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Negative regulatory approaches to the attenuation
of Toll-like receptor signaling
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Toll-like receptors (TLRs) are pivotal components of the innate immune response, which is responsible for eradicating invading

microorganisms through the induction of inflammatory molecules. These receptors are also involved in responding to harmful

endogenous molecules and have crucial roles in the activation of the innate immune system and shaping the adaptive immune

response. However, TLR signaling pathways must be tightly regulated because undue TLR stimulation may disrupt the fine

balance between pro- and anti-inflammatory responses. Such disruptions may harm the host through the development of

autoimmune and inflammatory diseases, such as rheumatoid arthritis and systemic lupus erythematosus. Several studies have

investigated the regulatory pathways of TLRs that are essential for modulating proinflammatory responses. These studies

reported several pathways and molecules that act individually or in combination to regulate immune responses. In this review,

we have summarized recent advancements in the elucidation of the negative regulation of TLR signaling. Moreover, this review

covers the modulation of TLR signaling at multiple levels, including adaptor complex destabilization, phosphorylation and

ubiquitin-mediated degradation of signal proteins, manipulation of other receptors, and transcriptional regulation. Lastly,

synthetic inhibitors have also been briefly discussed to highlight negative regulatory approaches in the treatment of

inflammatory diseases.
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INTRODUCTION

The innate immune system, an organism’s first line of defense
against invading pathogens, employs a variety of transmem-
brane and secreted molecules, known as pattern recognition
receptors, for the sensing of microbes, the activation of
adaptive immunity and complement system, apoptosis, and
the induction of proinflammatory mediators. Among the
pattern recognition receptors, Toll-like receptors (TLRs)
occupy a prominent place. TLRs were initially described as
being involved in the embryonic development of Drosophila.1

Later, when a homolog of Drosophila Toll, TLR4, was cloned in
1997, it was confirmed that Toll signaling pathways are
conserved in humans, where TLRs have important roles in
the activation of adaptive immunity.2 Soon after the discovery
of TLR4, it became evident that lipopolysaccharide (LPS), a
bacterial cell membrane component, is recognized by TLR4
(pattern recognition receptor), establishing a link between
pathogen-associated molecular patterns (PAMPs) and TLRs.3–5

PAMPs are conserved molecular signatures found in different

microbes, such as bacteria, viruses, fungi, and protozoa.
Different PAMPs are recognized by different TLRs (Table 1)
and include the following: LPS and lipoteichoic acid
(all recognized by TLR4); peptidoglycan in cell walls, lipopro-
teins in bacterial capsules, and zymosan (all recognized by
TLR2 following heterodimerization with TLR1 or TLR6);
flagellin (recognized by TLR5); unmethylated bacterial or viral
CpG DNA (recognized by TLR9); viral RNA (single-stranded
RNA recognized by TLR7 and TLR8; double-stranded
RNA recognized by TLR3); and bacterial RNA (23S rRNA
recognized by the orphan receptor TLR13).6

TLRs are classified as members of the Toll/interleukin (IL)-1
receptor (TIR) superfamily based on their structural simila-
rities. All TLRs possess a common architecture consisting
of three domains: a leucine-rich ectodomain for PAMP
recognition; an intracytoplasmic TIR endodomain for adaptor
recruitment, such as myeloid differentiation 88 (MyD88),
MyD88-adaptor-like (MAL), TIR-domain-containing adap-
tor-inducing interferon-b (TRIF), and TRIF-related adaptor
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molecule (TRAM); and a transmembrane domain that con-
nects the ectodomain to the endodomain. The expression
patterns of the TLRs are highly selective in accordance with
their PAMP recognition properties. TLRs, such as TLR1,
TLR2, TLR4, TLR5, and TLR6, are predominantly expressed
on the cell surface because they are involved in the recognition
of cell surface molecules, whereas TLR3, TLR7, TLR8, TLR9,
TLR11, and TLR13 are expressed in endosomal compartments
because they are involved in nucleic acid recognition.6–8

However, some TLRs, for example, TLR2 and 4, are
removed from the cell surface after ligand binding and are
then recruited to macrophage phagosomes.9,10 Upon ligand
binding followed by dimerization of TLRs, TIR domain
recruits adaptor molecules, which propagate signals that
converge at nuclear factor (NF)-kB (Figure 1) and induce
the production of interferons (IFNs) and proinflammatory
cytokines, such as tumor necrosis factor a (TNF-a), IL-1, and
IL-6.8 This proinflammatory response protects the organism
against microbes, but after eliminating the threat, the system
must return to a homeostatic state.

Failure to restore homeostasis by uncontrolled expression of
inflammatory mediators may render the organism prone to
develop septic shock and autoinflammatory diseases, such as
rheumatoid arthritis and systemic lupus erythematosus (SLE).
Therefore, controlling the entire inflammatory response is
essential for removing invading microbes without damaging
the host. To regulate the response, the cell has evolved
numerous ways to maintain balance, including the removal of
receptors from the cell surface, expression of dominant-negative
regulators, ubiquitin–proteasome-mediated degradation of
intermediate molecules, chromosomal remodeling, and attenua-
tion of the expression of different adaptors and inflammatory
molecules. All these activities act in synergy and play crucial
roles in regulating the inflammatory response. In this review, we
have covered the negative regulatory mechanisms that cooperate
to maintain TLR-mediated signaling in homeostasis.

