated estriol levels in SLE
patients with manifestations of Klinefelter’s syn-
drome?®*-28! and of absence of SLE in the castrated
female monozygotic twin of a lupus victim?8? suggest
further that chronic estrogenic stimulation may play
an important role in the prevalence of SLE in
females. Indeed, although the total amount of
estrogens recovered from female human SLE sub-
jects is normal, estradiol activity may be enhanced
due to abnormalities in female hormone metabolic
patterns. Thus, Lahita and Kunkel?®** found that
women with SLE had elevations in the 16a-hydroxy-
lated compounds of 16a-hydroxyestrone and estriol
in their serum, compared with normal subjects.

As in human SLE, studies in the murine SLE
model of (NZBXNZW)F, mice implicate sex hor-
mones as accelerating factors in autoantibody levels
and the overall earlier mortality in females than
males. Castrated (NZB X NZW)F, males resemble the
females, in that they have an accelerated autoim-
mune disease detectable at the age of six months.?””
However, testosterone or dihydrotestosterone in-
hibits the onset of this autoimmune disease in
females or castrated male (NZBXxNZW)F, mice
following subcutaneous implantation of the andro-
gens in silastic tubes.?’7:284-28¢ On the other hand,
although prepubertal castration of female (NZB x
NZW)F, mice is without effect, estrogen administra-
tion accelerates overt disease in both males and
females. The modes by which sex hormones modify
the (NZB X NZW)F, disease are explained variously
as effects on antigen presentation and handling by the
immune system and androgen-induced enhancement
of suppressor T-cell activity?®’ or of tolerance in-
ducibility.2?®

The accelerating effects of female factors such as
estrogens is by no means applicable in all human and
animal autoimmune diseases. For example, the in-
cidence of ankylosing spondylitis, possibly an auto-
immune disease, is higher in males than females.
Moreover, in murine models of spontaneous SLE
other than the NZB X NZW, the females are not
hardest hit. For example, in the MRL/I mouse, sex
hormones appear to have little effect, since the fe-
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males die only slightly earlier than the males and, in
contrast, in BXSB males the disease develops much
earlier (50% mortality at 6 months of age) than in fe-
males (50% mortality at 18 months of age).?®®2%° In
this last strain, the male sex-determined accelerated
autoimmunity is Y-chromosome-linked and not hor-
monally mediated. This conclusion is based on the
following: 1) castration of males has no effect on the
course of the disease*°?; 2) the disease is inherited in a
Y-linked or holandric fashion (father to son) in F,
crosses of BXSB males with other autoimmune
strains'#?-15228%; and 3) transfer of early, severe SLE
by male BXSB bone marrow or spleen cells is inde-
pendent of the lethally irradiated BXSB recipient’s
sex.?'! Interestingly enough, a human counterpart of
BXSB male-predominant disease was recently de-
scribed by Lahita and Kunkel in familial studies of
patients with SLE (personal communication). They
observed that full expression of SLE predominated in
fathers and sons, whereas female members, despite
having some autoantibodies, lacked fully expressed
SLE with associated glomerulonephritis.

Viral Factors in Autoimmunity

Viruses are frequently associated with autoimmune
diseases of humans and animals. Such infectious
agents may be acquired by horizontal or vertical
transmission, and they may promote autoimmune
reactions by many and varied mechanisms; among
them are polyclonal activation of lymphocytes,
release of subcellular organelles after cellular
destruction, associative recognition phenomena in
which insertion of viral antigens into cellular mem-
branes may promote reactions against pre-existing
self-components, and direct infection and thus func-
tional impairment of certain subsets of regulatory
cells such as suppressor T cells.

