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Abstract

Systemic lupus erythematosus (SLE) is a prototype of systemic autoimmunity affecting many
systems. Both antibodies and autoreactive T cells play significant roles in its pathogenesis.
Experimental data and clinical observations indicate that autoimmunity and end organ damage are
under separate genetic control and that there are significant interactions between these two
pathways. Experimental evidence has been obtained to support the hypothesis that autoantibodies
and autoreactive T effector cells may be initiated by environmental factors through molecular
mimicry and the inherent polyreactive nature of antigen receptors. A unified hypothesis has been
postulated for the pathogenesis of SLE that has practical implications.

Systemic lupus erythematosus (SLE) is characterized by the presence of autoantibodies of
diverse specificities and protean clinical presentation. It is considered a prototype of
systemic autoimmunity. In the recent past, significant progress has been made in our
understanding of the pathogenesis of SLE (Tsokos, 2011; Crow, 2013) During the past
several years, we have carried out genetic studies on a novel lupus prone mouse model,
NZM2328 (Waters et al, 2001; Waters et al., 2004; Ge et al., 2009). We have also utilized
mice expressing human HLA-DR antigens to explore the role of microbes in the initiation of
autoantibody response to lupus-related antigens (Deshmukh et al., 2011). The results lead us
to put forward the hypothesis that autoimmunity and end organ damage are under separate
genetic controls. Although autoimmunity may be an inherent part of the immune response, it
does not necessarily lead to end organ damage (Waters et al., 2004; Ge et al., 2009). HLA-
DR as a susceptibility gene exerts its effect through presentation of microbial antigensto T
cells that are also reactive to autoantigens (Deshmukh et al., 2011). The latter conclusion
puts great emphasis on the influence of environmental factors on the pathogenesis of SLE.
In addition, the initiation and expansion of lupus related autoantibodies may be mediated by
responses to environmental antigens.
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End Organ Damage vs Autoimmunity

In considering the pathogenesis of autoimmune diseases, autoimmunity either at the
antibody or effector levels traditionally has been emphasized (Tsokos, 2011; Crow, 2013).
The most recent GWAS studies on autoimmune disorders such as SLE, multiple sclerosis,
type 1 diabetes mellitus and rheumatoid arthritis have identified a shared set of genes that
contributes to immune responsiveness (Crow, 2013; Rose and Bell, 2012; Tsokos, 2011).
Little attention has been devoted to the responsiveness of target organs to the effector
antibodies or the cells. The underlying cause for this dichotomy is not apparent. Perhaps it is
due to the inherent nature of the term, “autoimmune diseases”.

Experimental Model NZM2328 for Proliferative Lupus Nephritis

In experimental lupus glomerulonephritis, the (NZB/NZW) F1 has been a well-studied
murine model (Thiofilopoulos and Dixon, 1985). In this model, the female mice develop
anti-nuclear antibodies and immune complex mediated glomerulonephritis (GN) resulting in
premature death. Recently, revived interest in the New Zealand strains of mice has been
generated due to the availability of the New Zealand Mixed (NZM) mice (Rudofsky et al.,
1999). The NZM mice are inbred strains of mice generated from extended intercrosses from
NZB/NZW F1 with various contributions from NZB and NZW. It is of interest that these
strains have various phenotypes including anti-nuclear antibodies (ANA) and varying
clinical presentation such as immune complex mediated GN and neurological disorder. For
example, NZM64 mice have positive ANA without any clinical symptoms while NZM2410
mice have positive ANA and chronic GN (cGN) with early death in both sexes. The data
from NZM strains support the hypothesis that autoimmunity and end organ damage are
under separate genetic control.

