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HYPOTHESIS

Abnormalities in the regulation of variable region
genes that encode for antibodies to DNA may be a

central factor in the pathogenesis of systemic lupus
erythematosus

A K Singh

Abstract
Systemic lupus erythematosus (lupus) is
characterised by the excessive and spon-
taneous production of antibodies to DNA.
In animal models oflupus, and in humans,
antibodies to DNA have been directly
implicated in pathogenesis. The variable
region genes that encode for reactivity of
antibodies to DNA have, in general, not
been regarded as a risk factor in lupus.
Recent evidence from several workers,
including ourselves, does not sustain this
dogma. Individual autoreactive V genes
appear to be repeatedly used and to have
an affinity for DNA. These genes are
present in subjects with the disease and in
some, but not all, normal subjects. Pre-
sumably, in some subjects carrying auto-
reactive V genes in their germline, these
genes are normally silenced by regulatory
factors, including cytokines, and in others
with disease there is a breakdown in regu-
lation. Experimental evidence suggests
that multiple cytokines may have a role
and that this role is complex.
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Systemic lupus erythematosus (lupus) is an

autoimmune disease that is characterised by
the presence of antibodies to DNA, which have
been correlated with disease activity. In animal
models of lupus, antibodies to DNA have been
shown to transfer disease to normal mice with
the formation of immune deposits in the
kidney.lA Moreover, immunoglobulin eluted
from the glomeruli of patients and mice with
disease are enriched for reactivity to DNA, of
higher avidity for dsDNA than the antibodies
to DNA in serum samples of the same

subjects.5 6 Not all antibodies to DNA are

nephritogenic. Two groups of antibodies to
DNA can be distinguished: 'natural' autoanti-
bodies and 'pathogenic' autoantibodies.
Natural autoantibodies are by definition not
associated with disease and can be detected in
normal subjects at low titres. Further, they are

IgM in isotype, anionic or neutral in charge,
and in the case ofmurine Ig, when injected into
normal animals do not deposit in the kidney.
In contrast, 'pathogenic' autoantibodies are

present in high titres in subjects with lupus, are
IgG in isotype, fix complement well, are
cationic, and in mice are required by definition
to deposit in the kidney ofnormal animals. The
origins of either natural or nephritogenic anti-
bodies to DNA are as yet unknown. Various
properties of antibodies to DNA have been
correlated with nephritogenicity. These
include cationic charge, isotype, complement
fixation, avidity, and idiotype. Collectively,
these properties have suggested that the
antigen binding region may influence
nephritogenicity. Nonetheless, the variable
region genes (V genes) that encode antibodies
to DNA have not been regarded as a risk factor
in lupus.7 8 This is because the V genes
encoding for antibodies to DNA are nearly
identical with their counterparts encoding for
exogenous antigens, and because the RFLP
pattern on Southern blot analysis is the same
for autoimmune subjects as it is for normal
subjects.9'-" Therefore, despite the prediction
that multiple genetic loci probably affect the
aetiology of lupus, the immunoglobulin gene
complex in subjects with lupus is thought by
many workers to be essentially normal.
A hypothesis that is currently favoured

proposes that V genes encoding for antibodies
to DNA may be present in the general
population but are expressed in low levels and
are intrinsically non-autoreactive. In subjects
with lupus, however, a polyclonal B cell
activation and an autoantigen driven immune
stimulation results in the overexpression of
these V genes causing the spontaneous pro-
duction of antibodies to DNA and other
self reactive antibodies."5 16 This hypothesis
does not, however, sufficiently take into
consideration the powerful evidence from
studies of twins'7 and observations from inbred
murine lupus models for the critical role of
genetic factors in lupus. Nor does this
hypothesis adequately account for the multiple
cytokine abnormalities that have been
documented. In this regard, an altemative
hypothesis needs to be considered.'8 '9 The
simultaneous inheritance of background genes
and some sets of individual autoreactive germ-
line V genes that are repeatedly used to encode
for antibodies to DNA could result in an
increased risk for disease. It is conceivable that
differences in the germline immunoglobulin
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gene repertoire might, in circumstances of
abnormal immunoregulation from one or
multiple cytokine defects, as part of a poly-
clonal B cell response, result in the expression
of structurally different autoantibodies in
normal and autoimmune subjects. These auto-
antibodies could mimic self structures that
further select for autoantibody producing
clones20 or these autoantibodies could them-
selves be pathogenic, or both. The purpose of
this paper is to examine the hypothesis that
cytokine regulatory factors may be a central
factor that contributes to the breakdown in
tolerance that occurs in lupus.