EBV is most prominently considered as a cause of
human autoimmune diseases because of its ubiquity,
persistence, and ability to act on the immune system.
For example, EBV acts as a polyclonal B-cell activa-
tor stimulating mitoses and Ig secretion® as well as
promoting autoantibody production, especially rheu-
matoid factor, during the course of primary infec-
tion.?°*-2*! The serum of rheumatoid patients contains
an antibody that recognizes unique EBV-induced
antigens (RAP, rheumatoid arthritis precipitation,
and RANA, rheumatoid arthritis nuclear antigen)
present in extracts of an EBV-carrying B type lym-
phoblastoid cell line of human origin.*?2°3 Addition-
ally, T cells from these patients have less capacity to
suppress EBV-induced B-lymphocyte transformation
than their normal counterparts.?®® Based on both
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these findings, this virus could be involved in the
pathogenesis of rheumatoid arthritis. However, sero-
epidemiologic studies indicate that 1) as a group, sub-
jects with rheumatoid arthritis have the same exposure
to EBV as individuals without this disease; 2) anti-
bodies to EBV-associated antigens are not a unique
characteristic of such patients but can be found, al-
beit to a lower degree, in normal persons?**-?°7; 3) no
evidence proves entry by EBV into the joint space; 4)
arthritis does not accompany certain EBV syndromes
such as infectious mononucleosis; 5) in patients with
early (less than 6 weeks) rheumatoid arthritis there is
no elevation of anti-EBV antibodies, and in one pa-
tient with early rheumatoid arthritis no serologic
evidence of prior EBV infection or antibody to
RANA antigen was detected.??® These findings refute
a primary role for EBV in the etiology of rheumatoid
arthritis.

Myxoviruses, hepatitis viruses, cytomegaloviruses,
Coxsackie viruses, retroviruses, and others have also
been incriminated as causative agents of autoimmune
diseases in humans.¢’-2** Most of these viruses in-
duce autoantibodies during natural infections and
also autoimmune-disease-like immunopathologic
characteristics such as vasculitis and glomeru-
lonephritis, which, however, appear to be caused
primarily by specific virus-viral antibody immune
complexes rather than by autoantibody-antigen com-
plexes. An oncornavirus-associated etiology for hu-
man SLE, although claimed, has not been demon-
strated.®®°3°2 Thus, although particles resembling
viruses have been observed in lymphocytes?®® and
kidneys*** of SLE patients, it is generally agreed that
these particles are artifacts or cell structures that have
no relationship to viruses.*** Moreover, isolation of
C-type viruses or antigens thereof from spleens®®s
and placentas®®® of SLE patients is disputed®®’;
C-type virus antigens, in spite of claims to the con-
trary,3%83% are not conclusively established as com-
ponents of glomerular immune complex deposits,
and repeated attempts to demonstrate specific anti-
bodies against C-type viruses in serum of humans, in-
cluding SLE patients, have failed.?'%3'* Although in-
creased titers of antibodies against certain viruses,
such as measles have been found in serum of SLE pa-
tients, compared with normals, this finding has been
considered nonspecific—the result of these patients’
hypergammaglobulinemia.3!? Despite these negative
results, the search for a virus associated with human
SLE continues.

As is obvious, the relationship between virus and
autoimmune disease is best examined in animal
models that share characteristics in common with the
disease in humans. Thus, a viral etiology has been es-
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tablished in the disease of Aleutian minks involving a
small DNA virus®®?; in equine infectious anemia
stemming from a transmissible C-type viruslike agent
that has been isolated®'4; and possibly in canine SLE
comprising anti-DNA antibodies, rheumatoid factor,
anti-red blood cell antibodies, hypergammaglobu-
linemia, LE cells, and C-type virus.2%-315.316

Viruses and their antigenic components correlate
best with the pathogenesis of autoimmune disease in
the murine SLE model. An initial report®'” that NZB
disease could be transferred to normal mice with cell-
free extracts and filtrates of NZB splenocytes was un-
confirmed.?!®3'? Subsequent research demonstrated
that NZB mice express infectious xenotropic type-C
RNA virus throughout life and in high titers,2%9-320-321
The virus is not found in the mouse itself but be-
comes apparent after co-cultivation of its tissue
homogenates with heterologous cells such as those
from cats. The correlation between high titers of
xenotropic virus production in vitro by tissue
homogenates of NZB mice and autoimmunity then
suggested a cause-and-effect relationship. This con-
cept was strengthened when viral antigen-antiviral
antibody immune complexes were recovered from the
renal lesions in NZB and (NZB X NZW)F, mice.3??-32
The failure to transmit autoimmune disease with cell-
free filtrates was explained by the fact that xenotropic
C-viruses cannot productively infect mouse cells,
only cells of heterologous species. Subsequently, the
magnified expression of xenotropic virus in NZB
mice was established as a genetically determined trait
controlled by two independently segregating, au-
tosomal dominant loci (Nzv-1 and Nzv-2).32! This
demonstration has facilitated genetic analysis of the
relationship between xenotropic virus and autoim-
munity. The murine hybrid chosen for study of this
relationship was NZB X SWR because NZB mice are
homozygous for the dominant alleles of viral expres-
sion, whereas SWR mice are homozygous for the
recessive alleles and do not spontaneously develop
autoimmune disease.3?*32% Analysis of the F,, F,, and
backcross progeny of NZBXSWR mice demon-
strated the following: 1) some progency whose tissue
homogenates express titers of xenotropic virus as
high as those of the NZB parent fail to develop signs
of autoimmunity; 2) virus-negative offspring from
these crosses still develop autoantibodies; 3) the
phenotypic expression of virus does not correlate
with the incidence of glomerular lesions; and 4) levels
of the viral antigen gp70 do not correlate with the
development of nephritis in these crosses.

