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Systemic lupus erythematosus (SLE) is a chronic multisystem autoimmune disorder associated with multiple immunological
abnormalities and a wide range of clinical manifestations. Recent progress in genetics has expanded the number of the genes
associated with SLE to more than 20 in number and has contributed to improvement of understanding of the pathogenesis of the
disease. This has enhanced the development of novel therapeutic targets and biomarkers for individualized and tailor-made clinical
management of lupus patients. Despite this knowledge, however, it is a challenge to fully understand the genetic pathogenesis of
the disease. The present paper describes the current concepts in the mechanisms, genomics, and pathogenesis of SLE and their
implications for management of the disorder. The potential role of gene therapy, biological agents, intravenous immunoglobulin,
anti-inflammatory cytokines, and cytokine inhibitors is discussed.

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic multisystem
autoimmune disorder characterized by the development of
autoantibodies and immune complexes in association with
a wide variety of clinical manifestations and tissue damage.
Several defects of multiple immunological components play
a role in the pathogenesis of SLE [1]. A wide range of im-
munological abnormalities have been described in SLE, and
include the ability to produce pathogenic autoantibodies,
lack of T- and B-lymphocyte regulation, and defective clear-
ance of autoantigens and immune complexes. Majority of
autoantibodies found in lupus are directed at intracellular
nucleoprotein particles, with 98% of patients demonstrating
antinuclear antibodies, while anti-double-stranded DNA
(dsDNA) antibodies are found in 50-80% of patients [2].
These latter autoantibodies are exclusive to lupus. The precise
etiology of SLE remains to be defined; however, it is known
that genetic predisposition and environmental and hor-
monal factors play important roles. These factors interact
to transform complex relations between the host, pathogens,
and the environment. Along with recent advances in genetic

research, newly discovered genes associated with SLE con-
firm the preexisting concept of pathogenesis and may also
provide new biologic insights into the pathogenesis of the
disorder [3]. We herein review the current concepts in the
mechanisms, genomics, and pathogenesis of SLE and their
potential implications for management of the disorder.

2. Pathogenic Mechanisms

SLE is characterized by exacerbations and remissions with
various clinical manifestations affecting multiple organ sys-
tems, including the skin, kidney, joints, cardiovascular, and
nervous system. Three important factors have been identified
in the pathogenesis of SLE: endocrine-metabolic, environ-
mental, and genetic [2].

The predominance of lupus in females suggests that hor-
mones play a significant role in susceptibility. Environmental
factors that cause or exacerbate SLE include viruses (e.g.,
Epstein Barr virus) and chemicals. However no firm conclu-
sion has been made in this regard, although cross-reactivity
between antibodies to autoantigens such as Ro and Sm found



in lupus patients and antibodies to viruses has been observed
[4]. Ultraviolet light, sunlight as well as the syndrome of
drug-induced lupus by hydralazine, procainamide, and iso-
niazid are well recognized as important etiological factors.
The potential risks of oral contraceptives in young females
with SLE have been mentioned [1]. The general consensus is
that environmental agents cause disease only in individuals
with a genetic predisposition. In studies from twins, the con-
cordance rate for SLE was found to be 24% in monozygotic
twins, but only 3% in dizygotic twins [5]. Major histocom-
patibility complex (MHC) as well as non-MHC loci have
been identified as important etiological factors. The inci-
dence of SLE is three to eight times higher in Asian and
Black populations than in the western hemisphere. A host
of immunological abnormalities have been associated with
SLE.

2.1. Immunological Abnormalities in SLE. Almost every com-
partment of the immune system has been reported to be
abnormal in lupus. It is unclear which of the many immuno-
logical defects has a causal relation with lupus and which are
effects of the disease process.

