Rheumatology International (2023) 43:1381-1393
https://doi.org/10.1007/500296-023-05346-x

Rheumatology

INTERNATIONAL

REVIEW q

Check for
updates

Systemic lupus erythematosus: latest insight into etiopathogenesis

Akhil Akhil'® . Rohit Bansal'® - Kumari Anupam?® . Ankit Tandon®® - Archana Bhatnagar'

Received: 19 January 2023 / Accepted: 15 May 2023 / Published online: 24 May 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Systemic lupus erythematosus (SLE) is a complex autoimmune disorder of unknown etiology. Multifactorial interaction
among various susceptible factors such as environmental, hormonal, and genetic factors makes it more heterogeneous and
complex. Genetic and epigenetic modifications have been realized to regulate the immunobiology of lupus through environ-
mental modifications such as diet and nutrition. Although these interactions may vary from population to population, the
understanding of these risk factors can enhance the perception of the mechanistic basis of lupus etiology. To recognize the
recent advances in lupus, an electronic search was conducted among search engines such as Google Scholar and PubMed,
where we found about 30.4% publications of total studies related to genetics and epigenetics, 33.5% publications related to
immunobiology and 34% related to environmental factors. These outcomes suggested that management of diet and lifestyle
have a direct relationship with the severity of lupus that influence via modulating the complex interaction among genetics
and immunobiology. The present review emphasizes the knowledge about the multifactorial interactions between various
susceptible factors based on recent advances that will further update the understanding of mechanisms involved in disease
pathoetiology. Knowledge of these mechanisms will further assist in the creation of novel diagnostic and therapeutic options.
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Introduction

Systemic lupus erythematosus (SLE), a rare multifactorial
disease, has shown an upward trend in prevalence. A poten-
tially severe autoimmune systemic disease characterized by
the production of autoantibodies to components of the cell
nucleus results in a diverse group of clinical manifestations.
While the exact pathology of SLE is still unknown, patients
depict an inflammatory milieu, deposition of immune com-
plexes (ICs) in various organs, and vasculopathy. Clinical
heterogeneity of SLE suggested that various susceptible fac-
tors including genetic, epigenetic, environmental, infections,
and hormones modulate the disease pathology [1]. Multiple
genes, the interaction of sex hormones along with defective
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immune regulatory mechanisms [2], including impaired
clearance of apoptotic cell debris and immune complex
deposition, are the important contributors to the develop-
ment of SLE [3]. Various epigenetic modifications such as
methylation, acetylation, and small RNA have also been
found to modulate the disease pathology; however, these
modifications can vary individually, and thus personalized
approach is required to elaborate the role of these mecha-
nisms among lupus patients [4]. Altered immunometabolism
observed in various immune cells had a positive correlation
with cellular differentiation and lupus severity. Aberrant cell
signaling mechanisms have been reported to trigger abnor-
malities in cell differentiation and over-activation of immune
cells thereby enhancing the autoantibody generation [5].
Environmental triggers such as chemical/physical factors,
dietary factors, and infectious agents probably contribute to
the initiation of SLE disease. The interplay of these factors
(as shown in Fig. 1) is associated with disease heterogene-
ity and complexity; therefore, the understanding of these
pathological factors can assist in understanding this dreadful
disease. In this review, the focus is on the recent advances
in information relevant to factors that can contribute to SLE
susceptibility.
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Fig.1 The complex interactions between the various susceptible fac-
tors implicated in lupus etiology. Implications of genetics known to
directly regulate the disease manifestations or indirectly through epi-
genetic modifications induced by environmental factors. These indi-
rect modifications can also regulate the immunobiology and mito-
chondrial health which combines to affect the immunometabolism, an
important aspect in lupus pathology. Diet is equally important as it
can regulate the disease severity and hence assist in disease manage-
ment

Search strategy

An electronic search was conducted among various
databases such as google scholar/PubMed and articles
published from January 2019 to September 2022 were
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retrieved and shortlisted based on the search words;
“Susceptible or pathological factor” and “SLE or lupus
etiology”. A further search was conducted based on the
keywords such as genetics, epigenetics, immunobiol-
ogy, and environmental factors in lupus pathology. Stud-
ies that included general clinical manifestations in lupus
were excluded. Out of 128 articles analyzed, 70.4% were
research articles and clinical reports, while 29.5% were
review articles and 47% were published in 2021-2022.