Our laboratory has been using NZM2328 as a model for genetic and cellular studies on
lupus proliferative GN (Waters et al., 2001; Waters et al., 2004; Ge et al., 2009). In this
strain, the majority of mice mice develop ANA and anti-dsSDNA antibodies. cGN and severe
proteinuria with associated early mortality are seen only in females. In males, despite the
presence of circulating autoantibodies that are similar to the females in titers and kinetics of
development, very few of them progress to cGN with end stage renal disease and premature
death. In a backcross analysis of (NZM2328XC57L/J)F1XNZM2328 (Waters et al., 2001), a
single locus, Adaz1 was identified to be associated with the production of ANA and anti-
dsDNA antibodies on chromosome 4. In this backcross analysis, acute GN (aGN) that is
characterized by cellular proliferation, focal necrosis and epithelial crescents with little
tubular or interstitial changes is observed as a distinct phenotype from cGN that may have
tubular dilatation and interstitial infiltrate and fibrosis in addition to all the characteristics of
aGN. A single locus, Cgnz1 that associated with cGN was identified on the distal end of
chromosome 1. Three loci were identified to be associated with aGN: Agrnz1 on
chromosome 1 distal to Cgnz1, the H-2-Tnfcomplex and Agnz2distal to the H2-Tnf
complex on chromosome 17. Two congenic lines NZM2328.Lc1(Lcl) and NZM2328.Lc4
(Lc4) were generated by introgression of a genetic segment of C57L/J from chromosome 1
or 4 containing CgnzI and AgnzIor Adazlto NZM2328 (Waters et al., 2004). The
phenotype of these two congenic lines confirmed the genetic data in that Lc1 females have
markedly reduced incidence of proliferative GN with no early mortality and that Lc4
females have cGN and end stage of renal failure in a manner not distinguishable from
NZM2328 despite lack of ANA and anti-dsDNA antibodies. These data support the thesis
that autoimmune responses can be separated from end organ damage and that anti-ds DNA
and ANA need not be a part of lupus nephritis.

Recently, we have generated multiple intrachromosomal 1 recombinant strains from Lc1.
One of them named NZM2328.Lc1R27 (R27) in which an 8 Mb genetic segment from
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C57L/J that contains only Cgnz1, was introgressed to NZM2328 (Ge et al., 2009). The
female mice of R27 have immune mediated GN without severe proteinuria. These female
mice have normal renal function and normal life span. Additional experimental evidence has
been obtained that support the thesis that CgrnzZ confers end organ resistance to damage.
Thus it is firmly established that autoimmunity and end organ damage are under separate
genetic control.

Clinical Observations

For clinical investigation, the American College of Rheumatology has published
classification criteria for SLE (Tan et al., 1982; Hochberg, 1997). Among the proposed
eleven criteria, nine address clinical presentations and the remaining two pertain to the
presence of autoantibodies. In a previous review (Fu et al., 2011), these eleven criteria were
classified into two broad categories: end organ damage and autoimmunity. The
manifestations of end organ damage include malar rash, discoid rash, photosensitivity, oral
ulcers, non-erosive arthritis, serositis, renal disorders with persistent proteinuria and cellular
casts, neurologic disorders such as psychosis and seizure and hematologic disorders
including hemolytic anemia, leukopenia, lymphopenia and thrombocytopenia. The two
criteria for serologic evidence of autoimmunity are (A) antibodies to native DNA in
abnormal titers, antibody to Sm nuclear antigen, and/or positive finding of antiphospholipid
antibodies based on (a) an abnormal serum level of 1gG or IgM anticardiolipin antibodies,
(b) a positive test result for lupus anticoagulant using a standard method, and/or (c) a false-
positive serologic test for syphilis and (B) an abnormal titer of ANA by
immunofluorescence. The consensus recommendation was that SLE patients should have at
least four of these 11 criteria either concurrently or sequentially during their illness. Implicit
in these classification criteria is the scenario that individuals may have detectable levels of
autoantibodies as commonly measured in clinical laboratories without any symptoms and
that patients may have SLE without the presence of autoantibodies that are customarily
tested in the clinical laboratories. Although not stated in the initial publication, the
committee could not resolve the question as to the unique usefulness of autoimmune
parameters as measured in clinical laboratories. None of the autoantibodies has been directly
linked to specific end organ damage. Numerous clinical examples exist of individuals with
positive autoantibody tests who never go on to develop manifestations of autoimmune
disease further emphasizing that the presence of autoantibodies is not sufficient to lead to
the development of end organ damage.

In clinical practice, the presentation and course of SLE are variable (Tsokos, 2011). In the
cases of lupus nepbhritis, the responsiveness of patients to therapy is also variable.
Nevertheless, despite the progress in therapy of lupus nephritis, the incidence of end stage
renal disease in patients with lupus nephritis remains constant over the past two decades
(Ward, 2009) suggesting that some patients are very susceptible to end organ damage while
the majority of the cases are relatively resistant. Whether this difference is under genetic
control is being investigated.