2.2. T Lymphocyte and Natural Killer (NK) Cell. There is evi-
dence for reduced numbers of CD8 T cells, functional de-
fects, and sustained activation. It has been suggested that a
major factor responsible for sustained activation of lympho-
cytes and breakdown of self-tolerance is the persistence of
antigens because of poor clearance and increased apoptosis.
In human patients with lupus, decreased numbers of T, B,
and NK cells are common [2]. In addition to decrease in the
number of cells, there are known functional abnormalities [7,
8]. CD8 T cells and NK cells have decreased cytotoxic activity.
Moreover, the property of these two cell subpopulations
to reduce autoantibody production by B-lymphocytes is
decreased in lupus. On the contrary, these two cell popula-
tions increase IgG production in lupus patients. This abnor-
mality has been attributed partly to defective production of
transforming growth factors beta (TGF-f3).

Abnormalities in cytokine production by T lymphocytes
have also been demonstrated. One of the most consistent
observations regarding cytokine production in lupus, which
is widely targeted for gene therapy, is the general inability to
make TGF-f [9]. Reduction in this cytokine might account
for sustained T- and B-lymphocyte hyperactivity possibly
owing reduced regulatory T-lymphocytes that require TGF-3
to mediate their effects [2, 10, 11].

It is therefore possible to predict that restoration of nor-
mal T-lymphocyte functions might correlate with disease
remission. For example, remission with reconstitution of T-
cell function has been seen in patients who were treated
with cyclophosphamide. In these patients, clinical improve-
ment, disappearance of anti-DNA antibodies, normalization
of complement, and disappearance of the sequelae of chronic
inflammation were followed by normalization of T-lympho-
cyte proliferation [12]. Resetting the immune system in lupus
patients with high doses of cyclophosphamide followed by
autologous stem cell transplantation has resulted in clinical
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remission and normalization of T-lymphocyte functions
[12].

2.3. B Lymphocytes. The hallmark of systemic lupus ery-
thematosus is the production of an array of IgG and IgM
autoantibodies directed against one or more nuclear compo-
nents, the most frequent of which are double stranded (ds)
DNA and/or single stranded (ss) DNA. Both anti-ssDNA and
anti-dsDNA are involved in disease development [13]. Clini-
cians consider anti-dsDNA autoantibodies to be fairly disease
specific, while anti-ssDNA to be nonspecific. Anti-dsDNA
autoantibodies bind to nucleosomes, laminin, collagen type
IV, and heparan sulphate and may lead to nephritis. Other
antibodies such as antiphospholipid [14], antineuronal, anti-
Ro, antierythrocyte, antilymphocytes, and antiplatelet anti-
bodies also participate directly in tissue damage [2]. Lupus-
like autoimmunity can ensue due to B cell hyperactivity, with
either minimal or no contribution from T-lymphocytes [2].
Table 1 summarizes the antibodies associated with various
phenotypical presentations of lupus.

2.4. Cytokines. A variety of cytokine abnormalities have been
demonstrated in SLE.

(a) Reduced production of IL2. Besides reduced pro-
duction of IL-2, patients with SLE show decreased
response to IL-2.

(b) Decreased production of TGF-f. The production of
lymphocyte-derived TGF-f, in both its latent and
active forms, is decreased in patients with SLE [9].
Further, decreased production of total TGF-f, but
not active TGF-J3, is associated with disease activity.

(c) High expression of IEN Y. Among the many cytokine
abnormalities found in lupus, one of the most
consistent has been high expression of IFN-Y [15-
17]. In human patients, IFN-Y may exacerbate or
even precipitate SLE. Thus, administration of IFN-Y
to a patient with RA induced SLE [18].

(d) Increased IL10 production by blood B-lymphocytes. IL-
10 is a potent stimulator of B-lymphocyte prolifer-
ation and differentiation. It also attenuates macro-
phage and antigen-presenting cell activation, cyto-
kine production and has both inhibitory and stim-
ulatory effects on T-lymphocytes.

(e) Increased IL4 production. 1L-4 promotes B-lympho-
cyte proliferation and thus enhances the production
of autoantibodies.

