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Abstract

Recent experimental and clinical studies have placed new emphasis on the role of the innate immune
system in SLE. Nucleic acid-containing immune complexes activate the innate response by engaging
specific Toll-like receptors (TLRs) and promote the generation of autoantibodies. Pharmacologic
modulation of TLR-directed pathways may offer new therapeutic approaches for the treatment of
SLE.
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Take-Home Messages

Similar to the adaptive immune system, the innate immune system may contribute
importantly to the immunopathogenesis of Systemic Lupus Erythematosus (SLE).

Nucelic acids are rendered immunogenic through hypomethylation, oxidation, and
high content CpG.

*  Both nucleic acids, RNA and DNA, interact with Toll-like receptors (TLRs) TLR-7
and TLR-9 respectively to cause autoimmunity.

TLR signaling in T-cells leads to production of Thl cytokines, and in B-cells to cell
proliferation, differentiation, and immunoglobulin switching.

While genetic deficiency of TLR-7 may confer protection from autoimmunity in
murine SLE, the deletion of TLR-9 may enhance disease in some experimental
settings.

Pharmacologic modulation of TLR activation and pathways may offer new
therapeutic options for the treatment of SLE.

For many years, investigations into the pathogenesis of systemic lupus erythematosus (SLE)
have focused on abnormalities in adaptive immunity and in particular, on the emergence and

Address correspondence and reprint requests to: Dr. Wan-Uk Kim, Department of Internal Medicine, School of Medicine, Catholic
University of Korea, St. Vincent's Hospital, 93 Chi-Dong, Suwon 442-723, South Korea. (Fax: 82 31 253 8898, E-mail address:
wan725@catholic.ac.kr).

Authors' Note: This article will be part of a series.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 2

persistence of non-tolerant (or autoreactive) T and B cells. Recent studies suggest however
that aberrant stimulation of the innate immune system may contribute importantly to the
immunopathogenesis of SLE. The Toll-like receptors (TLRS) constitute an ancestral family of
innate immune activation molecules that function to discriminate “self” from microbial “non-
self” [1]. In the last several years, it has become apparent that TLRs can participate in cell
activation by self-molecules such as immune complexes containing DNA or RNA. Ten TLRs
have been identified in the human genome and among these, TLR-7 and TLR-9 are of
significant interest because they may contribute to the immunological response in SLE to well-
known self-antigens such as single-stranded RNA (ssSRNA) and DNA, respectively [1,2].

Mechanisms for breaching self-tolerance to nucleic acids

The immunogenicity of self-DNA is minimized by CpG suppression, CpG methylation, and
inhibitory motifs that act together with the inaccessibility to TLRs, which are sequestered
within the endosomal compartment [2]. In SLE, the immunogenicity of nucleic acids
nevertheless can be enhanced by several processes. The release of immunogenic nucleic acid
into the environment results from cell death through necrosis. In fact, many factors such as UV
light, mitochondrial hyperpolarization, and ATP depletion, have been shown to induce cell
necrosis in SLE [3]. Perl et al. have demonstrated that T cells from SLE patients show persistent
mitochondrial hyperpolarization and ATP depletion, leading to cell necrosis and the release of
highly immunogenic necrotic material, including oxidized DNA and high mobility group box
1 (HMGB1), into the environment [3].

The frequency of the CpG dinucleotide, which is a specific ligand for TLR-9 in the immune
complexes of SLE patients, is 5-6 times higher than the expected frequency in the human
genome [4], possibly due to the preferential release of CpG islands by nucleases during
apoptosis. Thus, excessive apoptosis as well as the defective clearance of apoptotic material
in SLE may be associated with a high CpG content in DNA-containing immune complexes.
There also are chemical modifications to DNA that may enhance its immunostimulatory
properties. The DNA in SLE serum is in a hypomethylated state [5], probably because
methyltransferase activity is reduced in lupus [6]. Interestingly, drugs such as procainamide
and hydralazine, which inhibit DNA methylation, also induce a lupus-like syndrome [7]. In
addition, in non-SLE susceptible mice, DNA hypomethylation is essential for apoptotic DNA
to induce an SLE-like autoimmune response [8]. Additional DNA modifications also may
occur as a result of the chronic inflammatory milieu. Reactive oxygen species (ROS) are of
particular interest in this respect and they have been implicated in the formation of pathological
anti-DNA antibodies in SLE [9]. The release of ROS leads to the oxidation of nucleic acids in
apoptotic bodies and to an increase in immunogenicity [10]. Circulating DNA in SLE patients
is known both to be enriched in hypomethylated CpG motifs and more oxidized, thereby
promoting its activating and immunogenic properties.