PHYSIOLOGICAL IMPORTANCE OF TLRS

Physiologically, TLRs are critical for the induction of the
innate and adaptive immune systems to combat invading

Table 1 TLRs and their ligands, adaptor usage, and cytokine production

Ligands

Receptor PAMPs DAMPs

Signal

adaptor Production

TLR1/

TLR2

Lipoproteins/

triacyl lipoproteins (Pam3CSK4)

Not determined MAL/MyD88 Proinflammatory cytokines

TLR2/

TLR6

Diacylated lipoproteins, lipotei-

choic acid, zymosan

Heat-shock proteins such as HSP60, HSP70,

and Gp96; HMGB1; ECM fragments such as

versican and hyaluronic acid

MAL/MyD88 Proinflammatory cytokines

TLR3 dsRNA (poly I:C) mRNA TRIF Proinflammatory cytokines,

type I IFNs

TLR4 Lipopolysaccharides, viral

envelope proteins

Heat-shock proteins such as HSP22, HSP 60,

HSP70, HSP72, and Gp96; HMGB1; ECM

fragments such as versican, hyaluronic acid,

heparin sulfate and fibronectin; tenascin-C;

oxidized phospholipids; b-defensin 2

MAL/MyD88

TRAM/TRIF

Proinflammatory cytokines

Type I IFNs

TLR5 Flagellin Not determined MyD88 Proinflammatory cytokines

TLR6/

TLR4

Not determined Amyloid-b, oxidized low-density lipoprotein MyD88

TRIF

Proinflammatory cytokines

Type I IFNs

TLR7 ssRNA, imidazoquinolines

(R848), guanosine analogs

(loxoribine)

ssRNA (immune complex) MyD88 Proinflammatory cytokines,

type I IFNs

TLR8 ssRNA, imidazoquinolines

(R848)

ssRNA (immune complex) MyD88 Proinflammatory cytokines,

type I IFNs

TLR9 Unmethylated CpG DNA, CpG

oligodinucleotides, hemozoin

Chromatin IgG complex MyD88 Proinflammatory cytokines,

type I IFNs

TLR10 Profilin-like molecule Not determined MyD88 Proinflammatory cytokines

TLR11 Profilin-like molecule, uro-

pathogenic bacteria

Not determined MyD88 Proinflammatory cytokines

TLR13 Bacterial 23S rRNA Not determined MyD88 Proinflammatory cytokines

Abbreviations: DAMP, danger-associated molecular patterns; dsRNA, double-stranded RNA; ECM, extracellular matrix; Gp96, glycoprotein 96; HMGB1, high-mobility
group box 1; HSP, heat-shock protein; IFN, interferon; IgG, immunoglobin G; MAL, MyD88 adaptor like; MyD88, myeloid differentiation 88; PAMP, pathogen-
associated molecular patterns; poly(I:C), polyinosinic–polycytidylic acid; ssRNA, single-stranded RNA; TLR, Toll-like receptors; TRAM; TRIF-related adaptor molecule;
TRIF, TIR-domain-containing adaptor-inducing interferon-b.
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microorganisms.11,12 These receptors mount immune
responses against pathogens on the skin and in the
mucosa of the respiratory, gastrointestinal, and urogenital
tracts. TLRs activate multiple pathways leading to the
secretion of proinflammatory molecules (including TNF-a,
IL-1, and IL-6) and chemokines (for example, monocyte
chemoattractant protein 1 (MCP-1), MCP-3, and
granulocyte–macrophage colony-stimulating factor). TLRs
have been correlated with transcriptional and post-
translational regulation (proteolytic cleavage and secretion)

of antimicrobial factors, such as defensins a and b,
phospholipase A2, and lysozyme.13 In addition, TLRs are
involved in the opsonization of microorganisms and
optimize the defense against invading microorganisms
by regulating the release of peroxy radicals and nitric
oxide.14,15 TLRs on the endothelial cell surface indirectly
promote leukocyte homing to the inflammatory region
by enhancing the expression of the leukocyte adhesion
molecules E-selectin and intercellular adhesion
molecule 1.16

