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Toll-like receptors (TLRs) sense invading microbial
pathogens and play crucial roles in the activation of
innate and adaptive immunity. However, excessive
TLR activation can disrupt immune homeostasis, and
may be responsible for the development of autoimmune
and inflammatory diseases. As such, the molecules and
pathways that negatively control TLR signaling have
been intensively investigated. Here, we discuss recent
insights into the negative regulation of TLR signaling,
with focus on three major mechanisms: (i) dissociation
of adaptor complexes; (ii) degradation of signal proteins;
and (iii) transcriptional regulation. We also highlight
how pathogens negatively target TLR signaling as a
strategy to evade the host immune response.

TLR signaling

Innate immunity is the first line of host defense mecha-
nisms against pathogens and is essential for efficient
activation of adaptive immunity. During the past decade,
dramatic progress has been made in our understanding of
how host cells recognize invading microorganisms. Recog-
nition is determined by germline-encoded pattern recogni-
tion receptors (PRRs), which detect conserved structures of
pathogens called pathogen-associated molecular patterns
(PAMPs)[1].

TLRs are the most characterized PRRs [2]. TLRs are
type I transmembrane proteins and consist of three types
of domains: extracellular ectodomains containing leucine-
rich repeats, which have avidity for PAMPs; a transmem-
brane domain; and an intracellular Toll-interleukin (IL)-1
receptor (TIR) domain, which interacts with downstream
adapter proteins. Currently, 12 members of the TLR family
have been identified in mammals. These members form
homo- or heterodimers and recognize various PAMPs
(Table 1).

Engagement of TLRs activates multiple signaling cas-
cades leading to the induction of genes involved in innate
immune responses. Binding of ligands followed by dimer-
ization of TLRs recruits TIR domain-containing adapter
proteins such as myeloid differentiation factor 88
(MyD88), TIR-domain-containing adaptor protein-inducing
IFN- (TRIF), TIR-associated protein (TIRAP), and
TRIF-related adaptor molecule (TRAM). Individual TLRs
recruit specific combinations of these adapter molecules to
elicit specific immune responses tailored to infectious
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pathogens. MyD88 is recruited to all TLRs except for
TLR3 and associates with IL-1R-associated kinases (IRAKSs)
and TNFR-associated factor 6 (TRAF6), resulting in activa-
tion of canonical inhibitor of kappa light polypeptide gene
enhancer in B-cells, kinases (IKKs) (IKKa and IKKB) and
nuclear factor (NF)-xBs (Figure 1). In contrast, TRIF is
recruited to TLR3 and TLR4, leading to activation of
NF-kB as well as noncanonical IKKs (TRAF-family-
member-associated NF-«kB activator (TANK) binding kinase
1 (TBK1) and IKKu) and interferon (IFN) regulatory factor
(IRF)3 via TRAF proteins (Figure 2). TIRAP functions as a
sorting adapter that recruits MyD88 to TLR2 and TLR4,
whereas TRAM functions as a bridge adapter between TLR4
and TRIF.

TLR signaling leads to production of proinflammatory
cytokines and type I IFNs and these responses are crucial for
host defensive responses against pathogens. However, the
aberrant activation of TLR signaling may be responsible for
the pathogenesis of autoimmune, chronic inflammatory and
infectious diseases (Table 1). Furthermore, increasing
evidence has indicated that TLRs respond to endogenous
molecules, most of which are released from dead cells, and
are often referred to as damage-associated molecular pat-
terns (DAMPs) [3], suggesting that TLRs can survey danger
signals and are associated with sterile inflammation [4].

To avoid harmful and inappropriate inflammatory
responses, TLR signaling is negatively controlled by mul-
tiple mechanisms. In this review, we summarize our cur-
rent understanding of negative regulation of TLR signaling
and its association with autoimmune and inflammatory
diseases. Negative regulators are often induced by TLR
ligands to terminate activation of signaling pathways.
Here, we classify regulatory mechanisms into three major
categories: (i) dissociation of adaptor complexes; (ii) degra-
dation of signal proteins; and (iii) transcriptional regula-
tion. To date, many negative regulators have been
identified and characterized [5], and we focus on the most
recent findings. We also summarize the negative regula-
tion of TLR signaling by pathogens, which is an important
strategy for escape from host innate immune responses.

Dissociation of adaptor complexes

TLRs and TIR domain-containing adaptor proteins have
several variants that act as antagonists to prevent associ-
ation among intact forms of adaptors, and block down-
stream signaling pathways. TRAM adaptor with GOLD
domain (TAG), identified as a variant of TRAM, competes
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Table 1. TLR ligands and related diseases.
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TLR1 (W/TLR2) triacyl lipoprotein
TLR2 Lipoproteins
(W/TLR1) triacyl lipoprotein
(W/TLR6) diacyl lipoprotein, LTA, zymosan

TLR3 dsRNA

TLR4 LPS, viral envelop proteins

TLR5 Flagellin

TLR6 (w/TLR2) Diacyl lipoprotein, LTA, Zymosan
mTLR7/hTLR8 ssRNA

TLR9 DNA, hemozoin

TLR10 Unknown

TLR11 Profilin-like molecule

Uropathogenic bacteria

(w/TLR6) HMGB1, HSPs, ECM Candidiasis
mRNA WNV
HMGB1, HSPs, ECM, Sepsis, EAE,

Atherosclerosis,
COPD, Asthma

Ox-phospholipids, B-defensin 2
(w/TLR6) Amyloid-g8, Ox-LDL
n.d.

(w/TLR2) HMGB1, HSPs, ECM
ssRNA (immune complex)
DNA (immune complex)

n.d.

n.d.

Malaria, SLE

COPD, chronic obstructive pulmonary disease; EAE, experimental autoimmune encephalomyelitis; ECM, extracellular matrix; HMGB1, high mobility group box 1; HSPs,
heat shock proteins; LTA, lipoteichoic acid; n.d., not determined; Ox-LDL, oxidized low-density lipoprotein; SLE, systemic lupus erythematosus; WNV, West Nile virus.

with TRAM for TRIF binding and inhibits the TRIF-
dependent pathway [6]. TAG localizes to the late endo-
somes and is required for TLR4 degradation after lipopoly-
saccharide (LPS) treatment, indicating that TAG may
mediate destabilization of TLR4 by delivery to lysosomes,
as well as inhibiting TRIF binding.

MyD88, TIRAP, TRIF and TRAM are required for acti-
vation of TLR signaling [7], whereas another TIR domain-
containing protein, sterile alpha- and armadillo-motif-con-
taining protein (SARM), can block TRIF complex formation
by directly binding to TRIF after LPS treatment [8]. Al-
though this inhibitory function requires the sterile a-
motifs (SAM) domain, the molecular mechanisms of how
this domain suppresses the TRIF-dependent pathway re-
main to be elucidated.

IRF5 directly interacts with MyD88 to induce a set of
TLR-inducible genes [9]. IRF4 is induced by TLR activation
and competes with IRF5 for binding to MyD88, resulting in
shutdown of IRF5-dependent gene induction [10]. IRF4-
deficient mice are hypersensitive to DNA-induced shock
accompanied by increased cytokine production.