The RNA autoantigens present in SLE also have features that confer immunogenicity, such as
a high content of uridine (U) and guanosine (G) [11]. For instance, the sSnRNA bound to small
nuclear ribonuclear protein (snRNP) is potentially immunogenic because it is rich in U and G
content [12]. As in the case of DNA, the immunogenicity of mammalian RNA depends on its
chemical modification, such as methylation and oxidation [13,14]. The methylation of RNA
interferes with the capacity of RNA-based oligonucleotides to activate immune cells [13]. In
addition, RNA is on average 30-40% single-stranded and less compact than DNA, which makes
it more sensitive to oxidation. In SLE, a low methyltransferase activity as well as a high
oxidative sensitivity may serve to render RNA more immunogenic.
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Anti-nuclear immune complex, interferon-a, and TLR activation contribute to
a self-sustaining cycle of autoimmunity

How do self-DNA and self-RNA, released into the circulation, enter cells to activate TLR
receptors? One possibility is suggested by the “‘dual receptor paradigm’ [2,15]. By this concept,
nucleic acid-containing immune complexes are engaged simultaneously by both a specific
receptor on cell surfaces that recognizes immune complex, such as Fcy receptors (FcyR) and
a TLR. For instance, nucleic acids complexed with 1gG autoantibody bind to FcyRlla (CD32)
on dendritic cells and then are transported into an endosomal compartment where the DNA
interacts with TLR-9 and the RNA with TLR-7. In autoreactive B cells, chromatin and SnRNP
immune complexes can be internalized by binding to a BCR (instead of FcyR) specific for
autoantigens, such as DNA/histone, Sm/RNP or self-IgG (Fc domain). Similar to TLR
activation by infectious agents, engagement of TLR-7 or TLR-9 by an anti-nuclear immune
complex induces a MyD88-dependent pathway that activates inflammatory transcription
factors, including IRF-7, NF-xB, and AP-1 [2,15], which are critical for promoting cell survival
and the production of pro-inflammatory and Th1 cytokines.

Plasmacytoid dendritic cells (pDC) constitutively express TLR-7 and TLR-9, and they are a
major source of the innate cytokine, IFN-a [16]. pDCs secrete large amounts of IFN-a in
response to immune complexes [2,15] (Fig. 1). The uptake of apoptotic cells by immature
dendritic cells normally leads to self-tolerance. Under the influence of IFN-a however,
dendritic cells upregulate MHC and co-stimulatory molecules and efficiently present
autoantigens to previously quiescent, autoreactive T cells [17,18]. IFN-a also enhances the
activity of cytotoxic effector T cells, leading to the generation of more nucleosomes and
potential autoantigens [18], and it increases the survival and activation of Th1 cells. In addition,
IFN-a directly promotes B cell activation and antibody isotype switching [19]. Anti-nuclear
immune complexes thus can directly trigger B cells by BCR/TLR engagement. TLR signaling
in B cells stimulates B cell proliferation, differentiation, and immunoglobulin class switching,
allinaT cell-independent manner [2,15]. The resulting autoantibodies may perpetuate immune
complex formation, thereby sustaining a feed-forward cycle of immunologic activation and
autoimmunity (Fig. 1). By this paradigm, TLR signaling molecules also may be considered a
valid target for therapeutic intervention.

TLR-9 deficiency in vivo: friend or foe in SLE?

