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Abstract
Systemic lupus erythematosus (SLE) is a multi-system disorder resulting from interaction of
susceptibility genes and environmental factors. SLE has protean clinical presentations at the initial
diagnosis and relapses. SLE-related autoantibodies have unique patterns of diversification to
linked proteins such as the snRNP particle and the diversification takes years before clinical
diagnosis. There are both clinical and experimental evidence to indicate that separate genes
contribute to autoimmunity and end organ damage and these genes are independent and
interactive. Among the numerous susceptibility genes, HLA-D complex is dominant. Results from
the authors’ laboratories led us to postulate a unified hypothesis for SLE pathogenesis. This
hypothesis states that SLE-autoantibodies are initiated by environmental T cell epitope mimics of
the SLE-related autoantigens in hosts with susceptible HLA-D alleles. These autoantibodies
diversify over a period of years due the accumulation of cross-reactive T cells. This process
ultimately leads to the generation of organ specific autoantibodies and autoreactive effector T cells
due to the polyreactive nature of T and B cell receptors from hosts with susceptibility genes to end
organ damage, resulting in protean clinical presentations. This hypothesis accounts for most of the
features unique to SLE and has clinical implications as to how patients should be treated.
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Systemic lupus erythematosus (SLE) is a multi-system autoimmune disorder with protean
clinical picture in its initial presentation and relapses. It is considered a prototype of
autoimmune disorder. SLE has been a subject of intense investigation during the past five
decades. Despite significant progress regarding its pathogenesis, many questions remain to
be answered. In this review, we will mainly draw on the studies carried out in our laboratory
and provide a hypothesis that may be useful as a framework for future investigations.

Historical Perspectives
The history of SLE has been well summarized by Dr. Robert Lahita (1) and Thomas
Benedek (2). The term lupus was first applied to described the erosive facial lesion that
resembled a “wolf’s bite” in the 13 century. In the mid 1800s, interest in this skin disorder
was rekindled. With the characteristic skin disease as a marker, it was soon realized that the
disease also affects multiple internal organs. In the early 1900s, by postmortem studies, it
was soon realized that SLE could affect internal organs without the skin disorder. Thus the
wide spectrum of clinical presentations was well established by the 1970s and 1980s. With
the advent of laboratory tests in the last half of the 20th century such as false positive
syphilis test, LE cell test, indirect immunofluorescence test for antinuclear antibodies
(ANA), anti-dsDNA, anti-Sm, anti-RNP, anti-Ro and anti-La autoantibodies, the diagnosis
of SLE was made easier. However, it was soon discovered that the majority of these
autoantibodies are not specific for SLE and that these antibodies (Abs) are often found in
some healthy individuals and in patients with other diseases. It was also evident that there
are autoantibodies with numerous specificities other than those listed above (3).
Nevertheless the aforementioned autoantibodies dominate the diagnostic and research arenas
for historical reasons.

End Organ Damage vs Autoimmunity
It is apparent from the above brief summary of the history of SLE, the diagnosis of SLE
remains problematic because of its protean clinical presentation and the non-specific nature
of many of the diagnostic tests. This led to the formulation of the 1982 American College of
Rheumatology criteria for the classification of SLE by a committee led by Dr. Eng Tan (4)
and these criteria have been updated by Dr. Mark. Hochberg (5). In the 1977 updated
criteria, there are 11 criteria (table 1) and for the purpose of identifying patients in clinical
studies, a person has SLE if any 4 or more of the 11 criteria are present either
simultaneously or serially during the interval of observation. Criteria 1 to 9 deal with clinical
manifestations and these manifestations should be considered as end organ damage. Criteria
10 and 11 deal with positive serological tests for lupus-related antigens. Thus in this
classification, autoimmunity as measured by the established tests and end organ damage are
not linked. The dissociation of end organ damage and autoimmunity is important in both
basic consideration of the pathogenesis of SLE and clinical care. Implicitly, there are other
autoantibodies not currently measured by clinical laboratories in patients without positive
ANA and Abs to the SLE-related autoantigens. In addition, the reality that the autoimmunity
as manifested by the presence of ANA and Abs to the SLE-related antigens are present in
asymptomatic or healthy individuals was acknowledged by the committee in 1982 (4).
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Long Lag Period between the Detection of First Autoantibodies and
Diagnosis of SLE with Diversification of Autoantibody Specificities