Recently, a familial form of SLE has been reported with six Arab families involved (Al-
Mayouf et al., 2011). The inheritance represents a dominant recessive pattern. All six
families have a history of consanguinity. The candidate gene was identified to be a loss-of-
function variant in DNASEIL3. Of 27 offspring, 17 were diagnosed to have SLE. The
clinical presentations of 17 affected individuals were of interest (table 1). Eleven of them
have nephritis with hypocomplementemia. One of these patients with nephritis had no
detectable anti-dsDNA antibodies. The other six individuals had positive ANA and anti-
dsDNA antibodies along with hypocomplementemia. The intervals between the diagnosis of
SLE and the time of the publication were 1. 1.5, 5.5, 7.5, 8 and 13 years. Thus despite
consanguinity and the presence of lupus nephritis in at least one sibling and marked
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serological abnormalities, the phenotype of these six individuals suggest the presence of
genes that are capable to confer resistance to kidney damage.

On a population basis, a recent publication (Satoh et al., 2012) suggests that more than 32
million persons in the US population have positive ANA and the prevalence was 13.8% for
individuals over 12. This prevalence remains relatively constant for each decade of age.
These findings suggest that in the majority of individuals with positive ANA, SLE does not
develop further suggesting that breaking tolerance to nuclear antigens as indicated by being
ANA positive may not have clinical significance.

In summary, both experimental results and clinical data suggest that autoimmunity and end
organ damage are under separate genetic control and that autoimmunity may not lead to end
organ damage as depicted in figure 1. These conclusions suggest that SLE remains a clinical
diagnosis and that the application of the ACR classification criteria should be flexible. In
addition, individual variability should be taken into consideration in treating SLE patients.

Origin of Autoantibodies to Lupus-Related Autoantibodies and
Autoreactive T Cells in SLE

As reviewed by Crow (Crow, 2013), the etiology of SLE remains largely unknown.
Similarly the causes of appearance of autoantibodies such as ANA in both patients and
normal individuals remain to be determined. However, emergent evidence in the press and
from our laboratory suggests that molecular mimicries at the T cell level should be
considered seriously.

Despite the identification of more than 30 candidate lupus susceptibility genes, the MHC
complex region remains the most important loci for SLE (Graham et al., 2007, Hom et al.,
2008). Utilizing mice expressing human HLA-DR regions, we have shown that mice with
human HLA-DR2 and DR3 are capable of generating a diverse immune response while
those with human DR4 failed to do so (Paisansinsup et al., 2002; Jiang et al., 2010;
Deshmukh et al., 2011). Most importantly mice with DR3 can make antibodies to proteins
within the snRNP particles including the SmD, SmB, A and C proteins (Jiang et al., 2010).
In addition, they make anti-dsDNA antibodies. About 1/3 of these anti-dsDNA antibodies
could be absorbed with the immunogen SmD. These results are congruent with the
observation by Reichlin et al that anti-dsDNA antibodies are cross-reactive with proteins
within the snRNP particles (Reichlin et al., 1994). These data provide significant
information regarding the role of HLA-D region in the pathogenesis of SLE and they
support the thesis that the origin of the anti-dsDNA antibodies in humans is the result of the
generation of antibodies to snRNP some of which are cross reactive with dsDNA.

Although there has been a considerable amount of literature regarding the role of molecular
mimicry in multiple sclerosis, experimental autoimmune encephalitis and other autoimmune
diseases such as type 1 diabetes (Hemmer et al., 1999; Martin et al., 2001; Wucherpfenning
et al., 2007; Wucherpfennig and Sethi, 2011), little has been published in this area regarding
SLE. In view of the observation that lupus autoantibody response is antigen driven and T
cell dependent (Peng and Craft, 1996), we have devised an experimental system to identify
microbial mimics that can stimulate T cells autoreactive to SLE related autoantigens. Some
of these mimics have the capability to induce lupus related autoantibodies (Deshmukh et al.,
2011). In this system, we have taken advantage of the availability of mice that do not
express endogenous class 11 antigen but express the HLA-DR3 transgene. We were able to
demonstrate that these mice make antibodies to SnRNP, nuclear antigens and dsDNA in
response to immunization with SmD (Jiang et al., 2010). The choice of SmD as the
immunogen is based on the observation that the amino acid sequences of mouse and human
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SmD are identical. The T cell epitopes in the context of presentation by DR3 were
identified. One of the dominant epitopes was identified to be located within SmD79_g3
(Deshmukh et al., 2011). A T-T hybridoma, C1P2 reactive to SmD7g_g3 was generated
following immunization with SmD and used for further experiments. By alanine
substitution, aa81-aa88 were found to be involved in either binding DR3 or TCR. By
homology search with allowable amino acid substitutions, 20 peptides were identified to be
of human or microbial origin. In addition to reactivity to SmD and SmDvg_g3, the T-T
hybridomas, C1P2 was found to be reactive with P20, a peptide from the galactoside
transporter aal45-159 of Vibrio cholera. With P20 as the immunogen, another T-T
hybridoma, P20P1 was generated. This hybridoma was polyreactive in that it was reactive to
SmD, SmDzg_g3, P20, P17 (TcmP methyltransferase aa215-aa229 from Strepfococcus
agalactiae), and P11 (La related protein 1 aa926-aa229 from Homo sapien). Immunization
with P20, P17 and P11 revealed that P20 is immunogenic in that the immunized mice made
antibodies to the immunogen as well as to A protein within the SnRNP. Some of these
observations are summarized in table 2.