A tumor necrosis factor, alpha-induced protein 8
(TNFAIP8), TNFAIPS8-like 2 (TNFAIP8L2; also known
as TIPE2) (TNFAIPS8L2) binds to caspase 8 and regulates
activator protein (AP)-1 and NF-«kB activation [11].
Caspase 8 plays essential roles in immune cell activation
through various receptors including TLRs, as well as reg-
ulating apoptosis [12,13]. TIPE2-deficient cells and mice
are hypersensitive to TLR stimulation, which is blocked by
a caspase 8 inhibitor. This result suggests that TIPE2
negatively regulates TLR signaling via inhibition of cas-
pase 8.

Certain NOD-like receptors (NLRs) function as intracel-
lular PRRs and are associated with inflammation [14].
Nucleotide binding oligomerization domain (NOD)-like
receptor (NLR) family member X1 (NLRX1) was previously
identified as an inhibitor of IPS-1, an adaptor for RIG-I-like
receptors (RLRs), which can suppress TLR signaling
through interactions with TRAF6 and IKK complex [15].
NLRX1 undergoes K63-linked polyubiquitination after LPS
treatment and dissociates from TRAF6, resulting in binding
to the activated kinase domain of IKKR via the leucine-rich
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repeat (LRR) domain. NLRX1-knockdown mice show hyper-
activation of NF-«kB, elevated production of inflammatory
cytokines, and increased susceptibility to LPS-induced sep-
tic shock, suggesting that NLRX1 functions as a negative
regulator of TLR signaling in vivo. However, there is some
disagreement concerning in vivo functions of NLRX1, at
least in RLR signaling [16]. In contrast, another NLR
protein, NLRC5, negatively regulates TLR and RLR
signaling through IKK inhibition [17]. However, NLRC5-
deficient mice develop normal responses against bacterium
and virus infection [18]. Further studies are required to
evaluate the biological significance of these proteins.

Post-translational modifications such as phosphoryla-
tion and ubiquitination also play important roles in signal
transduction by regulating interactions among adaptor
proteins. TANK was identified as a TRAF-binding protein
and shown to activate both NF-kB and IRFs in vitro.
However, TANK-deficient mice have increased NF-«B ac-
tivation in response to TLR ligands [19]. Loss of TANK
leads to spontaneous development of fatal glomerulone-
phritis in mice. TRAF6 ubiquitination, which is required
for NF-«kB activation, is enhanced in TANK-deficient cells,
indicating that TANK binds to TRAF6 and inhibits its
ubiquitination.

Recently, the orphan nuclear receptor, small heterodi-
mer partner (SHP, also known as NROB2) has been iden-
tified as a negative regulator of TLR signaling by inhibiting
TRAF6 ubiquitination [20]. SHP-deficient cells show ele-
vated expression of tumor necrosis factor (TNF), IL-1B and
IL-6 following LPS treatment. Furthermore, bone-marrow-
derived cells expressing SHP protect SHP-deficient mice
from LPS-induced lethal shock. It has also been demon-
strated that TLR stimulation induces SHP expression
through AMP-activated protein kinase (AMPK) activa-
tion-dependent intracellular Ca®* influx mediated by TLRs
[20].

Mitogen and stress activated protein kinase (MSK) 1 and
2 activated in the mitogen-activated protein kinase (MAPK)
cascade limit the proinflammatory effects of TLR4 signaling
[21]. Loss of MSK1 and MSK2 prevents the binding of
phosphorylated transcription factors cAMP responsive ele-
ment binding protein 1 (CREB) and activating transcription
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Figure 1. MyD88-dependent TLR pathway and its negative regulators. TLRs recognize their respective ligands at the cell surface or endosomes, leading to recruitment of
MyD88. MyD88 interacts with IRAKs and activates TRAF6, resulting in induction of inflammatory responses by activation of NF-kB, MAPK and IRF5. Formation of
polyubiquitination on TRAF6 is inhibited by TANK and SHP and once formed the polyubiquitin chain is removed by A20 and CYLD. NLRX1 and NLRC5 attenuate activation
of the IKK complex. IRF4 competes with IRF5. SHP-1 mediates activities of IRAKs, which is promoted by Leishmania infection. SOCS proteins induced by TAM receptor
signaling promote degradation of TIRAP and TRAF®6. Integrin signaling induces several regulators and mediates degradation of MyD88 by Syk and Cbl-b combination. In
neutrophils, TAK1 blocks TAB-induced activation of p38 MAPK. MSK1 and MSK2 are activated by MAPK and increase MAPK phosphatase DUSP1 expression. PDLIM2 and
Trim30a mediate ubiquitination and degradation of p65 and TAK1-TAB complex, respectively. ATF3 promotes histone deacetylation and limits access of transcriptional
factors. IkBNS, Bcl-3 and Ah receptor regulate NF-«B activity at promoter regions of target genes. Nurr1 recruits the COREST complex and removes NF-«B from promoter
regions. TTP enhances deadenylation and degradation of TNF-a mRNA. Zc3h12a degrades IL-6 and IL-12p40 mRNA. miR-155 and miR-146 target mRNA of indicated
molecules. miR-21 controls cytokine production by regulating PDCD4 expression. |paH9.8 targets NEMO for degradation. VACV A46R disturbs complex formation
consisting of TIR-domain containing adapters. VACV A52R impedes interaction between IRAK2 and TRAF6. DC-SIGN recognizes mycobacterial components and induces IL-
10 production by mediating acetylation of p65. Eritoran and AV-411 are TLR4 antagonists. EM77/110 and ST2825 inhibit formation of MyD88-IRAK complex. Chloroquine
and E6446 block TLR9 signaling. Gray, signal molecule; lime green, competitor; red, ubiquitin ligase or autophagy protein; blue, DUB or phosphatase; black, transcriptional
regulator; purple, regulator of RNA stability; pink, miRNA; brown, pathogen derived; green, artificial antagonist; yellow, other categories.
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Figure 2. TRIF-dependent TLR pathway and its negative regulators. TLR4, which translocates to the endosome after LPS stimulation, and TLR3, which recognizes dsRNA,
activate the TRIF-dependent pathway. Although signal complexes containing receptor (TNFRSF)-interacting serine-threonine kinase 1 (RIP1), TNFRSF1A-associated via
death domain (TRADD), Fas (TNFRSF6)-associated via death domain (FADD), and caspase 8 activate NF-kB, TRAF3 induces type | IFNs by activating noncanonical IKKs
(TBK1 and IKKu) followed by IRF3/7 activation. TAG and SARM negatively regulate this pathway at the TRIF level. TIPE2 prevents caspase 8 from forming a signal complex.
SHP-2 binds to TBK1 and blocks downstream signaling. DUBA cleaves the polyubiquitin chain on TRAF3. SOCS3 mediates degradation of TRAF3. IRF3 degradation is
regulated by Pin1, RAUL, and SCF complex. Virus-derived proteins such as KSHV RTA or HIV vpr/vif exploit these systems. Inhibitory regulation by Atg16L1 is dependent on

the TRIF pathway. miR-155 targets IKKi.. HCV NS3-4A cleaves TRIF.

factor 1 (ATF1) to the promoters of the anti-inflammatory
cytokine IL-10, and MAPK phosphatase dual specificity
phosphatase 1 (DUSP1) that promotes p38 deactivation
after LPS stimulation. MSK1- and MSK2-double knockout
mice are hypersensitive to LPS-induced endotoxin shock
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and develop prolonged inflammation in a model of toxic
contact eczema induced by phorbol 12-myristate 13-acetate
[21].

