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Abstract. After acentury of research and despite intensive scrutiny, the origin of autoantibody production remains
an enigma Recently, the essential role of B cells in promoting systemic autoimmunity in mice seems more
important than previously thought: self-reactive B cells can be subject to positive selection and a deficiency in
serum IgM predisposes to the development of 1gG antibodies to autoantigens. Studies of the B cdll repertoire
expressed in systemic autoimmune diseases have provided important clues. In human lupus, quantitation of this
repertoire reveas the presence of an expansion of 1gG clonotypes that impart reactivity with disease-related
autoantigens. The nucleotide sequences of autoantibodies derived from these patients and expressing nephri-
togenic idiotopes (present in immune complexes and renal eluates of subjects with active disease) show features
of diversification with a high rate of replacement/silent mutations and clustering of the mutations in the hyper-
variable regions, suggesting than an antigen-driven process plays arole in the generation of pathogenic autoanti-
bodies. Currently, the contributions of apoptosis and of cell receptor signaling to this triggering are being

appreciated. Pursuing these and related issues will have an important impact on autoimmune research.
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I ntroduction

Interest in self-reactivity was initiated in the early
days of immunology. Despite the genetic potential of
normal individuals to mount an immune response to
self-epitopes, autoimmunity remains arare event. After
acentury of research and despite intensive scrutiny, the
origin of pathogenic autoantibody production remains
an enigma. The issue of how an “aggressive” autoim-
munereaction isinitiated and sustained in diseased sub-
jects has provoked the formulation of a number of the-
ories, including arole for autoantigen, pathogen-related
antigen, molecular mimicry, increased expression of
major histocompatibility complex (MHC) class |1 anti-
gens, polyclonal activation, and altered antigen proces-
sing and/or presentation. None of these mechanisms

fully accounts for al the findings in autoimmune dis-
eases, and it is conceivable that multiple processes may
act smultaneously or in temporal successioninasingle
autoimmune disorder, and that distinct processes oper-
ate in a single autoimmune subject®® *. The case of
anti-DNA antibodiesis even more provocative because,
even though nucleic acid antigens are usually poorly
immunogenic, a subset of these autoantibodies is
a hallmark of a systemic human disease, systemic
lupus erythematosus (SLE)*2.

The Primary Repertoire

Severa lines of evidence indicate that the human
preimmune repertoire is produced by CD5" B cells. In
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recent years, it has also become clear that most CD5*
B cells from healthy subjects can produce anti-DNA
antibodies. This observation led to the proposal that
CD5" B lymphocytes give rise to CD5™ B cells produc-
ing antibodies with selective binding activity through
somatic mutation, antigen clonal selection and loss of
surface CD5" molecules'” . We have analyzed the
B cell precursors that secrete anti-DNA antibodies and
found them to secrete multireactive antibodies. A not-
able feature of the preimmune repertoire is that the
great majority of the hybridomas and B cell clones
derived from humans and mice are directed to intracel-
lular structures rather than to cell-surface antigens. This
may be due to the density of target epitopes on these
molecules. For example, the antibodies generated are
directed to the intracellular antigens tubulin, actin,
myosin and DNA-molecules exhibiting repetitive, high-
ly charged motifs, which may allow the binding of low-
-affinity multivalent IgM antibodies. In contrast, sur-
face molecules such as receptors generaly do not ex-
hibit this repetitive structure and are generally bound
by high-affinity antibodies. However, it is also possible
that the frequency of B cell clonotypes to cell-surface
motifs may be too low in the primary, unmutated reper-
toire to be detected.

Mechanisms of B Cell Tolerance to Self

In recent years, progress has been made in under-
standing the mechanisms of induction of self tolerance
of Band T cells. Both clonal deletion by cell death and
clonal anergy, a state in which autorestive cells are
functionally inactive, have been described in experi-
ments where transgenic mice have been instrumental.
When mice expressing anti-lysozyme antibody trans-
genes were mated with transgenic mice expressing so-
luble lysozyme, B cdlls of the double transgenics re-
sulting from the backcross became anergic. However,
when mice expressing anti-lysozyme antibody trans-
genes were mated with transgenic mice expressing
a membrane-bound form of lysozyme, B cells specific
for this antigen were deleted. Parallel findings were
obtained with the MHC H-2K* transgene expressed in
either a membrane-bound or a soluble molecule. These
observations favor the view that cross-linking interac-
tions of B cells with multivalent surface antigens result
in clonal deletion, whereas interactions with soluble
antigens induce anergy in the same cells. These mech-
anisms of tolerance occur in developing B cells of the
bone marrow. They also take place in periphera
B cells. More recently, a novel mechanism, termed re-

