Review

Available online http://arthritis-research.com/content/9/6/222

Toll-like receptors and innate immune responses in systemic

lupus erythematosus
Robert Lafyatis' and Ann Marshak-Rothstein?

1Boston University School of Medicine, Department of Medicine, Rheumatology Section, 715 Albany Street, Boston, Massachusetts 02118, USA
2Boston University School of Medicine, Department of Microbiology, 715 Albany Street, Boston, Massachusetts 02118, USA

Correspondence: Robert Lafyatis, lafyatis@bu.edu

Published: 29 November 2007
This article is online at http://arthritis-research.com/content/9/6/222
© 2007 BioMed Central Ltd

Abstract

A series of discoveries over the past several years has provided a
new paradigm for understanding autoimmunity in systemic lupus
erythematosus. The discoveries of pattern recognition receptors and
of how these receptors can be recruited into autoimmune responses
underpin this paradigm. The implications of these observations
continue to unfold with ongoing investigation into the range and
specificity of pattern recognition receptors, into how immune
complexes containing nucleic acids trigger these receptors, into how
endogenous macromolecular ‘danger signals’ stimulate innate
immune responses, and into the effect of pattern recognition
receptor activation on various cell types in initiating and perpetuating
autoimmunity. The development of clinical trials using therapeutic
agents that target components of the innate immune system
suggests that these advances may soon culminate in new
medications for treating patients with systemic lupus erythematosus.

Introduction

Pattern recognition receptors are the key to innate immune
system recognition of microbes. The strength of these
receptors in terms of their ability to respond to molecular
motifs common to pathogens may also prove to be the
weakness that results in autoimmunity, because they are
potentially less discrete than the cognate immune system in
distinguishing self from nonself. The most important pattern
recognition receptor family of receptors involved in lupus,
namely the Toll-like receptors (TLRs), can recognize a broad
range of microbial components, including DNA and RNA. In
this review we consider the implications of multiple studies
showing how these receptors play key roles in autoimmunity
in patients with systemic lupus erythematosus (SLE).

Autoantibodies
Autoantibodies to DNA, RNA, and associated proteins
represent a central puzzle in SLE pathogenesis. They are
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common targets of the autoimmune response, but the
stimulus for their formation and their roles in pathogenesis
have been obscure. Although exposed protein targets, such
as B,y-glycoprotein | and red blood cell or platelet surface
proteins, can be readily implicated in pathogenesis,
antibodies to nucleic acids also appear to contribute to
pathology. Most notably, anti-DNA antibodies are associated
with disease severity in lupus nephritis, deposit in renal
tissues, crossreact with renal antigens, and can induce
nephritis in mice. Anti-DNA antibodies can also crossreact
with the anti-N-methyl-D-aspartate receptor and may cause
cognitive dysfunction or depression in lupus patients [1,2].
Other common targets of antinuclear antibodies include
proteins that bind to DNA and RNA [3]: histone proteins bind
and package DNA, Sm proteins bind U RNAs and direct
mRNA splicing, and Ro protein binds Y RNAs and recognizes
misfolded RNAs.

Adaptive immunity and autoantibody formation

A common theme of autoantigens in SLE is their association
in intermolecularly linked complexes associated with nucleic
acids. Autoantibodies target multiple regions of autoantigens
and have undergone affinity maturation, suggesting that their
production is aided by the adaptive immune response. The
adaptive immune response to small nuclear RNP (snRNP)
proteins has shown that B-cell epitope spreading can occur,
such that immunization of a peptide from Sm B/B’ can result
in autoantibodies to other Sm proteins [4]. Autoreactive T-cell
help is critical in epitope spreading [5], and immunization with
an immunodominant T-cell epitope, generating autoreactive
Tcells, can stimulate autoreactive B cells reactive with
intermolecularly linked determinants [6]. Crossreactivity has
also been implicated in epitope spreading, particularly the
recruitment of B cells reactive with autoantigens that are not

