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Abstract

Autoantigens that contain DNA, RNA, or self-1gG are preferred targets for autoantibodies in
Systemic Lupus Erythematosus (SLE). B cells promote SLE pathogenesis by: producing
autoantibodies, activating autoreactive T cells, and secreting cytokines. We discuss how certain
autoreactive B cells are selectively activated, with emphasis on the roles of key Toll-like receptors
(TLRs). Although TLR7, which recognizes ssSRNA, promotes autoimmune disease, TLR9, which
recognizes DNA, unexpectedly regulates disease, despite being required for the secretion of anti-
chromatin autoantibodies. We describe positive feedback loops involving B cells, T cells, DCs and
soluble mediators and how these networks are regulated by TLR signals.

Introduction

Systemic autoimmune diseases, such as Systemic Lupus Erythematosus (SLE), are chronic—
typically waxing and waning—syndromes that result in damage to diverse organ systems by
a variety of immune mechanisms. They are undoubtedly the product of multiple and stepwise
failures of immune regulation, leading to a complex scenario of established disease.
Nonetheless, this does not mean that in lupus there is simply global immune activation. Rather,
there is clearly specificity both in terms of lymphocyte activation, and also in the pivotal role
of certain cell types and cytokines. The clues to better understanding and therapy of these
diseases must come from a better understanding of the specific nature of aberrant immune
activation and the temporal relationship of these events. What stimulates and what sustains
autoimmunity? What specific immune circuits are dysregulated? What are the targets of self-
reactivity and why?

Positive Feedback in Autoimmunity

Normally, the immune system is autoregulatory in the sense that the immune response is
damped by a variety of counter-regulatory mechanisms that are induced at the time of immune
activation. It is reasonable to assume that among the many genetic factors that contribute to
disease are alterations in regulatory molecules or circuits, essentially reducing the brakes on
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(auto)immune responses [1-8]. In the context of a positive feedback loop, small changes in
tuning based on genetic factors could be amplified, converting a transient response into one
that is sustained and pathogenic. In addition, the immune response to foreign antigens is
typically limited by the clearance of those antigens. In autoimmunity, the autoantigens are
never cleared, thus driving the response indefinitely.

Another implication of positive feedback is that the signals and stimuli that sustain a response
need not be the same as those that initiate it. Thus, an environmental stimulus, such as a toxin
or an infectious agent, could initiate an anti-self response due to temporary immune
dysregulation or cross-reactivity; such a response could then be sustained without the need for
the initiating stimulus. Self-amplifying loops are also consistent with the waxing and waning
nature of many systemic autoimmune diseases, as exemplified by the lupus “flare”. A
fundamental aspect of the positive feedback concept in autoimmunity is that once self-tolerance
is lost and effector function is generated, subsequent tissue damage leads to release of more
self-antigen, potentially in an immunogenic form. Resultant inflammation also increases the
chances that this self-antigen will lead to activation of autoreactive lymphocytes. We first
proposed a general version of positive feedback in autoimmunity in the mid-1980’s (Figure
1).

As conceptually useful as this construct might be, however, it lacks mechanistic detail (perhaps
not surprising given its 1980’s vintage). If feedback loops do in fact exist, then they have to
be embodied by particular cell types and inflammatory mediators that communicate among
these cells. In addition, specific antigens have to be incorporated as initiators and sustainers of
the reaction. Connections, and the forces that regulate them, need to be identified at the cellular
and molecular level. A better understanding of these circuits in a more detailed and accurate
model of positive feedback should enable more intelligent design of specific inhibitors or
modulators that will effectively dampen or interrupt disease.

B Cells are Central to SLE Pathogenesis

The discovery in the mid to late 1990°s that B cells played central roles in the pathogenesis of
lupus [9-13] and other autoimmune diseases [14—16], gave some specific detail to the concept
of positive feedback. In particular, T cell activation and target tissue infiltration were both
decreased in lupus-prone MRL/Mp mice, either in the presence or absence of the Fas!Pr/IPr
mutation, when B cells were eliminated by genetic means [9,10,13]. This elucidated one
mechanism of positive feedback, in that B cells could promote T cell activation. Moreover,
these data suggested a new function, beyond secretion of autoantibodies, for the role of B cells
in lupus pathogenesis. Subsequent work confirmed this formally by demonstrating that B cells
that could not secrete antibodies could nonetheless support spontaneous T cell activation, T
cell tissue infiltration and early mortality in the MRL/Mp!P/IP" lJupus model [11]. This
connection has been extensively discussed in a prior review [17].