Gp70, the major glycoprotein component of the
envelope of C-type RNA viruses is found in tissue
and serum of virtually all mice. Structural studies of
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serum gp70 indicate that it is the same in all strains
and resembles the gp70 of the NZB xenotropic
virus.3?¢ Its presence is independent of the expression
of complete retrovirus particles, and it appears to be
produced primarily in the liver. Gp70 has also been
implicated in the pathogenesis of spontaneous lupus
nephritis because of the high concentrations in the
serum of these mice and deposits of gp70 in diseased
glomeruli along with specific antibody, complement,
and nuclear antigens and antibodies.??3-327-328 How-
ever, similarly high levels of identical gp70 have been
detected in several immunologically normal strains of
mice,*?” indicating that gp70 per se is not the factor
that determines disease expression.

Compared with normal strains of mice, only SLE
mice produce antibodies against xenotropic gp70 and
contain circulating gp70-anti-gp70 complexes.3?° No-
tably, the presence of such complexes is related to the
expression of glomerulonephritis in (NZB X NZW)F,
mice.>*° The gp70 that participates in the formation
of immune complexes is no different antigenically or
structurally, by tryptic peptide map analysis, from
the free xenotropic gp70 found at varying levels in
the serum of all murine strains.**! Thus, the high se-
rum levels of xenotropic gp70, in themselves, appar-
ently do not cause murine nephritis, but rather the
unique ability of autoimmune mice to respond to this
autoantigen is the critical factor. To summarize,
these studies indicate that although xenotropic virus
and viral antigens may participate secondarily in the
formation of immunopathologic lesions in the NZB
mouse and its crosses, they are not a primary cause.

Chronic viral infections may have an additional
secondary role in autoimmune diseases if their super-
imposition on an autoimmune genetic background
accelerates autoimmunity. For example, lymphocytic
choriomeningitis (LCM) virus,**? polyoma virus,33?
and retrovirus®*® infections all induce or elevate an-
tinuclear antibodies and SLE-like disease in mice. Al-
though these viruses probably act in part by causing
anti-virus antibody and immune complexes to form,
parallel stimulation of antinuclear and of other auto-
antibodies must be considered as potential means of
enhancing SLE. Neonatal LCM virus infection
changes the 50% mortality point caused by SLE-like
disease from 16 to less than 5 months in the NZB
female, from 18 to 9 months in the BXSB female,
and from 17 to 12 months in the MRL/Mp-+/ +
mice. In contrast, normal C3H and SWR mice in-
fected neonatally with LCM virus and examined
from birth to 2 years of age do not develop the fatal
SLE-like disease. The transient appearance of auto-
reactive splenic T cells within 3 days after injection of
LCM virus has been reported in adult mice, and this
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Table 7—Means of Treatrnent for Autoimmune Diseases
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Currently available

Experimental

Replacement therapies (insulin in diabetes,
B,, in pernicious anemia,
thyroxine in myxedema, etc.)
Antiinflammatory agents
Cytostatic agents
Plasmapheresis and lymphoplasmapheresis
Total lymphoid irradiation

Inhibitors of complement peptides

Induction of tolerance to autoantigens
Autoantigen-specific suppressor T cells and their products
Anti-idiotypic antibodies to autoantibodies

Bone marrow transplantation

Thymic hormones and peptides

Prostaglandins

Dietary restriction (low caloric uptake, low fatty acids)
Androgens

Alpha-fetoprotein

phenomenon may account for the expression of en-
hanced autoimmunity in mice with immune disregu-
lation. Consequently, viruses may induce aberrant
responses and autoaggression with subsequent de-
velopment of autoimmune manifestations via their
polyclonal B-cell activating potential, their cytolytic
capacity, their possible tropisms for certain subpop-
ulations of lymphoid cells, and their possible capaci-
ty to associate with and convert autoantigens to for-
eign antigens.