M. Zoudli: B Cell Tolerance and Autoimmunity

ceptor editing, was discovered. It enables B cells to
undergo a form of receptor processing that markedly
aters their immunoglobulin variable-region genes and,
consequently, changes the specificity of the B cell re-
ceptor expressed at their surface. Receptor editing ex-
ploits the capacity of variable light and heavy genes to
undergo successive rearrangements. This novel mech-
anism not only diversifies the repertoire, but also may
alow B cells to avoid high-affinity autorecognition.
Hence, receptor editing has implications with regard to
the maintenance of B cell tolerance and, possibly, to the
induction of pathogenic autoimmunity® & % 13 15 25 27, 30,

Célular Hyperactivity in SLE

Increased helper cell activity has been considered as
a possible alternative or complementary explanation to
the defective T cell suppressor cell function and the
increased B cell function. B cells are overactivated in
SLE and secrete increased amounts of autoantibodies.
They seem to respond to excessive signals provided by
T cells and produce autocrine factors that promote their
own activation. With regard to T cells, several groups
found that periphera cells of lupus patients produce
decreased amounts of interleukin 2 (1L-2) when stimu-
lated in vitro with certain mitogens. High IL-2 levels
were detected in the sera of 50% of active SLE. One
possibility is that an on-going endogenous in vivo
stimulation induces both constitutive 1L-2 production
and compensatory suppressor activity. Other data sug-
gest that there is an on-going in vivo production of
IFN-y in SLE and that this cytokine has loca pa
thogenic effects. In addition, the levels of IL-6, a cyto-
kine with multiple effectsin severa biological cell sys-
tems, are elevated in some of the sera and the
cerebrospina fluid of patientswith SLE?. In sum, there
is an aberrant expression of cytokinesin SLE and this
abnormality could reflect direct or complex modulatory
events.

At the level of the expressed autoantibody reper-
toire, we addressed the question of how disease-related
clonotypes are selected and expanded. We probed, at
the single cell level, the repertoire of B cell paratopes
expressed in norma and diseased subjects. In healthy
controls, we found that a relatively large proportion of
IgM™ cell precursors are committed to the production
of autoantibodies whose immunoglobulin variable re-
gions impart binding to exogenous antigens and to self
antigens, including intracellular and cell surface anti-
gens. Notably, the frequency of high-affinity 1gG*
B cells in the human preimmune repertoire was below
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the level of detection. This finding, together with re-
lated observations in the murine system®, is consistent
with recent evidence obtained using transgenic mice
showing that, in addition to clonal deletion, anergy is
an important mechanism of B cell tolerance. We then
extended this analysis to autoimmune patients and
found that the absolute numbers of clone precursors of
the immune repertoire expressing IgM receptors whose
paratopes confer affinity to self- and exogenous deter-
minants were higher than in controls. Additionally, 1gG
antibody-forming cell precursors with binding speci-
ficity for autoimmunity-associated antigens were de-
tectable in the repertoire of these patients. Based on
these results and those reported in murine models of
autoimmuniy, we have proposed that hyperproduction
of human lupus-associated autoantibodies arises in
a two-stage mechanism, whereby a general activation
of the multireactive preimmune B cell repertoire
precedes an oligospecific expansion of selected B cell
clonotypes.

Genetic Susceptibility in SLE

Since lupus is now emerging as a clinically and
serologically heterogeneous disorder in which a variety
of genes important to immune responsiveness plays
a centra role, it is useful to highlight these important
genetic factors. Approximately 10-12% of lupus pa-
tients will have a first-degree relative with SLE. Con-
cordance for SLE is higher (25-70%) in monozygotic
than in dizogotic twins (1-3%). However, the time in-
tervals between the dates of disease onset in relatives
with SLE are smaller than their age differences at onset.
This, together with the lack of complete concordance
in monozygotic twins, calls into question a purely
genetic basis for the disease and implies that other fac-
tors are aso important. At the level of the MHC, the
majority of the genes which have been associated with
a predisposition to SLE map within the HLA region:
the Caucasian HLA-B8, DR3, DRw52, DQw2.1 haplo-
type also bears a deletion of the C4A gene in the class
[ region. It now appears that partial deficiencies of
C4, especidly in the C4A isotype, are a risk factor for
SLE. Homozygous C2 deficiency also predisposes to
a cutaneous form of lupus in which anti-Ro/SSA anti-
bodies are common, and this is probably related to in-
effective clearance of immune complexes. Moreover,
15-20% of asymptomatic relatives of lupus patients
have abnormal levels of circulating autoantibodies®®. To
assess the content of the immunoglobulin variable loci
in autoimmunity, we used endonuclease-generated
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polymorphisms to characterize individual variations
within the human variable gene segments. In the course
of these studies we described a high number of restric-
tion site polymorphisms of these loci and concluded
that these gene complexes are much more polymorphic
than previously thought®” . We also analyzed germ-
line DNAs isolated from tissues of patients with idio-
pathic or drug-induced lupus. The results were paralléel
to those reported by others in murine models of lupus®
and are compatible with the conclusion that this disease
is not caused by major abnormalities in the structure,
Size or organization of the variable loci. These findings
exclude the possibility that the disease is directly re-
lated to major abnormalities of the size, structure or the
organization of immunoglobulin variable loci.