It has been widely assumed that B cells are important APCs for autoreactive T cells [15,17—
201, a concept supported by direct investigations on the potential of autoreactive B cells to
activate T cells in vivo and in vitro [21-25]. However, the relative importance of B cell APC
function has yet to be determined, and there may be additional roles for B cells, including
secretion of cytokines and maintenance of lymphoid architecture (reviewed recently in [26]).
Emerging studies in humans suggest that depletion of B cells in vivo can be an effective therapy
for lupus [27-29]; analogous studies have demonstrated this clearly in the case of rheumatoid
arthritis [30]. Intriguingly, in one study of B cell depletion in SLE patients, clinical response
correlated with a decrease in T cell activation in blood, suggesting the existence of a T-B
positive feedback loop [28].
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From these studies, a new view of feedback loops also emerged, which attempted to incorporate
both classical pathogenesis mechanisms as well as novel roles for B cells (Figure 2, adapted
from [12]). This model places B cells at the center of an amplification loop in which they
activate CD4* T cells, which in turn expand and activate additional autoreactive naive B cells.
The loop is further amplified by the inflammation and release of self-antigen that accompanies
both T cell-mediated and antibody-mediated immunopathology. These results focused on the
B cell as an important component, and possibly central to the regulation of autoimmunity.
However, they did not shed light on the initiating factors—genetic or environmental—that
activate these B cells in the first place. Nor do they distinguish overall initiating events (for
example, initial activation of T cells) from subsequent amplifying events. Are B cells the
initiating APC [23,31-34] or do DCs play this role [35-38]?

Specificity of B Cell Autoimmune Responses

These questions are in turn linked to the issue of specificity in systemic autoimmune disease.
Although systemic autoimmunity is characterized by multiple syndromes with protean clinical
manifestations and different genetic predispositions, the loss of self-tolerance at the level of B
cells and autoantibodies is remarkably focused on a small group of self-antigens [39,40]. The
anti-nuclear antibody response is a common feature among a number of systemic autoimmune
diseases. Although in many cases, the precise nature of the in vivo immunogens is not clear,
commonly targeted autoantigens can be divided into three general groups: DNA-related, RNA-
related, and immune complexes (most likely containing IgG bound to DNA or RNA-related
antigens) that define the rheumatoid factor (RF) specificity. These types of antigens do seem
to dominate the autoimmune response, especially when one considers the myriad of self-
epitopes available on all of the self-proteins of the body. One study that examined the specificity
of all spontaneous hybridomas captured from the spleen of a single MRL/Mp!P™IP" mouse
identified one of these three specificity types for 54% of the total, which accounted for nearly
all of the expanded clones of spontaneously activated B cells (i.e. those capable of capture as
hybridomas) [40]. Despite the preference for these targets, not all autoimmune individuals
respond to each disease-associated autoantigen. Smith (Sm) antigen, for example, is a
prototypical SLE-specific autoantigen. Yet, only about 30% of autoimmune people or mice
make a detectable anti-Sm autoantibody [41-43]. Thus, 70% of individuals with lupus remain
tolerant of their own Sm. Clearly, the loss of tolerance—even with regard to “immunogenic”
self-antigens in genetically predisposed individuals—is a relatively rare and stochastic event.
Indeed, these autoimmune responses can often be traced to large clonal expansions [44-51].
While we have already discussed in general terms how such rare events might be amplified by
positive feedback circuits fueled by the continuous presence of self-antigen, the reasons for
the preferred targeting have not been explored.

The explanation for dominance of certain autoantigens is not clear, though it has been the
subject of considerable interest and speculation. An obvious feature of many of these
autoantigens is their intracellular location, which could impair availability of self-antigen for
tolerization, particularly of B cells. Although 1gG is an extracellular antigen, RF B cells
activated in lupus or RA appear to have an altered tolerance mechanism in that they are low
affinity [52-54], not tolerized in the bone marrow or periphery [55,56], and only elicited by
polymeric 1gG in the form of I1Cs [54,57]. Indeed, high affinity anti-IgG antibodies of the type
not typically seen in autoimmunity are eliminated in the bone marrow by deletion and receptor
editing [58,59]. Another interesting common feature of dominant autoantigens is their highly
charged and polymeric nature. This is true of the nucleic acid-related antigens and also for
IgGs complexed with such antigens. Highly charged and polymeric antigens may bind
sufficiently to a large fraction of B cells via charge interactions, enhanced by multi-valency.
While these would have some specificity, the functional preimmune repertoire for such
antigens could be surprisingly high [60-63]. This high precursor frequency may explain in part
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the repeated targeting of these self-molecules [64]. Some have even suggested that the entire
“immune response” of lupus is non-specific and that it merely reflects the outcome of
polyclonal activation of the preimmune repertoire, or that at least such polyclonal stimulation
is an essential or initial component of autoimmune B cell activation [65].

An important insight into potential reasons for immunogenicity was the recognition that
dominant autoantigens are released from apoptotic cells and can be found in apoptotic blebs
[66,67]. Moreover, these autoantigens are processed in specific ways, both via proteolysis at
specific sites as well as by degradation or preservation in specific apoptotic structures [68—
72]. In some cases, processed or post-translationally modified forms of self are the preferred
autoantigens. The unique conformation and concentration of such antigens, along with any
potential neo-antigens generated by processing, could evade tolerance mechanisms and
contribute to immunogenicity. In addition, it is possible that under some circumstances
inflammation accompanying apoptosis could further enhance the chances of breaking self-
tolerance [73-77].

Finally, it has been speculated for some time that there could be specific receptors for self-

antigens, particularly for DNA. There are a number of such reports dating back into the 1980s
but the exact nature of these putative receptors was never clarified [78-80]. Indeed, as will be
discussed below in greater detail, Toll-like receptors that recognize either DNA or RNA appear
to be essential for the development of anti-nuclear antibodies and most likely for RFs as well.