SLE immunobiology

The pathophysiology of SLE is complex involving the inter-
play between factors and cells of innate/adaptive immunity
in the microenvironment and triggers an immune response
(Fig. 2). A very important innate trigger is neutrophil, which
is deregulated in SLE due to high reactive oxygen species
(ROS) levels and get triggered by enhanced IL-18 receptors
[6]. Neutrophil extracellular traps (NETs) are enhanced and
are known to be associated with enhanced IgG2 production
from B cells in lupus [7]. Neutrophil degranulation is known
to increase the secretion of pro-inflammatory cytokines
(IFN-Y') that can fan the flames of lupus etiology [8]. Innate
immune receptors such as the Toll-like receptors (TLRs)
have the unique capacity to recognize pathogen-associated
molecular patterns (PAMPs) while inducing immune sys-
tem activation by linking the innate and adaptive immunity
responses. The TLRs 1, 2, 4, 5, and 6 for bacterial or fungal
PAMPs are located on the cell surface and TLRs 3, 7, 8, and
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9 for nucleic acid (single-stranded/double-stranded RNA or
DNA) are located on the endosomal membrane [9]. TLRs
7 and 9 have been strongly implicated in SLE pathogen-
esis since they mediate IFNa production by plasmacytoid
dendritic cells (pDCs) upon their activation by circulating
immune complexes containing self-nucleic acid components
[10]. TLR-7 can regulate the extra-follicular B cells response
in the germinal center which may enhance autoantibody gen-
eration, while TLR-9 can limit the TLR-7 stimulatory activ-
ity, demonstrating its protective function in lupus etiology
[11]. Platelets have functional TLR-7, which is responsible
for their activation, leading to platelet—leukocyte aggregates
possibly involved in priming the immune system upon viral
attack [12]. Other TLRs such as TLR-2 and 4 were also
found to be highly expressed in the saliva of SLE patients,
however, their low expression was demonstrated with the
presence of chronic periodontitis in lupus patients [13].
The dendritic cells play an important role in linking the
innate and adaptive immune systems and serve as both a
“break” and “engine” for lupus pathology [14]. It has been
shown that monocytes from healthy individuals may be dif-
ferentiated into myeloid dendritic cells (mDCs) in the pres-
ence of serum from a lupus patient [15]. These mDCs can
also have the ability to phagocytize nuclear material and pre-
sent antigens to naive CD4% T cells, which can later activate
the cytotoxic activity of CD8" T cells and thus support the
proliferation and differentiation of B cells [16]. Autoreactive
IgE, such as anti-dsDNA IgE, was found to be elevated in
SLE patients and can also elicit an increase in IFNa produc-
tion by binding the Fc epsilon RI (FceRI) of plasmacytoid
dendritic cells (pDCs) [17]. The binding of IgE to pDCs
also enhances the follicular T cell expansion and reduces the
Treg population, which increased the inflammatory condi-
tion in lupus patients [18]. IFN-a can also activate the IL-1
receptor-associated kinase that further induces apoptosis in
Treg cells from SLE patients [19]. Tregs have potent anti-
inflammatory activity, therefore their apoptosis will further
enhance the immune response in lupus patients. In a recent
study, P-Selectins was also demonstrated as a suppressor of
Treg cell’s function in SLE pathogenesis [20]. The suppres-
sive function of PD-1" Treg cells was found to be impaired,
which leads to the over-activation of T and B cells in lupus
patients [21]. Over-activation of T cells has led to its exhaus-
tion, which can be further correlated with tolerance mecha-
nisms such as prolonged remission in lupus patients [22].
The type-I interferon has been demonstrated to affect the
metabolic fitness of CD8* T cells, which may increase their
death and lupus severity [23]. The microenvironment in sys-
temic lupus patients favors the generation of double-negative
T cells (CD4~, CD8~, TCRaf™), which facilitates the secre-
tion of IL-17 and increases disease severity [24]. IL-17 can
further expand the proliferation of Th17 and autoreactive
T and B cells which can worsen the lupus symptoms. The

autoreactive T cells such as nuclear antigen-specific CD4*
T cells are elevated in lupus patients and were further cor-
related with kidney manifestations such as lupus nephritis
[25]. Increased expression of hypoxia-inducing factor-1o
(HIF-1o) was found to be associated with an expansion of
Th17 cells (Fig. 3), depicting that metabolic alteration can
also regulate the lupus etiology [26]. CD4* follicular T cells
were also found to be associated with B cell maturation and
generation of autoantibodies in lupus patients [27]. Absent
in melanoma 2 (AIM?2) expression is elevated in B cells
from lupus patients and was further correlated with Blimp
expression and autoantibody generation [28]. The failure of
an immune regulatory system such as Treg cells, and the
over-activation of plasma cells are well-known mechanisms
in lupus etiology. Recent advances also elaborated on the
mechanisms associated with immunoregulation failure.
Thus, the understanding of these mechanisms will provide
the base for the immune regulations that can act as targets
for various therapeutics (Table 1).