Murine lupus as a model for the human
disease
Inbred murine models of lupus have provided
an invaluable insight into the human disease.
There are many similarities between murine
and human lupus. In both, antibodies to DNA
correlate with disease activity and can be
eluted from nephritic kidneys. Furthermore,
the pattern of organ disease also appears to
be similar: in both, arthritis, nephritis, and
vasculitis are common clinicopathological
abnormalities. The overwhelming advantage of
using animal models is their ease of mani-
pulation and the knowledge of their genetic
origins (reviewed by Theofilopoulos and
Dixon21). Over the last two decades, three
main types of lupus mice have been used. The
MRL/lpr-lpr mice, which are of known genetic
derivation (LG 75%, AKR 12-6%, C3H
12 1%, and C57BI1J6 0.3%), the New Zealand
mice which are ofunknown derivation, and the
BXSB mice (from C57BLJ6 and SB/Le). In all
these mice, the genetic background pre-
disposes to a late life disease that becomes
clinically manifest and then fatal in the second
year of life. Additionally, an accelerating factor,
for instance the lpr gene in MRL mice, when
acting on the lupus prone genetic background,
causes conversion to an early life disease
clinically apparent in the first few months of life
and fatal within 5-7 months.

Certain VH genes may be intrinsically
autoreactive
By taking advantage of the opportunities
presented by hybridoma technology, many

variable region genes that encode reactivity to
a variety of antigens and haptens have been
cloned and sequenced in murine models of
lupus and in humans. By comparing these
sequences, several subgroups of anti-DNA VH
genes have been reported (table). One of the
largest murine VH gene subgroups contains the
H102 and H241 VH gene. These two VH genes
encode two IgG antibodies to DNA derived
from MRIJlpr-lpr lupus mice (Gangemi R M
R, Singh A K, et al, unpublished data).22 Nine
other VH genes have also been reported. These
include B/W 16, C72, A52, 16-19,23 H45-5,24
H8, H238, H161,25 and 1OB10S.26 With the
exception of 10BlOS, they all encode anti-
bodies to DNA and are all derived from lupus
mice. The nucleotide sequence of BXW16
represents the germline configuration because
of the pattern of differences seen when all the
sequences in this subset are compared with
each other.27 We have also studied the
expression of the VH 102/241 gene in a large
panel of hybridomas developed by Foster et al
from MRIIlpr-lpr lupus mice.28 Specific CDR
oligonucleotide probes complementary to the
H 102/241 VH gene were used in high
stringency northern blot analysis and show
that the H 102/241 VH gene may be used by
another three of 14 antibodies to DNA
tested.29 Jang and Stollar," using ultraviolet
crosslinking of helical oligonucleotides, have
shown that the H241 VH gene selectively binds
DNA. Taken together, these results provide
compelling evidence that this subgroup of VH
genes may have an intrinsic affinity for DNA.

Other subgroups have also been identified.
The H130 VH gene defines a subset that is a

part of the J558 VH gene family: A6 1,33 PME
77,27 and H43832 are all co-members of this

subgroup (table). Interestingly, the H130 VH
gene is highly homologous to H18, a germline
gene, from the normal BALB/c mouse strain."
HI 8 is not expressed in BALB/c mice,
however, perhaps because it is downregulated
in the BALB/c background. Other groups have
also documented the repetitive use of variable
region genes in antibodies to DNA and also in
antibodies to histone.3439

In human lupus there has been great
difficulty in immortalising B cells reactive to
IgG antibodies to DNA. Many studies have
been published on IgM autoantibodies which
may represent the natural autoantibody

Comparison of eight monoclonal antibodies to DNA that use the same VH gene (the germline gene is termedMRL 330 and has been cloned by us; data not
shown). This subgroup of expressed VH genes to encode for antibodies to DNA suggests that this VH gene may be intrinsically autoreactive. Abbreviations:
mAb, monoclonal antibody; glom dep, glomerular immune deposition; VH gene N, VH gene nucleotide differences with BXW1 6; VH gene AA, VH gene
amino acid differences with BXW1 6. ND=not done.

