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Abstract: The pathogenesis of systemic lupus erythematosus (SLE) is linked to the differential
roles of toll-like receptors (TLRs), particularly TLR7, TLR8, and TLR9. TLR7 overexpression or
gene duplication, as seen with the Y-linked autoimmune accelerator (Yaa) locus or TLR7 agonist
imiquimod, correlates with increased SLE severity, and specific TLR7 polymorphisms and gain-
of-function variants are associated with enhanced SLE susceptibility and severity. In addition,
the X-chromosome location of TLR7 and its escape from X-chromosome inactivation provide a
genetic basis for female predominance in SLE. The absence of TLR8 and TLR9 have been shown
to exacerbate the detrimental effects of TLR7, leading to upregulated TLR7 activity and increased
disease severity in mouse models of SLE. The regulatory functions of TLR8 and TLR9 have been
proposed to involve competition for the endosomal trafficking chaperone UNC93B1. However,
recent evidence implies more direct, regulatory functions of TLR9 on TLR7 activity. The association
between age-associated B cells (ABCs) and autoantibody production positions these cells as potential
targets for treatment in SLE, but the lack of specific markers necessitates further research for precise
therapeutic intervention. Therapeutically, targeting TLRs is a promising strategy for SLE treatment,
with drugs like hydroxychloroquine already in clinical use.

Keywords: systemic lupus erythematosus; toll-like receptor; mouse models

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune systemic disease that affects
various organs in the body. The disease is complex with heterogenous manifestations, and
both genetic and environmental factors such as ultraviolet radiation, viral infections, and
exposure to certain chemicals have been implicated in disease etiology. Characteristic of this
disease are autoantibodies against DNA and an increased production of type I interferons
(IFNs). The innate immune system is the first responder to infections and damage and
is responsible for the interferon response. Most cells can produce type I IFNs. However,
plasmacytoid dendritic cells (pDCs) are the most potent producers of these cytokines.
In contrast, antibody production involves the adaptive immune response. Cells such as
dendritic cells (DCs), T cells, and B cells are the main players in this response.

Several anti-nuclear autoantibodies (ANAs), such as anti-double-stranded DNA
(dsDNA), anti-nucleosome (nuc), anti-Sm, anti-small nuclear riboprotein (snRNP), anti-
Sjogrens syndrome antigen A (SSA/Ro), anti-Sjogrens syndrome antigen B (SSB/La), anti-
phospholipid (PL), and anti-C1q antibodies have been implicated in SLE, but anti-dsDNA
and anti-Sm are the only antibodies that are considered specific for SLE [1]. Immunoglobu-
lin isotypes such as IgA, IgM, IgG, IgG1, igG2, IgG3, and IgG4 have all been observed in
SLE, but only the IgG isotype is used in the classification criteria for diagnosis (reviewed
in [1,2]).
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Autoantibodies cause inflammation and may form immune complexes that can be
deposited in organs and cause local inflammation and organ damage. In SLE, the kidneys
are often affected, and patients may develop lupus nephritis (LN), which is a serious com-
plication that can lead to kidney failure [3]. The predominance of nucleic acid-associated
autoantigens in SLE is noteworthy and is probably due to the ability of these antigens to
also bind to members of the toll-like receptor (TLR) family of pattern recognition recep-
tors. Other nucleic acid sensors such as cytosolic dsRNA sensors, including melanoma
differentiation-associated protein 5 (MDAS) and retinoic acid-inducible gene I (RIG-1), and
DNA sensors such as cyclic GMP-AMP synthase (cGAS), interferon-gamma inducible 16
(IFI16), absent in melanoma 2 (AIM2), and DNA-dependent activator of IRFs (DAI) may
also be involved in SLE.

TLRs are involved in shaping the immune response by recognizing pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). Several
TLRs have been identified, including TLR1-TLR10 in humans, and TLR1-TLR13 in mice.
However, the TIr10 gene is not functional in mice [4]. TLR1-TLR2, TLR2-TLR®6, and possi-
bly TLR2-TLR10 form heterodimers [5]. The TLRs can be divided by their localization in
the cell, either on the cell surface or in endosomes, and by which ligand they bind (Figure 1).
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Figure 1. TLR signaling and expression in immune cells. TLRs are a class of proteins that are involved
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in immune responses upon recognizing molecules such as pathogen-associated molecular patterns
(PAMPs), lipopolysaccharide (LPS), profilin, flagellin, ssDNA, dsDNA, ssRNA, and dsRNA. TLR1-
TLR13 is found in mice, and TLR1-TLR10 is found in humans. The signaling pathways downstream
of TLR activation are complex but can be roughly divided into MyD88-dependent and TIR domain-
containing adapter-inducing IFN-3 (TRIF)-dependent pathways. The myeloid differentiation factor
88 (MyD88)-dependent pathway is utilized by all TLRs except TLR3, while TLR4 can activate both
pathways. Nuclear factor-kB (NFkB) comprises a family of transcription factors regulating genes
involved in immune and inflammatory responses. Interferon regulatory factors (IRFs) regulate the
transcription of interferons (IFNs), primarily type I IFNs. In the figure, the size of the TLR7-TLR9
letters in the different immune cells indicate their expression levels in these cells. Created with
BioRender.com. DC, dendritic cell; pDC, plasmacytoid dendritic cell; NK, natural killer cell; ss,
single-stranded; ds, double-stranded; IFN, interferon.
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Due to their diversity, TLRs can bind to diverse ligands, making them important
sensors of environmental stimuli such as bacterial and viral infections. In addition, other
cellular pathways may interact with the TLR pathways in an autoimmune setting. For
example, both MDAS5 and ¢cGAS were upregulated in in vitro maturated splenic B cells
from a TLR7 agonist-induced lupus model, while the MDAS5 pathway was also activated
without additional stimulation with CD40L [6].

Upon ligand binding, TLRs undergo conformational changes leading to the recruit-
ment of adaptor proteins such as myeloid differentiation factor 88 (MyD88) and TIR
domain-containing adapter-inducing IFN-f (TRIF). This recruitment initiates downstream
signaling cascades, ultimately resulting in the activation of transcription factors like nuclear
factor-kB (NFkB) and interferon regulatory factors (IRFs). These transcription factors in-
duce the expression of inflammatory chemokines, cytokines, type I interferons (IFNs), and
antimicrobial peptides [5]. Due to their role in sensing and regulating immune reactions,
TLRs can have various implications in autoimmunity and SLE.

In this review, we focus on TLRs’ role in human SLE and SLE mouse models, and their
possible involvement in tolerance breakage. TLRs are expressed by different immune cells
involved both in the innate and adaptive immune system, as well as platelets and epithelial
cells. TLRs are well-known for their central role in autoimmunity and SLE.

2. Animal Mouse Models of SLE and LN and the Involvement of TLRs

Existing spontaneous mouse models of SLE and LN have been extensively reviewed
during the past 10 years [7-12]. In addition, several genetically modified mice or other
models with a lupus-like disease have been studied to determine the mechanism of SLE and
LN in mice [7]. The genetically modified mouse models include knockout (KO), knock-in
(KI), knock-down (KD), and transgenic (tg) mouse models.

