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Abstract The health of living organisms is constantly
challenged by bacterial and viral threats. The recognition
of pathogenic microorganisms by diverse receptors triggers
a variety of host defense mechanisms, leading to their
eradication. Toll-like receptors (TLRs), which are type I
transmembrane proteins, recognize specific signatures of
the invading microbes and activate a cascade of down-
stream signals inducing the secretion of inflammatory
cytokines, chemokines, and type I interferons. The TLR
response not only counteracts the pathogens but also ini-
tiates and shapes the adaptive immune response. Under
normal conditions, inflammation is downregulated after the
removal of the pathogen and cellular debris. However, a
dysfunctional TLR-mediated response maintains a chronic
inflammatory state and leads to local and systemic dele-
terious effects in host cells and tissues. Such inappropriate
TLR response has been attributed to the development and
progression of multiple diseases such as cancer, autoim-
mune, and inflammatory diseases. In this review, we dis-
cuss the emerging role of TLRs in the pathogenesis of
inflammatory diseases and how targeting of TLRs offers a
promising therapeutic strategy for the prevention and
treatment of various inflammatory diseases. Additionally,
we highlight a number of TLR-targeting agents that are in
the developmental stage or in clinical trials.
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Introduction

The innate immune response provides the first line of host
defense against invading pathogens. This response is trig-
gered by the activation of pattern recognition receptors
(PRRs), which represent a crucial link between pathogen
detection and the induction of a pro-inflammatory cascade
aimed at suppressing the infectious agent (Ospelt and Gay
2010). Among the growing family of PRRs, toll-like
receptors (TLRs) were the first to be identified and are the
most widely studied. Various immune and non-immune
cells express these evolutionarily conserved receptors (De
Nardo 2015). TLRs play a fundamental role in the primary
response against invaders connecting both innate and
adaptive immune responses. To date, 10 and 12 TLRs have
been discovered in human and mice, respectively, and their
specific ligands have been largely characterized. Human
cells ubiquitously express ten functional TLRs (TLR1-10),
whereas twelve TLRs (TLR1-9 and TLR11-13) are
expressed in mice (De Nardo 2015; Ospelt and Gay 2010).
TLRs are classified as members of the toll/interleukin (IL)-
1 receptor (TIR) superfamily based on the similarities
between their structural features (O’neill et al. 2009). They
are composed of extracellular leucine-rich repeat motifs,
which facilitate pathogen identification and ligand binding,
a single transmembrane helix, and a highly conserved
cytoplasmic TIR domain. The TIR domain is involved in
the recruitment of adaptor molecules such as myeloid dif-
ferentiation 88 (MyD88), MyD88-adaptor-like (MAL),
TIR-domain-containing  adaptor-inducing interferon-f3
(TRIF), and TRIF-related adaptor molecule (TRAM), and
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thus in the activation of the downstream signaling cascade
(Jin and Lee 2008; Kawai and Akira 2010).

Despite their structural and functional similarities, TLRs
mainly differ in their ligand specificity, usage of adaptor
proteins, and cellular localization. The arrangement of
TLRs differs according to the ligand recognized. There-
fore, TLRs involved in the recognition of cell-surface
molecules, such as TLRs 1, 2, 4, 5, 6, and 10, are expressed
on the cell surface, whereas TLRs 3, 7, 8, and 9, involved
in nucleic acid recognition, are located intracellularly,
anchored to the endosome (Jin and Lee 2008; Kawai and
Akira 2010; Blasius and Beutler 2010). TLRs enable the
host to identify not only a diverse repertoire of conserved
pathogen-derived fragments known as pathogen-associated
molecular patterns (PAMPs) (Janeway and Medzhitov
1998) such as bacterial lipopolysaccharides (LPS), viral
RNA, CpG-containing DNA, and flagellin, but also various
molecules released from damaged cells known as danger-
associated molecular patterns (DAMPs) (Bianchi 2007)
(Table 1). The specific detection of PAMPs and DAMPs by
host receptors drives a cascade of signaling that converges
at nuclear factor-kB (NF-xB) and interferon regulatory
factors (IRFs) and induces the secretion of pro-inflamma-
tory cytokines, type I interferon (IFN), and chemokines,
which promote direct killing of the pathogen (Ospelt and
Gay 2010; Anwar et al. 2013). The wide variety of ligands
sensed by these receptors and the complexity of the
immune responses triggered by their activation justify in
part their connection with the onset of several infectious,
autoimmune, and inflammatory diseases. The binding of
TLRs to their ligands results in the activation and matu-
ration of antigen-presenting cells (APCs) such as macro-
phages or dendritic cells, which are responsible for the
initiation of the adaptive immune responses through the
stimulation of T- and B cell-mediated immune signals
(Schnare et al. 2001).

TLRs can trigger roughly two different series of sig-
naling events (Fig. 1). In one pathway, MyD88 is the main
adaptor protein, triggering of which leads to early-phase
activation of NF-kB and mitogen-activated protein kinases
(MAPKs) (Lee et al. 2012). In the MyD88-independent
pathway, the recruitment of TRIF conveys signals to
downstream adaptor molecules and leads to an ensuing
late-phase activation of IRFs and NF-xB (Akira and Hos-
hino 2003; Kawai and Akira 2005). The inflammatory
response induced by TLR activation is a protective
response that ensures not only the removal of harmful
stimuli but also the repair of damaged tissues (Mudaliar
et al. 2013). This response is usually rapidly terminated
once the tissues are repaired and the pathogens are eradi-
cated. However, inappropriate activation of TLR signaling
due to failure of their regulatory mechanisms might disrupt
the homeostasis by creating a feedback loop of

inflammatory cytokine secretion leading to the develop-
ment of autoimmune and inflammatory diseases. There-
fore, TLR-mediated responses are to be tightly regulated
for optimal and balanced performance of the immune
system (Piccinini and Midwood 2010; Anwar et al. 2013).
In this review, we will cover the roles played by TLRs
during inflammation. Additionally, we aimed at providing
new insights into the functions that TLRs might have in the
development and the progression of inflammatory diseases,
and more importantly, into the potential of TLRs as ther-
apeutic targets.

