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ABSTRACT

TLR signaling is critical for broad scale immune recognition of pathogens and/or danger
molecules. TLRs are particularly important for the activation and the maturation of cells
comprising the innate immune response. In recent years it has become apparent that several
different TLRs regulate the function of lymphocytes as well, albeit to a lesser degree compared
to innate immunity. TLR2 heterodimerizes with either TLR1 or TLRG to broadly recognize
bacterial lipopeptides as well as several danger-associated molecular patterns. In general,
TLR2 signaling promotes immune cell activation leading to tissue inflammation, which is
advantageous for combating an infection. Conversely, inappropriate or dysfunctional TLR2
signaling leading to an overactive inflammatory response could be detrimental during sterile
inflammation and autoimmune disease. This review will highlight and discuss recent research
advances linking TLR2 engagement to autoimmune inflammation.

Toll-like receptor; Toll-like receptor 2; Autoimmunity; Th17 Cells; T Lymphocytes,
Regulatory; Experimental autoimmune encephalomyelitis

INTRODUCTION

Autoimmune diseases including rheumatoid arthritis (RA), multiple sclerosis (MS), psoriasis
and psoriatic arthritis, systemic lupus erythematosus (SLE), and ankylosing spondylitis (AS) are
typically debilitating, and are often progressive, incurable, and can be eventually life-threating
(1-6). Among the many molecules identified to have roles in autoimmune disease initiation and
pathogenesis, TLRs especially TLR2, have emerged as important regulators of autoimmune-
associated inflammation. Despite recent advances in immunotherapies and other treatment
strategies for several autoimmune diseases, a majority of patients still suffer from damaging
inflammation and often require treatments that are both long-term and costly.

TLRs are a type of pattern recognition receptor that drive immune responses through broad
scale detection of pathogens. TLRs are particularly advantageous to the cells comprising
innate immunity because receptor rearrangement is not a prerequisite compared to the
antigen receptor expressed by lymphocytic cells that encompass adaptive immunity. This
allows a macrophage, for example, to rapidly respond to a threat with a pathogen detection
system encoded strictly through the germline. While TLRs are typically known for their
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ability to detect pathogens, certain TLRs are also very important for recognizing endogenous
danger signals (7). TLRs accomplish both feats by binding to either pathogen-associated
molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs). Thus, by
playing a central role in the non-lymphocyte pathogen recognition response, TLRs represent
avery important mechanism for the detection of microbes. Consequentially, TLRs crucially
function in raising the alarm for the rest of the immune response when danger is present.

There are 10 TLRs expressed in humans and 12 are expressed in mice. Many of these TLRs
overlap between species in terms of PAMP and DAMP specificity, which helps validate the use
of certain mouse models to study the influence of TLR signaling on autoimmune diseases.
TLR molecules reside on the surface of a cell (cell membranes) or internally within cytosolic
endosomal membranes. Structurally, TLRs can be grouped into subfamilies based on
homology, but all contain a transmembrane domain, a C-terminal signaling domain, and an
antigen recognition domain (8,9).

The expression of various TLRs has been linked to several inflammatory autoimmune
diseases. For example, TLR4, a molecule that recognizes bacterial LPS, was shown

to promote the development of a mouse model of type I diabetes (10). Our group has
demonstrated that TLR4 signaling also drives the proliferation of autoreactive Th17 cells in
a murine model of MS (11). Additionally, the nucleic acid sensors TLR9 and TLR7 along with
TLR2 and TLR4 have been shown to contribute to the pathogenesis of SLE as well as RA,
which is a research topic subject that has been reviewed several times (12-15).

TLR2 contributes to inflammation directed against self-tissues in a variety of cell types.
While many studies have focused on TLR2 expression in innate immune cells, such as
macrophages and dendritic cells, it is also important to note that TLRs are expressed by
lymphocytes and activation of these TLRs can have dramatic effects on both T and B cell
functions during autoimmune diseases. This review will focus on the roles and functions of
TLR2 in driving autoimmune disease with a specific emphasis on the impact to T and B cell
function. Additionally, this review will highlight the importance of TLR2 signaling in human
autoimmune diseases as well as murine models.