2.1. Spontaneous Mouse Models of SLE and LN

The most common spontaneous mouse models used in research on the development
of SLE and LN include the strains (NZBxNZW)F1 (NZBW), MRL/ Mp]—Faslpr (MRL/lpr),
BXSB/Yaa, and several congenic strains [13,14]. The MRL/lpr model contains a sponta-
neous lymphoproliferation (lpr) mutation caused by an alteration in the Fas gene causing
a defect in FAS signaling and reduced cell death leading to lymphadenopathy. Several
genetic modifications of this lupus model have been used to study the impact of TLRs on
the development of autoimmune disease and are discussed later. The NZBW model, a hy-
brid of a New Zealand black (NZB) and a New Zealand white (NZW) mouse, developed a
kidney disease resembling human LN with the development of glomerulonephritis [13,14].
Both NZB and NZW mice carry genes and develop an immunological phenotype with
increased autoantibody production. However, it is only the hybrid that developed protein-
uria. Several other recombinant inbred strains with an NZB or NZW background, called
New Zealand mixed (NZM), have been developed to study the genetic background of
murine lupus [15]. In addition, the crossing of NZB mice with several clinically normal
mouse strains like SWR (SNF1 model) or SJL (NSF1 model), and the crossing of NZW
with BXSB (WBF1 model), led to development of a clinical disease similar or milder to the
NZBW model (reviewed in [11]). Common for most of the models is the production of
autoantibodies to dsDNA and active proliferative nephritis, with a few exemptions like
mild proliferative nephritis in SNF1 and WBF1 mice.

Other spontaneous mouse models include BXSB, BXD2, and (SWRxSJL)F1 mice that
develop anti-dsDNA antibodies and Sm/U1snRNP antibodies. The (SWRxSJL)F1 mice may
develop proteinuria at 20 weeks old with increased levels of IgG and IgA [16]. The BXSB
and BXD2 models are recombinant inbreds derived from a mix of SB/Le and DBA /2] males
with C57BL/6 (B6) females, respectively [17]. However, the BXSB model is unique as it
mainly affects the males because of the presence of the Y-chromosome-linked autoimmune
accelerator (Yaa). Mice with the Yaa locus have a duplication of the Tlr7 gene. The Yaa is
also important for the autoimmune phenotype in the Fc gamma receptor 2B (FcgrIIB)~/~Yaa
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mice [18]. The mice develop a more severe disease than FcgrIIB~/~ without the Yaa, but with
less ANA production [18]. In addition, FcgrIIb~/~ mice on a B6 background develop sponta-
neous and fatal glomerulonephritis [19]. The 564Igi strain (B6.12954(Cg)-Igktm1(Igk564)Tik
Ightm1(Igh564)Tik/J)) mice have heavy and light chain genes encoding the 564 immunoglob-
ulin (derived from an autoimmune SWRxNZB hybridoma) targeted to the heavy and light
chain loci of C57BL/6 mice [20]. These mice produce anti-RNA antibodies.

2.2. Other Genetic Mice Models Mimicking the Pathogenesis of SLE and LN

The development of Tlr7 tg mice confirmed that the Yaa gene is essential for develop-
ing an autoimmune phenotype in some spontaneous models of lupus [21]. The protein
tyrosine phosphatase nonreceptor 22 (PTPN22) gene encodes the lymphoid tyrosine phos-
phatase (LYP) in humans, and the PEST domain-enriched tyrosine phosphatase (PEP) is the
homologue in mice. The LYP protein is important in regulating the function of adaptive
immunity cells, and polymorphism in this gene is associated with several autoimmune
diseases including SLE [22]. PTPN22 expression in myeloid cells is important for regulation
of multiple pattern recognition receptors [23]. Mouse models of Pep KO, Pep KI, Pep KD, or
Pep tg mice show varying degrees of autoimmunity, and this is based on the selected strain
used (reviewed in [24]).

DNasell3 deficiency has been shown in both MRL/Ipr and NZBW mice, as both
strains are homozygous for a missense of this enzyme in the macrophages [25]. In a recent
study of conditional knockout of Dnase1l3 in macrophages, autoantibody production and
mild kidney affection were observed [26]. Systemic KO models of Dnase1l3 on either B6
or 129SvEv backgrounds induce ANAs, specifically anti-dsDNA antibodies in addition
to anti-chromatin antibodies [27,28]. A double KO of Dnasell3- and Fcgrllb-deficient mice
showed early production of anti-dsDNA antibodies [28], while Siglecg™/~ x Dnase113~/~
double KO mice, but not Siglecg™/~ x Dnasel~/~ KO mice, produced autoantibodies only
later in life [29]. However, Dnasel~/~ mice produced ANAs, had glomerular immune
complex deposits, and developed glomerulonephritis, demonstrating the importance of
chromatin degradation to maintain tolerance against nuclear antigens [30,31].

LYN is an Src kinase associated with SLE. Lyn~/~ mice showed increased levels
of IgG and immune complex deposition and developed glomerulonephritis [32]. Other
SLE symptoms included anemia, leukopenia, and thrombocytopenia. LYN is an inhibitor
of IRF5 and thereby regulates signaling through TLRs [33]. Mice with a B-cell-specific
deletion of CRé-interacting factor 1 (CRIF1), a nuclear transcriptional regulator and a
mitochondrial inner membrane protein, had a lupus-like phenotype with anti-dsDNA
antibody production and development of LN [34]. Depletion of CRIF1 has been shown
to enhance activation trough TLR7 and TLR9 [35]. Deficiency in B-lymphocyte-induced
maturation protein (BLIMP)-1 in dendritic cells (DCs) (Prdm1) led to a lupus-like phenotype
with increased subsets of T follicular helper (Tth) cells and plasma cells [36-38]. Another
study showed that Blimp-1 directly suppressed interleukin-1 receptor-associated kinase 3
(Irak3) [39]. In a recent KI tg model, the gene ERN1 encoding inositol-requiring enzyme 1«
(IRElex) carrying a heterozygous mutation led to a defect in IRE1« ribonuclease activity on
X-box binding protein 1 (XBP1) splicing; the mice developed a broad panel of autoantibodies
including antibodies against chromatin, Scl-100, or Sm/RNP [40].

Transcription factor E2F2-deficient mice with a mixed 129/sv x B6 background showed dif-
fuse late onset SLE with systemic inflammatory infiltrates in the lung and liver, splenomegaly,
immune complex deposition, and varying anti-dsDNA antibody titers [41]. However, back-
crossing the original E2f2~/~ mice into a pure B6 background eliminated the autoimmunity.
Introducing an overexpression of the anti-apoptotic Bcl-2 protein in the B cells of these mice
induced increased anti-DNA antibodies and development of mild glomerulonephritis [42].
Another study showed that E2F2 directly regulated the expression of MyD88, the adaptor of
most of the TLRs, by binding to its promoter [43]. Phospholipase D family member 4 (PLD4)
mutant mice (BALB/c Pld4 thss/thss) developed anti-dsDNA and ANAs [44,45]. PLD4 is a
5’ exonuclease important for the degradation of single-stranded (ss) DNA in the endolyso-
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somes, regulating ssDNA signaling through TLRs [46]. A gain-of-function mutation of another
phospholipase Cy2 (PLCy2) in mice leads to an autoimmune phenotype [47].