Shortly after the description of false positive test for syphilis being detected in SLE,
Haserick and Long (6) reported in 1952, five cases of SLE in whom the appearance of these
false positive biological reactions preceded the clinical signs of SLE by as long as eight
years. In a recent publication, Arbukle et al (7) reaffirmed this earlier finding showing that
lupus related autoantibodies are present many years before the diagnosis of SLE. The lag
period was up to more than 9 years. It was also documented that patients accumulated
additional autoantibodies with diverse specificities before the diagnosis was made. In a more
recent detailed study (8) this group of investigators provided evidence to support the
conclusion that there are unique patterns of responses to linked particles such as snRNP and
Ro60/La. This diversification of autoantibody specificities has been termed epitope
spreading.

HLA-D Region Identified as a Dominant Lupus Susceptibility Locus
The familial occurrence of SLE has been well recognized. This was well documented by the
classical study of Arnett and Shulman (9). Studies on identical twins have documented the
high to moderate rate of concordance in monozygotic twins (10, 11). These studies support
the thesis that genetics plays a significant role of SLE. Shortly after the description of
human HLA-D related serology, it was demonstrated that the HLA-D region contained lupus
susceptibility gene(s) (12, 13). Recent genome wide association studies have identified
many candidate genes for lupus susceptibility (14). However, HLA-D region was repeatedly
identified to be a dominant genetic segment for lupus susceptibility (15, 16). In view of the
function of MHC class II genes in antigen presentation, the association of specific
haplotypes with SLE (17) must be considered and accounted for in any hypothesis of
pathogenesis of SLE.

Major Features of SLE Accommodated by Hypotheses of SLE Pathogenesis
From the above discussion, there are four major features in SLE to be considered in
postulating a comprehensive hypothesis. See table 2. These are 1) protean clinical
presentations at the initial diagnosis and in relapses with each patient having a unique
clinical course; 2) interactive and independent nature of autoimmunity and end organ
damage; 3) unique patterns of autoantibody diversification to linked autoantigen sets such as
SmD, SmB, and RNP proteins and this diversification process takes years; and 4) the
dominant role of HLA-D regions in SLE susceptibility.

During the past decade, our laboratory has been interested in developing models to address
the different aspects of SLE in order to formulate a coherent hypothesis for the pathogenesis
of SLE that may account for the aforementioned four major features of human SLE.

NZM2328 and its Congenics: Dissociation of Autoimmunity with End Organ
Damage

(NZBXNZW)F1 has been a very useful model for SLE (18). Recently, the New Zealand
Mixed (19) strains have been generated and further characterized (20). NZM strains were
derived from (NZWXNZB)F1 with multiple backcrosses to NZW. They were selected by
coat colors. Multiple strains were established as inbred strains by brother-sister mating.
They have various contributions from NZB and have varied phenotypes. They have ANA
and varying diseases affecting the kidneys and the neurological system. For example,
NZM2410 has severe nephritis and early mortality in both males and females and mild
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neurological symptoms. NZM2328 females have severe nephritis and early mortality
without neurological symptoms. NZM2328 males have mild nephritis without early
mortality. NZM88 males have severe neurological symptoms while its females have
moderate nephritis. NZM64 have little nephritis and no renal disease.

NZM2410 was utilized by Morel et al to map the lupus susceptibility genes (21). In linkage
studies involving the analysis of (NZM2410XB6) X NZM2410, Sle1, 2, 3 were identified as
SLE susceptibility genes linked to glomerulonephritis (GN). In this initial study, no genetic
loci were identified to be linked to the production of ANA and anti-DNA Abs. These three
loci have been bred to B6 to generate congenic strains, B6.NZMSle1, B6.NZMSle2 and
B6.NZMSle3. Unfortunately, none of these congenic strains have GN. The characteristics of
these congenic strains have been summarized in a review by Morel and Wakeland (22).
Sle1, Sle2, and Sle3 apparently interact with various B6 genes, resulting in various
autoimmune phenotypes. It is of interest to note that bicongenic and tricongenic strains
containing Sle1 with Sle2 or/and Sle3 show varying degrees of severe GN development,
indicating the dominance of Sle1 in the development of GN on B6 background (23). In
addition, the Sle1 locus has been shown to be a cluster of functionally related genes (24).
This cluster contains Sle1a, Sle1b and Sle1c. Because Sle1 was shown to be a lupus
susceptibility gene linked to GN, it was postulated that an additional gene, Sle1d within the
Sle1 locus contributes to GN. Thus far, the location of Sle1d remains to be determined.
Although considerable information has been generated in the characterization of the
B6.NZM congenic lines, the relationship of these observations as related to the original
mapping data, i.e. the pathogenesis of lupus GN remains to be clarified.