cDC = conventional dendritic cell; DC = dendritic cell; FcyR = Fcy receptor; HMGB = high mobility group box; IFN = interferon; IL = interleukin;
MFG-E = milk fat globule-epidermal growth factor; pDC = plasmacytoid dendritic cell; RAGE = receptor for advanced glycation end-products; SLE =
systemic lupus erythematosus; snRNP = small nuclear RNP; snoRNP = small nucleolar RNP; Th1 = T-helper-1; TLR = Toll-like receptor; TNF =

tumor necrosis factor; Yaa = Y-linked autoimmune accelerator.
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molecularly linked to the immunizing peptide, such as Ro and
La [7].

Unlike protein antigens, nucleic acids cannot be processed
to components recognized by T cells. However, as for protein
autoantigen targets, antibodies to nucleic acids (anti-DNA
antibodies) exhibit somatic mutations, suggesting T-cell help
in their generation. It is most likely that T-cell help is directed
to histones or other DNA-binding proteins in DNA-containing
nucleosomes [8]. Thus, adaptive immune responses can
target both DNA and RNA-containing molecular complexes.
Importantly, complexes taken up by antigen-presenting cells
can stimulate autoreactive T cells to help B cells reactive with
either proteins or nucleic acids within the complex.

The innate immune system in autoantibody production
In virtually all studies of induced murine autoimmunity,
adjuvant is required to initiate the immune response to auto-
antigens or derived peptides. In many if not all cases, these
adjuvants are innate immune stimuli. Furthermore, although
adaptive immune responses can explain such phenomena as
epitope spreading and the observed presence of auto-
antibodies against intermoleculary linked protein complexes,
innate immune mechanisms also contribute to such events. In
addition, innate immune system activation provides the most
ready explanation for highly increased IFN-regulated gene
expression observed in leukocytes from SLE patients. These
and other observations discussed below indicate that innate
immune recognition plays a key role in the initial development
and amplification of the immune response to both nucleic
acid and nucleic acid binding autoantigens. Indeed, in the
enthusiasm with which the immune system eliminates
microbes, these autoantigens may represent an Achilles heel
of overactivity; the critical stimulants of the innate immune
system in SLE patients may be nucleic acid/protein complexes,
which can serve as both immunogens and adjuvants.

Innate immune sensors

The nucleic acid binding TLRs appear to play pivotal roles in
SLE. TLR7 and TLR8 bind to single-stranded RNA, TLR3 to
double-stranded RNA, and TLR 9 to DNA. These receptors
are intracellular and are engaged by their ligands in a cyto-
plasmic compartment of the endoplasmic reticulum-endo-
some-lysosome lineage [9]. Engagement of these receptors
provides a mechanism for host responses to nucleic acids,
and ultimately for the production of autoantibodies to nucleic
acids and proteins bound to nucleic acids. Disruption of this
signaling may be a major mechanism of action of antimalarial
agents, which inhibit nucleic acid TLR signaling in vitro by
blocking endosomal maturation [10,11].

DNA and Toll-like receptor 9 activation

Several mechanisms serve to promote the specificity of
responses to nucleic acids, so that innate immune cells sense
and respond to viral and bacterial but not host nucleic acid.
This is best understood for DNA. Hypomethylated CpG-
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containing DNA selectively activates TLR9. CpG motifs in
mammalian DNA are relatively rare and generally methylated,
so that mammalian DNA is a weak TLR9 agonist [12]. In
addition, mammalian DNA contains sequences that suppress
TLR9 activation [13]. Further suggesting the importance of
DNA methylation and TLR9 in autoimmunity, two common
medications frequently associated with drug-induced SLE,
namely hydralazine and procainamide, inhibit DNA
methylation [14]. These observations help to explain why
mammalian DNA does not normally activate the immune
system. In lupus sera, however, seminal observations indicate
that circulating immune complexes (ICs) containing DNA
stimulate dendritic cell (DC) production of type | IFNs [15].
How DNA becomes an immune adjuvant therefore remains a
central question in lupus pathogenesis.