The association of SLE with other interleukins such as IL-
12, IL-6, TNF-a, and IL-1 has been inconsistent and variable
[2].

2.5. Complement. Complement deficiency is responsible for
about 5% of all lupus patients, but at least 50% of patients
with homozygous deficiencies of the early classical comple-
ment pathway develop a lupus-like disease [2]. The increased
susceptibility to SLE, associated notably with Clq, Clr, Cls,
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TaBLE 1: Antibodies associated with various phenotypical presentations of lupus (adapted from [6]).

Phenotypical presentation Typical autoantibody profile

Nephritis, photosensitivity, serositis Anti-ds DNA

Photosensitivity Anti-Ro/La

Neonatal lupus syndromes Anti-Ro/La

Coagulopathy, thrombocytopenia, CNS syndromes Lupus anticoagulant, antiphospholipid antibodies

Raynaud’s disease, myositis, and cardiopulmonary lesions Anti-RNP

Drug-induced lupus Antihistone

and C2 deficiency, is thought to be due to impairment of im-
mune complex clearance and solubilization [11, 19, 20].
CR1, which binds C3b and C4b fragments, is decreased in
lupus patients, and levels correlate with disease activity.

2.6. Phagocytosis. Both human patients and murine models
of lupus exhibit defective clearance of immune complexes.
The defects are complex but the role of the Fc receptors and
CRI in clearing immune complexes, has been widely studied
[21].

3. Genomics

Understanding the genomics of SLE offers the following ad-
vantages [3, 22, 23]:

(a) to predict high-risk patients who carry one or more
genetic susceptibility factors among the general pop-
ulation or within the families with a proband;

(b) to identify individuals with high-risk genetic back-
ground which may prevent or delay the development
of disease by the environmental control and genetic
counseling of the high-risk family members;

(c) to enhance our understanding of disease pathogene-
sis better;

(d) since the clinical manifestations, treatment response,
and prognosis may be heterogeneous, genetic studies
may help in predicting the individual patient’s clinical
course and prognosis more precisely and may apply
the different treatment options, providing tailored
medicine.

Current evidence from familial clustering of SLE, studies
on twins, and sibling recurrence risks have all established
the importance of the genetic factors in the pathogenesis of
the disease. Recent progress in genetics has expanded the
number of the genes associated with SLE to more than 20 in
number. Despite this knowledge, however, it is a challenge to
fully understand the genetic pathogenesis of the disease. This
is essentially because SLE features a polygenic genetic model.
Moreover, it has also been proven that there are similarities
and differences in SLE susceptibility loci across ethnic groups
(3, 24, 25].

The genetic loci or genes implicated in the pathogenesis
of SLE can be classified into several preexisting biological
pathways [3, 24, 26, 27]:

(i) innate immune response including interferon signal-
ing pathways;

(ii) adaptive immune response including B, T cells, and
antigen-presenting cells;

(iii) immune complex clearance mechanisms.

Table 2 summarizes the mechanisms implicated by sus-
ceptible genes for SLE. In the genomic studies, the IFN sig-
nature first described in Caucasians have been proved in
Asians, and additional work has been done to illustrate the
functional implications of this IFN signature [24]. The HLA
region at 6p21.3 has shown strongest association with SLE
and is involved in both B cell and T cell signaling. HLA
DR?2 in some studies has been shown to be associated with
early onset of disease with nephritis, and HLA DR3 has been
associated with later onset and dermatitis (but less nephritis)
[2]. IRF5 is the most consistent non-MHC gene in SLE and is
important for transactivation of type 1 IFN and production
of proinflammatory cytokines (IL6, IL12, TNFq, IL10) [3].
Table 3 depicts the distribution of genes implicated in the
causation of SLE between ethnic groups.