While there are reports that genetic deficiency of TLR-7 or its signaling adaptor, MyD88,
confers protection from autoimmunity in lupus-prone mice [20,21], the effect of TLR-9
deficiency on the lupus phenotype remains controversial [21-28]. A study in partially
backcrossed, TLR-9 deficient MRL-Fas!P" lupus mice showed that while anti-dsDNA antibody
titers were decreased, kidney disease and overall survival were unaffected [22]. In FcyRIIB-
deficient, C57BL/6 mice expressing an anti-nucleosome VDJ heavy-chain gene knockin,
TLR-9 signaling was found to be essential for immunoglobulin class switching to pathogenic
anti-DNA autoantibodies and the development of kidney disease [23]. By contrast, MRL/
Mp!P/IPr mice lacking TLR-9 showed more severe clinical disease and higher mortality [21].
Interestingly, MRL/Mp!P”IP" mice lacking TLR-7 did not generate autoantibodies to RNA, and
showed less severe disease [21]. Similarly, TLR-9-deficient, C57BL/6-Fas!P" mice showed
increased anti-dsDNA antibody titers, increased 1gG2a levels, more severe kidney damage,
and higher mortality [24]. A similar protective effect of TLR-9 was found in a study with
congenic TLR-9-deficient MRL-Fas'P" mice, where TLR-9 was suggested to be required for
the generation of regulatory T cell effector response [25]. Experimental observations regarding
the in vivo role of TLR-9 in mouse models of SLE are summarized in Table 1.
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Itis unclear why the deletion of TLR-9 may enhance disease in some settings. One explanation
may lie in certain of the fundamental features of the mouse models. The FcyRIIB-deficient
knockout model appears to be B cell autonomous, whereas multiple cell types, including
dendritic cells and T cells, mediate immunopathology of the MRL-Fas'P" mouse. Although
TLR-9 activation may be essential for B cell autoantibody formation, the net effect of TLR-9
signaling in vivo may be anti-inflammatory. Alternatively, there may exist mutual antagonism
between TLR-7 and TLR-9 signaling, which share the downstream MyD88 adaptor-dependent
signaling pathway. Repeated stimulation of one TLR family member may induce cross-
tolerance or even increased responsiveness to another TLR [29]. Indeed, TLR-9 deficient
MRL'P7IP" mice show a shift in autoantibody response from anti-nucleosome to anti-Sm/RNP,
which is dependent on TLR-7 [21]. This shift also appears to be more pathogenic, at least in
this strain of lupus-prone mice. The third possibility is that TLR-9 may play a regulatory role
in SLE, as suggested in the study with congenic, TLR-9-deficient MRL-Fas!P" mice [25].
Tolerance mechanisms induced by TLR-9 may be necessary for the suppression of
autoimmunity. For example, human pDC activated by the TLR9 ligand, CpG
oligodeoxynucleotide, induce the generation of CD4+CD25+ regulatory T cells [30]. The
intravenous injection of CpG DNA also has been shown to induce a splenic CD19+ dendritic
cells to express a potent IFN-a and indoleamine 2,3-dioxygenase-dependent T cell regulatory
function [31]. Collectively, these observations suggest that with respect to autoimmunity,
TLR-9 activation may be regulatory and TLR-7 activation stimulatory.

Potential role for TLR-7 and TLR-9 in human SLE

Patients with SLE have increased blood levels of IFN-a, which correlates with disease activity
[32]. Moreover, IFN-o therapy used to treat patients with malignancies or chronic viral
infection is frequently associated with the development of lupus-like symptoms, including anti-
DNA antibodies [33]. Several studies have demonstrated that anti-nucleic acid immune
complexes, isolated from the sera of SLE patients, stimulate pDCs to produce IFN-a. Means
et al. [34] have reported that DNA-containing immune complexes, but not protein-containing
immune complexes, stimulate pDCs to produce cytokines, including IFN-a, TNF, and 1L-8.
This process is thought to be mediated by a cooperative interaction between TLR-9 and
FcyRIla, supporting the “dual receptor paradigm’ in promoting activation of the innate immune
system. The proportion of TLR-9-expressing B cells is expanded in SLE patients with active
disease and correlates with the presence of anti-dsSDNA antibody [35], suggesting a role for
TLR-9 hyper-responsiveness to anti-DNA immune complex in SLE. Of note, the IgM and
IL-10 response of B cells stimulated with CpG does not appear to differ between SLE patients
and healthy controls [36]. Furthermore, the secretion of IFN-a by dendritic cells in response
to CpG oligodeoxynucleotide, Herpes Simplex Virus (HSV), or SLE serum has been reported
to be reduced in SLE patients compared to healthy controls [37]. These data indicate that
TLR-9-mediated production of IFN-a. in response to DNA-containing immune complexes is
not unique to SLE pDCs. Moreover, the elevated levels of IFN-a noted in SLE patients may
be caused by abnormalities in the quality or quantity of DNA autoantigens, and not necessarily
by aberrant TLR-9 signaling pathway.