Aberrant signaling in SLE

Cellular hyperactivity and hyperresponsiveness associated
with deregulated signaling pathways in T and B lymphocytes
of SLE suggest detailed analysis for a better understand-
ing of signaling events to pave the path for better manage-
ment and prevention of this complex disease. T cell receptor
(TCR) is a heterodimer, consisting of the TCRa and TCR,
which recognize antigenic peptides presented by MHC
on antigen-presenting cells. CD3 proteins (5, €, y, and {)
have also been assembled with TCR. CD3( contains three
immunoreceptors tyrosine-based activation motif (ITAM)
domains, and the phosphorylation of ITAM by Src kinase
recruits the spleen tyrosine kinase (Syk) family kinase
C-associated protein kinase 70 (ZAP-70), resulting in the
activation of ZAP-70 (Fig. 3) [9]. This results in altered
calcium flux, activation of protein kinase C (PKC), and
recruitment of Ras guanine-releasing protein 1 leading to
activation of the Ras-mitogen protein kinase pathway. The
reduced expression level of CD3( protein contributes to the
aberrant signaling phenotype of SLE T cells [29]. Dual spe-
cific phosphatase, a regulator of mitogen-activated protein
kinase (MAPK), was also over-expressed (Fig. 3) in T cells
from SLE patients [30]. Protein phosphatase 2A (PP2A)
regulatory subunit (PPP2R2A) has been demonstrated to
regulate the Th1 and Th17 differentiation, but not of Tregs,
and their deficiency may trigger autoimmune-like conditions
[31]. STAT6-GATAS3 signaling axis (Fig. 3) acts as dou-
ble edge sword in SLE pathology as it enhances the Treg
cell differentiation but also leads to the expansion of CD8*
T cells that can secrete IL-13 and IFN-Y [32]. Enhanced
type-I interferon has been demonstrated in both lupus mod-
els and patients where it increases the STAT4 expression
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Fig.3 Recently elucidated mechanisms and their interactions
involved in systemic lupus erythematosus (SLE) modification. Regu-
lation of innate response and enhanced pro-inflammatory cytokines
secretion through polymorphism have been recently identified in
SLE. Role of mitochondrial dysfunction and associated oxidative
stress in metabolic alterations and their impact on immune cell activ-
ity and differentiation have been majorly focused in recent studies on
SLE. Novel signaling mechanisms have also been elaborated related
to metabolic fitness of T cell and their importance in SLE immuno-
biology. Implications of inflammatory cytokines rich microenviron-
ment on immune cell differentiation specifically, on T cells has been
recently focused in SLE related studies. SNP Single nucleotide poly-

Table 1 Function of immune cells in lupus pathogenesis

\ Foll|cu|ar Tc

Monocyte

e/
IFNa

morphism, 7LR toll- like receptor, HIF-Ia Hypoxia inducing factor
la, PER2 Period circadian protein homolog 2, DNMT3B DNA-meth-
yltransferase 3 beta, VDAC voltage- dependent anion channel, EZH2
Enhancer of zeste homolog 2, PKC protein kinase C, STAT6 signal
transducer and activator of transcription 6, GATA3 GATA binding
protein 3, pDC plasmacytoid dendritic cells, ITAM Immunoreceptor
tyrosine-based activation motif, ZAP-70 Zeta chain associated pro-
tein kinase 70 mTORCI mammalian target of rapamycin complex 1,
IRAK interleukin-1 receptor-associated kinases, /FNa interferon a,
Ras-MPK Ras-mitogen-activated protein kinase, Cxc//0 C-X-C motif
chemokine ligand 10, ISGs interferon stimulated genes, CD3 cluster
of differentiation 3

Immune cell Receptor/therapeutic target Function in lupus pathogenesis References
Innate immunity
Neutrophils IL-18R Enhance Netosis [6]
TLR Secretion of IFN gamma [8]
Plasmacytoid Dendritic cells TLR-7, 9 Mediate IFN alpha production [10]
IgE Enhances the follicular T cell expansion and reduces the Treg popula- [18]
tion
Myeloid Dendritic cells T cells Phagocytize nuclear material and present antigens to naive CD4+ T [16]
cells
Platelets TLR-7 Platelet-leukocyte aggregates possibly involved in priming the [12]
immune system
Adaptive immunity
Treg cells T and B cells Over-activation of T and B cells [21]
T cells T cell receptor Secretion of IL-17 and proliferation of Th17 [24]
CD4* follicular T cells B cell B cell maturation and autoantibodies generation [27]
B cells ProBDNF/p75NTR Autoantibody generation [39]
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which leads to secretion of follicular CD4* T cells depend-
ent cytokines and is associated with autoantibody generation
[33]. An increased level of the mechanistic target of rapa-
mycin (mTOR) (Fig. 3) has been found to have an important
role in memory CD8" cell regulation and maintenance via
glyco-metabolism [34]. B cells from SLE expressed high
Ca** in response to B cell receptor (BCR) stimulation asso-
ciated with increased tyrosine phosphorylation. Defective B
cell signaling recruits inhibitory phosphatase SH2 domain-
containing inositol 5’-phosphatase (SHIP) via the inhibitory
FcyRIIb receptor [35]. FOXM1, a transcriptional factor of
the cell cycle, was found to be highly increased in plas-
mablast, naive, and memory B cells, thus, expanding their
number in lupus patients [36]. A decrease in Lyn and Syk
and an increase in ZAP-70 expression were found in B cells
from active SLE patients [37]. Recently, Leptin has been
demonstrated to induce B cell dysfunction via activating the
JAK/STAT3/5 and ERK1/2 pathways in patients with sys-
temic lupus erythematosus [38]. In a recent study, the higher
expression of brain-derived neurotrophic factor precursor
and its high-affinity pan-75 receptor (ProBDNF/p75NTR)
has been observed in B cells from lupus patients and was
positively correlated with disease severity and autoantibody
generation [39]. Therefore, the evaluation of these signaling
cascades involved in complex immunobiology provides a
molecular mechanism that can be used as a diagnostic bio-
marker or novel targets for various therapies.