TGF-B-activated kinase 1 (TAK1) is an essential kinase
that activates MAPK and NF-kB in several signaling



pathways. Although the role of TAK1 as a positive regula-
tor for NF-kB and MAPK in lymphocytes and hematopoi-
etic cells has been assessed, the specific functions of TAK1
in myeloid cells have only recently been confirmed [22].
Surprisingly, TAK1 is dispensable for TLR responses in
myeloid cells (neutrophils and macrophages). In neutro-
phils, ablation of TAK1 enhances phosphorylation of p38
and production of cytokines and reactive oxygen species
(ROS) induced by LPS. Myeloid lineage-specific TAK1-
deficient mice show splenomegaly and lymphadenopathy,
and are susceptible to LPS-induced septic shock. These
phenotypes are rescued by specific ablation of p38, sug-
gesting that TAK1 negatively controls p38 activation.

Several phosphatases and deubiquitination enzymes
(DUBSs) participate in negative regulation of TLR signal-
ing. The Src homology 2 domain-containing protein tyro-
sine phosphatase-1 and -2 (SHP-1, -2) are involved in TLR
signaling. SHP-1-deficient mice develop inflammatory
lesions in a MyD88-dependent manner [23]. SHP-1 sup-
presses IRAK1 and IRAK2 activities, resulting in de-
creased production of proinflammatory cytokines and
increased production of type I IFN. This observation is
consistent with the fact that the kinase activity of IRAK1 is
required for activation of NF-kB and inhibition of type I
IFN. Leishmania infection promotes binding between
SHP-1 and the conserved immunoreceptor tyrosine-based
inhibition motif (ITIM), Kinase Tyrosyl-based Inhibitory
Motif (KTIM), in the kinase domain of IRAK-1 to suppress
innate immune responses [24]. SHP-2 negatively regulates
TRIF-dependent type I IFN production [25]. Although
SHP-2 interacts with TBK1, its phosphatase activity is
dispensable for TBK1-activated gene expression. Thus,
SHP-2 acts as an antagonist rather than a phosphatase
for TBK1.

A20 is described as a negative regulator in TLR receptor
signaling. A20-deficient mice display multiorgan inflam-
mation, which is rescued by co-deficiency with MyD88. The
administration of antibiotics suppresses cachexia caused
by loss of A20, indicating that A20 might inhibit TLR
activation induced by commensal bacteria [26]. A20 func-
tions as a DUB to remove K63-linked polyubiquitin chains
from TRAF6 and protect mice from LPS-induced endotoxin
shock. Moreover, A20 has been shown to inhibit IKK
activation by TAK1 without DUB activity, suggesting that
A20 regulates NF-«kB activation via multiple mechanisms
[27].

A tumor suppressor DUB, cylindromatosis (CYLD), has
been shown to inhibit TLR2 signaling [28]. The induction of
CYLD by TLR2 activation removes polyubiquitin chains
from TRAF6 and TRAF7, both of which are required for
NF-kB and MAPK activation by TLR2 ligands.

Recently, USP4 has been identified as a negative regu-
latory DUB, which binds to TRAF6 and suppresses IL-18
induced NF-kB activation [29]. Ubiquitin specific pepti-
dase 4 (USP4) removes polyubiquitin chains on TRAF6 in a
DUB activity-dependent manner. Loss of USP4 enhances
cytokine production mediated by LPS and IL-1p3.

DUBA (deubiquitinating enzyme A), an ovarian tumor
domain containing DUB, has been identified as a negative
regulator of type I IFN production [30]. DUBA selectively
binds and cleaves K63-linked polyubiquitin chains on
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TRAF3 to suppress TLR-induced type I IFN production
but does not affect NF-kB activation.

Taken together, competitors of adaptors, phosphatases
and DUBs disrupt the formation of adaptor complexes.
Interestingly, multiple regulators target TRAF6. It is still
unknown whether these regulators collaborate with each
other.

Degradation of signal proteins

Ubiquitination is a versatile post-translational modifica-
tion mechanism and regulates various cellular processes,
including immune responses [31]. Suppressor of cytokine
signaling (SOCS) proteins of the E3 ubiquitin ligase family
are well characterized regulators that promote degrada-
tion of TIRAP/MyD88-adaptor-like (MAL) or TRAF pro-
teins [32]. Dendritic cells (DCs) deficient in Tyro3, Axl, and
Mer (TAM) receptor tyrosine kinases produce elevated
levels of inflammatory cytokines when treated with TLR
ligands compared with control mice, and stimulation of
DCs with TAM receptor ligands suppresses TLR-induced
cytokine production. Further analysis has shown that
TAM receptor signaling upregulates SOCS1 and SOCS3
expression through signal transducer and activator of
transcription (STAT)1, offering an explanation of TAM
receptor-mediated inhibition of TLR-induced cytokine
production.

Immunoreceptor tyrosine-based activation motif
(ITAM)-coupled receptors regulate immune responses
through crosstalk with other signaling pathways including
TLRs [33]. Calcium signaling induced by 32 integrins and
Fcy receptors causes upregulation of IL-10 and signaling
molecules involved in the inhibition of innate immune
responses, resulting in indirect inhibition of TLR signaling
[34]. Additionally, the integrin, CD11b, activates spleen
tyrosine kinase (Syk), which phosphorylates MyD88 and
TRIF and leads to these proteins binding to the E3
ubiquitin ligase Casitas B-lineage lymphoma (Cbl)-b, which
promotes their degradation through the ubiquitin—
proteasome system [35]. This study also demonstrated in-
teresting aspects of this regulation, in which TLR-induced
activation of PI3K activated outside-in integrin signaling
and triggered negative regulation. By contrast, it was shown
that CD11b is required for control of TIRAP recruitment to
the plasma membrane via phosphatidylinositol 4,5-bispho-
sphate (PIP2) and activation of cell surface-localizing TLRs
[36], suggesting that integrin signaling has both positive
and negative roles in TLR signaling.

PDZ and LIM domain protein 2 (PDLIM2), identified as
an inhibitor of Janus kinase (JAK)/STAT, also inhibits
TLR signaling by degradation of the NF-kB component
p65 [37]. PDLIM2 promotes K48-linked polyubiquitination
on p65 and sequesters it to nuclear promyelocytic leukemia
(PML) bodies enriched for 26S proteasome. Indeed, after
TLR ligand treatment, PDLIM2-deficient cells fail to
degrade p65, resulting in increased production of proin-
flammatory cytokines.