Wiskott-Aldrich Syndrome (WAS) is a rare disease that is caused by WAS protein
(WASP) deficiency and is characterized by diverse immune aberrations, including the
production of autoantibodies. A mouse model has been developed where B cells, but not
any other hematopoietic lineages, fail to express WASP [48]. This model has been termed
BWAS=/~ and the mice develop high titers of anti-DNA and anti-RNA antibodies [49]. The
mechanism behind development of autoimmunity in this model has been related to the
hyperresponsiveness of WAS™/~ B cells to both BCR and TLR signals.

Taken together, there are several different genes that are either directly or indirectly
linked to TLR signaling and are thus important for immune homeostasis. Figure 2 summa-
rizes some of the most central genes and gene products linked to TLR signaling that may
cause a lupus-like phenotype if mutated or knocked out.
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Figure 2. Overview of single-gene knockout (KO), knock-in (KI), or mutations in mice causing a
lupus-like phenotype by influencing toll-like receptor (TLR) signaling and gene expression. Normal
signaling pathways are shown with single-gene KO or mutations marked in red. Tlr7 duplications
in both spontaneous lupus models carrying the Yaa gene and in TLR7 transgenic mice induce
spontaneous autoimmunity. Dnasell3 and Dnasel KO mice have reduced clearance of circulating
chromatin, thus increasing the antigens for TLRs. PLD4 mutant mice have increased signaling
through TLRs due to reduced degradation of ssDNA in endosomes. CRIF1 deficiency influences
CDK2-induced DNA repair, NRF2 binding, and formation of the ETC complex [50]. BLIMP1 normally
controls the binding of IRF1, 2, and 4 and increases IL-10 expression. It also suppresses the expression
of IRAK3 an inhibitor of IRF7 signaling [51]. PTPN22 inhibits various signaling pathways but
acts as a selective promoter of type I interferon by promoting autoubiquitination of TRAF3 and
phosphorylation of IRF3 and IRF7 [23]. LYN phosphorylates ITAM and PLCy?2 and inhibits IRF5
activation [52]. PLCy2 activation via tyrosine kinases like LYN leads to increased CaZ* signaling and
a gain-of-function mutation, which was shown to cause hyperreactive external calcium entry [53].
WASP affects many parts of the BCR signaling pathways [54] and B-cell-specific WAS deficient mice
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develop autoantibodies against both DNA and RNA [48]. IRE1« is an ER membrane protein important
for transducing signals of misfolded protein accumulation in ER to the nucleus by splicing X-
box binding 1 (XBP1) mRNA and leading to the production of stable transcription factor XBP1
(XBP1s) [55]. XBP1s targets various genes involved in multiple cellular functions [56]. Created
with BioRender.com. KI, knock-in; KO, knockout; PLD4, phospholipase D family member 4; UPR,
unfolded protein response; ssDNA, single-stranded DNA; ETC, electron transport chain; BCR, B-cell
receptor; WAS, Wiskott—Aldrich syndrome; ER, endoplasmatic reticulum; IRF, interferon regulatory
factors; CRIF, CR6-interacting factor 1; IRAK, interleukin-1 receptor-associated kinase; PTPN, protein
tyrosine phosphatase nonreceptor 22; XBP1, X-box binding 1; PLCy2, phospholipase Cy2; BLIMP,
B-lymphocyte-induced maturation protein.

2.3. Inducible SLE Mouse Models

Pristane (2,6,10,14 tetramethylpentadecane) has been used since the 1980s as an in-
ducible model of LN in various healthy mice strains like BALB/c, SJL/J, and C57BL/6, as
it results in immune complex-mediated glomerulonephritis (reviewed in [57]). It is also a
good model for SLE in general since the mice may develop erosive arthritis, skin rash and,
in more severe cases, pulmonary vasculitis and haemorrhage [58]. However, the choice of
strain used is important as they show huge differences in their autoantibody profiles [59].
In addition, pristane may induce ANAs, anti-dsDNA, and anti-SnRNP antibodies and
show an overproduction of type I IFN, which makes it very suitable as a model for SLE
since high amounts of type I IFN are observed in 50% of SLE patients [60]. The model
relies on the expression of TLR7 [61] and has been used to determine the role of other TLRs
like TLR2 [62], TLR4 [63], and TLR9Y [63,64], in addition to induction factors like BAFF [65]
and tonicity-responsive enhancer-binding protein (TonEBP) [66] and signaling molecules
and sensors like IRF7 [67], cGAS-STING pathway [68], and IRAK4 [69] in murine lupus.
Pristane has also been used to accelerate the disease in NZBW and the SNF1 model [70,71].
Using pristane treatment in normal B6 and B6/lpr and B6/gld mice demonstrated the
contribution of defects in the Fas or Fas ligand [72].

A newer inducible lupus model involved topical treatment with resiquimod or im-
iquimod creams containing TLR-7/8 or TLR? ligand /agonist in wild-type (WT) mice. When
applied three times a week for 4-8 weeks, it induced anti-dsDNA antibodies, glomeru-
lonephritis, hepatitis, carditis, and photosensitivity in these mice [73]. The application of
imiquimod to the skin is a prerequisite for inducing the disease, as oral administration and
injection of imiquimod do not lead to the same immune cell activation. In graft-versus-host
disease (GVHD) and chronic GVHD (cGVHD), donor lymphocytes are injected into a
semi-allogenic recipient to induce a lupus-like syndrome [74]. Autoantibody-mediated
(lupus-like) cGVHD in mice is caused by alloantibody secretion and deposition, in addition
to B- and T-cell infiltrations in the affected tissues [75]. A recent study showed increased
expression of TLR7 in mice with cGVHD [76]. Garimella et al. (2021) used syngeneic
apoptotic cells to break B-cell tolerance in C57Bl and UNC93B1 mutant mice that lacked
signaling through TLR3, TLR7, and TLR9 [77]. They found reduced responses against
known autoantigens in the mutant mice, showing the importance of endosomal TLR in
tolerance breakage against lupus autoantigens.

2.4. Acceleration of Spontaneous Lupus Models and Humanized Mouse

Some of the spontaneous models develop SLE and LN over a long time (5-12 months)
and the disease manifestations are very heterogenic with some mice never developing
proteinuria, making the models difficult to use in treatment strategies to prevent LN.
To solve this, several different compounds have been used to study the mechanism of
SLE by accelerating different processes in spontaneous mouse models. This has also
included the use of pristane and imiquimod, accelerating the development of proteinuria in
NZBW and MRL/Ipr mice [78]. Recently, resiquimod treatment of B6.Slel.Sle2.Sle3 triple
congenic mice induced an increased leaky gut, and this was shown to be due to TLR7/8
activation [79]. Other compounds normally not inducing SLE in healthy mice include
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poly IC [80], IFN« [81,82], mercury [81,82], respirable crystalline silica dust particles [83],
LPS [83], and CpG [84] and these have also been used for this purpose.