mAb Strain Isotype Antigen Glom dep VH N VHAA D Gene JH Gene VK Family JK Gene
BXW16 NZB/W IgMK ssDNA ND - - FL16 1 2 9 2
82-3 MRL IgMK ssDNA ND 1 1 SP2-3/5/6/7/8 4 5 4
H102 MRL IgGK ssDNA No 1 1 SP2-2/cSP2 2/3/6 2 20 2
H241 MRL IgGK ss Yes 3 1 Q52 3 21 4

dsDNA
BV16-19 NZB/W IgGK ssDNA ND 3 2 FL16-2/SP2-3 3 1A 4
A52 BZB/W IgGK ssDNA Yes 4-43 2 SP2-3 2 8 1

dsDNA
C72 NZB/W IgGK ssDNA ND 3-18 3-8 Q52/FL16 2/cSP2-3 4 19 5

dsDNA
45-5 MRL IgGK DNA ND 4-10 3-5 SP2-3/2-6 3 4 2
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population. Thus information derived from
IgM antibodies to DNA may be of limited
value in understanding the aetiology of auto-
immune disease. Winkler et al have presented
sequence data on V genes encoding human
IgG anti-DNA hybridomas which have a
specificity that fits the criteria for pathogenicity
discussed here.40 Their data on six monoclonal
IgG antibodies to DNA are similar to
information from murine studies: human anti-
bodies to DNA show evidence of somatic
mutation which appears to be driven by
antigens. Their data suggest that DNA is the
antigen and is in agreement with murine data
from other workers.35 Interestingly, two of the
six IgG antibodies to DNA use VH genes which
encode for natural IgM antibodies. The
simplest interpretation of these observations is
that at least some of the pathogenic antibodies
to DNA might be derived from the natural
autoantibody repertoire by somatic mutation.
The grouping of these expressed VH genes

into subgroups suggests that individual germ-
line genes may themselves be autoreactive.
Although the notion of 'autoimmune specific'
genes is not new, the overwhelming consensus
that specific lupus encoding genes are not
present in the immune repertoire is supported
by several lines of experimental evidence,
including the many examples of variable region
gene segments that are identical to germline
genes from normal subjects (reviewed by
Barrett4"). More appealing, however, is the
belief that autoreactive genes may be present
in lupus and some, but not all, normal subjects
and that these genes are downregulated in the
normal subjects and upregulated under certain
circumstances in subjects with the disease.
Speculatively, this view could explain the
observation that family members of patients
with lupus may have antibodies to DNA in
their serum at low levels but never develop the
disease. Conceivably, these relatives may lack
background genes, cytokine defects, or other as
yet unidentified factors that downregulate
autoreactive B cells so that low levels of IgM
autoantibody are produced with the effect that
clinical disease is mitigated.

Autoreactivity may be encoded for in the
germline
The concept that single autoreactive genes may
be present in the germline of some normal and
autoimmune subjects at an increased risk of
developing lupus has not been examined,
until recently, in any great detail. In the past,
the use of coding region probes hampered the
detection of single variable region genes in the
repertoire because these large probes invariably
hybridised to all members of a particular VH
gene family. For J558, the largest murine
VH gene family, this meant that scores of
bands were seen on Southern blot analysis.
It was therefore difficult to detect the presence
of a particular autoreactive gene in the
repertoire.
More recently, however, the use of

oligonucleotide probes complementary to the
unique hypervariable part (CDR) of the

variable gene has made it possible to detect
individual genes in the germline.42 The
technique requires the sequential use of a
pair of oligonucleotide probes under high
stringency conditions that detect homologous
genes which differ by only one base pair. In
contrast with coding region probes, these
shorter oligoprobes detect unique regions of an
immunoglobulin gene and therefore only a few
bands, representing one or more genes, are
seen on Southern blot analysis. By combining
data from two oligoprobes it is then possible to
detect an individual gene in the germline
repertoire. In this way, oligonucleotide probes
complementary to the CDR1 and CDR2
regions of the VH gene of HI 02/241 have been
hybridised to Southern blots containing germ-
line DNA from various autoimmune and
normal strains of mice.'4 15 It has been
observed that the VH 102/241 gene was present
in all strains, including two normal strains, of
the IgH 'j' haplotype (ofMRL) but was absent
in most other normal strains. In a similar
analysis with oligonucleotide probes from the
VH 564 gene, Ghatak et al found that the
preserved germline allele (approx 5-2 kb in
size) was present in one normal parental strain
(SWR) but was absent in the other parent
(NZB) and in the normal C57BL/6 mice.43
Taken together, these results suggest that a
gene encoding for an antibody to DNA is
present in some normal and autoimmune
subjects with the same immunoglobulin gene
haplotype but not in others.
The mere presence of a gene in the germline

does not neccesarily mean that it will be
transcribed. Autoreactive genes that encode for
antibodies to DNA may be present in some
normal subjects who, under physiological
conditions, remain unstimulated or
suppressed. Their high level of expression in
lupus could then result from the abnormal
response of B cells to normal cytokine
regulatory stimuli or from an appropriate B cell
response to abnormal levels of certain cyto-
kines. Either could produce the striking poly-
clonal B cell activation that occurs before the
clinical expression of disease.
An alternative possibility is that cytokines