BCR Transgenic Models of Autoreactivity

Regardless of the reasons, the preferential targeting of certain autoantigens implied that B cells
specific for these antigens would likely have unique behaviors among the universe of self-
reactive B cells. In order to better study this, BCR transgenic (Tg) mice specific for these
antigens, including DNA, Sm and IgG, were created by several groups [55,81-84]. These Tg
mice represented a second generation, coming after initial models that targeted “self” antigens
that were not disease-related, such as (transgenically-expressed) hen egg lysozyme or alleles
of MHC-I [85,86]. These earlier models were elegant because they were designed to permit
control over the autoantigen, allowing study of transgenic B cells with and without exposure
to “self” antigen. These models demonstrated key basic self-tolerance mechanisms, such as
anergy, deletion and receptor editing [58,59,86]. However, they were less useful in revealing
how self-tolerance was broken in autoimmunity [87,88].

In contrast, Tg mouse models with B cells specific for DNA/chromatin, the RNA-containing
antigen Sm, and 1gG (i.e. RF specificity) have been very useful in revealing the mechanisms
of tolerance breakdown. DNA specific B cells, depending on their affinity, appear to undergo
receptor editing or anergy [81,89-91]. Yet, in the context of an autoimmune-prone genetic
background and appropriate conditions, these B cells escape self-tolerance and differentiate
into antibody-secreting cells [92-94]. A similar picture is seen for Sm-specific B cells, though
they appear to be in a more immature but perhaps not anergic state in normal mice [84]. Systems
specific for self-nucleic acid-associated antigens do lack one important feature of the first
generation Tg mice: the autoantigen cannot be controlled. In such mice it is thus difficult to
prove that autoreactive B cell activation is due to a specific autoantigen, and to define the
mechanisms necessary for this activation.

The RF system, as embodied in AM14 Tg mice, has some advantages in this respect. The
AM14 BCR is specific for 1gG2a of the “a” allotype [55]. Thus, using IgH congenic mice, it
is possible to construct AM14 Tg mice that either express (IgH2) or lack (IgHP) the autoantigen.
This in turn allows direct testing of specific versus nonspecific activation and importantly
allows for controlled introduction of “autoantigen” in various different forms both in vivo and
in vitro. In practice, AM14 B cells were found not to be tolerized in normal mice [55,56], yet
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they were specifically stimulated to undergo plasmablast differentiation, somatic mutation,
affinity maturation and isotype switch outside of B cell follicles [95-97]. Overall, these model
systems confirmed the unique behavior of B cells specific for dominant autoantigens—as
compared to those specific for nominal or synthetic autoantigens—yet they did not explicitly
clarify why these B cells were more easily activated in an autoimmune prone background.

Use of the RF Tg System to Discover a Role for Toll-like Receptors in
Autoreactive B Cell Activation

Although, as of 5 years ago, in vivo studies of B cells with transgene-encoded specificity for
lupus-associated autoantigens had not yet revealed the mechanisms underlying the preference
for their activation in vivo, it seemed likely that these cells would be important tools in the
process of elucidating this question. Indeed, studies with AM14 Tg B cells carried out in the
laboratory of Dr. Ann Marshak-Rothstein in collaboration with our group turned out to be
pivotal in this respect. While trying to use AM14 B cells to activate autoreactive T cells (via
BCR-mediated uptake and presentation of chromatin-containing immune complexes), she
noticed that anti-chromatin immune complexes were potent mitogens for RF B cells but not
for other B cells [98]. Moreover, “normal” immune complexes were not mitogenic. This led
us to conclude that there must be a receptor on B cells that recognizes the material complexed
with the anti-chromatin antibodies (i.e. chromatin that would be released into tissue culture
from dying cells). This receptor would potentiate the activating effect of BCR crosslinking by
IgG2a immune complexes. However, at the time, it was unclear what that receptor might be.

With the cloning of TLR9 and the demonstration of its specificity for DNA (albeit “CpG”-
containing DNA) [99], this receptor became a prime candidate, particularly given its expression
in endosomal compartments of B cells. Rothstein and colleagues then generated AM14 Tg
mice deficient in MyD88 (an adaptor protein required for TLR9 signaling), and demonstrated
that the mitogenic activity of 1gG2a anti-chromatin antibodies was abolished in MyD88-
deficient B cells [100]. DNase, as well as specific inhibitors of TLR9, also inhibited AM14 B
cell proliferation in response to these antibodies. This was the first evidence, in vitro, that TLRs
could be important co-receptors for autoreactive B cell proliferation and that therefore, they
might control the specificity of self-reactive B cell activation in vivo. Conceptually, this could
apply to anti-chromatin B cells that recognize chromatin directly, as was later shown to be the
case using 3H9 anti-DNA Tg mice [101]. Moreover, when the specificity of TLR7 was shown
to be sSRNA [102,103], this seemed a logical candidate to control activation of B cells specific
for RNA-containing particles. Indeed, it was subsequently demonstrated that AM14 B cells
could be stimulated by RNA-containing immune complexes viaa TLR7-dependent mechanism
[104].