Figure 1 Overview of the Toll-like receptor (TLR) signaling pathway. When TLRs are stimulated by their respective ligands, they dimerize
and recruit downstream adaptor molecules, such as myeloid differentiation primary-response protein 88 (MyD88), MyD88-adaptor-like
(MAL), Toll/interleukin (IL)-1 receptor (TIR)-domain-containing adaptor-inducing interferon-b (TRIF), TRIF-related adaptor molecule
(TRAM), which activate other downstream molecules leading to the activation of signaling cascades that converge at the nuclear factor-kB
(NF-kB), interferon (IFN) response factors (IRFs) and mitogen-activated protein (MAP) kinases. These molecules induce the transcription
of several proinflammatory molecules, such as interleukin (IL)-6, IL-8, IL-12, and tumor necrosis factor a (TNF-a). The secretion of these
molecules counters the threat posed by microbes and helps activate other immune components. AP1, activator protein 1; ATF, activating
transcription factor; dsRNA, double-stranded RNA; ERK, extracellular signal-regulated kinase; IKK, inhibitor of kappa light polypeptide
gene enhancer in B-cell kinase; IRAK, IL-1 receptor-associated kinase; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MD,
myeloid differentiation factor; MKK, MAPK kinase; NA, nucleic acid; TAB, transforming growth factor-b-activated kinase 1/MAP3K7-
binding protein; TAK, transforming growth factor-activated kinase; TRAF, tumor necrosis factor receptor-associated factor; RIP1, receptor-
interacting protein 1.
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Different antiviral molecules, such as IFN-a and IFN-b, are
also overexpressed by TLRs in hematopoietic and stromal cells
to combat viral infections.17 Moreover, as described in recent
reports, TLRs induce apoptosis through the production of
certain proapoptotic factors (Fas-associated death domain,
caspase-8, protein kinase R), which accounts for an important
defense mechanism against some incurable pathogenic
infections.18 The activation of antigen-presenting cells by
TLRs is also decisive in many essential processes that lead to
the development of adaptive immune responses, such as T-cell
activation, enhancement of antigen presentation, increased
expression of accessory molecules (for example, cluster of
differentiation 80 (CD80)), and suppression of regulatory
T cells activity.19 TLR-dependent activation is also important
for B-cell proliferation and maturation during the infection
process.20 Thus, accumulating evidence supports an
important role for the TLRs in the initiation and
development of the inflammatory process in response to
various pathogens.

Furthermore, pathogen recognition by TLRs is now con-
sidered the midpoint in the initiation of the adaptive immune
response, the organism’s second line of defense.21 Apart from
their protective role, TLRs are also implicated in the
pathogenesis of the autoimmune diseases, such as SLE,
rheumatoid arthritis, atherosclerosis, and certain other
disorders.22 However, recent data point to a dual function of
TLRs as antitumor and protumor modulators,23 such findings
indicate the need for further studies to delineate the precise
role of TLRs in tumor biology. TLR functions may depend on
the cell type and the cell context where they express. Other
aspects that influence TLR activity include the influence of the
extracellular matrix, coreceptors, and cross-talk between
different signaling pathways.

NEGATIVE REGULATION OF TLRS

Following TLR activation and establishment of the inflamma-
tory response against invading pathogens, there must be a
checkpoint where TLR signaling is abolished and the system is
returned to a normal physiological state to avoid a harmful
response towards the host immune system. To date, numerous
negative regulatory molecules have been characterized. In the
following sections, we have discussed a few potent negative
regulatory mechanisms of TLR signaling at different levels
(Figure 2).

Soluble and decoy factors in TLR regulation
If the immune system does not respond appropriately during a
bacterial challenge, septic shock occurs, leading to multiple
organ failure and death of the host. Sustained activation and
overactivation of TLRs also results in the pathogenesis of
autoimmune, chronic inflammatory, and neoplastic dis-
eases.24,25 Therefore, pro- and anti-inflammatory responses
must be balanced. Treatment with soluble receptors is one
such physiological approach for modulating the immune
response.

It has been reported that blood monocytes release a constant
amount of the soluble form of TLR2, which is produced
during post-translational modification events.26 In the
presence of soluble form of TLR2, decreased amounts of
IL-8 and TNF-a are seen. This effect may be associated with
the interaction between soluble form of TLR2 and soluble
CD14, a coreceptor of TLR2 and TLR4; however, this needs to
be further investigated.27 The soluble form of TLR4 also
inhibits TLR4-mediated signaling, possibly by interfering
with receptor–ligand associations.28 In a study involving a
mouse macrophage cell line, the presence of soluble form of
TLR4 significantly reduced LPS-induced nuclear factor-kB
(NF-kB) activation and TNF production, suggesting that
soluble form of TLR4 is involved in regulating TLR
signaling. In addition, soluble CD14 is involved in regulating
TLR4-induced cytokine release, and soluble ST2 is involved in
regulating TLR1- and TLR4-induced cytokine release.29,30

Soluble CD14 binds directly to LPS and alters the signaling
patterns, whereas soluble ST2 inhibits the overexpression of
TLR1 and TLR4. Thus, hypoexpression leads to decreased
production of proinflammatory mediators.