Toll-like receptor signaling

Given the essential role of TLRs in the initiation of an
immune response, their involvement in the development
and/or maintenance of various diseases is not surprising. In
their inactive forms, TLRs are present in a monomeric
state, whereas upon exposure to their specific ligand, most
of them form active homodimers, while a few are likely to
form heterodimers, depending on the ligand specificity
(Medzhitov 2007; Brown et al. 2011). For instance, TLR2
forms heterodimers with TLR1 or TLR6 upon binding of
lipoprotein or lipopeptides, respectively, whereas the
binding of bacterial flagellin to TLRS5 is known to be
responsible for its homodimerization (Yoon et al. 2012).
The cell-surface TLR4 forms a complex with its co-re-
ceptor cluster of differentiation 14 (CD14) and its acces-
sory molecule myeloid differentiation factor 2 (MD2) that
provides a hydrophobic core where the acyl chains of lipid
A (the biologically active constituent of LPS) can be
accommodated (Piazza et al. 2012; Cighetti et al. 2014).
Endosomal TLRs recognize both self and foreign nucleic
acid structures. Thus, while TLR3 recognizes dsRNA,
TLR7 and TLR8 respond to ssRNA (Cook et al. 2004), and
TLRY responds to CpG-rich DNA in a conformation-
specific mechanism (Blasius and Beutler 2010). Pathogen
recognition activates TLR dimers, which in return stimu-
late the recruitment of TIR-domain containing adaptor
proteins. The TIR domains act as a scaffold for down-
stream signaling molecules. The engagement of adaptor
protein promotes the formation of higher-order complexes
functioning in MyD88-dependent NF-kB activation and
TRIF-dependent IFN regulatory factor (IRF) activation
(Gay et al. 2014).

The MyD88-dependent pathway is utilized by all TLRs
except TLR3, which uses a TRIF-dependent pathway.
Exceptionally, TLR4 can activate both pathways. TLRs 1,
2, 4, 6, and 10 recruit, in addition to MyD88, the TIR
domain-containing adapter protein (TIRAP), which serves
as a link between the TIR domain of the TLR and MyD8&8.
Later, MyD88 recruits interleukin-1 receptor-associated
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Table 1 TLRs: ligands and cytokine production

TLRs Location Ligand Synthetic analog Signal Production
adaptor
PAMPs DAMPs
TLR2-1 Plasma Mycobacterial ND Triacyl lipopeptides MAL/ Proinflammatory
membrane lipoprotein, MyD88 cytokines
triacylated
lipopeptides
(Pam3CSKy)
TLR2-6 Plasma Mycoplasma Heat-shock proteins, HMGBI1, Diacyl lipopeptides MAL/ Proinflammatory
membrane lipoproteins, versican, hyaluronic Acid MyD88  cytokines
lipoteichoic acid,
peptidoglycan
(bacteria), zymosan
TLR3 Endosomal Poly(I:C) (viral mRNA Poly (I:C), Poly(I:C;,U)  TRIF Proinflammatory
membrane dsRNA) cytokines, type
I IFNs
TLR4 Plasma LPS, respiratory Heat-shock proteins, HMGB1, - Lipid A mimetics MAL/ Proinflammatory
membrane/ syncytial virus defensin 2, extra domain A of (monophosphoryl lipid MyD88  cytokines, type
endosomal fibronectin, hyaluronic acid, A, aminoalkyl TRAM/ I IFNs
membrane heparan sulfate, fibrinogen glucosamine TRIF
surfactant—protein A, oxidized 4-phosphate), E6020,
phospholipids E5531, E5564
TLRS Plasma Flagellin ND Discontinuous 13-amino  MyD88 Proinflammatory
membrane acid peptide CBLB502 cytokines
TLR7 Endosomal ssRNA, ssRNA (immune complex) Oligonucleotides, MyD88  Proinflammatory
membrane imidazoquinolines, imidazoquinoline, cytokines, type
guanosine analogs guanosine nucleotides, I IFNs
(loxoribine) bropirimine
TLRS8 Endosomal Viral ssSRNA sSRNA (immune complex) Imidazoquinolines MyD88  Proinflammatory
membrane (Resiquimod) cytokines, type
I IFNs
TLRY Endosomal Unmethylated CpG Chromatin IgG complex CpG oligo- MyD88  Proinflammatory
membrane motifs form deoxynucleotides cytokines, type
bacteria and I IFNs
viruses, hemozoin
from Plasmodium
TLR10 Plasma Profilin-like ND ND MyD88 Proinflammatory
membrane molecule cytokines
TLR11  Endosomal Profilin-like ND ND MyD88  Proinflammatory
membrane molecule, cytokines
uropathogenic
bacteria
TLR12 Endosomal Profilin-like ND ND MyDS88 Proinflammatory
membrane molecule cytokines
TLR13  Endosomal Bacterial 23S rRNA  ND ND MyD88 Proinflammatory
membrane cytokines

ND not determined, ssRNA single-stranded RNA, mRNA messenger RNA, rRNA ribosomal RNA, HMGBI high-mobility group box 1 protein,
MAL MyD88-adaptor-like, TRIF TIR-domain-containing adaptor-inducing interferon-f, TRAM TRIF-related adaptor molecule

kinase 4 (IRAK4), which phosphorylates IRAK1 and
IRAK?2 that are responsible for early and late phase TLR
responses, respectively (Meylan and Tschopp 2008).
IRAK4 is the master regulator of the IRAK family proteins
(Qian and Cao 2013). The phosphorylated IRAKSs disso-
ciate from MyD88 and bind to the tumor necrosis factor
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(TNF) receptor-associated factor 6 (TRAF6), which in turn
activate transforming-growth-factor-f-activated kinase 1
(TAK1) complex and TGF-B-activated kinase (TAB) 2,
and 3 through polyubiquitination and trigger early-phase
activation of NF-xB and MAPKSs (Kumar et al. 2011). The
activation of NF-kB typically involves phosphorylation of



Toll-like receptors: promising therapeutic targets for inflammatory diseases 1035

TLR2-TLR1

TLR2-TLR6

CUOUOUOO00000
Pro-inflammatory
cytokines

Fig. 1 Overview of the TLR signaling pathway. Cell-surface and endosomal TLRs are triggered by their representative ligands originating from
invading pathogens to start downstream signaling. With the exception of TLR3, all TLRs activate the MyD88-dependent pathway. Following the
activation of TLRs, MyD88 recruits the IRAK family of proteins along with the adapter protein TRAF6. The phosphorylation of IRAK proteins
passes the signal to the TAKI complex, subsequently activating the IKK complex. The activated IKK complex phosphorylates IkB and marks it
for degradation. The phosphorylated IkB induces the release of NF-xB and its translocation into the nucleus, resulting in the production and
release of pro-inflammatory cytokines. TLR3 and TLR4 use a TRIF-dependent pathway, with the recruitment of TRAM adaptor protein for
TLR4 activation. The TRIF pathway needs TRAF3 to pass the signals to TBK1 and IKKe complexes, which activate IRF3 and IRF7,
respectively. The IRF proteins enter the nucleus and start the transcription of type I IFN

nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor (IkB) by the inhibitor of nuclear factor-kB
kinase (IKK) complex, which consists of IKKa, B, and 7.
The phosphorylation of IxB leads to its ubiquitylation and
subsequent degradation, which allows the release of NF-xB
and its translocation to the nucleus. Furthermore, MAPKs
pass the signals to p38 and c-Jun N-terminal kinases

(JNKSs) to activate cAMP-responsive element (CREB) and
activator protein-1 (AP-1) transcription factors inducing
the transcription of inflammatory cytokines and chemoki-
nes (Kawai and Akira 2007, 2010; Fig. 1).