Together, these in vitro studies provided a strong case for a linkage of TLR-specificity and
expression to the preferred specificities of autoantibodies in systemic autoimmunity in vivo.
However, at this point, the actual roles in vivo had not been tested. Nor was there any indication
of how TLRs would contribute to disease. This is a potentially complicated issue, as TLR7 and
TLR9 are both expressed on B cells, myeloid DCs (in mice), plasmacytoid DCs and
macrophages, and thus could have multiple effects [105,106]. Since B cells also play antibody-
independent roles in disease [11], it was also not clear whether, even if TLR7 and TLR9 were
to control anti-RNA and anti-DNA production, disease itself would be modulated as expected.
Obviously, the answers to these questions could also have clinical implications, determining
whether and how to target TLR7 and/or TLR9 for inhibition as a therapy for lupus.
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Requirement for Toll-like Receptors in Autoantibody Production In Vivo

Conclusive in vivo evidence of a role for TLRs in autoimmune disease came from mice with
genetic deficiency of TLR9 crossed to established models of murine lupus. We initially crossed
TLR9™~ mice to Fas-deficient MRL/Mp!P™/IPT mice to generate an F2 cohort of lupus-prone
littermates that were either TLR9 wild-type (TLR9*/*) or TLR9™". In this model, we found
that TLR9 was required for the generation of anti-chromatin and anti-dsDNA antibodies in
vivo [107]. This effect on autoantibody formation was specific for antibodies to DNA-
containing antigens, as anti-Sm and anti-cardiolipin antibodies were not decreased in
TLR9™~ mice [107].

Following this initial in vivo study (and a wealth of supporting in vitro evidence), there was
some controversy in the literature regarding the role of TLR9 in autoantibody formation. Wu
and Peng studied a small cohort (6 mice per group) of TLR9-deficient mice more extensively
backcrossed to the MRL/Mp strain, with or without Fas-deficiency. These investigators found
no impairment in anti-DNA antibody formation, and even reported increased titers of these
antibodies in TLR9™~ mice [108]. These findings were then challenged by a third report
demonstrating the importance of TLR9 in anti-DNA autoantibody production. Using a model
of autoimmunity induced by an anti-DNA BCR transgene and homozygous deficiency of the
inhibitory Fcy receptor 11B, Ehlers et al found that TLR9 and the adaptor molecule MyD88
were required for the generation of class-switched anti-DNA antibodies in autoimmune mice
[109].

In order to resolve this controversy, we studied the formation of anti-dsDNA and anti-
chromatin autoantibodies in TLR9 ™~ mice fully backcrossed to the MRL/Mp!P"/IP" strain.
Confirming our initial findings in hybrid TLR9™~ mice, we found that the formation of anti-
chromatin and anti-dsSDNA autoantibodies was indeed impaired in the absence of TLR9
[110]. The fact that this phenotype was observed in the context of a well-defined and
homogenous genetic background makes confounding by unknown genetic loci unlikely.
Instead, the discrepancy with the report by Wu and Peng appears to be due to the assays used
to detect specific autoantibodies. These investigators used an ELISA-based assay to determine
anti-DNA titers, despite the documented lack of specificity of such assays in the context of
SLE[111,112]. Indeed, we found that a standard anti-DNA ELISA was significantly correlated
with serum levels of non-specific IgG, and did not agree with more specific,
immunofluorescence-based assays for antibodies to DNA-containing antigens [110].
Moreover, there appeared to be a more stringent requirement for TLR9 in the generation of
anti-chromatin and anti-nucleosome antibodies than for the generation of antibodies to naked
dsDNA. This was also observed in an independent study of C57BL/6/P"IPF mice, in which the
genetic absence of TLR9 prevented the formation of anti-nucleosome antibodies, but had
inconsistent effects on the titer of anti-dsDNA antibodies depending on the assay used [113].
These findings suggest that chromatin, rather than dsDNA, is the physiologic autoantigen in
lupus, and is consistent with the demonstration that many autoantibodies in SLE preferentially
bind to continuous DNA-histone epitopes rather than isolated dSDNA [114]. Nevertheless, it
is clear that TLR9 is required for the generation of high-titer autoantibodies to DNA-containing
antigens in murine lupus.

TLR9signaling could have multiple different effects on autoantibody production in vivo. TLR9
is one of several TLRs expressed by human and murine B cells, and ligation of this receptor
within B cells provides a potent stimulus for proliferation and differentiation to antibody-
secreting plasma cells [106,115,116]. Indeed, B cell-intrinsic TLR expression is required to
mount an effective humoral immune response to foreign antigens [117]. TLR9 is also expressed
by plasmacytoid and myeloid DCs, which may be activated by endogenous TLR9 ligands in
the context of autoimmunity [105,118,119]. Thus, it remained unclear whether B cell-intrinsic
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TLR9 activation was required for the generation of anti-chromatin antibodies in vivo, or
whether ligation of TLR9 within DC subsets could provide the necessary costimulatory signals
for autoantibody production. We therefore created lupus-prone chimeric mice by mixed bone
marrow reconstitution, in which TLR9-deficiency was restricted to the B cell lineage. These
mice failed to generate anti-chromatin antibodies when TLR9 was absent in B cells, even in
the presence of TLR9-expressing macrophages and DCs (Christensen, et al, manuscript in
preparation). We further demonstrated, using mice transgenic for the 3H9 anti-DNA BCR, that
the primary effect of TLR9 on anti-DNA B cells in vivo is to facilitate their differentiation to
autoantibody-secreting plasmablasts. The effect of TLR9 on B cell development was negligible
in these experiments (Christensen, et al, manuscript in preparation). Thus, TLR9 promotes the
activation and differentiation of anti-DNA plasmablasts in murine lupus via a B cell-intrinsic
mechanism.