Humanized mouse models of SLE involve transferring PBMC from SLE patients to
immunodeficient mice or transferring human hematopoietic stems cells to immunodeficient
mice with subsequent induction of lupus via intraperitoneal injection of pristane (reviewed
in [85]). Other studies have introduced human genes into mice strains, like human TLRS in
an SLE1.Yaa strain that induced fatal anemia [86]. In a recent study by Cakan et al. (2023)
to study the role of TLR7 and TLRY in induction of B-cell tolerance, they used NOD-scid-
common gamma chain (yc) knockout (NSG) immunodeficient mice with CD34* human
fetal hematopoietic stem cells (HSCs) transduced with GFP-tagged lentivirus expressing
shRNA to inhibit the expression of MYDS88, TLR7, and TLR9 [87]. It was shown that
TLR9Y is important for maintaining central B-cell tolerance, as both TLR9 and MYD88
silencing resulted in increased polyreactive or ANA-producing B cells. In addition, the
study demonstrated that CXCL4 production sequestered TLRY ligands away from the late
endosomes and thus inhibited TLRY function in B cells.

3. TLR Signaling in SLE—An Update on Recent Findings

TLRs may contribute to the chronic activation of the immune system in patients
with SLE or in lupus-prone or -induced mice. High mobility group box 1 (HMGBI1) is a
typical DAMP and can be released by apoptotic and necrotic cells. Higher levels of serum
HMGBI1 and anti-HMGB1 antibodies correlating with disease activity have been found in
SLE patients [88-91]. HMGBI1 can be recognized by TLR2, TLR4, and TLR5 [92,93]. Ma
et al. (2018) identified TLR4*CXCR4" plasma cells in peripheral blood and kidney tissue,
correlating with anti-dsDNA levels in SLE patients and lupus-prone mice, and showed that
TLR4 blockade in vitro reduced anti-dsDNA IgG secretion from these cells [94]. Also, in
MRL/Ipr mice, the expression of TLR4*CXCR4* plasma cells was significantly increased.
Interestingly, this cell population decreased upon Nrf2 overexpression [95], indicating a
potential role in LN disease progression and revealing this pathway as a possible target
for treatment. An investigation into the expression and interplay of HMGB1 and TLR4 in
patients with neuropsychiatric SLE (NPSLE), found either protein or mRNA expression to
be increased in serum and PBMCs, respectively, but did not observe significant correlation
between HMGB1 and TLR4 expression and NPSLE-related seizures [96]. Several studies
have also investigated the genetic association between TLR2 and TLR4 polymorphisms
and SLE susceptibility [97-99]. However, the results from those studies have not provided
evidence for TLR2 and TLR4 gene polymorphisms and SLE.

TLRS5 recognizes bacterial flagellin. A recent study by Alajoleen et al. (2024) using
TLR5-deficient MRL /lpr mice demonstrated a worsening of the disease, possibly due to
an increased germinal center reaction and suppression of regulatory lymphocytes [100].
There have been very few studies on the role of TLR5 in SLE and LN. Both increased and
decreased levels of TLR5 expression have been shown in different organs during murine
lupus disease progression [101]. In addition, several studies on polymorphisms in SLE have
indicated no association with TLR5 polymorphisms even though an increase in TLR5 gene
expression was observed in LN biopsies [98,102,103]. However, Hou et al. (2023) recently
identified a mutation in TLR5 in early-onset pediatric SLE with renal, hematological, and
central nervous system involvement [104]. The new findings indicate that TLR5 influences
important regulatory functions of the immune system, and more studies on its role in
autoimmune diseases are required.

Among the TLRs, TLR3, TLR7, TLRS, TLR9, TLR10, and TLR13 (Figure 1) are specific
for nucleic acids and perhaps most relevant to SLE. TLR3 recognizes dsRNA, while TLR7
and TLR8 recognize ssSRNA. TLR9 identifies unmethylated CpG DNA. TLR13 is specific for
rRNA regions, particularly certain 23S rRNA motifs found in bacteria [105,106]. Human
TLR10 has been shown to bind to dsRNA in vitro at acidic pH, suggesting it has an
endosomal location [107] in addition to having a plasma membrane localization [108].
The exact mechanisms of TLR10 are somewhat unclear and it is suspected to have both pro-
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and anti-inflammatory properties (reviewed in [108]). Interestingly, in relation to SLE, Lee
et al. (2018) showed that the binding of TLR10 to dsRNA activated the MyD88 signaling
pathway and suppression of IRF7-dependent type I IFN expression as well as inhibition
of TLR3 signaling through sequestering dsRNA from this receptor [107]. Engagement of
TLRs is important in the pathogenesis of SLE, contributing to the production of type I IFNs
and the activation of autoreactive B cells (reviewed in [109]).

Platelets also express TLRs. In SLE, platelets are activated, and their abnormal expres-
sion in blood can mirror disease activity. Platelets express FcyRs and TLRs TLR1-TLR4,
TLR7, and TLR9 [110], indicating that different PAMPs, DAMPs, immune complexes, and
nucleic acids can activate platelets (reviewed in [110-113]). When activated, platelets ex-
press CD40L and P-selectin on the cell surface, contributing to interaction with immune
cells [113]. In addition, activated platelets release extracellular vesicles, leading to con-
stituents such as HMGB1 and P-selectin being accessible to other cells not normally in
contact with these components [110-113]. Activated platelets and extracellular vesicles
can stimulate neutrophils to undergo neutrophil extracellular trap (NET)osis, pDCs to pro-
duce IFN«, B cells to produce autoantibodies, regulatory T cells to downregulate FOXP3,
and maturation of monocytes to APCs [111], all factors that can contribute to disease
progression in SLE. A recent study by Baroni Pietto et al. (2024) showed that platelets
could contribute to inflammation in SLE patients [114], and similar findings are reviewed
in [111]. Interestingly, Tay et al. (2024) found TLR7 expression in platelets to be important
for platelet-low-density neutrophil (LDN) complexes. LDNs are a subset of neutrophils
associated with SLE, while platelet-neutrophil complexes have been observed after platelet
activation and are formed during inflammation.

The nucleic acid-sensing TLRs TLR7, TLR8, and TLR9 (Figure 1) have been well
studied in relation to SLE. All three are located intracellularly in endosomes, but their
expression varies between different subsets of immune cells, which in turn affects how they
are implicated in SLE. T cells and natural killer cells express low amounts of all of them,
while B cells and pDCs express both TLR7 and TLRY [115]. Monocytes express low levels
of TLR7 and TLRY, but instead express TLRS, which is absent in B cells and pDCs. DCs and
macrophages express TLR7, TLR8, and TLR9 [116,117]. TLR7 and TLR9 have homologous
ligands and functions in mice and humans, whereas TLRS is not bound by ssRNA in mice
and its murine ligand is yet to be identified [118]. For a while, it was thought that TLR8
may not be functional in mice. For this reason, many of the studies on TLR function in SLE
have focused on TLR7 and TLR9. Still, it has been demonstrated that murine TLR8 could
have regulatory functions that may be independent of ligand binding [116].