Membrane-associated protein regulators
In addition to soluble factors, transmembrane protein recep-
tors are also involved in the negative regulation of TLR
signaling, for example, single immunoglobulin IL-1R-related
molecule, ST2L, and radioprotective 105 (RP105). Single
immunoglobulin IL-1R-related molecule belongs to the TIR
superfamily that binds to TIR components in a ligand-

Figure 2 Regulatory checkpoints in the Toll-like receptor (TLR)
pathway. Subsequent to stimulation with their cognate ligands,
TLRs induce several mediators converging at nuclear factor-kB
(NF-kB), which mobilizes the transcription of inflammatory genes.
This helps the host prepare to fight the microbial threat. After
eliminating the threat, the cell must turn off the expression of
inflammatory mediators. Sustained activation and overactivation of
TLRs are usually accompanied by deleterious consequences for the
host. To prevent these consequences, the cell employs a variety of
mechanisms to regulate TLR signaling, including decoy factors,
adaptor modification, ubiquitin-mediated degradation, promoter
state alteration, and translation disruption. All these mechanisms,
individually or in combination, exert the effect of controlling
inflammation and supporting the system to regain its normal state
(arrows in red indicate the irreversible regulation, whereas the
others show the reversible regulation).
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dependent manner and hinders the recruitment of adaptors.31

Single immunoglobulin IL-1R-related molecule-deficient mice,
when stimulated with ligands, produce increased volumes of
inflammatory cytokines, indicating the regulatory importance
of single immunoglobulin IL-1R-related molecule. The
membrane-bound form of ST2, ST2L, also regulates the
overactivation of TLR2, TLR4, and TLR9 by preventing
downstream receptor–adaptor complex formation through
its BB loop.32,33 Mice lacking ST2L fail to develop immune
tolerance to these ligands, resulting in fatal consequences.
Radioprotective 105 is a TLR homolog that is expressed
on different antigen-presenting cells, lacks the signaling
domain, and specifically inhibits TLR4-mediated signaling.
Radioprotective 105, along with its helper molecule myeloid
differentiation factor 1, binds to the TLR ectodomain and
prevents ligand binding to the TLR4, thereby inhibiting
signaling. Cells lacking radioprotective 105 respond strongly
to LPS, thus implying a negative regulatory role for this
protein.34

Negative regulators of the adaptor complex
Several adaptor proteins, such as MyD88, TIRAP/MAL, TRIF,
and TRAM, are involved in efficient signaling by TLRs,35 thus
providing an opportunity for fine control. This signal
propagation can be prevented by blocking the formation of
the TIR–domain complex. Several adaptor variants serve as
negative regulators of complex formation, preventing down-
stream signaling pathways. Among these molecules, the TRAM
adaptor with Golgi dynamics (GOLD) domain is a variant of
TRAM that competes with TRAM for TRIF binding. Once
TRAM adaptor with GOLD domain is in the bound form, it
inhibits the TRIF-dependent pathway.36 To prevent the LPS-
induced overactivation of TLR4, TRAM adaptor with GOLD
domain is also involved in the internalization of TLR4 to the
endosomes for subsequent degradation. In association with
transmembrane emp24 protein transport domain containing
7, another GOLD domain-containing protein, TRAM adaptor
with GOLD domain mediates disruption of the TRAM–TRIF
complex and inhibits TLR4 signaling from the endosome upon
LPS stimulation.37

To inhibit competitively MyD88 and regulate inflammatory
responses, flightless I-like homolog negatively disrupts the
TLR4–MyD88 complex. RNAi-mediated reduction of flightless
I-like homolog leads to the overexpression of TLR-mediated
inflammatory cytokines, thus highlighting the role of flightless
I-like homolog in innate immune signaling.38 Another TIR-
domain-containing protein, sterile a- and armadillo-motif-
containing protein (SARM), is also involved in the blocking
of the TRIF complex formation by direct binding to TRIF,
rendering TRIF unavailable after LPS treatment.39 Although
the sterile a-motif domain is necessary for inhibition of the
TRIF-dependent pathway, the molecular mechanism of
inhibition is largely unknown. In another study, MAL, a
positive regulator of TLR2 and TLR 4 signaling, has been
reported to bind with interferon response factor-7 (IRF-7) and
cease its activation, but not with IRF-3, and to block

specifically TLR3-induced IFN-b production while leaving
the production of IL-6 and TNF-a unaltered. Results from
several biochemical experiments have shown that MAL
interacts with IRF-7 through the positive regulatory domains
I–III of the enhancer element of the IFN-b gene following
polyinosinic–polycytidylic acid stimulation. This study pointed
out a new regulatory potential in TLR signaling.40 TRIF,
another adaptor protein in TLR3 and TLR4 signaling, is also
known for its negative effects on other TLRs. In a study,
when dendritic cells (DCs) were induced with Eimeria tenella-
derived antigen, it was observed that TRIF impeded TLR
signaling by degrading activated TLRs, including TLR4, TLR5,
TLR7, TLR8 and TLR9.41 TRIF knockout mice showed a
dramatic increase in cytokine production and expression of
costimulatory molecules and other inflammatory mediators.
This study assigns a new role for TRIF in regulating
inflammatory responses.