Our laboratory has taken another approach to study the genetics of SLE. NZM2328 was
chosen as a model because the clinical picture of this strain resembles that in human lupus
nephritis (25). Cognizant of the fact that GN can be readily classified as acute GN (aGN)
and chronic GN (cGN) and ANA/anti-DNA Abs, aGN and cGN are the three phenotypes,
linkage analysis of a (NZM2328 X C57L/J)F1 X NZM2328 cohort identified distinct loci
associated with three phenotypes. Cgnz1 on telomeric chromosome 1 displayed significant
linkage to cGN, severe proteinuria, and early mortality in female NZM2328 mice. Adaz1 on
chromosome 4 was suggestively linked to elevated levels of ANA and anti-dsDNA Ab.
Three loci were suggestively linked to aGN: Agnz1 on distal chromosome 1, Agnz2 on distal
chromosome 17, and the H-2-Tnf complex. Two congenic strains, NZM2328.C57L/Jc1
(NZM.Lc1) and NZM2328.C57L/Jc4 (NZM.Lc4) were generated by replacing the
respective genetic intervals containing Cgnz1/Agnz1 or Adaz1 with those from C57L/J as
shown in figure 1 (26). NZM2328.Lc1 (Lc1) females had markedly reduced incidence of
acute GN, chronic GN, severe proteinuria, and autoantibody production. NZM2328.Lc4
(Lc4) females developed acute GN, chronic GN and severe proteinuria without circulating
ANA, anti-dsDNA, and anti-nucleosome Ab. The phenotypes of the two congenic lines
confirm the genetic analysis results. The Lc4 congenic females show that anti-dsDNA Abs,
ANA and anti-nucleosome Abs are not needed for lupus nephritis, and the Lc1 congenic line
provided the opportunity to show that aGN and cGN are under separate genetic control.

These data have allowed us to propose a cooperative model for the pathogenesis of lupus
nephritis (figure 2). In this model (26), the production of classical lupus-related
autoantibody production is dissociated from end organ damage. The model predicts that
autoimmunity may not cause end organ damage in individuals with genes that render their
end organ resistant to damage either by immune complex mediated or cell mediated
mechanisms. The model also suggests that the interaction between the two pathways may
induce organ specific immunity that, in turn, can cause more inflammation and further
enhance the autoimmune response.
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As stated above, both Cgnz1 and Agnz1 are located on chromosome 1 and these loci are
within the replaced chromosome segment in NZM.Lc1. Several intra-chromosomal
recombinant lines have been generated. One of them NZM.Lc1R27 (R27) was extensively
characterized. R27 has an 8Mb segment from C57L/J. The Cgnz1 was replaced by the allele
from C57L/J without the replacement of Agnz1 locus. The females of R27 have aGN by
morphology and mild proteinuria without early mortality. Thus aGN does not need to
progress to cGN and immune complex deposition with complement activation may not be
sufficient to cause end stage renal disease in lupus nephritis. Preliminary data indicates that
Cgnz1 locus is located within an 1.34 Mb segment that is identical to the Sle1b segment (27,
Ge et al manuscript in preparation). Thus it is likely that the original identified Sle1 locus
and the later postulated Sle1d with GN as the phenotype is located in the Sle1b region.

Role of T Cells in Autoantibody Diversification in SLE
Mechanism of Intramolecular Epitope Spreading and the Presence of Similar B Epitopes in
SLE-Related Autoantigens