2.5. TLR Driven Autoantibody Production and Tolerance Breakage

In addition to stimulating a general inflammatory response by causing the produc-
tion of inflammatory cytokines, TLRs can also be directly involved in the production of
autoantibodies. An accepted description of how this may occur is through a specific form
of T-independent B-cell activation where self-DNA or self-RNA binds to the BCR of a naive
B cell that expresses a BCR specific to DNA or RNA (Figure 3) [119,120]. This leads to
internalization of the BCR-DNA /RNA complex in the endosome, which may fuse with
another endosome containing TLRs. In this way, the internalized DNA or RNA may also
bind to and activate TLR9 or TLR7, respectively. It has been demonstrated that this co-
engagement of the BCR and a TLR is enough to activate B cells without help from T cells,
in turn leading to the maturation of plasma cells producing antibodies that bind to DNA
or RNA [121-125]. Likewise, proteins bound to DNA or RNA may also be internalized
via binding to a BCR that is specific for that protein and bring with them DNA or RNA
into an endosome, activating TLRs and causing the maturation of plasma cells producing
autoantibodies like anti-Sm, anti-RNP, and anti-nucleosome. Normally, T-independent
B-cell activation results only in the production of IgM antibodies. However, CpG binding
to TLR9 on B cells can also activate antibody class switching to the Th1-like isotypes IgG2a,
IgG2b, and IgG3, which are commonly seen in SLE [126,127]. One study even found that
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class switching of anti-DNA antibodies to IgG2a and IgG2b isotypes was impaired in
TLR9-deficient mice [128]. Several studies have demonstrated the concept of TLR-BCR
co-engagement, for instance by immunizing mice with protein antigens linked to CpG
DNA, chromatin-containing immune complexes, or RN A-containing immune complexes,
with subsequently enhanced production of antigen-specific antibodies [122,125,129]. They
also confirmed the involvement of TLR9 or MyD88 in these results by knocking out or
inhibiting them. This was recently confirmed by Cakan et al. (2023), as described above [87].
Furthermore, a recent study on the same concept investigating TLR4 and TLR5 also demon-
strated that B-cell activation mediated by TLR-BCR co-engagement is T-cell independent,
through performing similar studies using a mouse model which was devoid of T cells [130].
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Figure 3. TLR-driven autoantibody production. Recognition of extracellular nucleic acids or proteins
bound to nucleic acids by naive B cells via the B-cell receptor (BCR) causes internalization of the BCR-
antigen complex, which ends up in an endosome. Endosomal toll-like receptors (TLRs) like TLR7
and TLRY may then also encounter the internalized nucleic acid-containing antigens. Co-engagement
of BCR and TLR via antigens can lead to activation of the B cell and induce isotype switching to IgG.
Consequently, a large number of autoantibody secreting plasma cells can be generated. Created with
BioRender.com. RBP, RNA-binding protein.

Upon the initial discovery of TLRY, it was stated that TLR9 was able to discriminate
between bacterial DNA and self-DNA because its ligand, unmethylated CpG DNA, is quite
scarce in mammalians. However, unmethylated CpG DNA does exist in mammalian DNA
as well, and several studies have demonstrated a dependence on TLR9 signaling to produce
anti-DNA antibodies associated with SLE [49,124,131]. A more accepted notion today is
that the intracellular location of the nucleic acid-sensing TLRs is the main mechanism
of discriminating self from non-self. Indeed, since B cells generally do not endocytose
extracellular material unless the BCR is bound, host-derived DNA or RNA, for instance
originating from dead cells, would not normally come into contact with TLR9 or TLR7 in
B cells and therefore would not activate them. In contrast, B cells carrying a nucleic acid-
binding BCR naturally endocytose nucleic acids, possibly breaking self-tolerance in these
cells [131]. Moreover, engagement of TLR9 can protect B cells from spontaneous or BCR-
mediated apoptosis, contributing to tolerance breakage [132-134]. Further supporting the
notion that TLR-BCR dual engagement is a key mechanism for the maturation of plasma
cells producing nucleic acid-specific antibodies is the fact that global or B-cell-specific
deletion of MyD88 in lupus-prone mice has been shown to suppress the production of all
antinuclear antibodies [125,135-137]. More specifically, several studies have demonstrated
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that the specific deletion of TLR7 or TLRY, either globally or in B cells only, abrogated
production of anti-RNA and anti-DNA antibodies, respectively [49,117,124,131,135,138].

2.6. Diverse Effects of Different TLRs on SLE Pathogenesis—TLR7 As the Main Driver of Disease

Despite the direct influence of both TLR7 and TLR9 on autoantibody production, as
well as the fact that TLR7, TLR8, and TLR9 all activate the same signaling pathways, their
roles in the pathogenesis of SLE are not equivalent. Numerous studies have implicated
TLRY7 as the main driver of SLE disease, while both TLR8 and TLR9 have been shown
to have more regulatory roles where they contribute to dampening TLR7 signaling and
thereby prevent autoimmunity [116,124,139]. This is demonstrated by the fact that knock-
ing out either TIr8 or TIr9 in healthy C57BL/6 mice induced SLE-like autoimmune disease,
while additional knockout of TIr7 eliminated disease symptoms, indicating that the disease
development was dependent on TLR7 [116,140]. Single knockout of TIr7 in lupus-prone
mice also ameliorated disease [124]. Moreover, gene duplication of TIr7, as seen in mice
bearing the Y-linked autoimmune accelerator (Yaa) locus, contributed to accelerating au-
toimmune disease. In addition, topical treatment of mice with the TLR7 agonist imiquimod
also induced SLE-like disease [73].

Strong evidence supports the disease-promoting role of TLR7 in humans as well. The
Tlr7 gene is located on the X chromosome and the risk of developing SLE correlates with the
number of X chromosomes an individual carries, demonstrated by the female predominance
and increased incidence in men with Klinefelter syndrome (47, XXY) [141]. X-chromosome
inactivation normally contributes to the silencing of one arbitrary X chromosome, but not
all genes are affected, and it has been shown that Tlr7 escapes X-chromosome inactivation
in B cells, monocytes, and pDCs in both women and Klinefelter syndrome men [142].
Recently, it was demonstrated that the gene encoding TLRS, which is closely located to
Tlr7, also escapes X-chromosome inactivation in immune cells in women and Klinefelter
syndrome men [143]. Increased expression of TLR7, independent of gene copy number,
has also been associated with more severe SLE disease in humans [144]. A specific Tlr7
polymorphism (rs3853839-G) has been demonstrated to cause increased expression of TLR7
and is associated with SLE in humans [145-147]. Recently, a never-before-seen Tlr7 gain-of-
function gene variant (Tlr7Y2¢4) was identified in a young girl suffering from SLE [148].
This variant of TLR7 was shown to have increased affinity to guanosine present in RNA
and enhanced NF-kB activation. When introduced into C57BL/6 mice, the Tlr7Y264H gene
induced an SLE-like disease.

2.7. Regulatory Functions of TLR8 and TLR9

As previously mentioned, global knockout of TIr9 induces or worsens lupus-like
disease in several mouse models. This concept has been demonstrated in a number of
different mouse models, including MRL/lpr, MRL/+, B6-lpr/lpr, B6.Nba2, FcyRIIB—/—,
Plcg2Ah5/ *, and pristane-treated BALB/c [64,124,149-153]. Similar to TLR9, TLRS has also
been implicated to have regulatory functions on TLR7 [116]. Thus, C57BL/6 mice who are
deficient in both TIr§ and TIr9 suffered from more pronounced disease compared with mice
lacking only one of these genes [140]. However, the same study demonstrated that TLR8
and TLR9 exerted their regulatory effects in different cell types. TLR8 seemed to mainly act
in DCs, whereas TLR9 mainly exerted its regulatory functions in B cells [140].