Significant developments have been made recently in the
understanding of epigenetic (a heritable change in gene ex-
pression not due to changes in the DNA sequence) mecha-
nisms in lupus [28]. The MECP2 gene is involved in DNA
methylation. A growing body of literature opines that im-
paired CD4+ T cell DNA methylation, caused by environ-
mental influences, contributes to SLE pathogenesis by alter-
ing gene expression in genetically predisposed people. This
implies that preventing or correcting the altered methylation
patterns may be therapeutic in SLE. However, epigenetic
changes unique to SLE must be more fully characterized
before such therapies can be instituted in patients with SLE.

4. Newer Therapies

There have been major advances in the treatment of SLE in
the last decade. Newer, low dose cyclophosphamide regimes
and biological agents are now being described [1]. Specific
biological therapies are being developed by targeting a num-
ber of immunological abnormalities in SLE using recombi-
nant cytokines, blocking antibodies, and soluble receptors.
Gene therapy is an efficient and advantageous way of deliver-
ing immunomodulators and anti-inflammatory mediators,
which include naturally occurring or genetically engineered
inflammatory cytokine inhibitors (anticytokines), or potent
anti-inflammatory cytokines such as TGF-f [2]. Autologous
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TaBLE 2: Mechanisms implicated by susceptible genes for SLE.

Characteristics of the gene  Genes/loci Immunological effects
(i) IRF5 is the most consistent non-MHC gene in SLE and is important for
Genes related to innate IRF5 transactivation of type 1 IFN and production of proinflammatory cytokines
immune response TNFAIP3 (IL6, IL12, TNF a, IL10).
g}&?‘i (ii) Other genes also involved in pathways of type 1 IFN production.
TREX1
) (i) HLA region at 6p21.3 has shown strongest association with SLE. MHC class II
Genes related to adaptive  HLA-DR genes influence antigen presentation by interacting with T cell receptor (TCR), and
Immune response PTPN22 susceptible HLA haplotype contributes to abnormal response to self antigens.
(T-cell signaling) STAT4 (ii) Other genes are involved in hyperactivity of T cells and failure of multiple
PDCD1 immunoregulatory circuits to down-regulate those responses.
IRAK1
TNEFSF4
Genes related to adaptive HLA-DR
. b BLK These genes are involved in hyperactivity of B cells and failure of multiple
immune response (B-cell . R
S BANK1 immunoregulatory circuits to downregulate those responses.
signaling)
LYN
Complements (i) These genes are associated with dysregulated and inadequate immune complex
Genes related to immune  (C1 q, C2, C4) clearance in SLE.
complex clearing FCGR2A (ii) ITGAM encodes integrin &« M (complement receptor type 3) and is involved in
FCGR3A immune complex clearance, leukocyte activation, phagocytosis, and adhesion to
CRP endothelia through interaction with multiple ligands, for examples, ICAM-1, C3Dbi,
ITGAM fibrinogen, glycoprotein Iba. ITGAM gene plays a key role in SLE pathogenesis,
especially through endothelial injury.
(iii) FCGR2A and FCGR3A genes code the IgG Fc receptor ITA and IITA. The lupus
predisposing polymorphisms in these genes relate to poor binding to IgG and
phagocytosis of immune complexes.
Other genes in SLE MECP2 (i) MECP2 is involved in DNA methylation.
pathogenesis ATGS5 (ii) ATGS5 is involved in apoptosis.

TasBLE 3: Distribution of genes implicated in the causation of SLE between ethnic groups (adapted from [3]).

Characteristics of the genes

Genes

Consistent association with similar frequency between different ethnic groups

STAT4
TNFAIP3
BANK1
IRAK1
MECP2

BLK

Consistent association with different allele frequency between various ethnic groups

IRF5

Allelic heterogeneity

HLA-DRBI1
FcGRs
IRF5

Genetic heterogeneity

PTPN22
ITGAM
PXK
LYN

stem-cell transplantation has been viewed with some caution
in the management of severe lupus on account of the sub-
stantial treatment-related morbidity and mortality [1].
Before modern treatment was available, the 2-year surviv-
al rate in severe lupus nephritis was 50% or less. The advent

of treatment with steroids, cyclophosphamide, and azathio-
prine greatly improved the outcome, and typical 10-year pa-
tient survival increased to 90%. The mortality has since
then not improved in any very substantial way. The side
effects from both steroids and cyclophosphamide are also
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substantial. There is therefore a great need to find more ef-
fective treatments with, if possible, less side effects. Such de-
velopments are ongoing [29].