Pathogenic Autoantibodies

The main immunologica event in the pathogenesis
of SLE is B cell hyperactivity. In both human and
murine lupus, the number of B cells that secrete immu-
noglobulins spontaneoudly is dramatically increased. It
is not known whether B cells areintrinsically defective.
It has long been debated whether aggressive autoanti-
bodies are the product of polyclonally active activated
B cells that express variable genes with a limited num-
ber of mutations distributed throughout the variable re-
gion, or of antigen-selected B cells expressing variable
genes with an accumulation of mutations that are not
randomly distributed throughout the variable region®,
We have therefore adopted the view that studying the
variable genes expressed by SLE B cells may help in
understanding the origin of the disease. To address this
issue, we cloned and sequenced the variable-region
gene elements expressed by a pand of human autoanti-
bodies that may be considered representative of the pa-
thogenic subset of lupus antibodies. Overall, the data
indicate that the molecular configuration of the variable
genesis similar to that found in the secondary response
to exogenous antigens, with somatic mutations and
a pattern of variation typical of antigen selection and
clonal expansion. We also used the polymerase chain
reaction and nucleotide sequencing to generate infor-
mation regarding the fine specificity, clonal and genetic
characteristics of these aggressive antibodies. The se-
guence data, together with intraclonal and interclonal
comparisons, were instrumental in delineating the clo-
notypic origin of the corresponding B cells. This led us
to speculate that the production of pathogenic autoanti-
bodies occurs through a two-stage mechanism, where-
by preactivation of the overal repertoire precedes the
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conversion of a non-pathogenic autoantibody of the pri-
mary repertoire into a mutant autoantibody with a pa-
thogenic potential by virtue of either its affinity, itsfine
specificity and/or its idiotype® # " 8 34, Other investi-
gators reached a similar conclusion® *. Finally, ana
lysis of the k-chain genes prompted us to hypothesize
that an alteration in receptor editing may be responsible
for the production of pathogenic autoantibodies™ %
Other converging findings support this view? %,

Conclusions

In sum, studies of the B cell repertoire expressed in
systemic autoimmune diseases have provided important
clues. In human lupus, quantitation of this repertoire
reveals the presence of an expansion of 1gG clonotypes
that impart reactivity with disease-related autoantigens.
The nucleotide sequences of autoantibodies derived
from these patients and expressing nephritogenic idio-
topes (present in immune complexes and renal eluates
of subjects with active disease) show features of diver-
sification with a high rate of replacement/silent muta-
tions and clustering of the mutations in the hypervari-
able regions. These characteristics imply that a purely
polyclonal activation mechanism'® cannot be the only
mechanism responsible for autoantibody production.
More likely, an antigen-driven process plays a role in
the generation of pathogenic autoantibodies.

Even though genetic factors are important for dis-
ease development, the environmental contribution to
clinical expression cannot be ignored. It is likely that
different mechanisms could lead to the loss of self-
-tolerance characteristic of SLE. More than one factor
could play arole in a single patient and it is conceiv-
able that the combination of factors varies throughout
the disease. This is supported by the observation that
different SLE patients produce different spectra of
autoantibodies. Environmental stimuli, cytokines,
multiclonal antigen-driven processes and viruses are
potential candidates. The EBV prevents human B cells
from undergoing apoptosis. The contributions of en-
dogenous retroviruses, apoptosis'® 1" 24 and cell recep-
tor signaling'® 18 22 3L 35 gre being investigated. Finally,
the role of B cells in autoimmunity is perhaps more
important than previously thought. Only recently, it was
realized that B cells can be subject to positive selection
generated and maintained on the basis of their autore-
activity’* and that B cells are essential in promoting
systemic autoimmunity2. Also important isthe observa-
tion that a deficiency in serum IgM predisposes to the
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development of 1gG antibodies to autoantigens’. Pur-
suing these and related issues will have an important
impact on autoimmune research.
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