An extensive amount of work has been conducted to study the relationship between
TLR7 and TLRY in B cells. It has been demonstrated that B-cell-specific knockout of
Tlr7 is enough to ameliorate disease in lupus-prone mice, while B-cell-specific knockout
of Tlr9 exacerbates disease [49,117]. One study showed that absence of TLRY in B cells
caused exacerbated nephritis, while overexpression of TLR9 in B cells caused reduction of
both nephritis and proteinuria [117]. The latter was demonstrated in both MRL/Ipr and
FcyRIIB~/~.Yaa mice [117]. In contrast, deletion of TLRY in cDCs, pDCs, macrophages, or
neutrophils had no effect on SLE disease parameters, further supporting the notion that it
is the B-cell-intrinsic TLR9 which is protective in SLE. In line with this, deletion of TLR7 in



Int. J. Mol. Sci. 2024, 25, 5351

11 of 24

CD11c* cell populations mainly comprising DCs had no impact on SLE disease parameters
in MRL/Ipr mice [154]. However, B-cell-specific deletion of TLR7 did ameliorate disease,
especially in TLR9-deficient mice.

Since exacerbation of SLE disease in TIr9~/~ mice depends on TLR7, it has been
hypothesized that TLRY, either directly or indirectly, negatively regulates TLR7 activity.
In that case, deletion of TLRY would increase TLR7 activity and, in turn, cause worsened
disease. In line with this, several studies have demonstrated higher expression of TLR7 and
increased response to TLR7 ligands in TIr9 knockout models [140,151,155]. For instance,
B cells from TIr9~/~ and TIr8/~TIr9=/~ C57BL/6 mice responded more strongly to
the TLR7 ligand R848 than B cells from WT or TIr§ —/~ mice [140]. B cells from Tlr9~/~
B6.Nba2.Yaa mice also responded more strongly to imiquimod and expressed higher levels
of TLR7 than B cells from TIr9*/* mice [151].

One popular hypothesis explaining how TLR9 may indirectly regulate TLR7 activity
suggests that deletion of TLR9 causes increased trafficking of TLR7 to late endosomes
because TLR7 and TLR9 compete for the same shuttle mechanism [156]. UNC93B1 is
an endoplasmatic reticulum (ER)-resident chaperone that controls trafficking of nucleic
acid-sensing TLRs as well as TLR5, TLR11, and TLR12 from the ER to their respective
locations in endosomes or on the cell surface [157,158]. Upon viral infection or TLR
signaling, nucleic acid-sensing TLRs are transported to endosomes. TLR7 and TLR9
both bind to UNC93B1, which has the strongest affinity for TLR9 [159]. However, a
mutation in UNC93B1 (D34A) causes enhanced affinity for TLR7 and, thus, enhanced
trafficking of TLR7 to endolysosomes, which in turn induces TLR7-dependent systemic
inflammation [156]. Based on these findings, it has been suggested that when TLR9 is
absent, this causes less competition for binding to UNC93B1 and, thus, increased trafficking
of TLR7 to endosomes, which could be the mechanism that drives the worsened disease
seen in TIr9~/~ mice [156]. The same hypothesis has also been proposed for TIr8~/~
mice, as TLRS is also shuttled to endosomes by UNC93B1 [140]. However, this theory has
recently been challenged as it was demonstrated that the localization of TLR7 was the
same in WT and TIr9~/~ mice, probably because the mere absence of TLR9 (or TLR8) does
not increase the affinity of UNC93B1 for TLR7 [160]. TLR7 and TLR9 were also largely
located in separate compartments, indicating that they should not compete with each other
for binding to UNC93B1. Interestingly, unlike previously mentioned findings, the current
study did not identify differences in expression and signaling of TLR7 between WT and
TIr9~/~ mice. Instead, it was explored whether TLR could regulate TLR7 activity through
other mechanisms. Point-mutated versions of TLR9 that lacked either ligand or MyD88
binding were expressed in MRL/lpr mice [160]. Both mutated versions of TLR9 increased
survival compared with TIr9~/~ mice, suggesting that simply the presence of TLR9, despite
being “dysfunctional”, is protective. Furthermore, the TLR9 version that could bind ligand
but did not signal through MyD88 was the most protective, suggesting that TLR9 has
protective effects that are ligand-dependent but MyD88-independent. This also indicates
that TLRY signaling through MyD88 does promote disease, as would be expected [156].

Despite TLR8 not being so well studied as TLR9, several studies support the notion
that TLRS also has regulatory functions on TLR?. For instance, TLR8-deficient C57BL/6
mice showed increased expression of TLR7 in DCs, which was accompanied by increased
responses to TLR7 agonists and increased NF-«B activation [116]. These mice also had
elevated levels of both anti-RNA and anti-DNA antibodies. In contrast, TLR7~/~ and
TIr8~/~Tlr7~/~ mice did not produce autoantibodies. The TIr8~/~ mice also had increased
numbers of plasma cells, and T/*8~/~ DC had increased cytokine production compared
with WT DCs. However, there was no difference in cytokine production by macrophages,
supporting the fact that the effect of TLR8 on TLRY is cell-type-specific. Another study, also
based on C57BL/6, supported the finding that DCs express higher levels of TLR7 when
TLRS is knocked out [140]. These TI*8~/~ DCs also responded more strongly to the TLR7
ligand R848 compared with DCs from WT mice, and the same pattern was observed for
pDCs. One study found that a high-fat diet exacerbated SLE in TIr8 knockout mice, an
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effect which was dependent on TLRY since it was abrogated in TIr7/8 KO mice [161]. Again,
that study also found that TIr8 knockout mice expressed higher levels of TLR7 than WT
mice in DCs as well as macrophages. Interestingly, in a human setting, a mutation in TLR8
was recently described and found to cause severe autoimmune disease in the monozygotic
twins who carried it [162]. The mechanism behind the development of autoimmunity was
found to be reduced ability of TLR8 to regulate TLR7 signaling, as well as increased binding
of TLRS to TLR? ligands, which increased TLR7 signaling.