Immune complexes containing RNA also stimulate IFN-o production which plays a pivotal
role in SLE [38]. Since the anti-DNA antibody response has been considered to be pathogenic
in SLE, the autoimmune response to RNA has not been intensively studied. Recently, Lévgren
et al. [39] have demonstrated that necrotic and late apoptotic cells release material that when
combined with immunoglobulins from SLE patients, induces the production of IFN-o from
pDCs. These investigators found that the interferogenic activity of the necrotic or late apoptotic
material required the presence of RNA and correlated with the presence of antibodies to RNA-
binding proteins, but not anti-DNA antibodies. These observations thus focused attention on
the importance of RNA-containing autoantigens in the immunopathogenesis of SLE. These
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findings were subsequently extended in a study showing that highly conserved RNA sequences
within the small nuclear ribonucleoprotein particles (ShRNPs), which comprise U1 snRNA
and Sm/RNP protein, stimulate pDCs to secrete high amounts of IFN-o [12]. This stimulatory
effect required anti-snRNP antibody and was mediated by the coordinate action of FcyRIl and
TLR-7. Interestingly, in an analysis of IFN-inducible gene expression in peripheral blood
mononuclear cells of SLE patients, the presence of antibodies specific for U1 RNP and Sm
was significantly associated with a high IFN-o score [40]. Taken together, the human data may
be interpreted as being consistent with the experimental mouse studies and support the concept
that TLR-7 activation by RNA-containing immune complexes is crucial to SLE pathogenesis.
Inflammatory signaling through TLR-7 may be more critical to SLE pathogenesis than through
TLR-9, and TLR-7 may be considered as a potential therapeutic target for SLE. Additional
investigation into the clinical significance of anti-snRNP antibodies as well as the impact of
TLR-7 signaling on disease manifestations is warranted.

Conclusion

Over the last several years, new emphasis has been placed on the role of the innate immune
system in SLE. Nucleic acids-containing immune complexes are now known to activate the
innate immune response as well as adaptive response. In addition, it is appreciated that
endogenous ligands may lead to TLR activation and promote the generation of autoantibodies
against nuclear components. Evidence in support of a role for TLR-7 and TLR-9 in
autoimmunity also has emerged from studies of human SLE. Since a critical level of TLR-
signaling may convert the potential for autoreactivity to overt autoimmunity and end-organ
damage, pharmacologic modulation of TLR-directed pathways may offer a new therapeutic
avenue for the treatment of SLE.
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Figure 1. Scheme for the perpetuation of autoimmune responses to nucleic acid self-antigens in
SLE by TLR-7 and TLR-9

In the presence of autoantibodies and a pre-existing defect in self tolerance, nucleic acids
released from apoptotic bodies form anti-nucleic acid immune complexes. These complexes
bind to FcyRIla on dendritic cells and are transported into the endosomal compartments where
DNA interacts with TLR-9 and RNA with TLR-7. In response to immune complexes,
plasmacytoid dendritic cells secrete IFN-a.. Under the influence of IFN-a, dendritic cells
upregulate MHC and co-stimulatory molecules, and efficiently present autoantigens to
autoreactive T cells. IFN-a also promotes self-reactive B cell activation and expansion,
immunoglobulin isotype switching, and antibody production. Anti-nucleic acid immune
complex may directly activate autoreactive B cells via BCR/TLR co-engagement. Stimulation
of TLR-7 and TLR-9 in B cells then leads to B cell proliferation, differentiation, and
immunoglobulin class switching independent of T cell-help. The resulting auto-antibodies
perpetuate immune complex formation and sustain a feed-forward cycle of autoimmunity in
SLE.
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