Cytokine network in SLE

Cytokines have an important role in the immunobiology of
lupus which connects the innate and adaptive immune sys-
tems in many ways. The secretion of cytokines from one cell
will further modulate the activation and differentiation of
other immune cells resulting in the secretion of subsequent
cytokines. Cytokines which are comprised of chemotac-
tic activity, known as chemokines, also play an important
role in recruiting various immune cells. Different levels of
cytokines may regulate the inflammatory and anti-inflamma-
tory immune response, although, in lupus, cytokines associ-
ated with inflammatory response were found to be enhanced
which triggered the over-activated immune response. The
increase in various pro-inflammatory cytokines such as
CXCL10, IL-6, IL-2, and interferon-Y production in SLE
patients results in reinforcement of Th1 differentiation and
naive T cell proliferation leading to IgG production from B
cells [40]. Exacerbated production of CXCL10, IL-6, IL-2,
and interferon-Y" (Fig. 3) was associated with a memory-like
phenotype in CD4™ polarized B cells towards pro-inflamma-
tory B cells in SLE patients [41]. High mobility group box 1
protein (HMGB1) and type-I IFN are the key molecules that
promote the autoreactivity process in SLE and both can be
used as the biomarkers for detection of disease severity [42].

Other important cytokines such as high levels of IL-8, mac-
rophage inflammatory protein (MIP) la, and MIP1f were
found to be associated with high disease severity in SLE
patients [43]. IL-25 mRNA serum level was also found to be
elevated in SLE patients and correlated with disease sever-
ity [44]. Decreased concentration of IL-35 and IL-35* Breg
cells was observed in SLE patients which describes their
protective role in SLE pathogenesis [45]. Higher expression
of IL-18 was also observed in SLE patients and can be used
as a potential biomarker for disease severity [46]. The serum
IL-21 level was found to be positively correlated with lupus
nephritis activity and can be used potentially as the bio-
marker [47]. Another cytokine IL-33, which has been dem-
onstrated as the important regulator of TLR-4 was found to
be elevated in lupus patients in comparison to healthy con-
trols [48]. As cytokines have an important role in regulating
the innate and adaptive immune response, various targeting
strategies have been adopted to improve disease outcomes.

The complex immunobiology of lupus includes the over-
immune response triggers due to the overactive immune
cells towards self-antigens. Various factors including the
pro-inflammatory cytokines, chemokines, apoptosis, over-
activated APCs, and failure of phagocytotic activity have
been well defined to be involved in lupus etiology. These
factors can vary from population to population and besides
these factors, other important aspects such as genetics, epi-
genetics, and environmental factors can also be an important
part of lupus pathology and can modulate the immunobiol-
ogy and disease severity.

Genetic factors

Besides the overstimulation of the immune system towards
the self-antigens via innate and adaptive immune networks,
various other susceptible factors such as genetics can also
regulate immunobiology and etiology of lupus. A strong
familial aggregation has been observed in SLE along with
higher frequency among first-degree relatives, and a higher
chance of developing SLE in siblings of the patient shows
the polygenic inheritance of the disease. Polygenic inherit-
ance pattern shows the complexity and heterogeneity nature
of the disease, which will require an advance and hassle-free
analysis method to elucidate the mechanisms behind disease
etiology. Genome-wide association studies (GWAS) have
been performed to identify the susceptible loci associated
with SLE heterogeneity. A novel gene, ILRUN was recently
reported by gene-wide association analysis whose expres-
sion was significantly low in SLE patients as compared to
healthy control [49]. The concurrence of SLE in identical
twins is approximately 25-50% and that in dizygotic twins
is around 5% [50]. Population studies reveal the positive
haplotype associated with HLA genes in SLE (HLA-DR3;
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DR9; DR15; DQA1*0101), and with lupus nephritis (LN)
(DQA1*0101; DR3; DR15), while the possible protective
haplotypes noted are HLA-DR4, DR11, DR14 [51]. These
population-based genetics studies can enhance the under-
standing of personalized approaches to genetic suscepti-
bility in lupus pathology that will further assist in solving
the complexity of lupus on an individual basis. The non-
HLA genes were also found to be of great importance as
the single-nucleotide polymorphism (SNP) in genes such
as PTPN2, STAT4, RUNX, and SLC have been positively
correlated with SLE susceptibility specifically in Belarusian
women [52]. TLRs are overstimulated on innate cells from
SLE patients and their activation has been linked with SNP
(Fig. 3), where specifically the polymorphism in TLR 5 and
9 were found to be associated with a higher risk of nephritis
and SLE in the Egyptian population [53]. Polymorphism in
DNMTS3B (Fig. 3), an important enzyme for DNA methyla-
tion, has been found to have a positive correlation with dis-
ease severity and with co-existing periodontitis in the Brazil-
ian population, depicting the interplay between genetics and
epigenetic factors and lupus pathology [54]. Polymorphism
associated with circadian rhythms can also play an impor-
tant role in disease, where the SNP in the Period 2 gene
(PER2), a circadian clock regulatory gene, was also found
to be positively associated with the clinical manifestation
of SLE pathogenesis [55]. Furthermore, analysis of SNP in
various cytokines including IL-1f, IL-17, and IL-10 (Fig. 3)
was found to be related to disease etiology in SLE patients
of Indian origin [56, 57].