DNA/chromatin autoantibodies are only one class of dominant autoantibodies in human and
murine lupus; antibodies to RNA-containing antigens such as Sm and RNP are another [120,
121]. Based on convincing data with TLR9 in autoimmunity, it was expected that
autoantibodies to RNA antigens would also be controlled by TLRs. TLR3 was the first TLR
shown to be activated by RNA motifs [122]. We therefore examined the role of this receptor
in autoantibody production, but found no effect of TLR3-deficiency on autoantibodies to either
RNA- or DNA-containing antigens in lupus-prone mice [107]. As discussed above, a more
promising candidate was the sSRNA receptor, TLR7. Like TLR9 (and unlike TLR3), TLR7 is
expressed in endosomal compartments in B cells and pDCs, and signals exclusively through
a MyD88-dependent pathway [123]. The fact that MyD88-deficient lupus-prone mice
exhibited a complete absence of antinuclear antibodies emphasized the importance of this
pathway for autoantibodies to both DNA and RNA antigens [104]. Further support for TLR7
as the co-receptor for RNA autoantigens came from genetic analysis of the Y-linked
autoimmune accelerator (Yaa) locus, which was found to be composed of a duplication of a 4
Mb region of the X chromosome containing TLR7, as well as several other immune response
genes [124,125]. Genetic transplantation of this locus to normal mice led to autoantibody
production, particularly to RNA antigens in the nucleolus. A recent study by Berland, et al.
described a new BCR knockin mouse with specificity for a variety of nuclear antigens including
RNA [126]. Although most of the B cells appeared to undergo anergy, there was a mechanism
of escape leading to the production of Tg-encoded autoantibodies. They went on to show that
this escape required expression of TLR7 in the mouse. Finally, we showed that TLR7 was
required for the generation of canonical autoantibodies to endogenous RNA-containing
antigens, as TLR7-deficient lupus-prone mice failed to generate anti-Sm antibodies in vivo
[110]. Taken together, these data indicate that TLR7 is both necessary and sufficient for anti-
RNA autoantibody production in murine lupus.

Functional Consequences of TLR Activation in SLE

In addition to their parallel effects on autoantibody production, TLR7 and TLR9 also affect
the development of clinical autoimmune disease. Surprisingly, however, these two receptors
appear to have divergent effects. In MRL/Mp!P"/P" mice, the absence of TLR7 led to decreased
lymphadenopathy and decreased markers of T and B cell activation. TLR9-deficiency, in
contrast, led to increased lymphadenopathy, the accumulation of activated lymphocytes, and
increased levels of circulating 1gG [107,110]. These contrasting effects were also observed in
pDCs, as the absence of TLR7 led to decreased pDC activation, while increased pDC activation
and increased serum IFN-a were observed in the absence of TLR9. The opposing effects of
TLR7 and TLR9 on global immune activation had significant consequences for disease as well:
TLR9-deficient mice developed exacerbated kidney disease with accelerated mortality, while
TLR7-deficient mice developed less severe renal disease. The contrasting inflammatory and
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regulatory roles that we observed for TLR7 and TLR9, respectively, in autoimmune MRL/
Mp!P/IPr mice were similarly suggested in other murine models [108,113,125].

The mechanisms mediating exacerbated or ameliorated clinical disease in lupus-prone mice
deficient in TLR9 or TLR7 is unclear, given that these receptors share similar expression
patterns and downstream signaling pathways [123,127-129]. Competition for shared adaptor
molecules could allow cross-inhibition or “tolerance” to endogenous nucleic acids when both
receptors are ligated in the same cell [130]. In addition, multiple mechanisms for down-
regulating TLR-induced signals have now been described [131], including the inhibitory
adaptor proteins IRAK-M and interferon regulatory factor 4 (IRF-4) [132,133]. Differential
induction of these regulatory mechanisms by TLR7 or TLR9 may contribute to the disparate
knockout phenotypes in lupus-prone mice.

It may be, however, that TLR7 and TLR9 are equally stimulatory within a given cell, and that
the differential effects of these two receptors in autoimmune disease arise from functional
interactions between different cell types in the immune network. Signaling through TLR9, for
example, appears to activate different effector mechanisms in different cells [134]. An
integrated view of the immune system may allow for understanding of the mechanisms leading
to the divergent phenotypes of TLR7 and TLR9 knockouts in murine lupus. An important
difference between the two receptors, in relation to global immune function, appears to be the
autoantibody repertoire induced by activation of these receptors within B cells. Subtle
differences between the effects of anti-DNA antibodies induced by TLR9, and anti-RNA
antibodies induced by TLR7 may be amplified in the positive feedback cycles of autoimmunity,
thus leading to dramatic—or even opposing—effects on chronic immune activation and disease
progression.