4.1. Mycophenolate Mofetil (MMF). MMF is currently being
used as a major part of both induction and maintenance
treatment both in children and adults. The drug compares
well to cyclophosphamide for induction, in terms of efficacy
as well as relatively fewer side effects. However, data is scanty
in children. Still MMF is regarded by some authors as part of
standard treatment for children with severe lupus [29].

4.2. Rituximab. Rituximab is a human-murine chimeric mo-
noclonal antibody against CD20 on B cells and their precur-
sors but not plasma cells, which do not possess this antigen.
Rituximab has effects on the interaction between regulatory
T cells and B cells that extend beyond simple B-cell depletion
[1]. Substantial and prolonged remissions in lupus patients,
who were previously unresponsive to conventional and novel
immunosuppressive agents, such as MMF [1, 29] have been
described. Combinations with rituximab with intravenous
cyclophosphamide and methylprednisolone have been used.
However, the first randomized controlled trial assessing
the efficacy of rituximab, EXPLORER, did not find any
difference between rituximab and placebo [30]. Further ran-
domized controlled trials are needed to address the efficacy
of rituximab.

4.3. Biological Agents. Scanty data regarding some recent
drugs affecting B cells in lupus are available [1, 29]. These
drugs are still in the experimental stage, and further studies
are required.

These include the following.

(a) Ocrelizumab: ocrelizumab is a humanized antibody
that targets CD20-positive B cells. It is a “next-
generation rituximab” where the potential problem
of development of HACAs (Human Anti-chimeric
Antibodies) is ameliorated.

(b) Belimumab: belimumab is a fully humanized mono-
clonal antibody that binds to soluble BLyS (B-lym-
phocyte stimulator) and acts as a specific inhibitor
of its biological activity. BLyS, also known as BAFF
(B-cell activating factor), is an immunomodulatory
cytokine that promotes B-cell survival, B-cell differ-
entiation, and immunoglobulin class switching.

(c) Epratuzumab: epratuzumab is a monoclonal anti-
body against CD22, another B-cell-specific surface
antigen.

(d) Atacicept: atacicept is a receptor analogue that binds
both BAFF and APRIL (A Proliferation-Inducing Lig-
and) two related members of the TNF (Tumour Ne-
crosis Factor) superfamily. This drug has been shown
to have a dramatic effect on plasma cells.

(e) Tocilizumab: tocilizumab is a humanized monoclon-
al antibody against the IL-6 receptor.

(f) Infliximab: it is a monoclonal antibody against tu-
mour necrosis factor alpha (TNFa).

(g) Abatacept: abatacept is a fusion protein composed
of an immunoglobulin fused to the extracellular do-
main of cytotoxic T-lymphocyte antigen (CTLA).

Drug therapy of lupus is currently a very rapidly growing
area with many recently completed or ongoing studies in
adults. Unfortunately, data is scanty for pediatric population.
Extrapolating from adult studies, MMF has gained an
important role both in induction and maintenance treatment
of children with lupus. Some authors have opined that
either a cyclophosphamide infusion or MMF can be used as
induction therapy in children with lupus nephritis class III
or higher [29]. Both azathioprine and MMF can be used as
a maintenance treatment [29]. Rituximab should be used in
selected cases with treatment-resistant lupus nephritis [29].
Belimumab is the most promising new drug that is likely
to soon be available for the treatment of lupus. There are,
however, no studies with belimumab in children or adults
with lupus nephritis. A number of other drugs are under
evaluation.