Treatment of Autoimmune Diseases

Both nonspecific and specific means for treating
patients with autoimmune diseases already exist or
are in the planning stage (Table 7). These treatments
are based on current knowledge about the immuno-
logic and serologic abnormalities associated with
these diseases as well as the mechanisms that mediate
inflammatory processes.

Replacement therapies are now being used to treat
most organ-specific autoimmune diseases, ie, insulin
in juvenile diabetes, vitamin B,, in pernicious
anemia, anti-thyroid drugs for Graves’ disease,
thyroxine in primary myxedema, etc. Anticho-
linesterase drugs are commonly administered for
therapy of myasthenia gravis; and, in some instances,
thymectomy has proven beneficial, perhaps due to a
postulated presence in that organ of an antigen that
cross-reacts with AChRs or of cells that enhance pro-
duction of anti-AChR antibodies.

Several nonspecific means for intervention and/or
modification of inflammatory responses and of their
biologically active mediators have been developed
and used extensively, since autoantibody, immune
complexes and/or complement mediate most autoim-
mune diseases, and most involve the attraction of
inflammatory cells (polymorphonuclear cells, macro-
phages), release of hydrolases, and subsequent tissue
damage. Corticosteroids are of primary use in auto-
immune diseases, especially SLE, rheumatoid ar-
thritis, and myasthenia gravis. In rheumatoid ar-

thritis, in addition to steroids, antiinflammatory
drugs such as salicylates, indomethacin, and others
are widely prescribed as well as antimalarial drugs,
penicillamine, and gold salts, the latter three of
which act by relatively unknown mechanisms. Addi-
tionally, immunosuppressive or cytostatic drugs such
as cyclophosphamide, azathioprine, and methotrex-
ate are used in many disorders including rheumatoid
arthritis, SLE, chronic active hepatitis, and autoim-
mune hemolytic anemias. Plasmapheresis or lympho-
plasmapheresis*** are also tried for severe forms of
rheumatoid arthritis, Goodpasture’s syndrome,
myasthenia gravis, and SLE but, in many instances,
with limited success, because of a rather quick re-
bound of autoantibody levels following the comple-
tion of therapy.

Total lymphoid irradiation (TLI), initially one of
the treatments for malignant hematologic disorders,
is now adapted successfully in treating intractable
cases of rheumatoid arthritis®**-%*¢ as well as lupus of
both humans and experimental animals'’> and may
be applicable to many other autoimmune diseases.
This treatment consists of repeated irradiation of all
lymphoid organs (150-220-rad separate doses, for a
total of 2000 rads) over a relatively short period of
time (2-3 weeks) with shielding of bone marrow.
Adverse side effects appear to be very limited,
although the immunosuppressive effects of TLI are
long-lasting.