TLR2 EXPRESSION AND LIGATION

TLR2 is anchored to the cell membrane and resides on the cell surface to recognize
pathogen-associated molecules (16). TLR2 heterodimerizes with either TLR1 or TLRG to
form the functional receptor. One of the best characterized functions of TLR2 is to recognize
different types of lipopeptides derived from bacteria as well as parasites. However, several
publications have demonstrated that TLR2 is also capable of recognizing endogenous (host-
derived) danger signals such as HMGB1 and biglycan (7). DNA binding high mobility group
box 1 protein (HMGB1) is a DAMP recognized by both receptor for advanced glycation end
products and TLR2, whereas HMGB1 accumulation has been observed in inflammatory brain
lesions of people with MS. Paralytic disease severity also correlates with the levels of HMGB1
accumulating in damaged central nervous system (CNS) regions of mice in the MS model
experimental autoimmune encephalomyelitis (EAE) (17,18). Additionally, the adaptor protein
SNAPIN as well as certain heat shock proteins have been shown to trigger TLR2-dependent
responses and are similarly correlated to downstream levels of inflammation (19,20). Thus, in
addition to pathogen-derived signals, endogenous triggering of TLR2 by host-derived danger
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signals is a plausible contributor to the propagation of inflammation that is characteristic to a
wide variety of autoimmune diseases.

LOSS OF TLR2 SIGNALING IN MODELS OF AUTOIMMUNE
INFLAMMATION AND HUMAN CORRELATIONS

Like most TLRs, TLR2 activation events require the MyD88 adaptor for signal transduction
leading to the eventual activation of NF-xb and AP-1, among others. Autoimmune studies in
MyD88-deficient animals, which effectively hampers signaling of most TLRs, have proven

to be controversial. For example, MyD88 was found to be dispensable for the generation

of autoreactive T cells (21). Conversely, MyD88 deficiency protects mice from disease
development in models of MS and lupus (22,23). Certainly, one of the major caveats with using
the total cell MyD88-deficiency approach is the potential impact to both inflammatory and
anti-inflammatory pathways that can be differentially regulated by TLR signaling depending
on the cell type. When MyD88 inhibition was focused directly on antigen-presenting cells or
T cells, both human and mouse T cells exhibit reduced encephalitogenic cytokine production
(24). Another caveat with MyD88 inhibition or deletion strategies is that one cannot assume
that just TLR signaling is being targeted. Both IL-1 and IL-18 also utilize the MyD88 signaling
adaptor (25). This becomes particularly important for EAE models because IL-1 has been
shown to be critical for the development of inflammatory Th17 cells and that IL-IR1 knockout
protects animals from EAE development in a T cell-intrinsic fashion (26).

For TLR2 specifically, loss of expression by germline knockout in mice often results in lack
of or attenuated autoimmune inflammation. For example, TLR2-deficient animals exhibited
reduced dsDNA IgG in a pristine-induced lupus model (27). TLR2 deficiency also affects

the B6-Fas®*" murine lupus model where reduced ANA, ameliorated glomerulonephritis,
and reduced marginal zone B cells were observed (28,29). Another study, however, did not
observe a difference between TLR2 deficient and sufficient mice littermates in the MRL/
Mp-Tnfrsf6'"r SLE model (30). In the EAE model, TLR2" C57BL/6 mice exhibit an almost
complete lack of clinical symptoms (31). When TLR2 deletion is strictly relegated to the
hematopoietic compartment, mice are similarly protected against EAE development (32).
Furthermore, TLR2 deletion is protective for models of diabetes (33) and autoimmune
arthritis (34). Taken together, these studies demonstrate the potential for TLR2 in regulating
autoimmune inflammatory responses in a variety of immunological populations.

In addition to loss of function studies, several reports have demonstrated that TLR2
expression in certain tissues can potentially impact the development and progression of
autoimmune inflammation. For example, the expression of TLR2 was found increased on
synovial fibroblasts following exposure to IL-18 or TNFa, both of which are inflammatory
stimuli relevant to autoimmune inflammation (35). A similar result was observed with
cultured synovial fluid cells (35). Furthermore, inhibition of TLR2 blocks cytokine release
from synovial tissue explants from RA patients (36). For human patients with MS, increased
responsiveness to TLR2 stimuli was observed in a large fraction of the subjects tested (37).
Likewise, peripheral blood neutrophils and lymphocytes exhibit higher TLR2 expression in
patients with MS and serum levels of soluble TLR2 molecules are increased in MS patients
with the relapsing-remitting pattern of disease over healthy control patients (38,39). In
people with RA, TLR2 expression was also upregulated on synovial monocytes, where
these cells demonstrated an increased sensitivity to TLR2 ligation (40). Thus, regardless
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of the source of TLR ligands (microbial or host-derived), enhanced TLR2 expression and
hyperactivity may be a common characteristic of several autoimmune disorders.