4.4. Intravenous Immunoglobulin. Intravenous immuno-
globulins (IVIg) are increasingly being used in the treatment
of resistant lupus [31], although there are no large random-
ized trials. These drugs have a role in patients who have si-
multaneous infection and active lupus in whom immuno-
suppression is risky. They have also been used in the treat-
ment of a wide range of clinical manifestations in lupus
patients. The mechanisms of action of IVIg in autoimmune
diseases are diverse and include all arms of the immune sys-
tem. Anti-idiotypic antibodies within IVIg directed towards
pathogenic idiotypes that are found over autoantibodies are
implicated in these mechanisms of action of IVIg [32].

4.5. TGFf1, a Potent Anti-Inflammatory Cytokine. TGF-f1 is
released by T-lymphocytes (some called regulatory or TH3
cells), macrophages, and many other cell types in various
tissues. It exerts multiple immune-inhibitory effects on B-
lymphocytes, CD4* T-lymphocytes (TH1 or TH2), CD8"
cytotoxic T-lymphocytes (CTLs), NK cells, lymphokine-
activated killer (LAK) cells, and macrophages. However,
gene therapy approaches of delivery using intramuscular
injection of naked plasmid DNA encoding latent TGF-
B1 have produced variable, inconsistent, and contradictory
results, which demonstrate the risks inherent in using
cytokines as therapeutic molecules [2]. Most cytokines have
complex pleiotropic actions and may have stimulatory or
inhibitory effects depending on their concentration, target
tissue, or cell, as well as interacting cytokines in the extracel-
lular milieu. Thus, cytokines that are generally thought of as
anti-inflammatory, such as TGF-f1, sometimes have inflam-
matory effects. An alternative approach to using inhibitory
cytokines involves blocking costimulation with molecules
such as cytotoxic T-lymphocyte antigen 4-Ig (CTLA-4/Ig)
recombinant protein that mask a T-cell stimulatory molecule
or its ligand.



TABLE 4: Summary of newer therapies for SLE.

Rituximab
Ocrelizumab
Belimumab
Biological agents Epratu.zurnab

Atacicept
Tocilizumab
Infliximab
Abatacept
Anti-TNF«
Anti-TFNy
Anti-interleukin 10
Anti-interleukin 6 receptor

Anticytokine therapies

Anti-interleukin 1 receptor
Anti- IFN«
Immunoadsorption
Anti-C5a
Peptide therapies

Other techniques o
T cell vaccination

Costimulation inhibition with anti-CD154
B cell anergy with abetimus

4.6. Gene Therapy with Cytokine Inhibitors. Compared with
cytokines, cytokine inhibitors (such as antibodies or soluble
receptors) are nontoxic and has a loner half life in body
fluids. Transfer of cDNA encoding these molecules protects
against several autoimmune diseases. Treatment with the
IFN-yR/IgG1 plasmid by intramuscular injections have been
shown in animal models, to protect from early death, re-
duced autoantibody titres, renal disease, and histological
markers of lupus-like disease [2]. Such gene therapy ap-
proaches are a promising tool. The gene therapy of lupus is
still in its infancy, and there are only a limited number of
reported studies in the literature. Viral and nonviral vectors
have been used to protect against organ-specific and systemic
autoimmune diseases in several models. Table 4 summarizes
the newer therapies for SLE.

5. Conclusions

(1) Recent advances in the delineation of the key molec-
ular pathways implicated in the pathogenesis of SLE
and understanding of the function of the lupus dis-
ease genes will enhance the development of novel
therapeutic targets and biomarkers for individualized
clinical management of lupus patients.

(2) Attempts to identify ethnic-specific genetic factors or
disease-causing variants are necessary for genetic dis-
section of SLE and delineate genotype-phenotype
correlations.

(3) Drug therapy of lupus is currently a very rapidly
growing area with many recently completed or ongo-
ing studies in adults. Unfortunately, data is scanty for
pediatric population, and more studies are required.
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(4) Gene therapy and biological agents are promising
tools for the management of SLE in the future.
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