Contemplated treatments for autoimmune diseases
include administration of the following: 1) Chemical
inhibitors of the complement system, especially of its
biologically active peptides C3a and CSa. 2) Auto-
antigens coupled with tolerance-inducing carriers
such as isologous IgG, bp-glutamic acid, p-lysine
(p-GL), or syngeneic lymphocytes. This approach
was successfully used in inducing tolerance to auto-
antigens in murine SLE models.?*”3*® 3) Autoanti-
gen-specific or -nonspecific soluble suppressive fac-
tors from cloned suppressor T cells or Con
A-activated T lymphocytes. Crude supernatants of
Con A-activated normal lymphocytes inhibit the ex-
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pression of disease in NZB x NZW mice when given
repeatedly.33°34° 4) Anti-idiotypic antibodies against
the idiotype of autoantibodies. This approach has
been tried with some success in animal models of
autoimmune disease, such as rats with experimental
thyroditis,?** rabbits and rats with tubulointerstitial
nephritis,®*2*4  and rabbits with experimental
myasthenia gravis.>** However, such means may
have limited success for the following reasons; first,
most autoantibody responses are polyclonal and may
lack any cross-reactive idiotype; second, anti-idio-
typic suppression is allotypically restricted and
therefore may act on one person but not others with
the same disease; and third, xenoanti-idiotypic anti-
bodies given over long periods of time may cause ad-
verse effects such as serum sickness. 5) Bone marrow
transplanted from normal persons to those with
autoimmune disease. As shown in murine SLE
models,?!*2'* lethally irradiated SLE mice trans-
planted with bone marrow derived from normal
histocompatible mice do not develop lupus, in con-
trast to recipients of syngeneic bone marrow. This
finding strongly suggests that the cause of SLE is
genetically determined hematopoietic abnormalities
of lymphoid cells, not nonlymphoid environmental
factors. Therefore, when bone marrow transplanta-
tion can be achieved safely across histocompatibility
barriers, such an approach may be useful in some
cases of severe SLE and probably other autoimmune
disorders. 6) Thymic hormones, although tried in
humans and animals with SLE, have very little, if
any, effect.'8%-1%¢ 7) Prostaglandin (PGE,). This agent
in pharmacologic amounts prolongs the survival of
(NZB x NZW)F, and MRL/1 mice by inhibiting im-
mune complex-mediated glomerulonephritis and
massive T-cell proliferation in the latter strain.3*5-347
The mode by which these beneficial effects are
mediated is unknown but may include increased
clearance of immune complexes by PGE,-activated
mononuclear phagocytes or suppression of the anti-
body responses to retroviral envelope antigens. PGE,
exerts beneficial effects in SLE-prone mice if given
very early in life before overt disease is expressed. 8)
Dietary restriction. In a number of studies, special
diets and dietary caloric restriction, especially those
low in dietary fat and essential fatty acids, have
proved helpful for murine SLE.3#%-3%° 9) Androgens.
As discussed, androgens can retard SLE in (NZB X
NZW)F, mice; however, usage of androgens in
humans has the serious limitation of producing
significant virilization. Unfortunately, derivatives of
ethinyltestosterone, such as danazol, which are mild-
ly anabolic and have markedly attenuated androgenic
effects are ineffective in murine SLE models.?%* 10)
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Alpha-fetoprotein. AFP, a glycoprotein produced in
quantity by the fetal liver, exerts significant suppres-
sion on both humoral and cellular immune re-
sponses. Recent studies indicated that AFP has a
significant inhibitory effect on the binding of anti-
AChHR antibody to its antigen and can prevent the de-
velopment of experimental autoimmune myasthenia
gravis in rabbits.3%!

Conclusions

Here we present some of the intellectual avenues
involved in the acquisition of our present under-
standing of autoimmune disorders and the reasons
for their occurrence. The pursuit of knowledge in this
field brings together penetrating research into im-
munology, pathology, endocrinology, virology,
genetics, and molecular biology. The role of self-
recognition in the immune system has been discussed
in light of recent experimental data. These findings
indicate that, under certain conditions, recognition
of self-determinants is not totally forbidden or harm-
ful. Thus, before T cells can differentiate to become
effector cells, they must recognize both foreign anti-
gen and self-MHC determinants. Furthermore,
homeostasis of immunity and control of immune re-
sponses appear to involve a complex web that inter-
connects all lymphocytes and their antigen receptors
via self-V-anti-self-V domain Ig determinants, the
so-called idiotype-anti-idiotype network. Since auto-
recognition is, apparently, a normal event in a func-
tioning immune system, the proposal that autoim-
mune diseases may result in part from an imbalance
or aberration of complementary idiotypic-anti-idio-
typic responses is reasonable.