2.8. Regulation of TLR Signaling—Endosomal Trafficking and Glycosylation

In addition to TLR8 and TLR9 having regulatory functions affecting TLR7, several
other proteins and signaling pathways can influence the levels of signaling by these TLRs
in a cell (reviewed in [163]). One such protein is the previously mentioned UNC93B1,
which has gained much attention during recent years and can influence TLR signaling
in different ways. As mentioned, UNC93B1 is required for the trafficking of nucleic acid-
sensing TLRs to endosomes. One study found that UNC93B1 must be glycosylated at
a specific asparagine residue in order to recruit MyD88 and signal properly upon TLR9
activation. This glycosylation was not necessary for TLR7 signaling to function [164].
Another study identified a mutation in UNC93B1 (S282A) that abolished signaling in
TLRY, but did not affect other TLRs [165]. The mutation did not alter TLR9 trafficking,
but inhibited binding of TLRY to its ligand. It was demonstrated that TLR9 needs to be
released from UNC93B1 to be able to signal properly. Recently, Ni et al. (2024) showed
that this release depended on the removal of a palmitoylation, initially added to TLR9
in the Golgi and necessary for its trafficking to endosomes [166]. Conversely, TLR7 does
not need to be released in order to function. Indeed, another study discovered a different
mutation in UNC93B1 (530-PKP/AAA-532) that caused enhanced signaling through TLR7
without affecting TLR7 trafficking [167]. Under normal conditions, the protein syntenin-1
binds to UNC93B1 after stimulation of TLR7 (but not other TLRs) and causes TLR7 to be
taken up into intraluminal vesicles and exosomes, which is likely to dampen continued
TLR7 signaling. K63-linked ubiquitinylation, which normally marks cargo for sorting into
intraluminal vesicles, was markedly reduced in the mutated version of UNC93B1 and
reduced ubiquitinylation correlated with enhanced TLR7 signaling. Phosphorylation of
UNC93B1 at specific sites was required for recruitment of syntenin-1. Mice carrying the
530-PKP/AAA-532 mutation in UNC93B1 developed severe systemic inflammation and
produced ANAs. However, upon knockout of TIr7, the mice were rescued from disease,
supporting the hypothesis that the mutation specifically affected TLR7 signaling [167].
In humans, a few different mutations in UNC93B1 that cause increased TLR7 signaling
through various mechanisms have been identified in SLE patients and underscore the
importance of a functional UNC93B1 [168,169].

Glycosylation of TLRs represents another way to regulate their signaling. One study
using a CRISPR/Cas9 screening method identified the oligosaccharide transferase complex
(OSTC) as indispensable for TLR5, TLR7, and TLR9 responses [170]. OSTC glycosylates
proteins in the ER and its absence inhibits cell surface expression of TLR5. Although it
has not been conclusively demonstrated, it was hypothesized that glycosylation by OSTC
induces maturation and trafficking of TLR5, TLR7, and TLR9 from the ER. The activity of
TLR3 has also been found to depend on glycosylation [171]. In addition, Neul sialidase,
which cleaves sialic acid residues from glycosylated sites of TLRs, has been shown to be
important for the activity of TLR2, TLR3, and TLR4 [172]. Overall, defects in glycosylation
of a variety of immune cell-related proteins have been associated with SLE in both mice
and humans [173].

2.9. Diverse Effects of TLR Signaling on Autoantibody Repertoire in Different Mouse Models of SLE

As previously mentioned, TLR7 and TLR9 have been specifically linked to the pro-
duction of anti-RNA and anti-DNA antibodies, respectively. For instance, this has been
shown in both the MRL/lpr mouse model and the BWAS~/~ model. Interestingly, in
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both models, deletion of TIr9 not only suppressed the production of anti-DNA antibodies
but also increased the production of anti-RNA antibodies [49,135]. One study using the
MRL/Ipr mouse model found that B-cell-specific deletion of TLRY more or less completely
inhibited the production of anti-DNA antibodies, while B-cell-specific overexpression
of TLRY increased the anti-DNA-to-anti-RNA antibody ratio [117]. However, the same
study did not report this effect in the FcyRIIB~/~Yaa model. Indeed, results regarding
the type and amount of antibodies produced in TLR knockout models vary considerably
between different genetic backgrounds. For instance, Plcg215/+-TI¥9~/~ mice were shown
to produce similar amounts of anti-DNA auto-antibodies as Plcg2A5/+-TIr9*/+ mice, while
anti-nucleosome antibodies were significantly decreased and anti-nucleolar antibodies
were increased in TIr9~/~ mice [153]. Similarly, another study also found that development
of anti-nucleosome antibodies was abrogated in B6-lpr/Ipr mice when TLR9 was knocked
out, whereas the anti-dsDNA antibody titer was significantly higher [150]. Increased levels
of anti-dsDNA antibodies and decreased levels of anti-chromatin antibodies upon knockout
of TIr9 have also been reported in B6.Nba2.Yaa mice [151]. One study that looked at the
effect of diet on SLE pathogenesis in T/r8§~/~ mice found that additional knockout of TIr7
significantly decreased the amount of anti-DNA antibodies, indicating that the production
of anti-DNA antibodies depended on TLR7 [161]. Furthermore, treatment of mice with
the TLR7 agonist imiquimod led to the production of both anti-DNA and anti-RNA anti-
bodies, and production of anti-DNA antibodies was not abrogated by knocking out TIr9
in imiquimod-treated mice [73]. Taken together, these results suggest that TLR9 is not the
only potential driver of anti-DNA antibody production in SLE.

2.10. Age-Associated B Cells as the Main Source of TLR Driven Autoantibody Production

A specific subset of B cells, referred to as age-associated B cells (ABCs), are highly de-
pendent on TLR signaling and are also strongly associated with SLE (reviewed in [174,175]).
Several studies have linked ABCs to SLE in both mice and humans, where they are thought
to be the precursor cells to autoantibody-secreting cells [176]. In humans, ABCs are some-
times also referred to as atypical memory B cells or double-negative (DN) cells [174,177].
Large numbers of ABCs are found both in human SLE patients and several different murine
SLE models. For instance, ABCs accumulate drastically in NZBW, MRL/Ipr, SLC/ -,
and Mer—/~ mice with disease onset [178,179]. Previously, it was shown that ABCs in-
creased in individuals with enhanced TLR7 expression [148]. Differentiation of ABCs
occurs upon engagement of TLR7 or TLRY, together with the BCR [175]. Dai et al. (2024),
found the transcription factor ZEB2 to be essential for ABC differentiation in vitro and
vital for ABC formation in TLR7-induced lupus disease, while mice deficient in Zeb2 and
ZEB2 haploinsufficient persons had reduced numbers of ABCs [180]. In addition, cytokine
signaling through IFNy and IL-21, as well as stimulation of CD40, is necessary for differen-
tiation of ABCs [175,177,181]. B cells that express a BCR specific for DNA, RNA, or nucleic
acid-associated proteins are probably inclined to follow this differentiation program, as
BCR-TLR co-engagement naturally occurs in these cells. Indeed, a recent study found that
3H9* mice, whose BCRs mainly bind to nucleosomes or dsDNA, had increased numbers
of ABCs compared with control animals, suggesting the ABCs originated from the DNA-
binding B cells [182]. Also, when TIr9 was knocked out in these mice, the ABC population
decreased. The same study demonstrated that ABCs are a dynamic B-cell population that
can develop into plasma cells or have a more memory-like phenotype and probably go
through multiple rounds of reactivation. One of the hallmarks of ABCs is expression of
the T-box transcription factor (T-bet). TLR9-BCR crosslinking has been found to stimulate
activation of T-bet, which is involved in class switching to IgG2a and 2b isotypes [128,183].
Interestingly, a distinct feature of ABCs is their germinal center-independent extrafollicular
response [148,180]. In a study by Caielli et al. (2018), it was found that the levels of IgG, IgA,
and ABCs in the blood of SLE patients correlated with an increase in CD4 Th10 cells [109].
CD4 Th10 cells have been shown to be equally effective in inducing differentiation in B cells
as Tth cells [109] and have been identified in response to COVID-19 vaccines [184]. These
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cells induce differentiation of naive and memory B cells into plasma cells with the help
of IL-10 and succinate. Another study using human blood samples showed that a higher
percentage of B cells from SLE patients expressed cell surface PLD4 compared with B cells
from healthy donors [185]. Interestingly, these PLD4* B cells largely overlapped with the
ABC population, and it was found that stimulation of TLR7 or TLR9Y could upregulate cell
surface PLD4, indicating that PLD4" B cells are probably TLR-stimulated autoreactive cells.