TRIF has been identified as a protein fundamental to the
MyD88-independent pathway. Once it recognizes its
specific ligand, TLR3 recruits TRIF adapter protein,
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whereas the binding of TLR4 to its specific ligand recruits
TRIF through TRAM adaptor proteins (Kawasaki and
Kawai 2014). The interaction of TRIF with TRAF3 acti-
vates non-canonical IKKs, such as serine/threonine-protein
kinase (TBK1) and IKKg¢, to phosphorylate IRF3 and IRF7
(Kumar et al. 2011). The phosphorylated IRFs translocate
to the nucleus where they initiate the transcription of type I
IFN. Of note, the C-terminal region of TRIF contains a
receptor-interacting protein homotypic interaction motif
(RHIM), which interacts with receptor-interacting serine/
threonine-protein kinase 1 (RIP1) to activate TRAF6 and
results in the late phase activation of NF-xB and MAPKSs
(Kumar et al. 2011; Kawasaki and Kawai 2014).

Negative regulators in TLR signaling

Following TLR activation and the elimination of danger
signals, signaling is considered to be terminated at a
checkpoint, and the system returns to its homeostatic state
to avoid host damage. To this end, a number of molecules
act in synergy and play vital roles in regulating the TLR-
induced inflammation. Some of these negative regulators
downregulate TLR expression, whereas others may restrict
the signaling by blocking TLR activation (Fig. 2). Radio-
productive 105 (RP105), a TLR homolog lacking a sig-
naling domain that is present in B cells and dendritic cells
specifically inhibits TLR4 signaling by preventing the
binding of LPS (Liew et al. 2005; Kawai and Akira 2007).
The transmembrane protein ST2L blocks the recruitment of
MyD88 and TIRAP required for TLR4 activation (Brint
et al. 2004; Liu et al. 2010). Single immunoglobulin and
toll-interleukin 1 receptor (SIGIRR) fits in the IL-1
receptor family and acts together with IRAKs and TRAF6
to block TLR signaling. However, the mechanism by
which SIGIRR suppresses TLR function is not fully
understood (Wald et al. 2003; Sham et al. 2013). Sup-
pressor of cytokine signaling 1 (SOCS1), an E3 ligase
initially identified as an inhibitor of the Janus kinase/signal
transducer and activator of transcription (JAK/STAT)
pathways, also suppresses signaling downstream of TLR2
and TLR4 (Brown et al. 2011). Furthermore, SOCSI1 is
capable of directly inhibiting LPS-induced (but not TNF-
induced) NF-kB activation in a TLR4- and MD2-depen-
dent manner. TRAIL receptor (TRAILR) inhibits TLR
signaling by stabilizing IxBo, thereby restricting the
nuclear translocation of NF-xB (Liew et al. 2005; Mansell
et al. 2006).

Additionally, several intracellular proteins have been
identified as negative regulators of TLR signaling. For
instance, the overexpression of IRAK-M, a member of the
IRAK family, prevents the dissociation of IRAK4 and
IRAK1 from MyD88, thereby blocking the MyD88-
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dependent pathway (Kobayashi et al. 2002). Following the
binding of LPS to TLR4, B-arrestins interact with TRAF6
to hinder its oligomerization, resulting in the inhibition of
TRAF6 polyubiquitination and subsequent activation of
NF-kB and MAPKs (Wang et al. 2006; Kawai and Akira
2007). Furthermore, the inducible deubiquitination enzyme
A20 is capable of removing ubiquitin moieties from
TRAF6 in order to end TLR signaling (Boone et al. 2004).
Meanwhile, TRAM adaptor with GOLD domain (TAG)
removes the adaptor protein TRIF from TRAM and pre-
vents the TRIF-dependent pathway (Palsson-Mcdermott
et al. 2009; Han et al. 2010). Sterile o- and armadillo-
motif-containing protein (SARM) is a TLR adaptor protein
that can interfere with TRIF-dependent gene expression by
directly interacting with TRIF (Baral and Utaisincharoen
2013). SOCS3 (Rothlin et al. 2007) and deubiquitinating
enzyme A (DUBA) act as negative regulator by controlling
the ubiquitination process of TRAF3 (Kayagaki et al.
2007). Phosphorylated IRF3 will bind with peptidyl-prolyl
cis—trans isomerase NIMA-interacting 1 (Pinl) for polyu-
biquitination resulting in its degradation. Although the
mechanism underlying this reaction is unclear, experiments
have proved that the reduced expression of Pinl enhanced
IRF-3-dependent production of INF-f (Saitoh et al. 2006).
Replication and transcription activator-associated ubiquitin
ligase (RAUL), a ubiquitin E3 ligase, catalyzes lysine
48-linked polyubiquitination of IRF7 and IRF3 followed by
proteasome-dependent degradation (Yu and Hayward
2010).

TLRs in inflammatory diseases

TLRs act as a double-edged sword: deficient TLR signaling
might render the organism vulnerable to exposure to
pathogenic attack, while an excessive TLR response results
in uncontrolled release of a range of pro-inflammatory
cytokines and chemokines, which might result in the
emergence of inflammatory disease. Available evidence for
the involvement of TLRs in the pathogenesis of a certain
set of diseases will be discussed in the following.

TLRs in rheumatoid arthritis (RA)

Rheumatoid arthritis (RA) is an autoimmune, chronic
inflammatory joint disease characterized by hyperactiva-
tion of synovial fibroblasts, which leads to synovitis. The
pathogenesis starts with angiogenesis during which lym-
phocytes and macrophages find their way to the joint cavity
causing the expansion of the synovial tissue into a pannus
(Davis et al. 2015). The hyperplastic synovium invades and
destroys both cartilage and bone via proteolytic cleavage of
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Fig. 2 Negative regulation of TLR signaling. Binding of TLRs with their cognate ligands induces the inflammatory response through the
activation of NF-«B. Sustained activation of TLRs can cause the development of inflammatory diseases. Some of the negative regulators for TLR
signaling are shown in the figure. The transmembrane proteins ST2L and SIGIRR act as negative regulators of TIRAP/MyD88 and IRAK
proteins, respectively. IRAK-M prevents the dissociation of IRAKs from MyD88, restricting further signaling. A20, B-arrestins, and SOCS3
regulators block the downstream signaling of TRAF6 and TRAF3 by inhibiting their ubiquitination. TRAILR blocks NF-kB activation by
stabilizing IxB and preventing its degradation. TAG protein displaces TRIF from the TRAM adaptor protein, while SARM interacts directly with
TRIF and blocks subsequent signaling. The regulator proteins SOCS3 and DUBA limit TRAF3 ubiquitination, whereas Pinl and RAUL speed up

the ubiquitination and degradation of IRF3/7

aggrecan and collagen. At this level, synovial fibroblasts
secrete pro-inflammatory cytokines and matrix-degrading
effectors providing a perfect storm for chronic inflamma-
tion (Mcinnes and O’dell 2010; Shotorbani et al. 2011).
Although the etiology of this abnormal activation of syn-
ovial cells remains unidentified, multiple studies have
pointed out a key role for TLRs in the development of this
disease.