Recently, it was found that docking protein 3 (DOK3)
impedes LPS signaling in macrophages. DOK3 was found to
be degraded by ubiquitin-mediated proteolysis along with son
of sevenless homolog 1 in response to LPS stimuli, thus
limiting the activation of extracellular signal-regulated kinase
(ERK). Macrophages from DOK3-deficient mice showed
increased son of sevenless homolog 1 expression and NF-kB
induction.42 The DOK3-deficient cells also showed increased
expression of Src homology phosphatase 1, IL-1 receptor-
associated kinase M (IRAK-M), and suppressor of cytokine
signaling 1, required for TLR tolerance, implying that DOK3
delays tolerance to the endotoxin. Furthermore, it is also
hypothesized that DOK3 may interact with tumor progression
locus 2 and interfere with ERK activation.43,44 These
studies assign multiple roles to DOK3 in regulating TLR
signaling. B-cell adaptor for phosphoinositide 3 kinase was
initially considered to mediate B-cell receptor signaling and
cell survival. Recently, the function of B-cell adaptor
for phosphoinositide 3 kinase was ascribed to a cryptic TIR
domain, connecting TLR signaling to the phosphatidylinositol
3-kinase (PI3K)/Akt signaling cascade, resulting in the
regulation of TLR signaling by interfering with adaptors
such as MyD88 and MAL, as well as activation of the PI3K-
Akt pathways. Therefore, B-cell adaptor for phosphoinositide 3
kinase-mediated regulation of TLR signaling limits the
production of proinflammatory cytokines, such as IL-6,
IL-12, and TNF-a, as well as inflammatory responses
associated with TLR4 and 9 in vivo. This hypothesis is
supported by the findings of a study involving B-cell adaptor
for phosphoinositide 3 kinase-deficient mice stimulated with
TLR ligands, which produce exaggerated inflammatory
responses.45

Role of ubiquitination/deubiquitination in signaling
attenuation
Ubiquitination is a primary mechanism for shutting down
signaling in cells at different stages by proteasome-mediated
degradation. Tumor necrosis factor receptor-associated factor
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(TRAF)-family member-associated NF-kB activator (TANK)
binds to TRAF-binding protein and activates both NF-kB and
IRFs in vitro. However, TANK-deficient mice show increased
NF-kB activity in response to TLR stimulation, rapidly leading
to fatal glomerulonephritis.46 Cells with TANK ablation
promote TRAF6 ubiquitination, which is necessary for
NF-kB activation, suggesting that TANK hinders TRAF6
ubiquitination in its bound form.

Another small heterodimer partner (SHP) induced by TLR
activation inhibits TRAF6 ubiquitination, thereby leading to
the suppression of TLR signaling.47 Cells lacking SHP secrete
increased levels of TNF, IL-1b, and IL-6 following LPS
treatment. Moreover, when SHP-deficient mice are injected
with bone-marrow-derived cells expressing SHP, the
protection level increases during LPS-induced lethal shock.47

The ubiquitin–protein ligase class comprises several proteins,
of which E3 ubiquitin ligase family is a widely studied
group of proteins that facilitates the degradation of MAL
and TRAF.48 By knocking out the Tyro3, Axl, and Mer receptor
tyrosine kinase from DCs, TLR stimulation resulted in
higher levels of inflammatory cytokines compared with those
in wild-type cells. Further studies have shown that suppressor
of cytokine signaling 1 and suppressor of cytokine signaling 3
are induced by signal transducers and activators of
transcription 1 (STAT1), demonstrating Tyro3, Axl, and Mer
receptor-mediated inhibition of TLR-induced cytokine
production.

An ovarian tumor domain-containing deubiquitinase,
deubiquitinating enzyme A, also acts as a suppressor of
type I IFN production.49 Deubiquitinating enzyme A
selectively mediates the cleavage of K63-linked polyubiquitin
chains from TRAF3 to suppress TLR-induced type I IFN
production, rendering NF-kB activation unaffected. PDZ
and LIM domain protein 2 hinders TLR signaling by
degradation of the NF-kB p65 subunit.50 This inhibitory
effect is mediated by promoting K48-linked poly-
ubiquitination on p65 and sequestering p65 to nuclear
promyelocytic leukemia bodies abundant with 26S
proteasomes. Following TLR stimulation, PDZ and LIM
domain protein 2-deficient cells fail to degrade p65, thereby
culminating in high levels of inflammation. IRF3 is controlled
by ubiquitination-mediated peptidyl–prolyl cis–trans isomer-
ase NIMA-interacting 1. Peptidyl–prolyl cis–trans isomerase
NIMA-interacting 1 binds to phosphorylated IRF3 and inhi-
bits type I IFN and antiviral responses.51 It has been
hypothesized that binding and phosphorylation trigger
conformational changes in the IRF3 structure, leading to
ubiquitination degradation of the protein; thus, peptidyl–
prolyl cis–trans isomerase NIMA-interacting 1 acts as an E3
ligase.52 A recent study reported that replication and
transcription activator-associated ubiquitin ligase (RAUL) is
linked to the ubiquitination of IRF3/7 and negatively regulates
type I IFN.53 The replication and transcription activator of
Kaposi’s sarcoma-associated herpes virus also follows the same
mechanism for degrading IRFs and escaping the immune
response.