RNA and Toll-like receptor 7/8 activation

Parallel studies have investigated the role of RNA-containing
ICs in innate immune system activation. Lupus sera incubated
with apoptotic cell debris exhibit IFN-inducing activity
associated with anti-RNP reactivity rather than anti-DNA
activity [16]. TLR7 is activated by single-stranded RNA
containing U and G rich motifs [17,18]. Thus, highly U/G-rich
U and Y RNAs bound respectively to snRNP and Ro/La auto-
antigens both stimulate TLR7 and/or TLR8 [19]. Methylated
or modified nucleosides found frequently in mammalian RNAs
markedly decrease the activity on TLR7 activation [20],
suggesting that, as for DNA, mammalian RNA modifications
permit a degree of selectivity for responses by innate immune
receptors to pathogens. Why and how, then, do these
mammalian nucleic acids become endogenous TLR activators?

Endogenous ligands of Toll-like receptor activation
Recent studies have shown that autoantibody-nucleic acid
complexes from SLE patents are able to act as endogenous
immune adjuvants and shed light on the mechanisms of IC
internalization. Early work showed that sera from lupus
patients contain a soluble factor that stimulates leukocytes to
secrete IFNs [15]. These studies suggested that the
circulating factor might include DNA in ICs and fit well with
data showing that CpG DNA oligonucleotides can enter cells
and stimulate TLR9. Other studies showed that single-
stranded RNA stimulates TLR7 and TLR8 [18], suggesting
that RNA-containing ICs might stimulate these TLRs.

More recent work has clarified how ICs containing nucleic acid
can enter cells, stimulate TLRs, and thereby provoke an immune
response. Before DNA can activate TLRO or RNA activate TLR7
and TLR8, they must enter the proper intracellular compartment.
The B-cell receptor was shown to mediate TLRO activation
using B cells from rheumatoid factor transgenic mice (AM14
cells) [21]. These studies were extended to show that
haptenated DNA could bind to and stimulate TLR9 in B cell
expressing hapten-specific receptors [22], further clarifying that
autoantigens bound by the B-cell receptor can be delivered to
the proper intracellular compartment to trigger TLR9 activation.



These B cells were found to proliferate in response to
hypomethylated DNA/anti-DNA ICs, but only certain DNA
sequences promoted robust responses [22].

Subsequent work showed that Fc receptors on DCs
(plasmacytoid dendritic cells [pDCs]) can bind to the
immunoglobulin Fc component of nucleic acid containing ICs,
internalize the ICs, and deliver the nucleic acid component to
intracellular TLRs. The importance of Fc receptors on DCs was
first suggested in the IFN production by human pDCs induced
by SLE sera in the presence of apoptotic cells. Blocking the
high-affinity Fcy receptor (FcyR)I/CD32 inhibited IFN
production [23]. FcyRI/CD32 on pDCs was subsequently
shown to be required for IFN production and to co-localize with
TLR9 after exposure to DNA-containing ICs [24]. In murine
myeloid DCs, FcyRIIl was required for DNA IC activation [25].
Although these studies showed that DNA/anti-DNA complexes
can stimulate TLR9, similar mechanisms indicate that RNA-
binding proteins such as snRNPs can participate in a similar
mechanism, because incubation with snRNP ICs stimulates
TLR7-dependent IFN production by pDCs [19,26].

Effector mechanisms of innate immune
stimulation in systemic lupus erythematosus
Different immune cell types express different subsets of
TLRs. In addition, the effects of TLR stimulation depend not
only on the specific TLR activated but also on the cell type
expressing the TLR. In SLE the roles of TLR activation in B
cells and DCs are the most evident; the effects of TLR
activation in these cell types (autoantibody and IFN
production) are clearly implicated in SLE pathogenesis.