Monogenic lupus

Beyond the complex genetics’ perturbations, rare mutations
in genes can also modulate the complexity of lupus pathol-
ogy in the Mendelian inheritance pattern termed “mono-
genic lupus”. Recent examples of monogenic lupus such
as the homozygous mutation in the DNASE1L3 gene were
found to be associated with urticarial skin lesions, recurrent
hemoptysis, and renal involvement in pediatric lupus patients
[58]. Deleterious mutations in lipopolysaccharide-respon-
sive beige-like anchor (LRBA) genes lead to its deficiency
which was found to be associated with juvenile lupus [59].
Mutation (p.His198Gln) in the CIQTNF4 gene was found to
be potentially involved in SLE risk in the Iranian population
[60]. Current evidence in the genetic susceptibility of lupus
shows that genes can also potentially regulates the dysregu-
lated immunological mechanisms associated with disease
manifestation that will be further modified through various
epigenetic phenomenon. Therefore, the genetic analysis may
lead to the identification of novel susceptible targets which
are associated with the complex network of lupus and will be
further targeted with potent therapeutics. Besides genetics,

@ Springer

epigenetic events have been shown to play an important role
in the pathophysiology of SLE.

Epigenetic factors

Epigenetics is an important phenomenon that can regulate
gene expression in a stable, sometimes heritable fashion.
Epigenetics mechanisms such as DNA methylation, post-
translational histone modification, and micro RNAs proved
to have an important role in SLE (Fig. 4). Alterations such
as DNA hypomethylation in both T and B cells were found
to be associated with disease pathology [61]. Although
major epigenetic investigations have been carried out in T
cells, mechanisms such as DNA hypomethylation in T cells
were found to be positively correlated with disease activ-
ity [62]. Sex-based comparison of methylation pattern in
CD47 T cells shows the dysregulated apoptosis and pro-
inflammatory effect in males that were associated with epi-
genetic over-activation of the Rho family GTPase pathway
which enhances the Th17 cell differentiation [63]. Enhancers
of zeste homolog 2 (EZH2), a histone methyl transferase
and part of polycomb repressive complex 2 (PRC2) which
regulates the DNA methyl transferase (DNMT) in several
ways were found to be highly expressed in CD4" T cells
from lupus patients [64]. Increased expression of EZH2
can be mediated by higher glycolysis and mechanistic tar-
get of rapamycin (mTORC1) activation in lupus T cells
leading to metabolic alterations which shows the interplay
between immunometabolism and epigenetic modification
[65]. Decreased expression of 3-hydroxybutyrate dehydro-
genase type 2 (BDH2) has been reported in CD4" T cells
of SLE patients which results in overstimulation of ten-
eleven translocation (TET) protein leading to hypomethyla-
tion of DNA and activation of autoreactivity related genes
[66]. Hypomethylation of the CD-70 promoter region was
observed in T cells of juvenile SLE patients and was found
to be positively correlated with disease activity [67]. Site-
specific hypomethylation of the CD40-ligand gene (CD40L)
in CD4* T cells in SLE patients was also associated with
disease activity and severity [68]. Contrary to hypomethyla-
tion, the hypermethylated 5-methyl cytosine (m5c) region
of the gene has also been observed in CD4* T cells of SLE
patients, which were found to be significantly involved in
the modulation of the immune system, cytokines secretion,
and various inflammatory mechanisms [69]. Hypermeth-
ylation of the FOXP3 gene was also investigated in T cells
from children with SLE and demonstrated as one of the
causes of increased immune response as FOXP3 acts as an
important transcription factor for Treg cell differentiation
[70]. Hypermethylation of genes in autoreactive peripheral
blood mononuclear cells (PBMCs) from SLE patients can be
inhibited via MEK/ERK signaling by co-culture them with
mesenchymal stem cells which demonstrated the therapeutic
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Fig.4 Epigenetics implications modifies the various mechanisms
involved in lupus pathology. Oxidative stress and diet have been
recently shown as the important triggers of the epigenetic events
demonstrates the importance of environmental factors in disease eti-
ology. Methylation patterns have been found potentially involved in
modulation of immunobiology via regulating the T reg and B cell
activity. Hypermethylation of the anti-inflammatory sites and hypo-