Although autorecognition can be physiologically
normal, the fact remains that an individual generally
does not respond overtly against most of its own con-
stituents. The process of inducing tolerance to self, as
derived from experimental studies of tolerance induc-
tion to foreign antigens, is attributable to numerous
mechanisms for which the most acceptable explana-
tions are clonal silencing and/or engagement of sup-
pressor T cells, the latter mechanism presumably act-
ing by the idiotype-anti-idiotype circuit. It is general-
ly agreed that immature immunocytes are much more
susceptible to tolerance induction than mature cells.
Since the turnover of B cells is very rapid, one can
logically conclude that the process of inducing
tolerance to self is a continuous event that occurs
repeatedly throughout the life span of an individual
whenever primitive cells with a genetic commitment
to self-reactivity emerge from the hematopoietic or-
gans, where they have the opportunity to meet self-
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antigens in situ. Foreign antigens do not, usually,
induce tolerance, because they pass through a succes-
sion of lymph nodes, where they have optimal opportu-
nity to meet tolerance-resistant mature immunocytes.
Why the phenotypically apparent self-tolerance
mechanism sometimes fails and permits destructive
autoimmunity is unknown. However, genetic factors
combined with a variety of primary or secondary im-
munologic abnormalities, as well as hormonal abnor-
malities and infectious agents such as viruses, may
promote the development of autoimmune diseases.
The abnormal genes responsible for expression of
autoimmune syndromes have not yet been identified,
but studies in animal models of SLE have shown that
many independently segregating genes could be
responsible for the formation of the various auto-
antibodies. Despite the observed association, albeit
minimal, between most autoimmune diseases of man
and certain MHC and Ig genes, the genes controlling
expression of autoantibodies in murine SLE have not
been closely linked to any particular H-2 type or allo-
typic marker. Further studies aiming at the precise
chromosomal assignment and location of autoim-
munity-promoting genes will be of extreme impor-
tance in our attempts to understand the pathogenesis
of these disorders and possibly to evolve genetic
engineering techniques that halt their progress.
Neither the etiologic events nor the actual immu-
nologic abnormalities leading to autoimmunity are
well defined; in particular, the organ-specific autoim-
mune diseases for which few animal models are avail-
able remain virtually unexplored. From studies of
SLE in humans and mice one can list many abnor-
malities at both the B- and T-cell levels. Originally,
the prevailing view was that the characteristic B-cell
hyperactivity of this disease was secondary to sup-
pressor T-cell abnormalities. However, this explana-
tion now seems doubtful. Transplantation experi-
ments between some SLE murine strains and their
normal congenic or histocompatible counterparts in-
dicate that hematopoietic stem cells and precursors
of B cells can transfer the disease in the absence of T
cells, thus suggesting a primary B-cell defect as the
responsible agent for this disease. Some T-cell abnor-
malities of such mice develop independently of asso-
ciated B-cell abnormalities in appropriate crosses,
and vice versa. Assuredly, the possibility that T cells
may express some inhibitory effects on expression of
the primary B-cell defect cannot be excluded. Defects
in tolerance induction to foreign antigens have been
observed in all SLE strains of mice. The reasons for
such a defect as well as the relevance to lack of
tolerance to self-antigens are not clear, but the rapid
transition of immunocytes from the immature state,
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in which they are easily made tolerant, to one of
maturity refractory to being made tolerant is a
possibility worthy of consideration. Evidence is
available for such a rapid transition in subsets of B
cells from NZB mice.

Whatever the basic genetic and molecular immu-
nologic defects, such defects may not become overt
until late in life unless accelerating factors are super-
imposed. These accelerating factors may be en-
dogenous and genetic in nature. One example is the
Y-chromosome-linked accelerating gene(s) of BXSB
mice that predisposes to a much earlier development
of SLE in male than in female mice; another such ex-
ample is the lpr gene of MRL mice that predisposes,
possibly by inducing proliferation of helper T cells,
to the earlier expression of disease in MRL/Mp-lpr/
Ipr mice compared with congenic MRL/Mp-+ /+
mice that lack the lpr gene, in which the disease
develops later. Accelerating factors of autoimmunity
may also be female hormones and some exogenous
factors such as viruses and bacteria that may activate
polyclonally self-reactive B cells.

Of medical treatments for autoimmune diseases,
most are nonspecific and burdened with undesirable
side effects. Perhaps further understanding of normal
and abnormal immunoregulation will result in means
of specifically eliminating or turning off emerging
clones of autoantibody-secreting cells without other-
wise compromising the host. Such means, for exam-
ple, may include autoantibody-specific suppressor
T-cell factors and anti-idiotypic antibodies against
autoantibodies. In concluding, a noteworthy proposal
from some investigators, based on the idiotype-anti-
idiotype concept, is that iatrogenically induced auto-
immunization may benefit certain patients,352-3%3
Observations in experimental systems have shown
that autoanti-idiotypic immunity may obliterate un-
desirable immune reactivity, as, for example, in allo-
transplantation,®* or may, conversely, induce im-
munity to particular antigens on target organs with
the appropriate receptors. For example, anti-idiotypic
antibodies to anti-insulin antibodies may mimic the
action of insulin,?** and anti-idiotypic antibodies to
monoclonal antibodies specific for Trypanosoma
rhodesiense may induce antigen-independent immu-
nity in mice.3%¢
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