It is apparent that many of the autoreactive T cells are polyreactive. They utilize multiple
TCR. It is also important to recognize that these T cell epitopes have diverse chemical
structures. The observation that autoreactive T cells can readily identified from the
immunization with a microbial peptide such as P20 supports the thesis that autoreactive T
cells and autoantibodies are frequently generated from infections. This thesis is supported by
the detection of lupus related autoantibodies such as ANA, anti-phospholipid antibodies in
patients with subacute endocarditis (Bonaci-Nikolic et al., 2007), a condition with constant
antigenic stimulation resembling that in an autoimmune response. Additionally, this is
supported by the clinical observation of lupus flares in SLE patients following infections.

The fact that microbial antigens can initiate an autoimmune response should not be
surprising in view of the well-established paradigm that positive selection of T cells are
based on self class Il molecules for CD4* T cells and on self class | molecules for CD8* T
cells. This suggests that all T cells have the potential of being autoreactive. It is peripheral
regulation that keeps these T cells at bay. These circulating autoreactive T cell are likely to
have intermediate and low affinity for autoantigens. Through negative selection,
autoreactive T cells with high affinity are deleted. Thus it is likely that lupus-related
autoantibody responses can be initiated by multiple mimics in a DR restricted manner. Once
initiated, autoantigens and innate immune mechanisms can amplify the autoimmune
response leading to epitope spreading. This process results in the generation of
autoantibodies of complex reactivity and effector T cell again various organs. This process
is depicted in figure 2.

Conclusions

In this review, we have outlined our views on the pathogenesis of SLE. Our hypothesis
places an emphasis on the dissociation of autoimmunity from end organ damage and the
likelihood that environmental antigens play a major role in the initiation of autoantibodies
and the generation of autoreactive T effector cells that may cause end organ damage. The
hypothesis explains the protean clinical presentation in SLE, the dominant role of HLA-D
region in SLE susceptibility and the remitting/relapsing nature of the illness. It offers a
logical approach in therapy in that serological abnormality without end organ damage
should not be treated with immunosuppressive drugs and that inflammation of any cause
should be suppressed as a part of therapy and prevention of relapses.
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Figure 1.

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 Il, activation of susceptibility for end organ
damage, can be initiated independently while they interact at different levels as indicated by
pathways 111 and IV. Interaction of these pathways leads to end organ damage (Waters et al.,

2004).
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Figure2.

Generation of autoreactive Abs and effector T cells in SLE by environmental T cell epitope
mimics. Accumulation of cross-reactive T cells is a consequence of responses to
environmental mimics in hosts withsusceptibility genes as depicted in A but not in hosts
without these genes as depicted in B. In C, the accumulation of diverse autoreactive Abs and
T cells as a response to these mimic results in varied SLE clinical presentation. 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 effector 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

Discov Med. Author manuscript; available in PMC 2013 July 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lewis et al.

Page 10

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 (Fu et al., 2011).
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Table 2

Hybridomas C1P2 and P20P1 react with different antigens and use different TCRs (modified from Deshmukh
etal.,, 2011)

Hybridoma Immunogen Reactivity Va VB

C1P2 SmD SMD, 4SmMDygegs’ bpog TRAV6D-7*04; TRAJ43*01  TRBV13-1*02; TRBD1*01; TRBJ1-1*01

P20P1 P20 SmD, SMDyge03, P20, P11, TRAV12D-2*02; TRAJ16*01 TRBV13-3*01; TRBD2*01; TRBJ2-5*01
17

aSmD7g_93 LLVDVEPKVKSKKRE SmD aa79-aa93 (Homo sapiens)
bPZO LD I D IDPKVKVATLS Galactoside ABC transporter aal45-aal59 (V. cholera)
cPll KNLD I DPKLQEYLGK La-related protein 1 aa926-aa940 (Homo sapien)

dP17 El VDLDPKLKQ I NL I TcmP methyltransferase aa215-aa229 (S. agalactiae)
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