During the past decade, Ro60 and SmD have been used by us to study epitope spreading, a
mechanism by which autoantibody diversity is generated (28). The immune response to both
mouse and human recombinant Ro60 proteins induced autoantibodies in SJL but not in B6
with reactivity to La, Ro52, and proteins of the snRNP particle such as SmD, SmB, A-RNP
and 70kD U1-RNP (29). The Abs against Ro52, La and snRNP proteins were shown to be
reactive with B cell epitopes shared by Ro60 and these autoantigens because the immunogen
Ro60 absorbed these reactive Abs completely. In addition, a dominant T cell epitope in both
mouse and human Ro60 proteins was shown to be located on the peptide, Ro60316–335.
Similar to the Ro60 protein, this peptide induced multiple autoantibodies cross-reactive with
a panel of SLE-related antigens. In addition this peptide induced autoantibodies to multiple
B cell epitopes within the Ro60 peptides (30). Some of these Abs were able to be absorbed
by the immunizing peptides while other Abs were not cross-reactive with the immunogen.
These data indicate that intramolecular epitope spreading is responsible for the generation of
anti-Ro60 Abs with complex specificities. In addition, autoantibodies cross-reactive with
multiple SLE-related autoantigens are generated. The presence of multiple cross reactive B
cell epitopes among SLE-related of autoantigens has also been confirmed by human
autoantibodies (31). Our data extended those by other investigators (8, 32). The cross-
reactive epitopes are much more numerous than those analogous to PPPGRRP and related
linear determinants expressed by SmD, A-RNP protein, SmB and EBV (8).

Intermolecular B Epitope Spreading within SnRNP
In 1986, Dr. John Hardin (33) proposed the “Particle Hypothesis” for the initiation of
antibody responses to SLE-related antigens. Subsequently, Craft and colleagues have
specifically sought evidence for this hypothesis (34). Data from our laboratory showed that
in A/J mice immunized with recombinant mouse SmD, SmB or A-RNP producd Abs to
these proteins in specific patterns as summarized in table 3 (35). In SmD-immunized mice,
specific Abs to A-RNP and SmB were generated by 2 mo postimmunization, in addition to
the detection of cross-reactive Abs between the immunogen and other snRNPs. Whereas
Abs reactive with the immunogen decreased by 5 mo, Abs capable of immunoprecipitating
A-RNP and SmB increased. In SmB-immunized mice, specific Abs to A-RNP were readily
detectable, in addition to cross-reactive Abs. In contrast, A-RNP-immunized mice had only
cross-reactive Abs to SmB without detectable Abs to SmD. However, in these mice, specific
Abs to the 70-kDa protein were generated. Abs, which precipitated the native snRNP
particle, were generated in all three groups of the immunized mice. These patterns of epitope
spreading are very similar to those observed in patients with SLE and in MRL/lpr mice (8,
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36). These results suggest that whole snRNP particles need not be the initiating antigens as
previously suggested (33, 34, and 36).

In further experiments, three T cell epitopes of SmD were mapped in A/J mice (37). One of
them, SmD52–66 induced a better response to A-RNP and perhaps SmB than to SmD. This
result has significant implications in postulating initiating antigen from analyses of
serological activities of serial SLE sera (8). Relevant to this discussion is the observation by
Fisher et al (38) that that there were temporal shifts from reactivity to Sm to RNP in SLE
patients. In one instance, the shift occurred within an eight week period. Therefore the
conclusion that initiating antigen of anti-snRNP response in SLE is the A-RNP may be
premature. This is complicated by the observation that different assays may yield differing
conclusions regarding the initiating antigens (8).

It has been postulated that B cell mimics can initiate multiple SLE-related autoantibodies
(8). This conclusion is based on the observations that two octopeptides, OOOGMRPP and
PPPGIRGP that linked to a lysine backbone (MAP™) were able to induce spliceosome
autoimmunity (39) and that B cell epitope of EBNA-1 cross-reactive with Ro60 can induce
anti-Ro60 Abs (40). In both cases, the immunized rabbits had clinical pictures such as
leucopenia, thrombocytopenia and renal dysfunction. These investigators did not consider
the role of T cells in these studies. Related to the role of B epitope mimicry in the initiation
of SLE-related autoantibodies, the observations by Diamond and colleagues should be
considered (reviewed in 41). By a peptide display phage library, DWEES was identified to
be a mimotope for dsDNA and DWEYSVWLSN-MAP induction of anti-dsDNA and SLE-
like disease is T cell dependent. These observations suggest the revisit of the hypothesis of
B cell mimicry as the initiation of SLE-related autoantibodies. At any rate, the B epitope
mimicry hypothesis cannot adequately account for the unique patterns of epitope spreading
in anti-snRNP responses as discussed above.