Further study into cell signaling regulation has shown that
A20 negatively affects TLR signaling. A20-deficient mice show
inflammation in various organs of the body, whereas double-
knockout mice with A20 and MyD88 deficiencies do not
manifest these symptoms. Administration of antibiotics sup-
presses cachexia caused by the loss of A20, indicating that A20
significantly suppresses the inflammation caused by intestinal
bacteria.54 In addition, A20 helps in the removal of K63-linked
polyubiquitin chains on TRAF6 and aids mice in surviving
LPS-induced endotoxin shock. Moreover, A20 inhibits
inhibitor of kB kinase (IKK) activation by transforming
growth factor-b-activated protein kinase 1 (TAK1) without
deubiquitin activity, suggesting that A20 regulates NF-kB
activation via multiple mechanisms.55 Ubiquitin-specific
peptidase 4 (USP4) negatively regulates TRAF6, suppressing
IL-1b-induced NF-kB activation by removing polyubiquitin
chains on TRAF6 in a deubiquitin activity-dependent
manner.56 Loss of USP4 enhances cytokine production
mediated by LPS and IL-1b. Moreover, USP2a attenuates
TLR and Sendai virus-mediated NF-kB activation by
deubiquitination of TRAF6.57 Knockout and overexpression
experiments have proven the negative effects of USP2a on
inflammatory responses. Another member of the USP family,
USP25, also hinders the cellular inhibitor of apoptosis protein
2-induced K48-linked ubiquitin-mediated degradation of
TRAF3, leading to the suppression of inflammatory
responses.58

Phosphorylation-mediated negative regulation of TLR
signaling proteins
TLR4 signaling can be limited by mitogen- and stress-activated
protein kinases (MSK) 1 and 2, which are activated in the
mitogen-activated protein kinase (MAPK) cascade.59 A cellular
environment devoid of MSK1 and MSK2 hinders the binding
of the phosphorylated transcription factors cAMP-responsive
element-binding protein and activating transcription factor 1
to their cognate promoters. The binding of these transcription
factors to their cognate promoters activates the anti-
inflammatory cytokine IL-10 and the MAPK phosphatase
dual specificity phosphatase 1, which promotes p38
deactivation after LPS stimulation. MSK1- and MSK2-
knockout mice undergo a hyper-responsive state upon LPS
treatment, resulting in endotoxin shock and inflammation for
an extended time in an animal model.59 In a recent study, it
was found that p38g and p38d, family members of p38
MAPKs, also regulate TLR4-mediated inflammation. Mice
lacking p38g and p38d showed abnormal responses when
treated with LPS. This observation was attributed to the
steady-state level of tumor progression locus 2, the MKK
kinase that mediates ERK1/2 activation after TLR4 stimulation
in the cell, maintained by p38 kinases.60 In addition, p38g and
p38d kinase deficiency rendered the mice hyporesponsive to
LPS-induced septic shock.

In a recent study, it was observed that, in addition to
propagating proinflammatory signals, NF-kB1 p50/p105 also
regulates the secretion of IFN-b. Mice deficient in p50 secreted

Negative modulation of TLR signaling
MA Anwar et al

6

Experimental & Molecular Medicine



markedly higher amounts of IFN-b and were associated with
enhanced STAT1 phosphorylation, thus providing evidence
that p50 is involved in inhibiting the IFN-b response in
normal cellular settings. This inhibitory effect is mediated by
the tumor progression locus 2/ERK pathway. The ankyrin
repeats of p50 stabilize tumor progression locus 2, an
MAP3K, leading to poor secretion of IFN-b in macrophages.61

Several signaling pathways require the activation of MAPK and
NF-kB by TAK1. A positive regulatory role of TAK1 for NF-kB
and MAPK has been reported earlier,62 whereas TAK1 is also
considered to phosphorylate p38 and trigger the production of
cytokines and reactive oxygen species induced by LPS. Mice
with TAK1 deficiency in myeloid lineage cells are prone to
lymphadenopathy and splenomegaly and are inclined to LPS-
induced septic shock. These conditions are prevented by
ablation of p38, pointing to the negative role of TAK1 in
p38 activation.