activate a distinct B cell lineage that may be
expanded or hyperresponsive in subjects with
lupus. In this regard, in NZB hybrid mice there
is an early activation of the CD5+Ly-1 B cell
subset which produces IgM ('natural') auto-
antibodies in response to lipopolysaccharide
(LPS) stimulation. The VH repertoire of these
Ly-1 B cells appears restricted44 and conserved
VH genes appear to be used. Whether
pathogenic autoantibodies originate from these
'natural' autoantibodies is unclear. The human
counterpart to the Ly-1 B cell is the Leu-1 B
cell which produces IgM antibodies to

DNA, rheumatoid factor, and antibodies to

tetanus.45 46 The pathophysiological signifi-
cance of the Ly-1 (or Leu-1) subset is unclear,
especially as the Ly-1 B cell population is not

expanded in the other murine lupus prone
strains and the proliferation of Ly-1 B cells
does not appear to correlate with the
production of antibodies to DNA.47 48
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Cytokines may be central to the
pathogenetic defect in lupus
The notion that regulatory factors may be
important is suggested chiefly by three sets
of observations. The first is based on elegant
work by Klinman and coworkers.49 52 Their
observations that splenic B cells from mice
with lupus compared with normal mice are
polyclonally activated early (in younger mice)
and that this activation precedes and predicts
the development of autoimmune disease
suggests that autoantibody production is
initiated by polyclonal activation, possibly
from T cell or macrophage derived factor(s).
The second piece of evidence is based on
experiments by Weigert's group53 and by
Goodnow and coworkers,54 55 who have shown
that autoreactive B cells are not clonally
deleted but are functionally and reversibly
silenced or anergised. The third piece of data
comes from the use of interleukin 2 (IL-2)
treatment to ameliorate disease in MRIJlpr-lpr
mice.56 Mice treated with IL-2 developed
milder nephritis and arthritis than control
mice. Moreover, IL-2 treatment was associated
with a decrement in immunoglobulin
production. Thus collectively there is a
substantive body of experimental evidence that
suggests a potentially important patho-
physiological role for cytokine regulation of
autoreactive B cells in lupus.
Most workers have so far focused their

attention on IL-2, IL-1, and tumour necrosis
factor ot (TNFa). Studies of IL-2 have
examined levels in lupus mice and the
administration of IL-2 in vivo. Levels of IL-2
in autoimmune mice (NZB hybrids, MRJllpr-
lpr, and BXSB) show an age related decline
which correlates with disease activity.57 At 6
weeks of age IL-2 activity in lupus prone mice
appears comparable with normal C57/BL6
mice; after 12 weeks of age, however, there is
a striking decrease in IL-2 levels. Although
experiments that have used IL-2 gene
treatment in MRIlpr-lpr mice support a role
for IL-2 in the autoimmune process,55 not all
studies concur. Kelley et a158 have shown that
an IL-2 receptor antibody administered to
NZB/W lupus mice results in significant
amelioration of disease activity, whereas Owen
et al found that IL-2 treatment caused neither
an improvement nor an acceleration of disease
activity.59
The role of IL-I and TNF in the patho-

genesis of lupus has been studied by several
groups in detail; however, again there is no
agreement. Both Kelley's60 61 and Beller's62 63
group have studied IL-1 and TNF expression
in macrophages. Kelley and coworkers found
enhanced TNFot and IL-1 expression
in glomerular macrophages from MRL/lpr
mice, whereas Beller's group found defective
IL-I and normal TNFOx gene expression in
peritoneal macrophages in several autoimmune
murine strains. In contrast, Jacob and
McDevitt have found low levels of TNF(x in
peritoneal macrophages of NZW mice and
have shown that treatment with TNFa delayed
the development of autoimmunity in NZB
hybrid mice.64 The basis for the TNFox

deficiency appears to be a polymorphism in the
5' regulatory region of the TNFa gene inNZW
mice.65 Even so, the role of TNFa in disease
in these mice with lupus appears controversial;
Jacob has offered an explanation for this
conflict.66 He suggests that the measurement of
TNFo expression in the kidney (by Kelley and
coworkers) may have little relevance to the
systemic disease because immune complexes
deposited in the kidney could trigger the
increased expression of TNFox and IL-iI in
macrophages resident or recruited to the
kidney and therefore account for the local
upregulation of these cytokines. Interestingly,
because TNFo physiologically stimulates the
release of IL-2 from ThI T cells the deficiency
in TNFot may explain the age related decrease
in IL-2 levels.67
The in vivo role of TNFot and IL-I is