A study analyzing blood cells obtained from RA patients
reported that the peripheral blood monocytes of RA
patients present increased surface expression of TLR2 and

TLR4 (Iwahashi et al. 2004; Sorensen et al. 2008). Multiple
studies reported an abnormal increase in the expression of
TLRs 3, 7, and 9, together with TLR2 and TLR4 in RA
synovial tissues (Goh and Midwood 2012; Bhinder et al.
2014). Particularly, TLR3 and 4 were shown to be highly
expressed in both early and long-standing RA, emphasizing
their potential involvement in the pathogenesis and per-
sistence of the disease (Radstake et al. 2004; Roelofs et al.
2005; Ospelt et al. 2008; Goh and Midwood 2012). Fur-
thermore, an increasing body of data indicates the presence
of various endogenous TLR ligands in inflammatory
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synovial fluid obtained from patients with RA. Among
those ligands, fibrinogen, hyaluronan, heat shock protein
B8 (HSP22), and high-mobility group protein Bl
(HMGB1) were the most abundant (Taniguchi et al. 2003;
Roelofs et al. 2006; Huang et al. 2009; Goh and Midwood
2012). HSP22, along with a fragment of hyaluronic acid,
was recognized as a potential endogenous TLR4 ligand
responsible for the activation of the myeloid dendritic cells
(Termeer et al. 2002; Roelofs et al. 2006). Further,
HMGBI1, a nuclear protein that stabilizes nucleosome
formation, is released after cell damage and induces NF-kB
activation following its binding to TLR2 and 4 (Park et al.
2004; He et al. 2012).

To gain an in-depth understanding of the role played by
TLRs during RA, various animal models have been
established. In a streptococcal cell wall (SCW)-induced
arthritis model, a single injection of SCW into murine
joints induced joint inflammation mediated by TLR2 and
MyD88 (Joosten et al. 2003; Abdollahi-Roodsaz et al.
2008). Repeated injections of SCW led to chronic,
destructive arthritis, which was reported to be mediated by
TLR4 (Abdollahi-Roodsaz et al. 2008). These results jus-
tify in part the involvement of endogenous activation of
TLR4 in the emergence of cartilage erosion during the late
phases of the disease. Supporting the same findings, inhi-
bition of TLR4 in a collagen-induced arthritis (CIA) model
suppressed arthritis clinically and histologically, while the
addition of LPS enhanced its severity (Divanovic et al.
2005; Pierer et al. 2011). While most studies examined the
implication of cell-surface TLRs in the pathogenesis of
RA, only few have focused on endosomal TLRs and their
role in RA. It is worth mentioning that the findings reported
are seemingly contradictory. In a CIA mouse model, the
activation of TLR3 suppressed arthritis and reduced the
inflammation (Yarilina et al. 2007). However, stimulation
of TLR3 in vitro induced angiogenic and osteoclastogenic
factors in human RA synovial fibroblasts (Moon et al.
2010). Accordingly, knockdown of TLR3 in a rat model
with pristine-induced arthritis (PIA) resulted in disease
improvement (Meng et al. 2010). Similarly, data on the
role of TLRY in RA are contradictory. In some studies,
direct injection of CpG DNA motifs into the joints of
healthy mice caused the development of mild arthritis
(Batsford et al. 2011). In agreement with these findings, the
inhibition of TLR9 in PIA rat alleviated the disease (Her-
man et al. 2011). However, systemic administration of CpG
into mice induced an anti-inflammatory response and
reined the arthritis (Wu et al. 2007; Thwaites et al. 2014).
On the other hand, TLR7 activation has been suggested to
contribute to CIA pathology and the worsening of the
inflammatory state during the disease (Alzabin et al. 2012).

Overall, the data available for TLR4 and 2 strongly
support their role in the pathogenesis of RA. Yet, more
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straightforward data concerning the role of endogenous
TLRs in experimental models of RA are needed.

TLRs in inflammatory bowel disease (IBD)

Crohn’s disease (CD) and ulcerative colitis (UC) are
chronic inflammatory disorders of the gastrointestinal tract
often referred to as IBD. Ample evidence supports the role
of innate and adaptive immune responses in the onset of
IBD (Geremia et al. 2014). The disease is characterized by
an imbalance between pro-inflammatory and regulatory-T-
cell (Treg) responses (Frosali et al. 2015). Although the
precise etiology of IBD remains unknown, the inflamma-
tion observed during its pathogenesis is assumed to result
from inappropriate activation of mucosal immunity by
environmental factors in genetically susceptible individuals
(Xavier and Podolsky 2007). TLRs, together with other
PRRs, are expressed by intestinal epithelial cells. They
play a crucial role in driving a basal immune response
indispensable for the protection of host-barrier integrity
(Yesudhas et al. 2014; Frosali et al. 2015).

In healthy conditions, TLRs uphold a perpetual intesti-
nal homeostasis between the tolerance of commensal
microflora and the recognition of pathogens. Normally, the
TLR response to commensal bacteria triggers the secretion
of protective factors such as transforming growth factor 3
(TGFp), defensin, keratinocyte growth factor, and
cyclooxygenase-2, which help to maintain the proliferation
as well as differentiation of intestinal epithelial cells (Ue-
hara et al. 2007). However, in susceptible individuals,
alteration of TLR signaling may lead to failure of com-
mensal-mucosal homoeostasis maintenance, facilitating
tissue injury and resulting in the development of gut
inflammation (Franchimont et al. 2004; Frosali et al. 2015).
In the gut, the type of response induced by TLR activation
and the subsequent secretion of pro/anti-inflammatory
response are mainly influenced by the intestinal immuno-
logical niche and local homeostasis. The expression of
TLRs is regulated depending on their location and the
milieu they are found in. For instance, upon heterodimer-
ization with TLR6, TLR?2 induces the secretion of IL-10 by
dendritic cells and promotes the activation of Tregs
(Depaolo et al. 2008). On the other hand, TLR2 associated
to TLRI induces a shift toward IL-12 or IL-17 promoting
the differentiation of T helper 1 (TH1) and T helper 17
(TH17) cells, respectively (Watanabe et al. 2004; Depaolo
et al. 2012).