Trim30a, a member of the tripartite-motif containing
(TRIM) protein superfamily, is induced by TLR ligands to
promote degradation of the TAK1 binding protein 2
(TAB2)-TAB3-TAK1 signal complex [38]. Experiments
using chemical inhibitors have indicated that degradation
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is dependent on lysosomes rather than proteasomes. A
decrease in expression of TABs caused reduced NF-xB
activation and cytokine production. Consistent with these
observations, TRIM30« transgenic mice and in vivo knock-
down studies have shown that Trim30« protects mice from
endotoxin shock induced by LPS. Recently, another TLR-
induced TRIM protein, TRIM38, has been shown to act as a
negative regulator of TLR signaling [39]. TRIM38 interacts
with TRAF6 and promotes formation of K48-linked poly-
ubiquitin chain, resulting in proteasomal degradation of
TRAF6.

IRF3 and IRF7 are also regulated by ubiquitination and
degradation. The peptidyl-prolyl isomerase Pinl promotes
polyubiquitination and proteasomal degradation of activat-
ed IRF3, resulting in suppression of type I IFN and antiviral
responses [40]. Pinl specifically binds to phosphorylated
IRF3, consistent with previous characterization studies,
suggesting that Pin1 binds phosphorylated serine or threo-
nine followed by proline via WW domain and catalyzes
conformational change of the substrate. It is likely that
the conformational change facilitates ubiquitination of
IRF3, although Pinl itself does not directly catalyze it as
an E3 ubiquitin ligase. By contrast, it has been shown that
TRAK1 is activated by Pinl in plasmacytoid DCs (pDCs)
during TLR7 and TLR9 signaling [41]. IRAK1 activation
leads to production of type I IFN. Thus, in pDCs, Pinl
functions as a positive regulator for type I IFN production.
Recently, homologous to E6-AP carboxyl terminus (HECT)
type replication and transcription activator (RTA)-associat-
ed ubiquitin ligase (RAUL) has been shown to catalyze
directly ubiquitination of IRF3/7 and negatively regulate
type I IFN responses [42]. Kaposi’s sarcoma-associated
herpesvirus (KSHV) RTA promotes deubiquitination of
RAUL self-ubiquitination by recruiting USP7 (also known
as herpesvirus-associated ubiquitin-specific protease,
HAUSP), leading to the stable function of RAUL and effec-
tive degradation of IRFs to mute antiviral responses.

In addition to the ubiquitin—proteasome system, autop-
hagy is a major degradation system and plays crucial roles
in host defense [43]. Loss of Atg16L.1, a Crohn’s disease risk
allele, leads to generation of high levels of ROS, IL-1B and
IL-18 induced by LPS [44]. These responses are dependent
on TRIF, suggesting that Atg16L1 negatively regulates the
TRIF-dependent pathway leading to caspase 1 activation.
It has been shown that ATG16L1-deficient Paneth cells
show increased expression of genes involved in intestinal
injury responses [45].

As described above, degradation of signal proteins me-
diated by the ubiquitin—proteasome and autophagy sys-
tems plays crucial roles in negative regulation of TLR
signaling. Unlike in the case of disruption of adaptor
complexes, these degradations are irreversible, suggesting
that this mechanism contributes largely to termination of
TLR signaling.

Transcriptional regulation

Recent knowledge about epigenetic regulation of gene ex-
pression has uncovered control of inflammatory responses
by chromatin structures [46]. Cyclic AMP-dependent
transcription factor (ATF3) recruits histone deacetylase
1 (HDAC1) to the promoter region of proinflammatory
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cytokine genes, promoting histone deacetylation and limit-
ing access of transcriptional factors [47]. Macrophages de-
rived from ATF3-deficient mice release large amounts of
IL-12p40, IL-6 and TNF-« in response to LPS.

A TLR-inducible IkB protein, inhibitor of kappa light
polypeptide gene enhancer in B cells, delta (IxB delta; also
known as IkBNS), negatively regulates induction of genes
such as IL-6 and IL-12p40, but not TNF-«a [48]. IkBNS is
selectively recruited to the IL-6 promoter but not the TNF-
o promoter, and regulates NF-«B activation. IkBNS-
deficient mice are highly susceptible to LPS-induced endo-
toxin shock and intestinal inflammation, indicating that
IkBNS controls inflammatory responses by mediating
induction of a subset of NF-kB target genes.

B-cell CLL/lymphoma 3 (Bcl-3), a member of the IkB
family, is essential for TLR tolerance [49]. Repeated or
prolonged stimulation through TLRs can cause insensitiv-
ity or hyporesponsiveness, but Bcl-3-deficient macro-
phages and DCs pretreated with LPS produce large
amounts of cytokines compared to wild-type cells. In Becl-
3-deficient cells, NF-kB subunit p50 ubiquitination and
degradation after stimulation with LPS are markedly
increased, suggesting that Bcl-3 limits duration of TLR
responses by stabilizing p50, which occupies an NF-«B
DNA binding site.

Nuclear receptors such as the glucocorticoid receptor
regulate diverse aspects of the immune system by control-
ling gene expression. An orphan receptor, nuclear receptor
related 1 protein (Nurrl), is induced by LPS and recruited
to p65, followed by recruitment of the CoREST complex
and transcriptional repression [50]. Microglia cells are
myeloid lineage cells in the central nervous system
and respond to infection and tissue injury. Nurrl-knock-
down in microglia cells results in a marked increase of
cytokine production, indicating that Nurrl protects neu-
rons by preventing exaggerated inflammatory responses
in microglia.

The transcription factor aryl hydrocarbon (Ah) receptor
is a cytosolic sensor that recognizes chemical compounds
and plays a role in immune responses [51]. In macro-
phages, LPS stimulation induces Ah receptor, which inter-
acts with STAT1 and NF-kB in the IL-6 promoter to
suppress IL-6 production [52]. Ah receptor-deficient mice
are highly sensitive to LPS-induced lethal shock compared
to wild-type mice, indicating that Ah receptor is an induc-
ible negative regulator that acts to avoid hyperimmune
responses triggered by TLR activation.

Several RNA-binding proteins containing CCCH-type
zinc finger motif are reported to control gene expression
negatively by promoting the mRNA decay of TLR target
genes. Tristetraprolin (TTP) binds to AU-rich elements in
the 3’ untranslated region (UTR) of TNF-o« mRNA and
promotes deadenylation by deadenylase recruitment, lead-
ing to degradation of mRNA in the exosomes [53]. A TLR-
inducible RNase, Zc3h12a (also known as Regnase-1 or
MCPIP1) interacts with IL-6 and IL-12p40 mRNA and
degrades them with its RNase activity [54]. Zc3h12a-
deficient macrophages produce higher levels of IL-6 and
IL-12p40 than wild-type cells after treatment with various
TLR ligands. Additionally, Zc3h12a-deficient mice show
elevated autoantibody production. Thus, Zc3h12a regulates



TLR-induced immune responses and prevents autoimmu-
nity. Another study using independently developed
Zc3h12a-deficient mice also has demonstrated negative
regulation of responses by Zc3h12a [55]. In that study,
Zc3h12a exhibited DUB activity to remove polyubiquitin
chains from TRAF proteins. Thus, Zc3h12a may control
immune responses via multiple mechanisms. Recently,
Zc3h12a has been shown to be regulated by IKKs through
phosphorylation and proteasomal degradation [56]. This
observation may explain a regulatory mechanism for rapid
cytokine production during infection.