important from a disease perspective and has
been studied. Brennan et al injected TNFot or
IL-lot into NZB/W lupus or C3H/HeJ control
mice at low and high doses over an interval of
several months.67 Administration of the lower
dose of each cytokine (02 ,ug) accelerated
kidney disease and shortened survival, whereas
at the higher dose (20 Rg) there was no effect
on renal disease or survival. In this study,
however, it is impossible to separate out the
effect of the administered cytokine directly on
B cells as opposed to their effect on T cells
(with concomitant release of IL-4 and IL-6).
Nonetheless, a role for IL-1 and TNFot or
another cytokine in an in vivo setting is
suggested. Other cytokine defects involving
IL-6, IL-4, and B cell differentiating factor
have been proposed but the evidence is weak
and conflicting.6870
The evidence for a direct effect on B cells by

cytokines in subjects with lupus is restricted to
in vitro experiments. Klinman has studied the
production ofIgGI and IgG2a by autoimmune
spleen B cells from NZB/W and MRIllpr-lpr
mice treated in vitro by IL-4 and interferon y.5'
A spot enzyme linked immunosorbent assay
(ELISA) was used for the measurement of Ig
producing cells and the isotypic and subclass
specificity of the secreted immunoglobulin.7' It
is worth noting that spot ELISA has the
advantage that it can separate out the effect of
a cytokine in inducing B cell proliferation from
the effect of the cytokine in enhancing Ig
production. Thus the assay is at once sensitive
and specific. Klinman observed that NZB/W B
cells incubated with IL-4 plus LPS have a
defect in their ability to undergo class switching
and to proliferate after switching. In MRIJlpr-
lpr mice, however, Klinman found that the
response to IL-4 plus LPS was similar to
controls but that the age related change in
isotype from IgM to IgG in MRIJlpr-lpr mice
was the result of increased production of
interferon -y. We have preliminary data with IL-
4 and interferon -y, in an identical protocol to
Klinman, that is in agreement (Lebedeva T
and Singh A K, unpublished data). Jandl et al
have presented data that suggests an in vitro
hyperresponsiveness of human lupus B cells to
IL-I and have correlated their in vitro findings
with disease activity.72 Other workers have
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also found that there may be defects in the
responsiveness of B cells to normal levels of
cytokines.73 Indeed, at 6 weeks of age, activated
and resting B cells from MRL-lpr/lpr mice are

hyperresponsive to LPS stimulation compared
with C3H/HeJ and C57BIJ6 mice (Lebedeva
T and Singh A K, unpublished data; also ref
74) suggesting that in addition to any abnor-
mality in cytokine levels there is an intrinsic
defect in the B cells.
The studies with IL-2, IL-1, TNFaL, IL-4,

and interferon ry suggest that multiple cytokine
defects are characteristic of the immune
response in mice with lupus. Abnormal levels
of other cytokines have also been reported.75 76
Given the clearly myriad interactions of
different cytokines, it is conceivable that the
abnormal production of one or two cytokines
may initiate the release of a cascade of other
cytokines that amplify the effect of the
initiating stimulus; abnormal levels of several
cytokines involved in this cascade could
then be an epiphenomenon. Collectively, the
current experimental observations point to a

complex and yet incompletely defined role for
cytokines in lupus. It is possible that a cytokine
regulatory defect early in the disease results in
polyclonal B cell activation of either normal or

hyperresponsive B cells with an associated up-

regulation of intrinsically autoreactive V genes.
Subsequently, an autoantigen directed im-
mune response could perpetuate the auto-
immune injury, increasing the affinity of the
autoantibody for the antigen. In this regard,
Pucetti et al20 have shown that an Ig light chain
can induce autoantibodies in a normal mouse
and have proposed that the autoantigen in
lupus may actually be an idiotype that is
released as part of the early polyclonal B cell
response and which could in turn select out
autoreactive B cell clones.

Ultimately, it is necessary to examine the
cytokine regulation of individual autoreactive
V genes to determine the specific contribution
of cytokines to the pathogenesis of lupus. This
work is presently underway in our laboratory.77
The formal testing of the hypothesis proposed
in this paper should provide invaluable insights
into the processes that occur early in the auto-
immune response and which may in fact be
involved in its initiation. Although conclusions
drawn from animal studies need to be
interpreted cautiously with regard to human
disease, it is likely that many of the immuno-
logical and molecular defects that result in the
breakdown in tolerance to self in mice with
lupus will be similar in humans.
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