B Cell-Intrinsic TLR Activation by Endogenous Nuclear Antigens

An early event in systemic autoimmunity appears to be the release of endogenous nucleic acid
antigens from apoptotic or necrotic cells. An increased predisposition to autoimmune disease
has been documented in multiple experimental systems wherein clearance of apoptotic or
necrotic debris is impaired [135-137], and also in humans lacking complement pathways for
apoptotic clearance [138]. Autoreactive B cells are uniquely stimulated by these nuclear
antigens, released from dying cells, because they express receptors of both the innate (germline-
encoded TLR7 and TLR9) and the adaptive immune system (somatically rearranged BCR
specific for RNA- or DNA-containing antigens). As discussed above, co-ligation of the BCR
and TLRs induces proliferation and plasmablast differentiation [106,115-117]. This dual
stimulation may be sufficient to overcome the regulatory mechanisms that normally prevent
activation of autoreactive B cells in the periphery [101,139]. Thus, the recognition of
endogenous nuclear antigens by TLRs within endosomal compartments of autoreactive B cells
is necessary for autoantibody production, and facilitates the generation of anti-nuclear
antibody-secreting cells (Figure 3A).

Autoantibodies produced in SLE are thought to have direct pathogenic effects, and may
promote ongoing tissue damage and cell death in target organs. This release of additional
endogenous TLR ligands from necrotic or apoptotic cells could then promote further activation
and expansion of autoreactive B cells, creating a B cell-autonomous activation cycle (Figure
3A). B cells with specificity for DNA or RNA-containing antigens may not be equal in this
regard, however. Recent evidence suggests that, rather than mediating injury to viable cells,
certain anti-DNA antibodies may promote the clearance of necrotic cell debris, and thereby
reduce the availability of endogenous inflammatory mediators. The protective effects of IgM
anti-DNA antibodies have been clearly demonstrated in the NZB/W model of lupus [140], and
may have a regulatory function in other murine models as well [141]. Autoantibodies induced
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by TLR7 may therefore be more prone to activate this positive feedback activation cycle than
those induced by TLRO.

Autoantibody Immune Complexes Induce IFN-I Secretion by pDCs

Type | interferons (IFN-1) encompass a family of more than twenty related gene products, of
which the several interferon-alpha (IFN-o)) genes and the single interferon-beta (IFN-B) gene,
are most pertinent for the function of the immune system [142]. IFN-1 have a panoply of effects
on nearly every cell type in the immune system, and have been increasingly implicated in the
pathogenesis of SLE. It was first noted in 1979 that human lupus patients have elevated
circulating interferon titers, and that levels of serum interferon directly correlate with disease
activity [143]. More recently, gene expression analysis has identified characteristic gene
expression patterns in blood cells of lupus patients, and these expression patterns were found
to overlap with those genes induced by IFN-1 [144,145]. As with the original observation of
circulating IFN-I, the level of expression of interferon-inducible genes in these studies
correlated with disease severity. Genetic knockouts of the type I interferon receptor in mouse
models have also highlighted the importance of these cytokines in autoimmunity. Inability to
respond to IFN-o/p dramatically decreased the severity of autoimmune disease in two different
lupus-prone mouse strains [146,147], although one conflicting report observed a negligible
effect on disease in MRL/Mp mice [148]. These observations are supported by the fact that
exogenous interferon can induce symptoms and laboratory findings of autoimmune disease in
patients treated with IFN-o for unrelated conditions [149,150].

Plasmacytoid DCs in humans and mice express TLR7 and TLRY, rapidly secrete IFN-I in
response to ligation of these receptors, and are now recognized as the central interferon-
producing cells of the immune system [129,151,152]. Given the association of IFN-1 with
autoimmune disease, activation of nucleic acid-sensing TLRs in pDCs by endogenous ligands
is likely to occur in the context of SLE. Unlike autoreactive B cells, however, pDCs lack a
specific antigen receptor capable of delivering these ligands to appropriate endosomal
compartments, and are thus unlikely to be the primary sensors of nuclear antigens. Instead,
pDCs appear to be stimulated “downstream” of B cell activation and autoantibody production.
Immune complexes of anti-nuclear antibodies and nucleic acids released from dying cells are
potent stimulators of IFN-I production [153,154]. Analogous to B cell stimulation, this is a
dual activation signal initiated at the cell surface by the FcyRlla (in humans), and propagated
in endosomal compartments by ligation of either TLR7 or TLR9 [119,155]. Thus, following
the production of anti-nuclear antibodies by autoreactive B cells, autoantibody immune
complexes can induce IFN-I production by pDCs (Figure 3B).

An important effect of IFN-I is the promotion of B cell activation. IFN-I facilitates antibody
secretion, particularly of the inflammatory immunoglobulin isotypes 1gG2a and 1gG3 in the
mouse [156,157]. Interestingly, these are the two isotypes most profoundly affected by the
absence of TLR7 or TLR9 in autoimmune MRL/Mp'P™IPT mice, suggesting an interaction
between B cells, pDCs, and IFN-I [110]. Moreover, in the presence of concurrent BCR and
TLR stimulation (as is predicted to occur in B cells with anti-nuclear specificity), IFN-o can
induce differentiation to antibody-secreting plasma cells in the absence of T cell costimulation
[158]. This allows for a B cell-pDC activation cycle in SLE, whereby autoantibodies and IFN-
| provide positive feedback to pDCs and autoreactive B cells, respectively (Figure 3B).