Toll-like receptor activation of B cells

Normal individuals have circulating B cells that contain a
substantial percentage of autoreactive specificities [27],
providing a large pool of autoreactive B cells that might be
activated through protein/nucleic acid ICs. Oligonucleotide
TLR9 agonists, and TLR7 agonists after exposure to IFN-o
can activate both memory and naive B cells, resulting in class
switching and maturation into immunoglobulin-secreting
plasmablasts [28-30]. TLR-stimulated B-cell activation may
also contribute to SLE pathogenesis through mechanisms
that do not directly involve autoantibody production, such as
antigen presentation or cytokine production [31].

Toll-like receptor activation of dendritic cells

DCs include several cell types. Traditional or myeloid DCs
can be found in the circulation, and an apparently similar cell
type can be derived from monocytes by treatment in vitro.
These cells reside in peripheral tissues where their primary
role appears to be antigen processing and presentation. A
second more recently recognized DC is the pDC. These
latter cells appear particularly important in the innate immune
dysfunction in SLE. Although they represent a small
population of circulating mononuclear cells, these cells are
the dominant source of type | IFNs [32,33]. They harbor both
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TLR7 and TLR9 receptors and are exquisitely sensitive to
RNA and DNA stimulation.

Conventional DCs (cDCs) express and respond to TLR
stimuli and might promote autoimmunity by affecting T-cell
help. TLR7/8 in combination with TLR3/4 activation or IL-4
stimulate IL-12 secretion by cDCs, promoting T-helper-1
(Th1) T-cell differentiation [34]. TLR-elicited functions can
also be modified by co-engagement of non-TLR receptors.
For example, stimulation with experimental ligands, such as
CpG oligonucleotides, induces murine cDCs to secrete IL-12
as well as tumor necrosis factor (TNF)-o,, whereas chromatin
ICs promote only secretion of TNF-a [25]. These latter results
emphasize the potentially important differences in cellular
responses to synthetic oligonucleotides compared with
naturally occurring TLR ligands. Monocytes can also be
induced to secrete IL-12 through a combination of TLR4 and
TLR8 stimulation [34]. Thus, TLR activation by nucleic acid
containing ICs can act alone or as co-stimulants for IL-12
secretion and Th1 cell skewing. Although the effects of such
skewing on autoimmunity are not entirely clear, IFN-y (a major
product of Th1 cells) contributes to nephritis in murine lupus
models [35,36].

Type | interferons in systemic lupus erythematosus

The importance of type | IFNs in lupus pathogenesis has
emerged from several observations, led by microarray
analyses of gene expression of leukocytes from lupus patients
[37,38]. Leukocytes from lupus patients exhibit highly
increased expression of a wide variety of genes that are
known to be upregulated by IFNs. This effect appears to be
mediated by IFN-o subtypes secreted prominently by pDCs. A
prominent role for type | IFNs in lupus was further suggested
by the occasional development of autoimmunity and lupus in
patients treated with IFN for hepatitis C infection.

IFN production is normally a feature of the immune response
to microbial infections and has multiple effects on the immune
system. Type | IFNs stimulate monocyte maturation into DCs,
plasma cell maturation and immunoglobulin class switching,
cytotoxic T and natural killer cell activity, and chemokine
secretion. Type | IFNs also highly upregulate TLR7 expression,
providing a strong positive feedback loop that might
perpetuate autoimmunity to RNA-associated autoantigens.
Although type | IFNs can stimulate these effects, which would
be expected to promote autoimmunity, the role of type | IFNs
in human disease remains incompletely understood, given the
unexpected disease found in certain autoimmune prone, IFN
receptor deleted mice [39]. In addition, the relative
importance of these various effects in lupus pathogenesis is
unknown and other inflammatory cytokines stimulated by TLR
activation, such as TNF-o. and IL-6, may also play key roles.