potential of mesenchymal stem in SLE [71]. Methylation
in the promoter region of cytotoxic T lymphocytes associ-
ated antigen-4 gene (CTLA4) in CD8" T cells was found to
be positively correlated with SLE pathogenesis as CTLA4
has an important role in inhibitory immune response [72].
Oxidative stress in lupus is well determined which can
also enhance DNA methylation defects that can result in
angiotensin-converting enzyme 2 (ACE2) hypermethyla-
tion, which makes lupus patients more prone to COVID-
19 infection [73]. Expression of Growth arrest-specific 5
(GASS), a long non-coding RNA (LncRNAs) that controls
cell response and apoptosis, was observed to be low in CD4*
T cells which were further correlated with higher disease
activity in lupus patients [74]. N4-acetylcysteine, a novel
mRNA modification may have translational efficiency in
CD4* T cells which can be associated with inflammation and
critical immune response in SLE patients [75]. Besides the
methylation-based mechanisms, micro-RNA such as miR-
152-3p was highly expressed in CD4* T cells and found to
be associated with double-stranded DNA and IgG antibodies
[76]. miR-183-5p expression levels were found significantly
high in patients and were positively correlated with SLEDAI
score and anti-dsDNA antibody; thus, this micro-RNA can
be a promising biomarker of SLE [77].

methylation of pro-inflammatory genes have been demonstrated in
recent studies. Epigenetic events can potentially modulate the lupus
outcomes and can be utilized for diagnosis as biomarkers. SNP sin-
gle-nucleotide polymorphism, BAFF B-cell activating factor, /FI 44L
Interferon-inducible 44 like, PBMC Peripheral blood mononuclear
cells, FOXP3 forkhead box P3, BDH2 3-hydroxybutyrate dehydroge-
nase 2, TET ten—eleven translocation, ROS reactive oxygen species

B cells in both pediatric and adult SLE patients have a
significant reduction in epigenetic modification on the inac-
tive X chromosome and aberrant X-linked gene expression
can underlie the mechanism of female bias of SLE and
abnormal autoantibody production [78]. EZH2, a histone
methyl transferase, was highly expressed in germinal center
(GC) B cells and involved in SLE pathogenesis through
enhanced autoantibody generation [79]. MiR-29a, a micro-
RNA, can also affect autoantibody secretion in B cells by
modulating the Crk-like protein (CKL), thereby contrib-
uting to SLE pathogenesis [80]. Inadequate expression of
miR-1246 has been found in B cells from lupus patients and
was positively correlated with p53 deficiency [81]. DNA
methylation patterns may vary during different stages of
B cell development. Global DNA methylation in B cells is
decreased, but hypermethylation in a few specific genes may
be associated with SLE pathogenesis [82]. Hypomethylation
of HERS-1 in B cells was found to be associated with SLE
disease activity [83]. Hypomethylation of various cytokine
genes associated with B cell activation and differentiation,
such as interferon-induced protein 44 like (IFI44L) and
B cells activation factor (BAFF) in PBMCs was found to
be correlated with increased autoantibody secretion from
B cells in SLE patients [84]. Global histone modification
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analysis reveals that H3 and H4 in B cells (Fig. 3) from lupus
patients were hypo-acetylated and positively correlated with
autoantibody generation and SLEDAI score [85]. Epigenetic
alteration in lupus was found to be associated with different
cellular mechanisms to guide their nuclear and cytoplasmic
factors to regulate the different transcription/translational
processes [4]. Epigenetic processes in immune cells regu-
late their function and bridge the gap between genomics and
environmental factors in the etiology of SLE.

Environmental factors
Physical/chemical triggers

Various environmental factors lead to the ensuing of SLE
in genetically predisposed individuals towards SLE. These
environmental factors include lifestyle factors (cigarette
smoking and alcohol drinking) occupational exposure, oral
contraceptives, dietary causes, pollution, viral infections
especially Epstein—Barr virus, etc. These environmental
stimuli may lead to epigenetic changes as they can cause
the inhibition of DNA methyl transferases which further
leads to hypomethylation of DNA specifically in CD4* T
cells from genetically predisposed individuals. Hypometh-
ylation also leads to oxidative stress, which further activates
the signaling pathway mediated by protein kinase C which
finally decreases the level of the extracellular signal-regu-
lated kinase (ERK). It is noticeable that the expression of
ERK protein was found to be decreased in CD4" T cells of
SLE patients [86]. Exposure to UV radiation is known to
worsen pre-existing SLE but its role in the development of
SLE is still unclear. However, UV exposure was also known
to play an important role in the production of the active form
of vitamin D. Vitamin D once converted to 1a,25(0OH)2D3
form may prove to be immunosuppressive, hence reducing
the risk of SLE [87]. A study on the susceptible subgroup
of individuals (relatives of a patient with SLE), suggested
an important clue that vitamin D-deficient individuals were
more prone to lupus development [88]. Although the cause
and consequence relationship between vitamin D and SLE is
not specified yet, large-scale studies with controlled experi-
ments are needed to determine the role of UV exposure and
SLE incidence.