An in vitro study using intestinal epithelial cells from
patients with Crohn’s disease revealed that stimulation of
TLR2 led to excessive secretion of inflammatory and TH1-
related cytokines (Watanabe et al. 2004). Similar findings
were reported in a mouse model of colitis, in which the
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expression levels of both TLR2 and TLR4 were consider-
ably increased, and the activation of both receptors caused
aggravation of the disease (Heimesaat et al. 2007). Fur-
thermore, data on the role of TLR4 in IBD are controver-
sial: while some studies pled for a protective role of TLR4
activation in IBD, others found its activation to worsen
pathogenesis. In this regard, TLR4 expression was elevated
in patients suffering from IBD and the polymorphisms
Asp299Gly and Thr3991Ile were highly related to the onset
of disease (Franchimont et al. 2004; Senhaji et al. 2014).
Furthermore, different studies have reported that in the
presence of inflammatory cytokines such as IFN-y and
TNF-a, TLR4 expression in intestinal epithelial cells was
upregulated, thereby worsening the inflammation and tis-
sue damage (Suzuki et al. 2003; Frolova et al. 2008; Tan
et al. 2014). In a chimeric mouse model, it has been
reported that TLR4 signaling in colonic epithelial cells
worsened intestinal inflammation (Ungaro et al. 2009).
However, TLR4 signaling was shown to protect against
epithelial disruption as it promotes the induction of
chemokines and cytokines as well as the recruitment of
adaptive immune cells needed to limit pathogen invasion
(Furuta et al. 2006). In a murine model of acute colitis, the
absence of TLR4 during injury caused severe mucosal
damage along with impaired epithelial proliferation and a
reduced inflammatory response (Fukata et al. 2005). A
study in a MyD88 '~ mouse model of Typhimurium-in-
duced gastroenteritis colitis reported similar findings. The
MyD88 '~ mice presented accelerated tissue damage with
decreased induction of inflammatory cytokine TNF-a
transcription (Bhinder et al. 2014). Furthermore, the pro-
tective roles of TLR9 and TLR3 signaling in experimental
colitis have been reported (Vijay-Kumar et al. 2007; Rose
et al. 2012). The administration of CpG in a murine model
of colitis reduced the secretion of pro-inflammatory
cytokines and apoptosis, which reduced disease severity
(Rose et al. 2012).

Overall, the data available show that the role of TLR
activation during IBD differs depending on a variety of
factors such as intestinal microenvironment, the localiza-
tion of TLRs in the gastrointestinal tract, and genetic pre-
disposition for bowel diseases.

TLRs in psoriasis

The skin, like the gastrointestinal tract, is constantly
challenged by a massive amount of bacteria. Psoriasis is a
long-lasting, relapsing inflammatory disease of the skin
identified by epidermal hyperproliferation and infiltration
of inflammatory cells throughout the dermis and epidermis
causing severe skin lesions (Flutter and Nestle 2013).
Physiologically, TLRs are expressed by three epidermal

cells: keratinocytes, melanocytes, and Langerhans cells.
Keratinocytes are reported to express all TLRs except
TLR7 and TLRS, and their activation upon exposure to
TLR ligands results mainly in the production of IL-8, nitric
oxide synthase, chemokines and matrix metalloproteases
(MMPs) 2 and 9, all needed for the inflammatory response
and remodeling of the damaged tissue (Mcinturff et al.
2005; Lee et al. 2010). Human melanocytes express TLRs
2,3,4,7,and 9. Upon stimulation by ligands, melanocytes
secrete IL-6 and IL-8, increase chemokine mRNA pro-
duction, and upregulate the phosphorylation of IkBa,
promoting the activation of NF-xB (Yu et al. 2009).
Langerhans cells play the role of cutaneous APCs and have
been reported to express high levels of TLRs 2, 3, 4, 8, and
10 and low levels of TLRs 1, 5, 6, 7, and 9 (Renn et al.
2006; Hari et al. 2010). Additionally, Langerhans cells play
an important role in the anti-viral immune response owing
to their ability to induce the secretion of IFN-o and IL-18
and subsequent initiation of a TH1 response (Lebre et al.
2003; Renn et al. 2006).

In the skin of patients presenting psoriasis, increased T
cell proliferation, TH1 and TH17 cytokine secretion, anti-
gen presentation, and high production of type I IFNs have
been reported (Gilliet et al. 2004). Skin deletion observed
during psoriasis stimulates keratinocytes to release
antimicrobial peptide, which forms aggregates with extra-
cellular self-DNA, enters plasmacytoid dendritic cells, and
activates TLR9 and therefore, sustains Type I IFN secre-
tion, myeloid dendritic cell maturation, and subsequent
activation of autoreactive T cells (Farkas et al. 2008).
Moreover, several studies have reported that in pathologi-
cal conditions, keratinocytes heavily express TGF-oo and
heat shock proteins, which upregulate the expression of
TLRs 2, 4, 5, and 9, resulting in excessive activation of NF-
kB, stimulation of inflammatory cytokines, antigen pre-
sentation to autoreactive T cells, and therefore, disease
aggravation (Miller et al. 2005; Seung et al. 2007). Similar
findings were reported in an immunohistochemistry-based
study of psoriatic skin, where the expression levels of both
TLR2 and TLR4 were elevated in dermal and epidermal
dendritic cells and in keratinocytes when compared to
normal skin (Curry et al. 2003).

Interestingly, the study of psoriasis has been limited by
the lack of informative yet easy to utilize animal models.
Despite the use of transgenic models in numerous studies,
these models failed to mimic the cellular mechanism of the
disease, and in some cases were unable to present drug-
specific responses that are known to occur during psoriasis,
thus limiting their usability (Nestle et al. 2009). In the past
few years, an imiquimod-induced model of psoriasis has
been widely used as an alternative. This model provided a
better understanding of the development of skin inflam-
matory responses (Van Der Fits et al. 2009; Walter et al.
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2013). Using this model, the activation of TLR7 and TLRS
signaling was shown to be involved in the exacerbation of
plaque psoriasis as imiquimod (a TLR7/8-specific agonist)
was responsible for the aggravation of the pathological
symptoms (Gaspari 2006; Walter et al. 2013).

TLRs in asthma

One of the most common diseases linked with TLR-in-
duced cytokine is asthma. This disease is identified by the
dominant presence of mast cells, eosinophils, and CD4'T T
cells in the airways (Zuo et al. 2015). A study aimed at
identifying the sites of action of TLRs reported that all
tissues expressed at least one TLR, confirming their
expression in the lungs (Zarember and Godowski 2002;
Tirumurugaan et al. 2010). As the respiratory tract is
continuously exposed to environmental elements, a defect
in the function of airway dendritic cells and airway
epithelial cells (AECs) in response to allergens or viral
infection might lead to chronic respiratory disease (Beze-
mer et al. 2012). House dust mite (HDM) antigen from
Dermatophagoides farinae and fungal protease from
Aspergillus oryzae were reported to activate TLR4 sig-
naling in AECs, thereby causing allergic responses
(Trompette et al. 2009; Millien et al. 2013; Holtzman et al.
2014). In accordance with these findings, suppression of
TLR4 activation was shown to be involved in the
immunological mechanism of asthma by controlling the
anti-inflammatory cytokine IL-10 and restricting the
release of THl-related cytokine IL-1 (Lun et al. 2009;
Bezemer et al. 2012).