Non-coding RNAs, including miRNAs, that are induced
by TLR signaling have been identified [57]. The miRNAs
have emerged as fine tuners for TLR signaling by targeting
mRNA encoding TLRs, intracellular signaling proteins
and cytokines. These miRNAs often have several targets
and a bidirectional function, similar to miR155. TLR-
inducible and negative functional miRNAs are described
in Figures 1 and 2.

miR-155 is a TLR-inducible miRNA [58] and has both
positive and negative aspects in immune responses [59—
66]. To suppress TLR signaling, miR-155 targets MyD88,
TAB2 and IKK. [59-63]. By contrast, miR-155 targets
SHP-1 [66] and enhances signaling, suggesting that
miR-155 fine tunes TLR signaling.

miR-146a was identified as an LPS-induced miRNA
with the potential to target the 3’ UTR of TRAF6 and
IRAK1 mRNA [67]. miR-146a-deficient mice exhibited
myeloid sarcomas and chronic myeloproliferation caused
by dysregulation of NF-kB [68]. Another study showed that
miR-146a was upregulated in intestinal epithelial cells
(IECs) soon after birth, which repressed IRAK1 expression
levels and protected the gut mucosa from bacterium-
induced damage [69].

Programmed cell death protein (PDCD)4, an apoptotic
stimulus-induced tumor suppressor, has proinflammatory
functions by regulating NF-«B activity and IL-10 produc-
tion. It has been demonstrated that PDCD4 is crucial for
regulation of responses to LPS [70]. miR-21 is induced by
LPS stimulation and negatively regulates inflammatory
responses by decreasing PDCD4 expression levels.

Unlike other mechanisms for TLR inhibition, transcrip-
tional regulation often enables control of a particular
subset of TLR target genes without termination of TLR
signaling. This property possibly contributes to regulate
the balance of immunity beyond suppression of TLR
signaling.

Evasion by pathogens

Pathogens have developed strategies to evade TLR signal-
ing [71]. Hepatitis C virus (HCV) protein NS3-4A has
serine protease activity that cleaves TRIF [72]. Vaccinia
virus (VACV) protein A46R contains a TIR domain and
inhibits the formation of complexes consisting of endoge-
nous TIR-domain containing adaptors [73]. Another VACV
protein A52R negatively regulates TLR signaling through
interaction with TRAF6 and IRAK2 [74].

Pathogens use the host ubiquitin system for evasion
[75]. IpaH9.8 protein from Shigella flexneri acts as an E3
ligase that targets NFkB essential modulator (NEMO) for
degradation, and inhibition of NF-kB activation [76].
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Pathogens also exploit Skpl-Cull-F-box (SCF)-type
ubiquitin ligase complexes involved in various cellular
processes through multiple adaptors capturing target pro-
teins [77]. For example, Vpr and Vif proteins encoded by
HIV, target IRF3 for degradation presumably by the SCF
complex [78].

Pathogens possess not only PAMPs but also virulence
factors to subvert host immune systems. These factors
manipulate host receptor crosstalk but sometimes aggres-
sively utilize TLR signaling to inhibit immune cell matura-
tion [79]. The Mycobacterium tuberculosis wall component,
mannose-capped lipoarabinomannan (ManLLAM), induces
IL-10 production and impairs DC maturation by carbohy-
drate-specific signaling through the C-type lectin Dendritic
Cell-Specific Intercellular adhesion molecule-3-Grabbing
Non-integrin (DC-SIGN) [80]. Mannose-containing ligands
such as ManLAM trigger DC-SIGN to activate v-raf-leuke-
mia viral oncogene 1 (Rafl), leading to acetylation of p65,
which prolongs p65 DNA binding and enhances IL-10 tran-
scription [81]. Interestingly, in contrast to mannose, fucose-
containing ligands such as Lewis X, from Helicobacter
pylori, dissociate Rafl-containing signal complexes and en-
hance IL-10 expression but downregulate IL-12 expression
(in the case of mannose containing-ligands, IL-12 is also
upregulated). Thus, DC-SIGN ligands have various affects
on the modulation of TLR-induced cytokine responses [82].

Concluding remarks

The importance of TLR signaling for both immune homeo-
stasis and for defense mechanisms against pathogens has
emerged in the past decade. As such, it is clear that TLR
function must be tightly regulated and many negative
regulators of TLR signaling have been identified. These
findings raise the question: why are there so many nega-
tive regulators to control TLR signaling? Loss of individual
negative regulators of TLRs leads to hyperactivation of
TLR signaling, indicating that individual negative regu-
lators play a nonredundant role. Although overactivation
of TLR signaling due to a loss of one negative regulator
possibly increases expression of other negative regulators,
these fail to suppress overactivation. This implies that
each regulator is necessary but not sufficient to terminate
TLR signaling, and that combinational or synergistic
effects among negative regulators are required for full
suppression. In addition, in many cases, multiple negative
regulators target the same positive regulator, such as
TRAF6, suggesting co-operation, which may explain the
inability of different negative regulators to compensate for
each other.

Although several negative regulators that target TIR-
domain containing adaptors specifically control TLR sig-
naling, other regulators such as A20 regulate TNF receptor
signaling in addition to TLR signaling. Thus, a compre-
hensive analysis of the signaling crosstalk between TLRs
and other receptors will be required to understand the
complex regulation of TLR signaling by negative regula-
tors. Furthermore, pathogens adopt deliberate strategies
of subversion by suppressing TLR signaling.

Given their importance for immune homeostasis, it can
be expected that polymorphisms of negative regulators are
associated with autoimmune and inflammatory diseases.
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Box 1. Therapeutic potential of TLR inhibitors

As mentioned previously in this review, negative regulation by
specific regulators is crucial forimmune homeostasis and its collapse
often causes various diseases. As the importance of inhibitory TLR
regulation is unveiled, our interest has focused on therapeutic
manipulation of TLR signaling for the treatment of diseases that are
derived from overactivation of innate immunity [83].

TLR antagonists, structural analogs of TLR ligands that interact
with receptors but fail to initiate signal transductions, are being
developed to treat excessive or chronic inflammation and auto-
immunity [84]. One evident target example is sepsis characterized
by whole-body inflammation caused by microbial infection. The
most promising TLR4 antagonist, eritoran can limit excessive
inflammatory responses induced by LPS and improve survival in
mouse septic models [85]. Structural analysis suggests that
antagonism by eritoran results from hydrophilic interactions
between TLR4 and MD-2 [86], a TLR4-binding protein on the cell
surface and crucial for eliciting TLR4 signaling [87]. Another
example of a TLR4 antagonist, ibudilast (AV-411) has potential for
treatment of neuropathic pain [88]. Ibudilast, which had been
characterized and used as an anti-inflammatory drug based on
phosphodiesterase inhibition, can also suppress glial cell activation
by induction of IL-10.