It should be apparent that our investigation on the mechanism of B epitope spreading in the
anti-snRNP response has been centered on the role of T cells. In SmD immunized mice,
using a ELISPOT assay to detect antigen-specific T cells, 52 SmD-specific T cells/
1,000,000 splenic cells were detected on day 30. By day 90, this number increased to 176. In
contrast, 7 A-RNP-specific T cells/1,000,000 splenic cells were detected on day 30, and this
number increased to 23 on day 90 when epitope spreading to A-RNP was evident. With a T-
T hybridoma technique, T cells with dual reactivity to SmD and A-RNP were detected (42).
Our views on the role of T cells have been summarized in figure 3. Panels I-III depict
scenarios that cannot explain the unique patterns of epitope spreading within snRNP when
mice were immunized with individual proteins. In these three scenarios, more random
patterns of epitope spreading are expected. Thus panel IV represents the most likely
hypothesis taking into account that cross reactive T cells are present and pivotal in
controlling the patterns of epitope spreading.

Role of HLA-D Region in the Initiation and Diversification of SLE-Related
Autoantibodies

In order to elucidate the mechanism by which HLA-D loci exert their dominant role in SLE
susceptibility, collaboration was initiated between our laboratory and that of Dr. Chella
David to utilize mice with HLA-DR and DQ transgenes to study the HLA-D restricted
initiation and diversification of SLE-related autoantibodies. In the initial study (43), mice
with HLA-DR2, DR3, DQ6 or DQ8 were immunized with human Ro60 and their immune
responses were ascertained over a period of 12 months. Multiple DR- or DQ- restricted T
cell epitopes were mapped in human Ro60. Mice with HLA-DR2 and DR3 mounted the
most vigorous response when their sera were assayed against mouse Ro60 by
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immunoprecipitation. By Western blot analysis, epitope spreading was detected to La in
immunized DR2 transgenic mice in that the immunogen did not abolish the reactivity to La.
The limitation of this investigation is that there are considerable amino acid sequence
differences between human and mouse Ro60 molecules and whether these amino acid
sequence differences play a role in the observed immune responses remains to be
determined. To circumvent this complication, SmD that has an identical amino sequence
acid in both human and mice was used as the immunogen (44). The results were remarkable
in that by ELISA, mice with DR3, DR4, DQ8, DQ601 or DQ604 transgene responded to
immunization with recombinant SmD but only the DR3 and DQ604 transgenic mice made
immunoprecipitating Abs to in vitro translated SmD protein. In addition, the immune
response was more robust in the DR3 transgenic mice. Among the immunized DR or DQ
transgenic mice, only DR3 transgenic mice made Abs to C-RNP and to dsDNA. About half
of the anti-dsDNA Abs were absorbed by SmD, the immunogen. It is also remarkable that
epitope spreading followed the pattern from SmD to A-RNP and then to SmB. These
observations led to the conclusion that HLA-DR3 is a dominant allele in the initiation of
anti-snRNP. They also provide insight into the origin of anti-dsDNA Abs.

Initiation of anti-SmD Immune Response by Environmental Antigens with
HLA-DR3 Restricted T Cell Epitopes

From the family and twin studies (9–11), it is evident that environmental factors interplay in
the pathogenesis of SLE. It is also very instructive that two of the unaffected identical twin
pairs in the original report (10) were positive for anti-U1RNP and anti-Sm Abs by ELISA
although they did not have positive ANA (45). It is of note that the recently introduced
BioRad miltiplex bead assay system, the BioPlex 2200™ for autoantibodies reports semi-
quantitative values from 0–8 AI (Ab index). The cut off positive value for each assays was 1
AI, indicating that the autoantibodies of diverse specificities were detected in normals in low
AI (0.2–1). Recently, it has been demonstrated in healthy Chinese and Swedish individuals
that circulating non cross-reactive IgG anti-pyeloperoxidase, anti-protease 3 and anti-
glomerular basement membrane Abs were readily detectable (46). It is of interest to note
that the Chinese have more of these Abs. The quantitative differences may be due to
environment in that the Chinese may be exposed to more subclinical infections from the
environment.

On the T cell level, T cells reactive to snRNP have been reported to be present in both SLE
patients and normal individuals (47). Normal individuals have also been shown to have
reactivity to Ro60 peptides (S-J Sung, unpublished observation). In other autoimmune
diseases such as multiple sclerosis (MS), T cells reactive to MS-related autoantigens have
been shown in normal individuals (48). Since CD4+ T cells are positively selected on Class
II restriction, it is reasonable to expect that all circulating T cells have some autoreactivity.
The summary report by Wucherpfennig et al (49) states clearly the polyspecificity of T and
B cell receptor recognition. This information forms the rationale for us to seek bacterial
mimics that can induce SLE-related autoantibodies.