The positive feedback cycle between pDCs and autoreactive B cells appears to be somewhat
different for TLR7 and TLRO. First, although autoantibodies to both DNA- and RNA-
containing antigens can induce IFN-I production by pDCs, anti-RNA antibodies may be more
potent in this regard [154,159]. Moreover, antibodies to RNA-containing antigens (generated
via TLR7 activation) have been correlated with increased IFN-I production and exacerbated
disease in human lupus [160], and in lupus-prone mice [110]. Second, signaling through TLR7
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in B cells is enhanced following exposure to IFN-I, while TLR9 signaling is not dependent
upon IFN-1 [161]. Thus, both at the level of B cell autoantibody production and pDC IFN-I
production, TLR7 may be a more potent stimulator of this activation loop.

Activation of Myeloid DCs and Autoreactive T Cells

In mice, TLR7 and TLR9 are also expressed by subsets of myeloid dendritic cells [105]. TLR
signaling in these cells results in cytokine production and maturation into efficient antigen-
presenting cells (APCs) capable of activating naive T cells [123,162]. Importantly, DNA-
containing immune complexes can ligate Fc receptors on myeloid DCs, leading to activation
of TLR9 within endosomal compartments [118]. Acting in concert with TLR ligation, IFN-I
is also a potent activator of monocytes and immature dendritic cells [142]. Immature blood-
derived monocytes assume the activated phenotype of mature DCs and acquire robust T cell
stimulatory capacity when cultured in the presence of IFN-I [163]. In the context of
autoimmunity, circulating monocytes from lupus patients have an intrinsically high efficiency
of antigen presentation, and this elevated APC activity is dependent upon IFN-o [164]. Thus,
myeloid DCs can be activated by two TLR- and autoantibody-dependent mechanisms: immune
complexes can directly activate TLRs in myeloid DCs, and these cells can be further stimulated
by IFN-I produced by pDCs (Figure 3C).

Although the significance of TLR signaling within T cells is a matter of debate, it is clear that
the provision of TLR agonists results in T cell activation [106,123,165,166]. As discussed
above, activation of TLRs within monocytes and myeloid DCs induces maturation and allows
for efficient priming of naive T cells (Figure 3D). Moreover, IFN-I can polarize the T cell
response toward the inflammatory Th1l type [156,163], and, by virtue of STAT4 activation,
can directly prime T cells for production of the prototypical Thl cytokine, gamma interferon
[167]. Polarized CD4* T cells can then provide cognate help to autoreactive B cells, completing
an activation cycle between B cells, DCs, and T cells (Figure 3E). Indeed, the provision of T
cell help may be the rate-limiting step in the transition from initial B cell activation to florid
autoimmunity and autoantibody production [168,169]. Cognate T-B interactions are also prone
to positive feedback cycles, as activated B cells serve as potent APCs [17]. Effector T cells
may also mediate direct tissue damage in lupus, either through cytotoxic activity or the
secretion of inflammatory cytokines (Figure 3D).

Lastly, there is accumulating evidence that myeloid DCs can interact with B cells to promote
their activation and antibody secretion. In a model of systemic bacterial infection, splenic B
cells directly interacted with maturing CD11c'® DCs, and required the presence of BAFF/
APRIL ligands produced by these DCs for continued survival and antibody secretion [170].
BAFF (B Cell Activating Factor, also known as BlyS, or B Lymphocyte Stimulator) and APRIL
(A Proliferation-Inducing Ligand) are TNF family members produced by macrophages,
myeloid DCs, and stromal cells, and are critical for B cell development and survival [171].
These molecules may also play a role in the generation of T-independent humoral responses
[172], and facilitate immunoglobulin class switching in the absence of T cell help [173,174].
Importantly, myeloid DCs stimulated with chromatin-containing immune complexes secrete
BAFF [118], and excess levels of BAFF have been implicated in systemic autoimmune disease
[175,176]. A final activation cycle thus exists, between B cells and myeloid DCs, mediated by
autoantibody immune complexes and cytokines such as BAFF (Figure 3F).

The positive feedback cycles described here all share two important factors. First, they all
depend upon recognition of endogenous nucleic acid ligands by TLR7 and TLR9 in endosomal
compartments. Expression of TLRs by multiple different cell types allows for an array of
functional outcomes, which work in concert to promote (or potentially regulate) immune
activation. Second, following the initial activation of anti-nuclear B cells by endogenous TLR
ligands, all subsequent activation cycles require the presence of autoantibody immune
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complexes. This places autoreactive B cells in a position of particular importance. By virtue
of the integration of signals from receptors of the innate and adaptive immune system, and by
the ability to coordinate the actions of both innate and adaptive effector cells, B cells reside at
the center of multiple activation loops in the etiology and pathogenesis of SLE.

Concluding Remarks

Studies on the role of TLRs in systemic autoimmunity are likely to reveal novel therapeutic
avenues for the treatment of autoimmune diseases. The clear requirement for TLRs in the
generation of anti-nuclear antibodies, as well as the amelioration of immune activation and
clinical disease in TLR7-deficient lupus-prone mice, highlights these receptors as potential
candidates for pharmacologic inhibition in SLE. However, the exacerbation of disease in
TLR9-deficient mice provides a note of caution. In fact, our studies on TLR7- and TLR9-
deficient mice suggest that synthetic oligodeoxynucleotide inhibitors of TLR9 may actually
mediate their beneficial effects through non-specific inhibition of TLR7 [159,177]. In addition,
the role of TLRs and autoantibody immune complexes in the induction of IFN-I may also be
a therapeutic target. Inhibition of Fc receptor signaling, internalization, or endosomal
processing may provide novel mechanisms of reducing the pathogenic effects of IFN-1 in lupus.