TLRs that recognize nucleic acids (TLRs 3, 7, 8 and 9) have been
implicated in the development of autoimmune disease by the
aberrant recognition of self-derived nucleic acids [89]. The anti-
malarial drug chloroquine (a quinoline derivative) is a TLR9
antagonist and is currently used for treatment of systemic lupus
erythematosus and rheumatoid arthritis. The affinity between TLR9
and CpG-DNA is affected by pH, suggesting that chloroquine blocks
TLR9 signaling by perturbation of endosomal pH [90]. Other
derivatives of quinoline and quinazoline can also inhibit TLRs
[91,92] and autoimmune disease progression in animal models.
Recently, a benzoxazole derivative, E6446, specifically inhibited
TLR9 signaling and inhibited cytokine production [93]. E6446 also
prevents severe experimental cerebral malaria induced by Plasmo-
dium berghei ANKA and prolongs mouse survival. In addition, short
DNA sequences and DNA-based compounds are also under
development [94].

Adaptor proteins involved in TLR signaling are also targets for
clinical treatment. Chemical compound screening has identified
molecules that function as MyD88 inhibitors by mimicking the BB-
loop structure in the TIR domain of MyD88. Although EM77 and
EM110 presumably interrupt association between IL-1R and MyD88
[95], ST2825 inhibits MyD88 homodimerization [96]. These com-
pounds may provide a new strategy for suppression of TLR
signaling in addition to direct antagonism of TLRs.

Among these regulators, genetic variants around
TNFAIP3 (encoding A20) gene are well studied in relation
to human diseases such as inflammatory bowel disease,
rheumatoid arthritis, systemic lupus erythematosus,
diabetes, atherosclerosis and B-cell lymphomas [97]. It
will be interesting to determine further how A20 and other
negative regulators intersect with human disease.

Taken together, understanding negative regulation of
TLR signaling may be helpful to develop methods of artifi-
cial manipulation of TLR signaling to restore inflammato-
ry diseases, overcome uncontrolled inflammation, and
make countermeasures against infection. Chemical inhi-
bitors that suppress essential components for TLR signal
activation have been developed (Box 1), however, to date,
there has been little progress in therapeutic applications
that target negative regulators of TLRs.

Acknowledgments
We thank E. Kamada and M. Kageyama for secretarial assistance.
Supported by Grant-in-Aid for Young Scientists (A) (23689030) and the

456

Trends in Immunology September 2012, Vol. 33, No. 9

Special Coordination Funds of the Japanese Ministry of Education,
Culture, Sports, Science and Technology, the 21st Century Center of
Excellence Program of Japan and the National Institutes of Health (P01
AI070167)

References
1 Janeway, C.A., Jr and Medzhitov, R. (2002) Innate immune
recognition. Annu. Rev. Immunol. 20, 197-216
2 Akira, S. et al. (2006) Pathogen recognition and innate immunity. Cell
124, 783-801
3 Kawai, T. and Akira, S. (2010) The role of pattern-recognition receptors
in innate immunity: update on Toll-like receptors. Nat. Immunol. 11,
373-384
4 Chen, G.Y. and Nunez, G. (2010) Sterile inflammation: sensing and
reacting to damage. Nat. Rev. Immunol. 10, 826-837
5 Liew, F.Y. et al. (2005) Negative regulation of toll-like receptor-
mediated immune responses. Nat. Rev. Immunol. 5, 446-458
6 Palsson-McDermott, E.M. et al. (2009) TAG, a splice variant of the
adaptor TRAM, negatively regulates the adaptor MyD88-independent
TLR4 pathway. Nat. Immunol. 10, 579-586
7 O'Neill, L.A. and Bowie, A.G. (2007) The family of five: TIR-domain-
containing adaptors in Toll-like receptor signalling. Nat. Rev.
Immunol. 7, 353-364
8 Carty, M. et al. (2006) The human adaptor SARM negatively regulates
adaptor protein TRIF-dependent Toll-like receptor signaling. Nat.
Immunol. 7, 1074-1081
9 Takaoka, A. et al. (2005) Integral role of IRF-5 in the gene induction
programme activated by Toll-like receptors. Nature 434, 243249
10 Negishi, H. et al. (2005) Negative regulation of Toll-like-receptor
signaling by IRF-4. Proc. Natl. Acad. Sci. U.S.A. 102, 15989-15994
11 Sun, H. et al. (2008) TIPEZ2, a negative regulator of innate and adaptive
immunity that maintains immune homeostasis. Cell 133, 415-426
12 Chun, H.J. et al. (2002) Pleiotropic defects in lymphocyte activation
caused by caspase-8 mutations lead to human immunodeficiency.
Nature 419, 395-399
13 Lemmers, B. et al. (2007) Essential role for caspase-8 in Toll-like
receptors and NFkappaB signaling. J. Biol. Chem. 282, 74167423
14 Davis, B.K. et al. (2011) The inflammasome NLRs in immunity,
inflammation, and associated diseases. Annu. Rev. Immunol. 29,
707-735
15 Xia, X. et al. (2011) NLRX1 negatively regulates TLR-induced NF-
kappaB signaling by targeting TRAF6 and IKK. Immunity 34, 843-853
16 Rebsamen, M. et al. (2011) NLRX1/NOD5 deficiency does not affect
MAVS signalling. Cell Death Differ. 18, 1387
17 Cui, J. et al. (2010) NLRC5 negatively regulates the NF-kappaB and
type I interferon signaling pathways. Cell 141, 483-496
18 Kumar, H. et al. (2010) NLRC5 deficiency does not influence cytokine
induction by virus and bacteria infections. J. Immunol. 186,994—-1000
19 Kawagoe, T. et al. (2009) TANK is a negative regulator of Toll-like
receptor signaling and is critical for the prevention of autoimmune
nephritis. Nat. Immunol. 10, 965-972
20 Yuk, J. M. et al. (2011) The orphan nuclear receptor SHP acts as a
negative regulator in inflammatory signaling triggered by Toll-like
receptors. Nat. Immunol. 12, 742-751
21 Ananieva, O. et al. (2008) The kinases MSK1 and MSK2 act as negative
regulators of Toll-like receptor signaling. Nat. Immunol. 9, 1028-1036
22 Ajibade, A.A. et al. (2012) TAK1 negatively regulates NF-kappaB and
p38 MAP kinase activation in Gr-1(+)CD11b(+) neutrophils. Immunity
36, 43-54
23 An, H. et al. (2008) Phosphatase SHP-1 promotes TLR- and RIG-I-
activated production of type I interferon by inhibiting the kinase
IRAK1. Nat. Immunol. 9, 542-550
24 Abu-Dayyeh, I. et al. (2008) Leishmania-induced IRAK-1 inactivation
is mediated by SHP-1 interacting with an evolutionarily conserved
KTIM motif. PLoS Negl. Trop. Dis. 2, e305
25 An, H. et al. (2006) SHP-2 phosphatase negatively regulates the TRIF
adaptor protein-dependent type I interferon and proinflammatory
cytokine production. Immunity 25, 919-928
26 Turer, E.E. et al. (2008) Homeostatic MyD88-dependent signals
cause lethal inflammation in the absence of A20. J. Exp. Med. 205,
451-464
27 Skaug, B. et al. (2011) Direct, noncatalytic mechanism of IKK
inhibition by A20. Mol. Cell 44, 559-571