With DR3 transgenic mice, a dominant DR3 restricted T cell epitope was identified in the
SmD79-93 peptide. A T-T, hybridoma, C1P2 that recognized this peptide and SmD was
generated from a DR3 transgenic mouse immunized with SmD79–93 and used to identify
contact residues either with HLA-DR3 or with TCR by alanine substitutions. Conservative
substitutions were made. Pattern recognition search (http://pir.georgetown.edu) using above
structural criteria yielded 430 mimics. This number was reduced to 121 human pathogen or
self antigen related mimics. Twenty of these have DR3 binding motif by the software
analysis (http://www.imtech.res.in/raghava/propred/). One of these peptides namely P20 was
located in galactoside ABC transporter, ATP-binding protein from C. vibrio and was able to
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stimulate the T-T hybridoma, C1P2 in a DR3 restricted manner. Another T-T hybridoma,
P20P1 was generated from a DR3 mouse immunized with P20. This hybridoma was able to
respond to SmD, P20, SmD79–93, and P17, a peptide in the putative tetracenomycin
polypetide synthesis O-methyltransferase (TcmP) from Streptococcus agalactiae, and P11, a
peptide from La-related protein 1 in man. P20, P17 and P11 were used as immunogens to
immunize DR3 transgenic mice. They induced anti-SmD Abs with diversification to A-RNP
to varying degrees. These autoantibodies are not crossreactive to the immunogens. These
results have been presented as an abstract (50). Recently a similar approach has been made
with R060 T epitopes and more bacterial mimics have been identified. Immunizations have
been initiated with some of the mimics to determine whether the immunized DR3 mice
make anti Ro60 Abs. These results indicate that anti-SLE autoantibody response can be
initiated by multiple bacterial T epitope mimics in a DR restricted manner, providing
definitive evidence to support our hypothesis that autoimmune response to SLE-related
antigens are initiated by multiple environmental T epitope mimics that are cross-reactive
with the autoantigen of interest and that expansion of the cross-reactive clones may take a
long time to accumulate in order to overcome the peripheral regulatory mechanisms to
provide sufficient T help to generate autoreactive Abs of sufficient quantity to be of
diagnostic value (panel A, figure 4). In this process, effector T cells against various organs
may also be generated. The randomness of this process may explain the protean nature of
clinical presentations during the initial diagnosis and in relapse (panel B, figure 4).

Concluding Remarks
In this review, a coherent hypothesis for the pathogenesis of SLE is put forth to account for
major features of the syndrome as outlined in table 2. We have postulated that
environmental T cell mimics stimulating autoreactive T cells are responsible for the
initiation of autoantibodies to SLE-related autoantigens. These T cell responses are
restricted by relevant HLA-DR and/or DQ molecules. Normally the generation of these
crossreactive T cells is down-regulated by peripheral mechanisms such as the generation of
T regulatory cells. In SLE patients, this process was short-circuited by leading to the
accumulation of significant crossreactive T cells so that significant autoantibodies are
generated to be of diagnostic value. T cell mediated mechanisms leading to autoantibody
diversification over a period of years result in complex autoantibody specificity. Some of
these Abs may be tissue specific. Through this process, autoreactive effector cells with
organ specificity may be generated. These autoreactive Abs and T effector cells will cause
end organ damage, which in turn heighten inflammation in the targeted organ. Implicit in
this model is that therapy should be targeted to decrease the complexity of the autoreactive
Abs and T cells, suggesting that complexity of autoantibody specificity should be a
biomarker as a end point for therapy. Since general inflammation may decrease the
threshold of autoreactive T and B cells for activation, general suppression of inflammation
should be instituted. This scenario suggests that long term therapy with agents such as
hydroxychloroquine and immuno-regulatory agents such as mycophenolate and rapimycin
can be used in SLE patients to prevent relapses. To reduce side effects, long term use of
hydrocortisones such as prednisone should be discouraged.