INNATE ROLES OF TLR2 IN DRIVING AUTOIMMUNE
INFLAMMATION

Not only is TLR2 expressed at a very high frequency on macrophages, but it is also very
important for macrophage function, especially for pathogen-induced activation and
maturation (41,42). Macrophages play an immense role in the inflammation and destruction
characteristic of several autoimmune diseases, especially RA. Macrophages polarized in

vitro as M2 macrophages and stimulated with the synthetic TLR2 agonist, PAM3CKS4,

lose their anti-inflammatory activity. Furthermore, these macrophages exhibit a cytokine
production profile similar to M1 macrophages despite maintaining surface molecule
expression (CD14 and CD163) that is typical of M2 macrophages (43). In the K/BxN serum
transfer mouse model of RA, which induces joint inflammation through the formation of
immune complexes, germline loss of TLR2 actually worsened symptoms of inflammation
(44,45). This effect was directly a result of macrophage activity where these cells produced
less anti-inflammatory IL-10 in the absence of TLR2 signaling (45). Studies of this nature
highlight the importance of considering both inflammatory and anti-inflammatory outcomes
of TLR signaling, which may be also dictated by previous epigenetic programming events
(46). In addition to TLR2, several excellent reviews have highlighted the roles of TLRs in the
pathogenesis of both RA and SLE (13,47).

TLR2 signaling can readily increase the inflammatory capability in macrophages, but this
outcome remains a normal immunological process involved in host defense and tissue
homeostasis in addition to autoimmune pathology. So, what may be just as important

is whether TLR2 signaling tolerance or sensitivity changes over the course of a given
autoimmune disease. Such changes in macrophages have been well-documented in
autoimmunity, especially in those with MS. Macrophages obtained from MS patients
exhibited enhanced responses to TLR2 signals compared to those isolated from healthy
counterparts (37), which implies that TLR2 expression may be enhanced when there is less
tolerance. Conversely, other studies have demonstrated that increased TLR2 tolerance or a
reduction of TLR2 signaling actually resulted in remyelination in mouse CNS (48,49). Thus,
while the idea of inhibiting TLRs in general may be promising for certain autoimmune
diseases, a more productive therapeutic avenue could be through inducing TLR2 tolerance for
treatment of human MS similar to what has been demonstrated in animal studies (48-50).

While macrophages and other inflammatory myeloid cells get a lot of attention due to

their central effector roles in autoimmune inflammation, dendritic cells also play a critical
role in these responses by driving the activation of inflammatory T cells. Indeed, psoriatic
arthritis patients were shown to exhibit increased TLR2 expression in their immature
dendritic cell fraction (51). TLR2 is also critical for the ability of dendritic cells to drive Thl
activation during certain infections (52), where Th1 cells can be highly pathogenic for several
autoimmune disorders. TLR2, along with TLR3, 4, and 7, are also associated with increased
T cell-polarizing cytokine production by dendritic cells following ligation (53). Therefore,
dendritic cells are strategically positioned to influence the autoimmune response through
differential regulation of T cell subset generation. TLR2 signaling could impact these
processes in several different ways and is an area of very active research.
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INTRINSIC TLR2 SIGNALING IN B CELLAND T
CELLS CONTRIBUTES TO AUTOIMMUNE DISEASE
PATHOGENESIS

Targeting autoantibody production from the B lymphocytes, through drugs such as rituximab
or even intravenous immunoglobulin, has at least been somewhat successful in treating
several autoimmune diseases especially MS, RA and SLE (54). TLR2 and TLR4 as well as
TLR7 and TLR9 signaling in B cells leads to increased cytokine and growth factor production
with described implications for autoimmune diseases (55,56). Furthermore, people with MS
who are infected with helminths have higher expression of TLR2 on the surface of their B
cells as well as their dendritic cells (57). TLR2 as well as TLR4 deficiency exerts a protective
role for the B6™" strain of lupus-prone mice, which are characterized by reduced intensity
of glomerulonephritis and reduction of autoantibody production compared to TLR4 and
TLR2 sufficient B6*"»* mice (28). This phenotype in TLR4-deficient mice was accompanied
by a significant decrease of 2 cytokines implicated in autoantibody production: IL-6 and IFNy
(28). Moreover, similar to the phenomenon described for macrophages above, TLR2 or TLR4
signaling through MyD88 contributes to IL-10 production by regulatory B cells during EAE
and, therefore, the ability to suppress inflammatory T cells (58). TLR2 activation can then
impact many facets of the autoimmune inflammation process and targeting such outcomes
may represent a more focused therapeutic strategy compared to treatments based on broadly
disrupting B lymphocytes.