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Yoshida, H. et al. (2005) The tumor suppressor cylindromatosis (CYLD)
acts as a negative regulator for toll-like receptor 2 signaling via
negative cross-talk with TRAF6 AND TRAF7. J. Biol. Chem. 280,
4111141121

Zhou, F. et al. (2012) Ubiquitin-specific protease 4 mitigates Toll-like/
interleukin-1 receptor signaling and regulates innate immune
activation. J. Biol. Chem. 287, 11002-11010

Kayagaki, N. et al. (2007) DUBA: a deubiquitinase that regulates type I
interferon production. Science 318, 1628-1632

Jiang, X. and Chen, Z.J. (2011) The role of ubiquitylation in immune
defence and pathogen evasion. Nat. Rev. Immunol. 12, 35-48
Yoshimura, A. et al. (2007) SOCS proteins, cytokine signalling and
immune regulation. Nat. Rev. Immunol. 7, 454-465

Ivashkiv, L.B. (2009) Cross-regulation of signaling by ITAM-associated
receptors. Nat. Immunol. 10, 340-347

Wang, L. et al. (2010) Indirect inhibition of Toll-like receptor and type I
interferon responses by ITAM-coupled receptors and integrins.
Immunity 32, 518-530

Han, C. et al. (2010) Integrin CD11b negatively regulates TLR-
triggered inflammatory responses by activating Syk and promoting
degradation of MyD88 and TRIF via Cbl-b. Nat. Immunol. 11, 734-742
Kagan, J.C. and Medzhitov, R. (2006) Phosphoinositide-mediated
adaptor recruitment controls Toll-like receptor signaling. Cell 125,
943-955

Tanaka, T. et al. (2007) PDLIM2-mediated termination of transcription
factor NF-kappaB activation by intranuclear sequestration and
degradation of the p65 subunit. Nat. Immunol. 8, 584-591

Shi, M. et al. (2008) TRIM30 alpha negatively regulates TLR-mediated
NF-kappa B activation by targeting TAB2 and TAB3 for degradation.
Nat. Immunol. 9, 369-377

Zhao, W. et al. (2012) E3 ubiquitin ligase tripartite motif 38 negatively
regulates TLR-mediated immune responses by proteasomal
degradation of TNF receptor-associated factor 6 in macrophages. /.
Immunol. 188, 2567-2574

Saitoh, T. et al. (2006) Negative regulation of interferon-regulatory
factor 3-dependent innate antiviral response by the prolyl isomerase
Pinl. Nat. Immunol. 7, 598-605

Tun-Kyi, A. et al. (2011) Essential role for the prolyl isomerase Pinl in
Toll-like receptor signaling and type I interferon-mediated immunity.
Nat. Immunol. 12, 733-741

Yu, Y. and Hayward, G.S. (2010) The ubiquitin E3 ligase RAUL
negatively regulates type i interferon through ubiquitination of the
transcription factors IRF7 and IRF3. Immunity 33, 863-877

Levine, B. et al. (2011) Autophagy in immunity and inflammation.
Nature 469, 323-335

Saitoh, T. et al. (2008) Loss of the autophagy protein Atg16L1 enhances
endotoxin-induced IL-1beta production. Nature 456, 264—268
Cadwell, K. et al. (2008) A key role for autophagy and the autophagy
gene Atgl6l11 in mouse and human intestinal Paneth cells. Nature 456,
259-263

Ramirez-Carrozzi, V.R. et al. (2006) Selective and antagonistic
functions of SWI/SNF and Mi-2beta nucleosome remodeling
complexes during an inflammatory response. Genes Dev. 20, 282—296
Whitmore, M.M. et al. (2007) Negative regulation of TLR-signaling
pathways by activating transcription factor-3. J. Immunol. 179, 3622—
3630

Kuwata, H. et al. (2006) IkappaBNS inhibits induction of a subset of
Toll-like receptor-dependent genes and limits inflammation. Immunity
24, 41-51

Carmody, R.J. et al. (2007) Negative regulation of toll-like receptor
signaling by NF-kappaB p50 ubiquitination blockade. Science 317,
675-678

Saijo, K. et al. (2009) A Nurrl/CoREST pathway in microglia and
astrocytes protects dopaminergic neurons from inflammation-
induced death. Cell 137, 47-59

Esser, C. et al. (2009) The aryl hydrocarbon receptor in immunity.
Trends Immunol. 30, 447-454

Kimura, A. et al. (2009) Aryl hydrocarbon receptor in combination with
Statl regulates LPS-induced inflammatory responses. J. Exp. Med.
206, 2027-2035

Carrick, D.M. et al. (2004) The tandem CCCH zinc finger protein
tristetraprolin and its relevance to cytokine mRNA turnover and
arthritis. Arthritis Res. Ther. 6, 248-264

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

Trends in Immunology September 2012, Vol. 33, No. 9

Matsushita, K. et al. (2009) Zc3hl2a is an RNase essential for
controlling immune responses by regulating mRNA decay. Nature
458, 1185-1190

Liang, J. et al. (2010) MCP-induced protein 1 deubiquitinates TRAF
proteins and negatively regulates JNK and NF-kappaB signaling. /.
Exp. Med. 207, 29592973

Iwasaki, H. et al. (2011) The IkappaB kinase complex regulates the
stability of cytokine-encoding mRNA induced by TLR-IL-1R by
controlling degradation of regnase-1. Nat. Immunol. 12, 1167-1175
O'Neill, L.A. et al. (2011) MicroRNAs: the fine-tuners of Toll-like
receptor signalling. Nat. Rev. Immunol. 11, 163-175

O’Connell, R.M. et al. (2007) MicroRNA-155 is induced during the
macrophage inflammatory response. Proc. Natl. Acad. Sci. U.S.A.
104, 1604-1609

Huang, R.S. et al. (2010) MicroRNA-155 silencing enhances
inflammatory response and lipid uptake in oxidized low-density
lipoprotein-stimulated human THP-1 macrophages. J. Investig. Med.
58, 961-967

Tang, B. et al. (2010) Identification of MyD88 as a novel target of miR-
155, involved in negative regulation of Helicobacter pylori-induced
inflammation. FEBS Lett. 584, 1481-1486

Ceppi, M. et al. (2009) MicroRNA-155 modulates the interleukin-1
signaling pathway in activated human monocyte-derived dendritic
cells. Proc. Natl. Acad. Sci. U.S.A. 106, 2735-2740

Tili, E. et al. (2007) Modulation of miR-155 and miR-125b levels
following lipopolysaccharide/TNF-alpha stimulation and their
possible roles in regulating the response to endotoxin shock. /.
Immunol. 179, 5082-5089

Gottwein, E. et al. (2007) A viral microRNA functions as an orthologue
of cellular miR-155. Nature 450, 1096-1099