Cellular debris and immune clearance
A likely source of intracellular antigens for immune stimulation
in SLE became clear with the appreciation that ongoing cell
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death in the body provides a constant burden of cellular
debris that must be cleared from the circulation [40]. Cells
can die in different ways, including apoptosis, necrosis, and
autophagy. Of these mechanisms, apoptosis has been most
clearly implicated in human lupus and murine lupus models.
Mice injected with apoptoic cells in the absence of adjuvant
produce autoantibodies, including antibodies to DNA [41],
whereas mammalian DNA alone has no activity [42]. These
observations suggest that cell death provides a change in
chromatin structure or composition that promotes an immune
response, or that apopototic DNA is delivered to a different
intracellular compartment than ‘free’ DNA. The molecular
mechanisms that lead to this change remain unclear even as
the process of clearing apoptotic debris has become better
understood.

Cell death and autoimmunity

Apoptosis is associated with the redistribution of phospha-
tidylserine, normally an internal membrane lipid, to the cell
surface. Incompletely identified receptors for phosphatidyl-
serine and several other ligand-receptor pairs help phago-
cytes to recognize apoptotic cells and remove them from the
circulation [40,43] through sequential tethering and engulf-
ment. Particularly notable with regard to autoimmunity are
complement, secretory IgM, milk fat globule-epidermal growth
factor (MFG-E)8 and tyro 3 kinases, because alterations in
these proteins are associated with autoimmunity. Apopotic
cells express binding sites for C1q and C3b/bi that can bind
to the CR3 and CR4 complement receptors. C1q deletion
leads to glomerulonephritis and is associated with increased
numbers of apoptotic cells [44]. C3b/bi associates with
phosphatidyserine on apoptotic cells and binds to C3 and
C4 complement receptors on macrophages, facilitating
apoptotic cell clearance [45]. These observations are
particularly intriguing in light of the known complement
deficiencies associated with human lupus. Natural IgM
autoantibodies facilitate complement binding [46]. MFG-E8
also associates with phosphatidylserine, and its deletion
leads to decreased apoptotic cell clearance in lymphoid
organs, autoantibodies, and glomerulonephritis [47].

Apoptotic cells are thought to result in ‘silent death’, in the
sense that an important feature of this regulated process is to
allow effective disposal without immune activation. Anti-
inflammatory effects of apoptotic cells are mediated through
phagocyte production of transforming growth factor-f and
IL-10. In addition, Gas-6 on apoptotic cells binding to
receptor kinases of Tyro 3 family (mer, tyro and axl) down-
regulate inflammatory cytokines, IL-12 and TNFo during
ingestion, and deletion of these three kinases together leads
to autoimmunity [48]. Although thought to be largely silent,
the development of autoimmunity in mice with defects in
apoptotic cell clearance suggests that overwhelming of these
systems can stimulate an immune response. Whether these
mice exhibit evidence of TLR-mediated activation remains to
be determined, but the role of TLR activation has been
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investigated in other models of autoimmunity (discussed
below).

The form of apoptotic versus necrotic debris may also be
important for TLR recognition of nucleic acids. Proteolytic
cleavage of proteins may reveal cryptic antigens or create
neoepitopes [49]. Different stages of apoptosis may
differentially alter autoantigens, so that early compared with
late apoptosis results in different autoantigen fragments
[43,50]. In addition, necrotic cells induce different signals
from those of apoptotic cells; specifically, they activate EKR1,
may leak nucleic acid containing immunostimulatory
complexes more readily, and induce inflammatory signals in
part by releasing high mobility group box (HMGB) proteins
(discussed further below) [51,52]. Thus, the type of cell
death (apoptotic versus necrotic) and the stage or duration of
apoptosis when the dying cell is cleared might affect not only
protein autoantigens but also the interactions between
proteins and complexed nucleic acids.