T cells are key mediators of autoimmune inflammatory processes, both in the initiation and
the maintenance of autoinflammation. CD4* T cells express various TLRs including TLR2,
TLR4, TLR1, TLRG6, TLR7, and TLR9 (32,59,60). Likewise, TLR2, TLR4, and TLR9 expression
is significantly higher in both CD4" and CD8" T cells from MS patients than those isolated
from healthy controls (61). While TLR expression in CD4" T cells is generally on a smaller scale
compared to cells of the innate immune response, utilizing these receptors in addition to the
TCR allows for TLRs to perform very specific functions in this cell type. Indeed, several studies
have indicated that TLR2 acts as a costimulatory receptor to induce T cell proliferation, survival,
and cytokine production (62-66). A more recent study demonstrated that TCR activation
induces the TLR adaptor molecule TIRAP through mTOR signaling, resulting in TLR2-induced
IFNy production by CD4" T cells (62). Therefore, the use of TLRs by T lymphocytes may be
restricted to very specific cellular functions. The next sections will discuss recent findings for
TLR2 and autoimmunity in the context of CD4* Treg and Th17 cells.

Several studies have investigated the role of TLR2 activation in autoimmune inflammation
specifically in CD4* T cells. In the case of regulatory T cells, activation of TLR2 resulted in
increased IL-17 production and a loss of Treg cell suppressive capabilities (61,67,68). However,
TLR2 does still increase Treg cell proliferation, similar to the effect of TLR2 on other CD4*

T cells subsets. For this reason, the activation of TLR2 in Treg cells may eventually result

in greater numbers of Treg cells, although their plasticity could still remain questionable.

Our recent study has also demonstrated that TLR2 activation on in vivo-generated Tregs
substantially increases their migratory potential towards CCL1 and CCL19 (69). Therefore,
TLR2 appears to influence Treg proliferation, persistence, and suppressive abilities.
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Other groups have demonstrated that Tregs isolated from MS patients are more susceptible
to TLR2-induced modulation of function. For example, TLR2 stimulation was found to tip
the Treg and Th17 balance in the favor of enhanced Th17 responses in samples obtained
from relapsing-remitting MS patients. This effect was also more pronounced in MS patients
compared to healthy controls (70). This study in particular supports the hypothesis that
infections may also influence the Treg/Th17 cell balance (through direct TLR2 stimulation)
and result in favoring proinflammatory Th17 cell dominance (70). Similar imbalances

have been reported for other autoimmune diseases, such as RA and MS (71), illustrating

a clear need to further elucidate the outcomes for TLR2 ligation in the inflammatory
microenvironment.

Under certain conditions, Th17 cells can become highly inflammatory and help orchestrate
the autoimmune response. Indeed, uncontrolled Th17-driven inflammation has been

linked to many inflammatory autoimmune diseases especially MS and psoriasis (4). In this
context, Th17 cells are often considered pathogenic due to their ability to direct autoreactive
inflammation in tissues. This has led to the development of several new therapeutics

aimed at blocking inflammatory cytokines traditionally produced by Th17 cells or targeting
cytokines (e.g., IL-23) with known roles in amplifying the inflammatory potential of Th17
cells for the treatment of autoimmune diseases. Such treatments have proven to be most
effective for the management of inflammation in spondyloarthropathies, psoriasis, and AS,
but have been only marginally successful for the treatment of MS or RA (72,73). This further
emphasizes the necessity of better understanding the regulation of Th17 cells in the context
of autoimmunity, including the identification of undescribed pathological mechanisms that
support such inflammatory potential. These mechanisms, of course, would be outside of just
inflammatory cytokine production.

Th17 cells express several TLRs including TLR4, TLR7, and TLR2, as well as TLR1 and TLRG6
which, as highlighted above, heterodimerize with TLR2 (32). Stimulation of TLR7 in Th17
cells induces SOCS1, 3, and 5, which subsequently inhibit Th17 cell differentiation and
reduce EAE disease severity (74). Ligation of TLR4 in Th17 cells, however, promotes Th17
cell proliferation and migration. Additionally, EAE disease development is substantially
dampened in Ragl” mice following transfer of TLR4" CD4" T cells compared to transfer of
wild-type CD4* T cells (11). TLR4, however, is dispensable for Th17 lineage differentiation
and does not promote IL-17 production form Tregs (11,75,76).