TLR3 activation by double-stranded RNA from the
respiratory syncytial virus (RSV), human rhinovirus
(HRV), and influenza A viruses was reported to play a
major role in the pathogenesis of severe asthma (Holtzman
et al. 2014). Thymic stromal lymphopoietin proteins along
with TLR3 ligands boost the differentiation of TH17 by
activating human dendritic cells (Shannon et al. 2008;
Tanaka et al. 2009). TH17 cells belong to the group of CD4
T cells, which take part in the production of inflammatory
cytokines IL-5, 17, and 25. These cytokines are involved in
pathogenic process of asthma; especially, IL-5, which is
the main cytokine involved in the differentiation and sur-
vival of eosinophils (Tesmer et al. 2008; Wakashin et al.
2008; Cosmi et al. 2011; Bezemer et al. 2012). Other TLRs
such as TLR7, TLR8, and TLRY are induced by virus-
associated nucleic acids, and they play a role in disease
pathogenesis (Zarember and Godowski 2002; Shannon
et al. 2008). The effects of single nucleotide polymor-
phisms (SNPs) have been mainly studied for TLR1-10 and
the evaluation of SNPs in the genes of TLRs 1, 6, and 10
emphasized the protective effect of these receptors in
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childhood asthma patients; they lowered the risk for atopic
asthma by almost half (Kormann et al. 2008). Ser249Pro in
the extracellular domain of TLR6 showed significant pos-
itive results in a case—control study. In contrast, other work
revealed that Ser249Pro is associated with childhood
asthma (Tantisira et al. 2004; Hoffjan et al. 2005).

In a recent study, curcumin was identified as an effective
drug for ovalbumin (OVA)-induced allergic inflammation
in a mouse model of allergic asthma. Curcumin efficiently
suppressed IL-17A and improved IL-10, thereby inhibiting
eosinophil recruitment and mucus overproduction (Ma
et al. 2013). Another study revealed that an underacylated
form of Rhodobacter sphaeroides LPS (a TLR4 antagonist)
acts as an inhibitor of HDM and strongly reduces airway
lymphocytosis and eosinophilia in mice (Hammad et al.
2009).

TLRs in Alzheimer’s disease (AD)

TLR-induced inflammation is associated with various
neurodegenerative diseases, including AD. AD is charac-
terized by the accumulation of amyloid fibrous protein in
the cerebrum (plaques) and the formation of tangles of Tau
protein in the neurons (Heneka et al. 2015). Neuro-in-
flammation may not be the starting point of AD;
nonetheless, disease progression always depends on it.
Sustained inflammatory responses involving both microglia
and astrocytes contribute to disease progression (Glass
et al. 2010). Microglia are macrophages that act as “war-
riors” of the immune system and are located in both the
human brain and spinal cord (Streit 2002). The major
functions of microglia are surveying of the microenviron-
ment and maintaining homeostasis. Activated microglia
interact with astrocytes (glial cells) and neurons to fight
pathogen invasion and promote the inflammatory response
(Landreth and Reed-Geaghan 2009). Nonetheless, a sus-
tained inflammatory response might alarm cell surface
receptors, triggering a continuous activation of TLRs.
TLR4 present on the surface of microglia is recognized
as the major sensor of danger signals and its activation
results in the secretion of TNF-a and IL-1. Both cytokines
stimulate astrocyte activation triggering secondary
inflammatory responses (Saijo et al. 2009). The inflam-
matory reaction in AD is governed mainly by the interac-
tion between microglia and cell surface receptors
(SCARAI1, CD36, CDI4, a6l integrin, and CD47),
including TLRs (2, 4, 6, and 9) (Landreth and Reed-Gea-
ghan 2009). The binding of microglia soluble AP fibrils
through CD36, TLR4, or TLR6, causes the secretion of a
range of immunostimulatory cytokines and chemokines. In
a mouse model of AD, disruption of the complex CD36-
TLR4 and TLR6 through the targeting of CD36 resulted in
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low production of nitric oxide, reactive oxygen species,
and IL-1B by microglia, thereby protecting the neurons
from amyloid beta (AB)-induced cell death (Walter et al.
2007; Jin et al. 2008; Stewart et al. 2010). TLR2 and TLR4
mediate cell death not only in immune cells (Lehnardt et al.
2007) but also in AP-affected neurons, suggesting that
TLRs act as death receptors during AD (Tang et al. 2008).

TLRs have been detected in neurons as well as in the
central nervous system (Prehaud et al. 2005). The micro-
RNA let-7 activates TLR7 and induces neurodegeneration.
Cerebrospinal fluid from AD patients presented increased
amounts of let-7b (Diebold et al. 2004; Lehmann et al.
2012). Extracellular induction of let-7b into cerebrospinal
fluid showed that wild-type mice lacking TLR7 receptors
were resistant to neurodegeneration (Lehmann et al. 2012).
However, the exact mechanism of TLRs in neurodegen-
erative disease remains partially unclear.

TLRs in systemic lupus erythematosus (SLE)

SLE is a complex auto-inflammatory disease characterized
by the loss of tolerance to self-nuclear antigens along with
continuous and repetitive stimulation of innate and adap-
tive immune responses by endogenous nucleic acids
released upon cell death by apoptosis or necrosis (Clancy
et al. 2016).

Recently, numerous studies have focused on the
involvement of activation of endosomal TLRs in the onset
of SLE (Clancy et al. 2016; Celhar and Fairhurst 2014).
Endosomal TLRs expressed in B cells and plasmacytoid
dendritic cells, are suggested to be responsible for the
generation of anti-nuclear antibodies with the production of
type I IFNs (Clancy et al. 2016). The roles of both TLR7
and TLR9 in SLE were studied in a lupus-prone mouse
model wherein the overexpression of TLR7 is suggested to
be linked to the disease onset (Guiducci et al. 2010).
Additionally, overexpression of TLR7 in mouse models
was reported to be correlated with the production of RNA-
associated antibodies, an increase in autoreactive B cell
response, and the development of auto-inflammatory phe-
notypes by mice (Nundel et al. 2015). Furthermore, mouse
models lacking TLR7 displayed amelioration of disease
symptoms with a significant reduction in levels of circu-
lating autoantibodies and a decrease in IL-6 and INF-a
secretion (Lee et al. 2008).

While the pathological role of TLR7 in SLE is relatively
known, the role of TLR9 remains controversial. In vivo
studies on mice have reported the important role of TLR9
in the production of autoantibodies by B cells (Nundel
et al. 2015). Moreover, B cells and monocytes from
patients with active disease showed higher TLR9 expres-
sion compared to those from patients with inactive disease

(Lamphier et al. 2014). However, deletion of TLRY in
lupus-prone mouse models did not ameliorate disease
symptoms but contrastingly exacerbated the disease, sug-
gesting a protective role for TLR9 in SLE (Nickerson et al.
2010).