High mobility group box protein release from necrotic
cells and stimulation of Toll-like receptor 9 by DNA
HMGB proteins provide a new paradigm for how cell death
may be linked to innate immune responses. HMGB1 is a
transcriptional regulator that binds more avidly to DNA from
apoptotic than to DNA from necrotic cells. When released
from necrotic cells it stimulates inflammatory cytokines
through the receptor for advanced glycation end-products
(RAGE) [52,53]. Cells that are not cleared promptly during
apoptosis may undergo secondary necrosis and release
cellular components that would normally not gain access to
the extracellular milieu. Such cells may release DNA that was
tightly bound by HMGB1 [52]. More recent studies suggest
that HMGB1 binding to DNA enhances the interaction of the
HMGB1/DNA complex to both TLR9 and RAGE, the
HMGB1 receptor [64,55]. HMGB1 also augments chromatin
IC stimulation of B-cell proliferation. The release of such
complexes may explain how mammalian DNA is able to
stimulate TLR9. This and other unidentified mechanisms
might be responsible for rendering mammalian DNA and RNA
from apoptotic and necrotic cells stimulatory to nucleic acid
sensing TLRs.

Toll-like receptors in murine models of
autoimmunity

The importance of TLR activation has been studied in several
animal models of lupus. In the MRL/Ipr mouse, deletion of the
fas gene leads spontaneously to the development of
autoantibodies to DNA and snRNPs (Sm), and associated
nephritis and dermatitis. Deletion of the TLR9 gene largely
blocked the development of anti-DNA antibodies in MRL/Ipr
mice, but it exacerbated clinical disease [56]. The role played
by TLR9 has also been studied in a major histocompatibility
complex class Il disparate graft-versus-host disease model of
SLE, in which TLR9 deficiency once again resulted in lower
titers of anti-DNA antibodies but no amelioration of clinical



nephritis [56]. In yet a third model of SLE that develops in
mice expressing mutant phospholipase C2, TLR9 deletion
results in increased antinucleolar antibodies, probably directed
against RNA-containing small nucleolar RNP (snoRNP), and
appears actually to increase the severity of nephritis [57].
Although not conclusive and at odds with the generally
accepted role of anti-DNA antibodies in lupus pathogenesis,
these studies strongly support the roles of TLRs in the
development of autoantibodies, but they suggest that
autoimmunity to DNA mediated by TLR9 is not pathogenic but
in some cases may actually ameliorate disease. In contrast to
these models, TLR9 agonist, CpG oligonucleotide treatment
of MRL(Ipr/lpr) mice triggered both anti-DNA antibodies and
nephritis, suggesting that the effect of TLR9 may depend on
specific features of the particular murine model or on co-
activation of other TLRs, such as TLR7 [58].

Studies of TLR7 in murine lupus models emphasize the
importance of this TLR in stimulating autoantibodies to
RNA/protein complexes and in promoting clinical auto-
immune disease. Deletion of TLR7 in MRL/Ipr mice blocks the
development of anti-snRNP antibodies (Sm), and in contrast
to TLRO deletion it ameliorates clinical disease [59]. The
importance of TLR7 in developing autoimmunity to RNA/
protein complexes is further supported by the observation
that the Y-linked autoimmune accelerator (Yaa) includes a
duplication of TLR7 [60]. Originally identified in BXSB mice,
Yaa accelerates autoimmunity in this and other murine
models of SLE. In B6 FcyRllb-deleted mice (another murine
model of lupus), Yaa leads to markedly accelerated auto-
immunity, nephritis, and, notably, a shift from anti-DNA toward
anti-nucleolar antibodies. Yaa also markedly accelerates
autoimmunity in B6 mice harboring the Sle1, autoimmune
haplotype [61]. Together, these data strongly implicate TLR7
in the production of autoantibodies to RNA/protein molecular
complexes, such as snRNPs and snoRNPs. These studies
also suggest that these autoantibodies and/or other effects of
TLR7 activation contribute to SLE disease manifestations,
including nephritis.