2.11. Targeting TLRs in the Treatment of SLE

Given the central role of TLR signaling in SLE disease, the past few decades have
seen great interest in the development of drugs targeting the different TLRs [186,187].
Intriguingly, SLE drugs that are currently in clinical use in humans may also partly exert
their effects by affecting TLR signaling. For instance, hydroxychloroquine, whose effect
in cells is to increase the pH in acidic organelles, has been shown to prevent endosomal
cleavage of TLR7, which in turn inhibits its function [188]. TLR9 is also cleaved in lysosomes
and may likewise be inhibited by chloroquine [189]. Hydroxychloroquine has also been
postulated to be able to inhibit presentation of autoantigens on MHC class II molecules
through interfering with the formation of autoantigens in lysosomes [190]. In contrast,
TLR signaling has been shown to dampen the effects of glucocorticoids, which are also
commonly used to treat SLE patients [191]. Dual treatment with glucocorticoids and TLR
antagonists may therefore be a promising strategy. Indeed, a recent preclinical study
demonstrated that TLR7/8 inhibition increased the effect of glucocorticoids in lupus-prone
mice and sensitized human PBMC against glucocorticoid treatment [192].

TLR antagonists also show potential as single agents. The targeting of TLR7/8 seems
to be especially effective, and inhibitors of TLR7/8 are currently being tested in humans
(NCT05638802, NCT05278663) [193]. Several other TLR-modulating drug candidates are
also currently being developed and tested in murine models of SLE [194-196]. For in-
stance, anti-TLR7 and anti-TLR9 antibodies have been tested in the NZBW model, where
it was demonstrated that targeting TLR7 protected against LN while targeting of TLR9
had no effects [197]. In addition, a peptide derived from the core (3 sheet from TIRAP
and conjugated to penetratin (a cell-penetrating peptide) was shown to block TLR4 sig-
naling and subsequent cytokine response via inhibiting the MyD88 and TRIF-dependent
pathways [198]. Clinical data from human trials with TLR antagonists are still relatively
scarce, meaning that available reports on side effects are also limited. However, existing
data imply that TLR antagonists are well tolerated and cause only mild side effects [193].
Inhibiting TLR activity has immunosuppressive effects. Thus, TLR antagonists may cause
similar side effects to those of other immunosuppressive drugs, such as causing users to
be more prone to infectious diseases and cancer [199]. Indeed, TLR agonists, including
imiquimod, are used in cancer treatment [200], suggesting that TLR antagonism could
instead have tumor-promoting effects. Hydroxychloroquine is considered safe and does not
abrogate TLR signaling completely [190]. However, it can cause gastrointestinal problems
like vomiting and diarrhea [201].

In addition, studies targeting pathways related to TLRs have been performed. For
example, silencing HMGB1 expression in ovalbumin-induced asthmatic mice decreased
expression of IgE and inflammatory factors [202]. In a review by Xue et al. (2021), different
isoforms of HMGBI1 are described with distinct physiological functions when released into
the extracellular matrix, making it challenging to therapeutically target this protein [203].
The association between ABCs and autoantibody production in SLE has made these cells
an interesting target for treatment of SLE. However, the markers currently used to identify
this cell type are also shared by other immune cells and are therefore not specific enough to
be used for targeting only ABCs [182]. Future work should therefore aim to identify ways
of specifically targeting both ABCs and TLRs.
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3. Conclusions and Future Directions

Due to its heterogenous nature, SLE is difficult to diagnose and treat efficiently, and
animal models are invaluable for studying disease mechanisms and for testing novel
therapeutics. Here, we have described various SLE mouse models, including spontaneous,
genetically modified, inducible, and humanized models. Such models have contributed
greatly to our knowledge about SLE and there are pronounced advantages to using mouse
models when studying complex diseases.

The genetic and biological similarities between mice and humans are high as the
genome of mice is 99% similar to the human genome, and the immune, endocrine, ner-
vous, cardiovascular, and skeletal systems share similar complexity to the human systems.
The reproducibility of mice and ease of breeding them, together with the use of modern
sequencing and genomic engineering technologies to generate genetic alterations, allows
us to utilize mouse models to research specific genetic targets of disease. However, mouse
models do have limitations when compared with human SLE. Even though humans and
mice are quite similar, we do not share the same immune system, and it is thus not possible
to directly transfer results from mice to humans. The same goes for tolerance and response
to treatment.

Current treatment of SLE often involves anti-inflammatory and immunosuppressive
drugs, making the patients susceptible to infections. Environmental factors such as viruses
and chemical elements resembling TLR ligands that can bind to and activate TLR and
downstream signaling pathways may all contribute to SLE disease initiation and progres-
sion. As shown in an imiquimod-induced setting, both RNA and DNA sensing pathways
may be activated in a TLR7-induced way without viral infection, indicating that other envi-
ronmental stimuli such as chemicals can induce activation of cellular pathways involved in
SLE. Evolutionarily developed bacterial and viral immune evasion strategies targeting TLR
pathways may identify new compounds that can be used to stop or dampen any signaling
aggravating the autoimmune disease.

The expression and interaction between the different TLRs, especially TLR7, TLRS,
and TLRY, have a role in disease development in SLE. TLR7 acts as a disease-promoting
factor, while TLR8 and TLR9 might have more regulating functions. Understanding these
dynamics offers potential therapeutic targets for modulating immune responses in SLE and
other autoimmune diseases. In addition, the dynamics between TLRs and other immune
cells such as ABCs are important for disease etiology. Challenges remain in identifying the
most appropriate targets for diagnosis, disease monitoring, and treatment. The fact that
some of the TLRs have a tolerogenic function, such as TLR9, which may be responsible for
the establishment of central B-cell tolerance, makes it an important target to restore B-cell
tolerance in SLE and other autoimmune diseases. Thus, it is possible that dual inhibitors
of TLR7 and TLRS8 or TLR9 may be less effective than those that target only TLR7. It
is therefore highly important to acquire more knowledge about the specific functions of
individual TLRs.

In summary, understanding the interplay between environmental factors and pathway
signaling and their involvement in SLE is necessary to provide insights into the mechanisms
underlying disease flares and progression, potentially leading to the development of
targeted therapies. Future studies using new technology and humanized mouse models
have the potential to increase our knowledge of complex diseases such as SLE. However,
while mouse models offer valuable insights and facilitate the exploration of specific genetic
and molecular aspects of SLE, careful selection and interpretation of these models are
crucial for advancing our understanding and treatment of SLE, exemplified by the different
results regarding autoantibody repertoire in different SLE mouse models, both before and
after knockout of TLRs.
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