In addition, TLR2 and TLR4 were shown to be related
to SLE pathogenesis. Recently, it has been reported that the
expression levels of TLR2 and TLR4 mRNA in peripheral
blood mononuclear cells (PBMCs) of patients with SLE
were much higher than those in PBMCs of healthy subjects
(Lee et al. 2016). In a lupus mouse model, the deficiency of
TLR4 and/or TLR2 limited the production of autoanti-
bodies and therefore attenuated the development of SLE
symptoms (Chen et al. 2016). Similarly, the TLR4 '~
mouse model showed a decrease in the secretion of
inflammatory cytokines and anti-dsDNA and anti-RNP
antibodies, resulting in the amelioration of lupus symptoms
in a pristane-induced experimental lupus model (Fagone
et al. 2014).

TLRs in other inflammatory diseases

Several studies have focused on the role of TLRs in
atherosclerosis, suggesting the association of the D299G
polymorphism in human TLR4 with a reduced risk for
carotid artery atherosclerosis (Cooke et al. 2002; Lu et al.
2015). These studies showed that patients with the D299G
polymorphism presented lower concentrations of circulat-
ing proinflammatory cytokines such as IL-6, soluble vas-
cular cell adhesion molecule 1, and fibrinogen. Other
genotypic studies have reported that the Agr753Gln single-
nucleotide polymorphism in human TLR2 was also a risk
factor for SLE (Balistreri et al. 2008; Bielinski et al. 2011).
In atherosclerosis mouse models, knockout of MyD88
resulted in significantly decreased plaque size and a lower
expression of proinflammatory cytokines and chemokines,
thus ameliorating disease symptoms in mice (Subramanian
et al. 2013).

Another disease wherein TLRs seem to be involved at
the onset is multiple sclerosis (MS). MS is a chronic
debilitating disease of the central nervous system (CNS),
characterized by inflammation and subsequent immune
responses, which result in progressive demyelination and
axonal/neuronal injury (Derkow et al. 2013). The expres-
sion of TLRs was reported to be increased in active MS
lesions. In order to study the disease in depth, murine
experimental autoimmune encephalitis (EAE) was used as
an experimental model for human MS in several studies.
An in vivo study reported that MyD88 '~ mice were
completely EAE resistant, whereas TLRO ™~ mice devel-
oped the disease with significantly reduced severity.
Therefore, both TLR9 and MyD88 are known to be
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required for EAE induction and progression (Miranda-
Hernandez et al. 2011).

TLRs have also been associated with the pathogenesis of
sepsis. The D299G polymorphism in human TLR4 has
been linked with increased risk of Gram-negative infec-
tions and systemic inflammatory syndrome. In addition, the
R753Q polymorphism in human TLR2 has been associated
with a decreased response to bacterial peptides, resulting in
increased susceptibility to staphylococcal infections
(Montes et al. 2006; Xiong et al. 2012).

Therapeutic targeting of TLRs
during inflammatory disease

TLR signaling seems to be involved in the development of
numerous human diseases. This perspective has been
strengthened by a wealth of data obtained from in vitro and
in vivo studies which support the roles of particular TLRs
in disease initiation and/or progression (Perkins and Vogel
2016). Activation of TLRs in inflammatory diseases
underpins their pathophysiology via aberrant secretion of
pro-inflammatory cytokines and chemokines, which in turn
creates an inflammatory feedback loop. Breakage of this
feedback loop should dampen the inflammation and re-
establish an appropriate immune response to pathogens.
Thus, the development of TLR inhibitors might hold pro-
mise for a powerful therapeutic strategy (Basith et al.
2011). In general, strategies utilized to downmodulate the
overactivation of TLRs involve the use of antagonists that
block the binding of ligands or protein—ligand complexes
to the receptors, or antagonists that interfere with the
intracellular adaptor molecules of the common signaling

pathways, neutralizing their effects and blocking the acti-
vation of TLR signaling cascade. Given their pivotal role in
orchestrating the immune response, the main challenge for
the development of TLR-blocking agents is to reduce the
excessive inflammation without affecting innate immunity.
The antagonists developed to date comprise small mole-
cules, oligonucleotides, peptides, proteins, and antibodies.
Some of the TLRs inhibitors tested for their efficacies in
some inflammatory diseases are summarized in Table 2 (Li
et al. 2011; Kandimalla et al. 2013; Ramani et al. 2013).

Antagonizing TLR2

Hyperactivation of TLR2 is involved in various inflam-
matory diseases including chronic inflammatory joint dis-
ease and Gram-positive sepsis (Keogh and Parker 2011),
rendering it a favorable target for the control of inflam-
mation. In a recent study, Mistry et al. identified a small
molecule C;¢H;sNO,, designated “C29”, as a potential
TLR2-specific inhibitor. The molecule acts specifically by
blocking the dimerization of the TLR and TIR domains,
disrupting TLR2 activation, thus repressing TLR2-medi-
ated inflammation. Human embryonic kidney 293-TLR2
(HEK293-TLR2) and human acute monocytic leukemia
(THP-1) cells showed decreased production of IL-8§ mRNA
upon treatment with C29. These findings were confirmed
in vivo, as the treatment of mice with C29 blocked the
TLR2-induced IL-12 p40 and TNF-a liver cytokine mRNA
and serum protein (Mistry et al. 2015). Another study
showed that the inhibition of TLR2 dimerization by using a
TLR2 transmembrane peptide (TLR2-p) decreased the
levels of both extracellular signal-regulated kinases (ERK)

Table 2 Recent clinical and preclinical candidates that antagonize TLR-induced inflammation

TLRs Compound Drug class Indications Clinical status Ref/NCT

TLR2 OPN-305 Humanized TLR2 antibody Delayed graft function Phase 11 NCTO01794663

TLR4 SPA4 Peptide Lungs inflammation Preclinical Ramani et al. (2013)
Eritoran (E5564) Small molecules Sepsis Phase III* NCT00334828
TAK-242 Small molecules Septic shock Phase 1IT* NCT00633477
NI-0101 Antibody Rheumatoid arthritis Phase 1 NCTO01808469

TLR7/9 IMO-3100 DNA-based small molecules Psoriasis Phase 11 NCT01622348

TLR7-9 ODN antagonist Oligonucleotides Inflammation Preclinical Kandimalla et al. (2013)
IMO-8400 DNA-based small molecules Dermatomyositis Psoriasis Phase 11 NCT02612857

NCT02612857
TLR9 CpG-ODN c41 Oligonucleotides Inflammation Preclinical Li et al. (2011)

Clinical trial searched at: https://clinicaltrials.gov
NCT clinical trial number, ODNs oligonucleotide
? Study suspended
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and pro-inflammatory cytokines. Moreover, it drastically
ameliorated dextran sulfate sodium-induced colitis by
interfering specifically with the inflammatory cytokine
Ly6C+, blocking its aggregation without affecting
recruitment to the colon. This study suggested that TLR2-p
might have therapeutic potential for acute gut inflammation
(Shmuel-Galia et al. 2016).

Furthermore, blocking of TLRs with neutralizing anti-
bodies seems to be a promising therapeutic route. In this
regard, OPN-305 (Arslan et al. 2008), a humanized TLR2-
specific antibody that blocks the production of inflamma-
tory cytokines mediated by TLR2 (Arslan et al. 2012).
OPN-305 is now undergoing phase-II of clinical trial
(NCTO01794663) to evaluate its effect and safety in delayed
graft function.