This review also identifies targets for future investigation. It is important to continue to
elucidate mechanisms that lead to specific patterns of B cell epitope spreading. How to
translate our observation to patients remains a major challenge. In this regard, studies on
SLE patients’ populations in a different environment and studies on selected patients over a
long period of time may be helpful. Our hypothesis does not exclude other competing
hypotheses except that ours provides an explanation to account for the dominant role of
HLA-D as a disease susceptibility locus.
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Figure 1.
NZM.C57/Lc1 (Lc1) and NZM.C57Lc4 (Lc4) congenic lines were derived by replacing the
genetic intervals in NZM2328 with those from C57L/J (hatched bar). The genetic intervals
with SLE susceptibility genes in NZM2328 delineated by informative microsatellite markers
are shown (open bars). Chromosome intervals are drawn to scale. The genes involved in Lc1
and Lc4 congenic lines are Cgnz1 and Agnz1, and Adaz1 respectively. The characteristics of
these two congenic lines are included (modified from 26).
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Figure 2.
Proposed model for the pathogenesis of SLE describes the independent and yet interactive
nature of the genes contributes to autoimmunity and end organ damage. I, Autoantibody
production and activation of effector T cells and II, activation of susceptibility for end organ
damage, can be initiated independently while they interact at different levels as indicated by
pathways III and IV. Interaction of these pathways leads to end organ damage (26).
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Figure 3.
Possible mechanisms for intermolecular epitope spreading within the snRNP complex. For
simplicity, only three components of snRNP are included in this illustration. Four possible
mechanisms are illustrated: I. Intrastructural T cell help hypothesis. II. Role of immune
complexes in epitope spreading. III. Role of cross-reactivity in epitope spreading and IV.
Epitope spreading controlled by cross-reactive T cells. Mechanisms I-III cannot account for
the specific patterns of epitope spreading. There is no evidence for the generation of specific
Abs from cross-reactive Abs. There is evidence to support mechanism IV and further
experimental approaches can be designed to test its validity.

Fu et al. Page 16

J Autoimmun. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Generation of autoreactive Abs and effector T cells in SLE by environmental T cell epitope
mimics. A. Accumulation of cross-reactive T cells as a consequence of response to
environmental mimics in hosts (HLA-DR3+) with lupus susceptibility genes but not in hosts
(HLA-DR3+) without these genes. B. The accumulation of diverse autoantibodies as a
response to these mimics generates pathogenic autoreactive Abs and effector T cells. After
therapy, the complexity of these autoantibodies and autoreactive T cells are reduced, leading
to remission. Over a period of time after discontinuing therapy, the complexity of
autoantibodies and effect T cells returns leading to a protean clinical presentation in
relapses. The mimics reside on a diverse array of environmental antigens and the chances for
exposure to these mimics are random, providing a scenario in that SLE is not caused by a
single pathogen. This mechanism has the flavor of a stochastic process.
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Table 1

The Revised Criteria for the Classification of Systemic Lupus Erythematosus

End Organ Damage Autoimmunity

1 Malar rash

2 Discoid rash

3 Photosensitivity

4 Oral ulcers

5 Arthritis

6 Serositis

7 Renal disorder

8 Neurological disorder

9 Hematological disorder

10 Immunological disorder

Anti-DNA

Anti-Sm

Anti-phospholipids

Lupus anticoagulant

False positive serological test for syphilis

11 Abnormal titer of ANA at any time

a
Modified from Tan et al (4) and Hochberg (5).

b
For the purpose of identifying patients in clinical studies, a person must have 4 or more of the criteria present serially or simultaneously, during

any interval of observation.
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Table 2

Major Features of SLE that should be Accommodated by Hypotheses of SLE Pathogenesis

1 Protean clinical presentations at the initial diagnosis and in relapses with each patient having a unique clinical course;

2 Interactive and independent nature of autoimmunity and end organ damage;

3 Unique patterns of autoantibody diversification to linked autoantigen sets such as SmD, SmB, and RNP proteins and the
diversification process over a period of years; and

4 Dominant role of HLA-D regions in SLE susceptibility.
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Table 3

Summary of intermolecular epitope spreading in A/J mice immunized with recombinant SmD, SmB, and A-
RNP

Immunogen Ab Response Spread

SmD A-RNP, SmB

SmB A-RNP, SmDa

A-RNP 70 kDab, cross-reactive Abs to SmB

a
Only by immunoprecipitation in one mouse.

b
Detected by Western blot analysis only. (35)
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