Viral infections and innate immunity

A relationship between TLR activation, IFN, and autoimmunity
has also been shown in infectious illnesses. Indeed, lupus
exhibits remarkable similarities to and might be triggered by
infectious TLR activation. Type | IFN production is a key step
in fighting viral infections, and viral defenses develop
elaborate methods for inhibiting IFN or its signaling [62]. For
example, in hepatitis C viral proteins NS2 and NS3/4A inhibit
IFN production, possibly contributing to the chronic survival
of the hepatitis C virus in the host [63]. Notably, although
such patients’ infections often respond to IFN, these IFN-
treated patients occasionally develop antinuclear antibodies
and SLE. In murine models autoimmunity can be induced by
TLR3 activation within the context of a T-cell viral or
autoantigen stimulus [64,65]. Thus, TLRs can augment
immune responses to infectious organisms and such activity
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might lead to autoimmunity. Although infectious diseases,
such as Epstein-Barr viral infections have been suggested to
play roles in SLE [66], an infectious trigger has not yet been
proven. These studies also highlight the potential complemen-
tary roles played by the adaptive and innate immune systems
in both responding to infections and inducing autoimmunity.

Theapeutic implications

Toll-like receptors as therapeutic targets

As data linking TLR activation and IFN-o. secretion accumu-
late, methods for manipulating these receptors has advanced
at an equal or even faster pace. The excitement surrounding
activating TLRs for treatment of infectious and oncologic
diseases, and in particular in vaccine development, assures
an enduring interest in TLR therapeutics that extends to
autoimmunity [67]. For autoimmune disease, of course, the
goal is different of course. For SLE, anticipated therapeutics
will inhibit TLR activation. Much has been learned about both
the activation and inhibition of the nucleic acid TLRs through
relatively straightforward experiments by modifying the
sequence and structural motifs in synthetic oligonucleotides.
Inhibitory oligonucleotides have been described for both
TLR7 and TLR9 [68,69].

The differences in effector cell expression of TLRs should
provide some specificity for the cell type(s) targeted as
selective antagonists of TLR7, TLR8, and TLR9 are
developed as human therapeutic agents. For example, TLR7
and TLR9 are found on B cells and pDCs but not on
monocytes or cDCs, which instead express TLR8 (as well as
other TLRs). In addition, different TLR therapies might be
designed based on autoantibody profiles and/or disease
manifestations. For example, patients with anti-DNA
antibodies and lupus nephritis might respond to TLR9
inhibition, whereas patients with anti-snRNP or Ro antibodies
might respond better to TLR7/8 inhibition. However, murine
studies remain unclear at this point regarding the precise role
of TLR9 in pathogenesis. Data showing enhanced disease in
TLR9-deleted mice may reflect a permissive effect for TLR7-
activated pathways. Thus, we expect and anticipate that
models of lupus in mice deleted of both TLR7 and TLR9 with
provide additional insight into the potential therapeutic role of
TLR9 inhibition in lupus.

Targeting type | interferons in systemic lupus
erythematosus

The parallel discoveries of the role of TLRs in stimulating type
I IFNs, of pDCs as the primary source of this cytokine, and of
the IFN-signature in lupus patients by microarray analyses
[37,38] have identified the type | IFN as another promising
therapeutic target, which is under active investigation for
treatment of SLE. Because the IFN-o. family includes 13
isotypes, its inhibition may prove challenging, but several
pharmaceutical companies are developing multi-isotype
IFN-a. blocking antibodies for therapy in humans, as well as
antibodies to the unique type I IFN receptor [70,71].
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Conclusion

Nucleic acid/protein ICs from lupus patients act as immune
adjuvants in vitro and play key roles in murine models of
lupus. The activity of these ICs appears largely to be
mediated by intracellular, nucleic acid binding TLRs, stimu-
lating B-cell maturation and pDC secretion of IFN-c.. These
findings provide a new framework for understanding lupus
pathogenesis and suggest new therapeutic targets, some of
which might be targeted by already identified and readily
synthesized oligonucleotides. Ongoing investigations should
provide further insights into the source of nucleic acid/protein
molecular complexes, how these complexes enter the cell,
and why these complexes become immune stimulants in
lupus but not normal individuals.
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