Although TLRs have been the focus of intense research into the mechanisms of innate immune
recognition, recent work has identified TLR-independent pathways of innate recognition as
well. These pathways appear to be initiated by intracellular proteins that recognize RNA and
DNA ligands in the cytoplasm. The RNA helicases RIG-1 and Mda5 activate IFN-I secretion
in response to cytosolic dsSRNA [178-180], and an unknown receptor appears to mediate a
similar response to cytoplasmic dsSDNA [181,182]. Like TLRs, these receptors may be
inappropriately activated by endogenous nucleic acids under certain conditions. Indeed, the
recognition of undigested genomic DNA in hematopoietic cells of DNasell-deficient mice
appears to occur via a TLR-independent mechanism [183]. Other innate sensors of infection
may also modulate autoimmune disease, even in the absence of nucleic acid recognition. The
NOD (nucleotide-binding oligomerization domain) proteins NOD1 and NOD?2 are intracellular
sensors of bacterial cell wall components, and have been implicated in the pathogenesis of
inflammatory bowel disease [184].

Investigation of the roles of TLRs (and potentially other innate immune receptors) in systemic
autoimmunity holds great promise for the understanding and treatment of autoimmune disease.
In addition to providing novel therapeutic targets in SLE, the study of TLRs in autoimmunity
will broaden our understanding of the fundamental distinction between self and non-self in the
immune system. Elucidation of the mechanisms of disease pathogenesis may also reveal
unappreciated effects of TLR signaling in different cell types, as well as emergent properties
arising from the interaction of different cell types in vivo. Finally, genetic deletion of TLR7
or TLR9 can now provide a system to selectively eliminate certain autoantibody specificities
in murine lupus, and thereby study the contribution of the autoantibody repertoire to the
pathogenesis of autoimmune disease.
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Figure 1. An early model of positive feedback in the genesis of systemic autoimmunity

Normally, the immune system (upper right large ellipse) generates autoreactive lymphocytes
via the stochastic rearrangement of receptors, but tolerance mechanisms now known to include
clonal deletion and receptor editing, prevent the maturation of some of these. However, some
of these autoreactive cells will develop and mature, where they are normally held in check by
a variety of peripheral tolerance mechanisms. One or more initiating stimuli or preconditions
(such as genetic predisposition) can subvert either central or peripheral regulation of
autoreactive cells, allowing them to be activated. Chronic autoimmunity will ensue if these
lymphocytes generate effector functions, cause tissue injury and inflammation and autoantigen
release that is able to promote further activation of autoreactive lymphocytes. It is envisioned
that an initial insult could thus be converted to a self-sustaining autoimmune condition, with
endogenous stimuli proving sufficient to provide dynamic and continuous activation of
autoreactive lymphocytes.
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Figure 2. Multiple roles of B cells in promoting positive feedback loops and pathogenesis

This model was originally proposed in a slightly modified form in Chan et al. [12], and was
kindly adapted and redrawn by T. Winkler (Erlangen, GE). A primary amplification loop occurs
when B cells activate autoreactive T cells, which in turn can help autoreactive B cells
proliferate, differentiate and secrete autoantibody. Whether the initiating antigen-presenting
cell for autoreactive T cells is a B cell or a dendritic cell is unspecified, though recent evidence
suggests B cells can perform this function as well [34]. Activated T cells can also be pathogenic
via direct cytotoxicity and cytokine release, factors that were underappreciated in lupus at the
time the model was suggested. Autoantigen release and target organ inflammation are proposed
to provide positive feedback for further activation of self-reactive lymphocytes. In addition,
antibody-mediated effector function will both damage organs and promote further
inflammation.
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Figure 3. B cells at the center of immune activation cycles in SLE

(A) Endogenous DNA- and RNA-containing antigens (gray arrow) released by apoptotic and
necrotic cells activate TLRs within autoreactive B cells, allowing differentiation to anti-nuclear
antibody-secreting cells. Autoantibodies produced by these cells (blue arrows) can have direct
pathogenic effects, releasing additional endogenous TLR ligands and promoting autoreactive
B cell activation (B cell autonomous activation cycle). (B) Autoantibody immune complexes
activate pDCs, inducing production of IFN-I (red arrows). IFN-I then acts upon B cells to
promote antibody secretion (B cell-pDC activation cycle). (C) Autoantibody immune
complexes induce maturation of monocytes or immature DCs into effective antigen presenting
cells. IFN-1 produced by pDCs can also facilitate myeloid DC activation. (D) Mature DCs
activate cognate T cells (purple arrows) to produce autoreactive effector T cells, and IFN-I
promotes T cell polarization to inflammatory T 1 effectors. Activated T cells may have direct
cytotoxic effects on host tissues (dashed arrow). (E) Activated helper T cells provide additional
stimulation to autoreactive B cells (purple arrows) for efficient antibody production (B cell-
DC-T cell activation cycle). B cells can also reciprocally present antigen to cognate T cells (B
cell-T cell activation cycle). (F) Cytokines such as BAFF produced by activated dendritic cells
(green arrow) promote autoreactive B cell survival and antibody secretion (B cell-DC
activation cycle).
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