Thai, T.H. et al. (2007) Regulation of the germinal center response by
microRNA-155. Science 316, 604—608

Rodriguez, A. et al. (2007) Requirement of bic/microRNA-155 for
normal immune function. Science 316, 608-611

O’Connell, R.M. et al. (2009) Inositol phosphatase SHIP1 is a primary
target of miR-155. Proc. Natl. Acad. Sci. U.S.A. 106, 7113-7118
Taganov, K.D. et al. (2006) NF-kappaB-dependent induction of
microRNA miR-146, an inhibitor targeted to signaling proteins
of innate immune responses. Proc. Natl. Acad. Sci. U.S.A. 103,
12481-12486

Zhao, J.L. et al. (2011) NF-kappaB dysregulation in microRNA-146a-
deficient mice drives the development of myeloid malignancies. Proc.
Natl. Acad. Sci. U.S.A. 108, 9184-9189

Chassin, C. et al. (2010) miR-146a mediates protective innate immune
tolerance in the neonate intestine. Cell Host Microbe 8, 358-368
Sheedy, F.J. et al. (2010) Negative regulation of TLR4 via targeting of
the proinflammatory tumor suppressor PDCD4 by the microRNA miR-
21. Nat. Immunol. 11, 141-147

Bowie, A.G. and Unterholzner, L. (2008) Viral evasion and subversion of
pattern-recognition receptor signalling. Nat. Rev. Immunol. 8, 911-922
Li, X.D. et al. (2005) Hepatitis C virus protease NS3/4A cleaves
mitochondrial antiviral signaling protein off the mitochondria to
evade innate immunity. Proc. Natl. Acad. Sci. U.S.A. 102, 17717-17722
Stack, J. et al. (2005) Vaccinia virus protein A46R targets multiple Toll-
like-interleukin-1 receptor adaptors and contributes to virulence. J.
Exp. Med. 201, 1007-1018

Harte, M.T. et al. (2003) The poxvirus protein A52R targets Toll-like
receptor signaling complexes to suppress host defense. J. Exp. Med.
197, 343-351

Randow, F. and Lehner, P.J. (2009) Viral avoidance and exploitation of
the ubiquitin system. Nat. Cell Biol. 11, 527-534

Ashida, H. et al. (2010) A bacterial E3 ubiquitin ligase IpaH9.8 targets
NEMO/IKKgamma to dampen the host NF-kappaB-mediated
inflammatory response. Nat. Cell Biol. 12, 66-73

Barry, M. and Fruh, K. (2006) Viral modulators of cullin RING
ubiquitin ligases: culling the host defense. Sci. STKE 2006, pe21
Okumura, A. et al. (2008) HIV-1 accessory proteins VPR and Vif
modulate antiviral response by targeting IRF-3 for degradation.
Virology 373, 85-97

Hajishengallis, G. and Lambris, J.D. (2011) Microbial manipulation of
receptor crosstalk in innate immunity. Nat. Rev. Immunol. 11,187-200
Geijtenbeek, T.B. (2003) Mycobacteria target DC-SIGN to suppress
dendritic cell function. JJ. Exp. Med. 197, 7-17

457



81

82

83

84

85

86

87

88

89

458

Gringhuis, S.I. et al. (2007) C-type lectin DC-SIGN modulates Toll-like
receptor signaling via Raf-1 kinase-dependent acetylation of
transcription factor NF-kappaB. Immunity 26, 605—-616

Gringhuis, S.I. et al. (2009) Carbohydrate-specific signaling through
the DC-SIGN signalosome tailors immunity to Mycobacterium
tuberculosis, HIV-1 and Helicobacter pylori. Nat. Immunol. 10,
1081-1088

O’Neill, L.A. (2006) Targeting signal transduction as a strategy to treat
inflammatory diseases. Nat. Rev. Drug Discov. 5, 549-563

Kanzler, H. et al. (2007) Therapeutic targeting of innate immunity with
Toll-like receptor agonists and antagonists. Nat. Med. 13, 552-559
Mullarkey, M. et al. (2003) Inhibition of endotoxin response by e5564, a
novel Toll-like receptor 4-directed endotoxin antagonist. JJ. Pharmacol.
Exp. Ther. 304, 1093-1102

Park, B.S. et al. (2009) The structural basis of lipopolysaccharide
recognition by the TLR4-MD-2 complex. Nature 458, 1191-1195
Shimazu, R. et al. (1999) MD-2, a molecule that confers
lipopolysaccharide responsiveness on Toll-like receptor 4. J. Exp.
Med. 189, 1777-1782

Ledeboer, A. et al. (2007) Ibudilast (AV-411). A new class therapeutic
candidate for neuropathic pain and opioid withdrawal syndromes.
Expert Opin. Investig. Drugs 16, 935-950

Barrat, F.J. et al. (2005) Nucleic acids of mammalian origin can act as
endogenous ligands for Toll-like receptors and may promote systemic
lupus erythematosus. J. Exp. Med. 202, 1131-1139

90

91

92

93

94

95

96

97

Trends in Immunology September 2012, Vol. 33, No. 9

Rutz, M. et al. (2004) Toll-like receptor 9 binds single-stranded CpG-
DNA in a sequence- and pH-dependent manner. Eur. J. Immunol. 34,
2541-2550

Kuznik, A. et al. (2011) Mechanism of endosomal TLR inhibition
by antimalarial drugs and imidazoquinolines. /. Immunol. 186,
4794-4804

Macfarlane, D.E. and Manzel, L. (1998) Antagonism of
immunostimulatory ~ CpG-oligodeoxynucleotides by  quinacrine,
chloroquine, and structurally related compounds. . Immunol. 160,
1122-1131

Franklin, B.S. et al. (2011) Therapeutical targeting of nucleic acid-
sensing Toll-like receptors prevents experimental cerebral malaria.
Proc. Natl. Acad. Sci. U.S.A. 108, 3689-3694

Barrat, F.J. et al. (2007) Treatment of lupus-prone mice with a dual
inhibitor of TLR7 and TLR9 leads to reduction of autoantibody
production and amelioration of disease symptoms. Eur. J. Immunol.
37, 3582-3586

Davis, C.N. et al. (2006) MyD88-dependent and -independent signaling
by IL-1 in neurons probed by bifunctional Toll/IL-1 receptor domain/
BB-loop mimetics. Proc. Natl. Acad. Sci. U.S.A. 103, 2953-2958
Loiarro, M. et al. (2007) Pivotal advance: inhibition of MyD88
dimerization and recruitment of IRAK1 and IRAK4 by a novel
peptidomimetic compound. /. Leukoc. Biol. 82, 801-810

Vereecke, L. et al. (2009) The ubiquitin-editing enzyme A20 (TNFAIP3)is
a central regulator of immunopathology. Trends Immunol. 30, 383-391



	Dissecting negative regulation of �Toll-like receptor signaling
	TLR signaling
	Dissociation of adaptor complexes
	Degradation of signal proteins
	Transcriptional regulation
	Evasion by pathogens
	Concluding remarks
	Acknowledgments
	References