Antagonizing TLR4

TLR4 overactivation has been reported to play a potent role
in sepsis, RA, psoriasis, asthma, etc. (Murad 2014). Hence,
inhibiting TLR4 signaling may prevent the onset of these
diseases. The most well-known antagonist is Eisai’s Eri-
toran (E5564) derived from R. sphaeroides. It is a synthetic
lipid A analog that blocks the biding of LPS to the MD2
pocket, thus preventing the activation of TLR4 (Mullarkey
et al. 2003; Gearing 2007; Shirey et al. 2013). E5564
reached phase-III clinical trials (NCT00334828); however,
the study was suspended as this molecule failed to protect
against severe sepsis and to improve septic conditions in
patients (Opal et al. 2013).

Furthermore, Ramani et al. (2013) identified a peptide
referred to as SPA4, which interacts with the interface
between surfactant protein-A and TLR4 and thus blocks
the subsequent activation of TLR4 signaling. Cell-based
assays showed reduced NF-xB activity and suppressed
TNF-o secretion after treatment with SPA4. Moreover,
SPA4 inhibited LPS-induced inflammation and alleviated
the endotoxic shock-like symptoms in a mouse model,
suggesting that the anti-inflammatory activity of this pep-
tide might have a therapeutic benefit on TLR4-mediated
inflammatory diseases (Ramani et al. 2013).

TAK-242 (Resatorvid) is a small-molecule-specific
inhibitor of TLR4 signaling. It inhibits the production of
LPS-induced inflammatory mediators by binding to
Cys747 in the intracellular TIR domain of TLR4 and by
blocking the protein—protein interactions between TLR4
and its adaptor molecules (Matsunaga et al. 2011). TAK-
242 showed promising results in vivo, such as reducing
inflammation and relieving the endotoxic shock-like
symptoms in mice, thus protecting them from endotoxic
death (Yamada et al. 2005). However, despite its excep-
tional inhibitory properties in vitro and in vivo, TAK-242

failed to improve symptoms of sepsis in phase III clinical
trials (NCT00633477).

In addition, NI-0101 (NCTO01808469), a humanized
monoclonal anti-TLR4 antibody developed by Novimmune,
showed therapeutic potential for RA. In a synovial explant
culture model, NI-0101 inhibited TNF-o and IL-6 secretion
and it halted disease progression in a murine model of
inflammatory arthritis (Elson et al. 2011). NI-0101 showed
effective inhibition of LPS-induced cytokine release with-
out raising safety or tolerability concerns in a phase-I clin-
ical trial (Elson et al. 2011). In a mouse model of sepsis, the
use of the monoclonal antibody 1A6 to target the complex
TLR4-MD?2 protected against disease (Spiller et al. 2008).
The antibody hindered the progression of dextran sulfate
sodium-induced colitis and reduced the inflammatory
response. Nonetheless, 1A6 caused an impairment of the
mucosal healing process (Ungaro et al. 2009).

Antagonizing TLRs 7, 8, and 9

Multiple studies have emphasized the important role of
endosomal TLRs in the anti-viral response. However,
prolonged activation of these TLRs may render the system
prone to the development of detrimental disorder. In this
regard, blockade of endosomal TLRs can present a
promising strategy for the treatment of several autoimmune
and inflammatory diseases (Anwar et al. 2013; Thwaites
et al. 2014).

IMO-3100 (NCT01622348) antagonizes TLR7 and
TLR9 and is a lead drug candidate in development by Idera
for the treatment of autoimmune and inflammatory dis-
eases. The preclinical studies suggested that IMO-3100
inhibits the secretion of TLR7/9-induced pro-inflammatory
cytokines (Suarez-Farinas et al. 2013). The results of
phase-II clinical trials showed that treatment with IMO-
3100 for 4 weeks, improved the clinical symptoms of
psoriasis. Furthermore, Sioud et al. (2010) reported that 2’-
methyl-modified RNA significantly reduced TLR7-medi-
ated secretion of IFN-o and IL-6 in murine dendritic cells
and human peripheral blood mononuclear cells, as well as
in animal models, indicating it potential utility as an inhi-
bitor of pathogenic inflammatory reactions mediated by
TLR7 activation.

CpG-ODN c41 from the Pseudomonas aeruginosa
genome was able to inhibit the immunostimulatory activity
induced by TLRY in murine 264.7 cells and in human
monocytes, thereby preventing the TLR9-mediated
inflammatory response. Additionally, CpG-ODN c41-me-
diated protection was able to reduce the lethal response
in vivo. These findings suggest that this compound could
be used as a novel therapeutic agent for CpG-ODN-medi-
ated inflammatory diseases (Li et al. 2011).
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IMO-8400 is a synthetic DNA compound that inhibits
TLR7-, TLRS-, and TLR9-mediated immune responses.
When tested in cell-based assays and in vivo, this com-
pound showed noticeable inhibitory properties. IMO-8400
was evaluated in preclinical mouse models of psoriasis.
Mice treated with this molecule presented a reduction in
epidermal hyperplasia and leukocyte infiltration along with
reduced inflammatory cytokine secretion, resulting in
suppression of lesion development in psoriasis mouse
models (Jiang et al. 2012). IMO-8400 is currently under-
going phase II clinical trials to determine its safety and
efficacy in patients with plaque psoriasis (NCT01899729)
and dermatomyositis (NCT02612857).

The synthetic oligoribonucleotide (ODN) antagonists of
TLRs 7, 8, and 9 were tested in murine and human cell-
based assays, demonstrating inhibitory properties with
reduced secretion of a broad range of inflammatory
cytokines and chemokines. The same results were also
confirmed in vivo in mice and monkeys (Kandimalla et al.
2013).

Conclusion

Because of their ability to recognize both microbial prod-
ucts and endogenous molecules released from injured tis-
sues, TLRs play a critical role linking both innate and
adaptive immune responses and protecting the host against
invading pathogens and endogenous danger signals. With
the compendium of information present to date, the
involvement of TLRs in the development of inflammatory
diseases continues to be unveiled, which highlights that
overactivation of these receptors causes disruption of
homeostasis, increasing the risk for several diseases. Thus,
TLR-driven responses need to be tightly regulated to pre-
vent any detrimental effect from their aberrant activation.
Although preclinical studies reported promising inhibitory
effects of some antagonistic ligands on TLRs signaling, the
clinical success is still limited. The direct targeting of
TLRs can be avoided by targeting a combination of
downstream signaling adaptors utilized by these receptors
to reach the anticipated therapeutic goals. Of note, the
numerous signaling pathways involved in innate immunity
as well as the complexity of their interactions pose a great
challenge to the development of negative or positive reg-
ulators. Thus, additional studies are required to provide
new insights into therapeutic targeting of TLRs not only in
inflammatory diseases but also in diseases related to
immune disorders.
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