Occupational exposure to chemical agents is an impera-
tive factor in the development of SLE [89]. Silica exposure
and incidence of SLE have been reported in both urban and
rural areas. Similarly, silicates such as asbestos have been
reported to be associated with the production of anti-nuclear
antibodies and proteinuria along with an elevated risk of
RA [90]. Lupus-prone NZ-2410 mice exposed to silica have
been demonstrated to increase circulating immune complex,
autoantibodies, renal deposits of C3, and proteinuria [91].
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SLE has been linked to air pollution via a preliminary
genome-wide assessment of DNA methylation study which
indicates that SLE patients residing near highways have
hypomethylated ubiquitin gene (UBE2U gene) encoding
enzyme that is involved in ubiquitination and DNA repair
[92]. However, more in-depth studies are needed to con-
firm the above correlation. Epidemiologic studies have
established that exposures to petroleum distillates, trichlo-
roethylene, and organochlorines are linked to the intensity
of symptoms in lupus patients [93]. Another study of mer-
cury-exposed gold miners showed a higher level of ANA in
comparison to miners in diamond and emerald mines with
no mercury exposure [94].

Cigarette smoking leads to the inhalation of toxic sub-
stances such as tars, nicotine, carbon monoxide, polycyclic
aromatic hydrocarbons, and free radicals. Smoking leads
to oxidative stress which causes demethylation of DNA
and increased expression of inflammatory genes leading
to lupus-like manifestations [95]. Various epidemiological
studies have confirmed that cigarette smoking is strongly
correlated with the risk of SLE incidence [96]. Both ciga-
rette smoking and hypoxia can elevate oxidative stress which
has multifactorial effects to induce autoimmunity such as the
generation of autoreactive T cells and autoantibodies, inhibi-
tion of Treg activity, and enhanced expression of pro-inflam-
matory mediators [97]. These toxic components bring about
damage to biomolecules such as proteins and DNA resulting
in genetic aberrations causing gene activation which may be
involved in SLE development via an imbalance of antioxi-
dant mechanism and oxidative stress. In a population-based
cohort study, it has been demonstrated that nitrogen oxides
(NOX) in polluted air and drinking water may lead to signifi-
cant predilections of SLE, especially for patients with renal
involvement [98]. Contrary to the conventional notion, alco-
hol consumption has been shown to relieve the inflammatory
milieu in SLE, diminishing the response to immunogens and
decreasing pro-inflammatory cytokines [99].

Infections

SLE patients are generally susceptible to major infections
that might be due to profound immunological disturbances
[100]. Infections cause changes in normal immune regula-
tion and stimulate immune pathways mediated by molecular
mimicry. Adults and children with SLE have higher rates
of seropositivity for Epstein—Barr virus (EBV) than other
individuals [101]. A possible mechanism involved the com-
plex formation between viral RNA and single-strand binding
protein (SSB) which stimulates the TLR3 receptor to induce
TNF-a. Furthermore, molecular mimicry between EBV and
SLE antigens is another mechanism involved in this pro-
cess [102]. A study identified a molecular mimicry between
SARS-CoV-2 antigen and human molecular chaperons that
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may induce autoimmunity against the endothelial cells
[103]. The mimicry between the symptoms of COVID-19
infections and SLE flares can be of clinical interest to find
out the incidence of COVID in SLE patients [104]. Although
the incidence of COVID-19 infection in SLE patients was
slightly low and the SLE patients with major organ involve-
ment were found to have asymptomatic COVID-19 mani-
festation that might be due to the high dose of corticoster-
oids and immunosuppressive treatment regime among SLE
patients [105].