TLR2 is particularly enriched in Th17 cells compared to other CD4" Th cell subsets (11,32).
In fact, Th17 cells, made more encephalitogenic through polarization with IL-18 and IL-23,
appear to express the highest levels of TLR2 (69). Furthermore, our group demonstrated
that TLR2 signaling induces substantial proliferation by Th17 cells in addition to other Th
cell subsets. TLR2 can enhance IL-17 production when stimuli is added during in vitro Th17
differentiation. In vivo, TLR2 expression on CD4" T cells was necessary to induce EAE (32).
TLR2 activation in human CD4" T cells was likewise shown to promote the generation of
Th17 cells and the production of IL-17 (68,74,77). Our group has also recently demonstrated
that activation of TLR2 on antigen-specific Th17 cells is sufficient to drive pathogenicity and
EAE disease (69). Moreover, TLR2 engagement resulted in increased fatty acid synthesis
and improved migration towards CCL20, both of which contribute to pathogenic Th17

cell differentiation and the development of EAE disease in mice (69,78). Another relevant
molecule for autoimmune inflammation is the highly inflammatory cytokine IL-1, which
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amplifies the inflammatory capacity of Th17 cells. As outlined above, both TLR2 and IL-1R
signal through the MyD88 adaptor molecule, which may indicate potential functional overlap
between these 2 inflammatory stimuli in Th17 cells and both could impact their ability to
promote autoimmune disease (69).

The expression of TLR2 on Th17 cells from patients with MS was found to be much higher
than that of Th17 cells obtained from healthy controls (61). The same study demonstrated
that the percentage of IL-6, IL-17, and TLR subsets were positively correlated with disease
using measures of radiological activity and the Expanded Disability Status Scale score.
Furthermore, CD4" T cell production of both IFNy and IL-17 in response to the TLR2
agonist Pam3CSK4 was directly correlated with the same clinical parameters (61). A similar
observation was found in Th17 cells from people with neuromyelitis optica spectrum disorder
(NMOSD) as well. Both IL-17 and IL-21 production by purified CD4" T cells from NMOSD
patients was increased (compared to control samples) following stimulation through TLR2
in the absence or presence of TCR engagement (76). Thus, the influence of TLR2 activation
on CD4* T cells is not just simply a murine phenomenon; studies such as these highlight the
importance of the TLR2 pathway in the context of human autoimmune disease.

CONCLUDING REMARKS

The research presented and discussed herein demonstrates the importance of TLR2 in the
pathogenesis of autoimmune diseases. Due to the ubiquitous nature of TLR2 expression, this
pathway has the potential to impact a wide variety of cell types and inflammatory conditions
(summarized in Figure 1). TLR2 is more often highly expressed in immune populations of
people with autoimmune diseases compared to control populations. In addition, patients
with autoimmune diseases may have less tolerance for TLR2 signaling. The consequences

of both innate and adaptive immunity utilizing TLR2 to promote inflammation may be even

TLR2 TLR2

agonist agonist
% Hypereactive »
e

Increased inflammatory
cytokine production,
proliferation, and migration

M1 inflammatory phenotype

TLR2 TLR2

agonist gﬁ) agonist 55,

Autoantibody production and
IL-10 production in regulatory B cells

Decreased suppressive
capability

TLR2 TLR2

agonist gﬂ"

agonist
Increased production of inflammatory B Increased cytokine production
T cell polarizing cytokines and proliferation

Figure 1. Graphical summary of the variety of roles of TLR2 on immunological populations.
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more severe when the inflammation is directed against self-antigens. While more work is
needed to determine the physiological relevance of DAMPs driving inflammation through
TLR pathways, research has demonstrated that both exogenous and endogenous ligands may
contribute to the activation of TLR2. Moreover, in the case of host-derived danger signals,
auto inflammation could potentially create a positive feedback loop where tissue destruction
results in the release of TLR ligands that continuously amplify the inflammatory response.
Future research should be focused on teasing out such contributions.

Targeting TLR2 for the treatment of several diseases has been proposed (49,79,80). In fact, to
our knowledge, pharmaceutical inhibitors of TLR2 have been designed but have yet to make
it past phase II of development (81,82). One issue is that blocking TLR2 could carry the risk
of increased susceptibility to infection. Additionally, broad targeting of TLR2 signaling may
not just reduce inflammatory potential of T cells; instead, the loss of this pathway may also
deleteriously impact TLR2-dependent anti-inflammatory activities of other populations, such
as regulatory T and B cells (58). Instead, we believe that research should be focused on the
outcome of TLR2 signaling in both regulatory and inflammatory populations. Understanding
more about these downstream pathways will give us the ability to think about therapeutics
based on more specific functional outcomes rather general targeting of a ubiquitous signaling
pathway. Overall further study is required to understand the many aspects of TLR2 signaling
and its contribution to immune regulation during inflammatory autoimmune diseases.
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