Src homology 2 domain-containing protein tyrosine phos-
phatase (SHP)-1 and SHP-2 are likely to be involved in the
regulation of proinflammatory signaling because SHP-1-
deficient mice rapidly develop inflammation-induced lesions
in the MyD88-dependent pathway.63 IRAK1 and IRAK2
activities are suppressed by SHP-1, leading to a switch in the
production of proinflammatory cytokines such as type I IFNs.
This observation is consistent with a study that showed
that IRAK1 is indispensable for the activation of NF-kB and
the inhibition of type I IFN. In contrast to SHP-1, SHP-2
suppresses TRIF-dependent type I IFN production.64 Although
SHP-2 catalyzes the phosphorylation of TANK-binding kinase-
1, the phosphatase activity of SHP-2 is not required for TANK-
binding kinase-1-activated gene expression. Thus, SHP-2 acts
as an antagonist rather than as a phosphatase for TANK-
binding kinase-1. In another study, a novel function of major
histocompatibility complex I was elucidated. In parallel with
TLR stimulation, Src kinase phosphorylates the intracellular
domain of major histocompatibility complex I rendering this
molecule accessible to Fps, a kinase with an Src homology
domain. Fps then phosphorylates the SHP-2 molecule, leading
to reduced TRAF6 activity.65

Receptor cross-talk
Under typical cellular conditions, receptors cross-communi-
cate with each other to maintain normal physiological condi-
tions. For example, mice with glucocorticoid receptor
deficiency are severely affected when challenged with LPS.
When this effect was studied, it was found that glucocorticoid
receptor inhibited p38 MAPK but not PI3K/Akt, ERK, and
c-Jun N-terminal kinase (in macrophages with functional
glucocorticoid receptor) and hampered the immune response
during TLR4 stimulation.66 Peroxisome proliferator-activated
receptor-g has been implicated in the downregulation of
IFN-b production in response to TLR3 and 4 activation. It
was observed that when peroxisome proliferator-activated
receptor-g is induced by troglitazone, it results in impaired
binding of IRF-3 to the IFN-b promoter. Mice treated with
troglitazone before LPS and poly(I:C) challenge secreted

reduced levels of IFN-b, suggesting that peroxisome
proliferator-activated receptor-g is involved in regulation of
the TLR3 and 4 signaling pathways.67 In another study,
a major hyaluronan receptor, CD44, was found to regulate
the immune responses mediated by TLR2. CD44 is widely
distributed in different tissues and alerts cells to injury. It has
been demonstrated that CD44 also hinders the inflammatory
response through its cytoplasmic domain, indicating a critical
role for it in the regulation of TLR signaling. Mice with CD44
deficiency showed enhanced secretion of inflammatory
mediators.68 CD300a and CD300f, members of the CD300
family, have been proven to reduce the expression of
inflammatory cytokines in response to TLR4 and TLR9
activation while blocking cell activation through all TLRs in
an SHP-dependent manner. By performing different
experiments, it was concluded that SHP-1 could be activated
either by CD300a or CD300f, leading to the inhibition of
TLR9/MyD88-dependent signaling.69 TRIF-mediated signaling
regulation requires both SHP-1 and SHP-2, which could be
achieved only by CD300f. These studies showed differential
regulation of the MyD88 and TRIF pathways by different
CD300 family members.

In the regulation of immune responses, immunoreceptor
tyrosine-based activation-motif-coupled receptors have an
important role through interactions with other receptors such
as TLRs.70 b2-Integrin and FcgR cause the upregulation of
IL-10 by Ca2þ signaling, culminating in a reduced innate
immune response, thereby providing an indirect way to block
TLR signaling.71 Moreover, CD11b activates splenic tyrosine
kinase, which phosphorylates MyD88 and TRIF and facilitates
their ubiquitin-mediated degradation.71 In contrast, CD11b
positively controls the recruitment of MAL to the plasma
membrane through phosphatidylinositol 4,5-bisphosphate and
activation of cell surface-localizing TLRs,72 thus demonstrating
a dual role of the integrin in TLR signaling. The adenosine 2A
receptor has been reported to be involved in several
inflammatory processes. In normal settings, this receptor is
induced by the nucleoside adenosine and has been found to
reduce inflammation by TLR4 and CD44. It was observed that
adenosine 2A receptor induction reduced the levels of
inflammatory mediators, such as TNF-a, IL-6, matrix
metalloproteinase 13 (MMP13), and inducible nitric oxide
synthase produced by IL-1b.73 These results implicated that
adenosine 2A receptor negatively affects IL-1b-mediated
proinflammation. Further studies are required to delineate
the mechanistic details.

The complement system is another important branch of
innate immunity that works to fight a microbial threat. In a
recent study, a novel link between the complement system and
its potential regulation of the immune response was explored.
Activated TLRs on mouse macrophages produce IL-12 and
IL-10 by their respective ligands. TLR-induced IL-12 produc-
tion decreases, while IL-10 production increases by concurrent
stimulation with complement fragment C5a.74 This effect is
PI3K independent, as opposed to results from earlier studies;
however, this may depend on G-protein-mediated activation
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of ERK1/2, as this inhibitory effect is sensitive to treatment
with pertussis toxin and PD98059.