Gut microbiota

Recent developments in research have indicated a correla-
tion between gut microbiota and SLE disease activity. In
lupus, the ratio of Firmicutes to Bacteroidetes is lower and
several other genera are found in abundance [106, 107]. Katz
et al. have reported that there is a decrease in the number
of Lactobacillaceae and an increase in Lachnospiraceae in
patients with SLE [108]. A study in young lupus-prone mice
showed clear depletion of lactobacilli and upsurges in Lach-
nospiraceae in comparison to age-matched healthy controls
[109]. However dietary intervention with retinoic acid could
restore the number of lactobacilli associated with improve-
ment in symptoms [110]. Furthermore, an increase in Rumi-
nococcus gnavus of the Lachnospiraceae family led to raised
serum sCD14 and elevated levels of fecal secretory IgA and
calprotectin in female SLE patients [111]. In SLE patients,
a leaky gut may elevate the serum endotoxin lipopolysac-
charide (LPS) level which is suggestive of chronic micro-
bial translocation that can contribute to the pathogenesis
of SLE [112]. Similarly, in lupus-prone NZBxW/F1 mice,
complexes of bacterial amyloid and DNA have been shown
to stimulate autoimmune responses such as the production of
type-I IFN and autoantibodies [113]. Although the definite
role of gut symbiotic or pathogenic microbes in SLE is yet to
be clarified, the pristane-induced lupus model demonstrated
the beneficial role of Lactobacillus probiotics is linked to the
reduction of Th1, Th17, and cytotoxic T lymphocytes [114].
The cross-talk between the host and commensal microbiome
in addition to infectious bacteria, viruses, and parasites can
also impact the presentation of autoimmune diseases. Impli-
cations of alteration in the microbiome because of environ-
mental mediators are imperative discoveries and need to be
evaluated carefully for their role, especially when establish-
ing a cause-and-effect relationship.

Diet

Intake of excessive carbohydrates has been projected as a
risk factor that can worsen the clinical manifestations of
autoimmune diseases like rheumatoid arthritis and SLE
[115]. Obesity is a well-known mediator of low-grade

inflammation mediated by the initiation of several pathways
associated with inflammatory cytokine expression such as
TNF-o and IL-6 [116, 117]. This favors a continuous inflam-
matory response, partly contributing to co-morbidities seen
in SLE patients [115]. It has also been demonstrated that
mice fed with a high-fat diet can have elevated levels of
oxidative stress and inflammation leading to autoimmunity
[118]. Undoubtedly, SLE patients are at high risk of devel-
oping metabolic syndrome, insulin resistance, and type 2
diabetes mellitus leading to a higher risk of cardiovascular
co-morbidities and also a major cause of premature death
in SLE patients [119]. In SLE, obesity has been linked with
higher disease activity and cumulative organ damage [120].
The influence of obesity on gene expression has also been
positively correlated with disease severity [121]. Hence,
clinical interventions involving meditation and exercise can
ease lupus symptoms. Conclusively, SLE patients should
maintain a balanced diet avoiding excess calories in addition
to following an active lifestyle with daily exercise.

Restriction in protein intake especially in patients with
lupus nephropathy has been taken as a beneficial approach to
reduce the burden on the kidney. The renal function in SLE
patients could be improved by a moderate protein intake of
0.6 g/kg/day [122]. A high salt diet can also accelerate the
development of lupus through the regulation of dendritic cell
activity via MAPK and STAT1 signaling pathways [123].
Higher dietary sodium and lower dietary potassium intake
were significantly correlated with C-reactive protein (CRP),
which may lead to an increase in disease severity [124]. A
diet rich in eicosapentaenoic acid (EPA) was found to ame-
liorate the lupus nephritis manifestations including immune
complex accumulation and autoantibody generation in the
kidney [125].

Vitamins also have an important role to play in the patho-
genesis of SLE as vitamins A, B C, D, and E are known to
improve clinical manifestations of SLE [126]. Vitamin C has
been shown to reduce oxidative stress and inflammation and
decrease levels of antibodies against dsSDNA, IgG, etc.; and
intake of 1 g of vitamin C per day is recommended [122]. A
cross-sectional study on 280 patients with SLE demonstrated
that the Mediterranean diet can exert a beneficial effect on
disease activity and cardiovascular risk [127].

Conclusion

Various complicated and multifactorial aspects have been
implicated in SLE pathogenesis. Multiple genes and various
epigenetic modifications confer susceptibility to the devel-
opment of this complex disease. Mitochondrial dysfunction
has time and again been demonstrated in SLE, and it is one
of the important parameters. The epigenetic modification of
various lupus-associated genes has also been implicated in
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metabolic alterations through direct or indirect mechanisms
that can further be modified by environmental factors such as
diet. Desirable healthy gut microbiota can be kept in the best
form through diet management and can help in regulating
homeostasis. These efforts may prevent the adverse effects
of various therapies and improve the mental and physical
health of SLE patients. Defective immune regulation such
as clearance of apoptotic cells and accumulation of antigens,
cytokine imbalance, loss of self-tolerance, excess T cells,
and immune complex infiltration in various organs are major
role players in SLE. Novel approaches towards the signal-
ing defects in T and B cells have been made which reflect
the complex nature of the pleiotropic effect in SLE. These
signaling abnormalities offer both hope and challenges in the
direction of therapeutic interventions. Additionally, analy-
sis of various targets and classification of patients based on
microbiota composition may contribute to the development
of more personalized strategies in SLE treatment.
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