Feedback inhibition of TLR signaling
Feedback inhibition contributes significantly to the overall
regulation of TLR signaling. Several researchers have reported
that various downstream proteins are induced and negatively
regulate TLR signaling in response to TLR stimulation.
Different studies with TRIM30a, a member of the tripartite-
motif-containing (TRIM) protein superfamily, proved that this
protein acts as an inhibitor of TLR signaling. TLR also induces
the expression of TRIM30a, enhancing the degradation
of TAK1-binding protein 2 (TAB2) and TAB3 from the
TAB2–TAB3–TAK1 complex.75 Decreased availability of TABs
shows reduced NF-kB activation and cytokine production. In
support of these observations, findings related to TRIM30a
transgenic mice and in vivo knockdown studies have proven
the protective effects of TRIM30a during LPS-induced
endotoxin shock. Another closely related protein that is
induced by TLR activation, TRIM38, has an inhibitory effect
on TLR signaling by promoting the K46-dependent
polyubiquitination of TRAF6 and TRIF.76,77 In addition,
cylindromatosis, a tumor suppressor deubiquitination
protein, has been reported to modulate TLR2 signaling.78

When TLR2 is activated, it also induces the expression of
cylindromatosis, mediating the removal of polyubiquitin
chains from TRAF6 and TRAF7, both of which are
indispensable for NF-kB and MAPK activation by TLR2
ligands.

TLRs also induce the expression of certain negative
regulators, including IkBNS (also known as IkB delta, IkB
protein, and inhibitor of kappa light polypeptide gene
enhancer in B cells) and B-cell CLL/lymphoma 3 (Bcl3).
IkBNS lowers the effect of induction of IL-6 and IL-12p40
without affecting TNF-a transcription.79 The mechanism
underlying this phenomenon is that IkBNS binds to the IL-6
promoter but not to the TNF-a promoter. A knockout mouse
model is more prone to develop endotoxin shock and
intestinal inflammation, indicating an important role of
IkBNS in inflammation. Bcl3, another member of the IkB
family, is also important for TLR tolerance.80,81 Bcl3 causes
insensitivity in response to prolonged TLR stimulation,
whereas Bcl3-deficient macrophages and DCs produce larger
amounts of cytokines than normal cells. This observation
suggests that Bcl3 limits the proinflammatory response
by stabilizing the p50 subunit that occupies an NF-kB DNA-
binding site.

Autophagy
In addition to the ubiquitin/proteasome system, autophagy
also controls TLR signaling.82 Knockout of an autophagy-
related 16-like 1 caused the production of high levels of
reactive oxygen species, IL-1b, and IL-18 (TRIF-induced
molecules) induced by LPS.83 This study suggests that
autophagy-related 16-like 1 suppresses the TRIF-dependent
pathway, thereby leading to caspase-1 activation. Moreover,

autophagy-related 16-like 1-deficient Paneth cells show
increased expression of the genes involved in intestinal injury
responses.84 The recently discovered autophagy protein,
nuclear dot protein 52, exerts a negative effect on TLR3
signaling by disrupting TRIF and TRAF6 molecules in the
absence of the A20 protein. TRAF6-dependent polyubiqui-
tination of nuclear dot protein 52 occurs subsequent to TLR3
stimulation, leading to the aggregation and selective
degradation of TRAF6. This protein selectively degrades the
TRIF and TRAF6 molecules that are indispensable for TLR-
mediated signaling.85 Surprisingly, nuclear dot protein 52
could effectively suppress poly(I:C)-induced inflammatory
gene expression during A20 silencing. In another study, it
was reported that lysosome-associated small GTPase (also
known as Rab7b) is involved in the lysosomal degradation
of TLR4 subsequent to LPS stimulation,10 thereby
corresponding to negative regulation of TLR-mediated
inflammation.

Transcriptional regulation
Recent advances in molecular genetics and methodological
refinements have unveiled new aspects of transcriptional
regulation, such as chromatin remodeling, in different cell
processes and inflammatory responses.86 In a recent study, it
was reported that NF-kB has a pivotal role in TLR tolerance
for preventing fatal consequences. It has been observed that
NF-kB-binding nucleic acids of gene promoters are tolerogenic
motifs that recruit a repressor complex, comprising nuclear
receptor corepressor-histone deacetylase 3-deacetylated-p50, to
the inflammatory genes that shut down the transcription of
inflammatory genes, while sparing the antimicrobial genes.87

The tolerizable genes convert to non-tolerizable genes when
their motifs are mutated, whereas the opposite occurs when
NF-kB motifs are inserted into non-tolerizable genes. During
the generation of tolerance, repressosome assembly is based on
NF-kB p50; however, this tolerance can be completely
overcome by disrupting nuclear receptor corepressor-histone
deacetylase 3 interaction with tolerogenic motifs. ATF3
facilitates the deacetylation of the promoter region of
proinflammatory genes, recruiting histone deacetylase 1 and
rendering this region difficult to access by transcription
factors.88 ATF3-deficient macrophages secrete increased
amounts of IL-12p40, IL-6, and TNF-a when treated with LPS.

Nuclear receptors also participate in immune response
control by monitoring gene expression. Nuclear receptor
related 1 protein forms a complex with p65 when the cell
encounters LPS. This complex recruits the corepressor for RE1
silencing transcription factor (CoREST) complex, resulting in
transcriptional repression of various genes.89 Microglia are
myeloid cells from the central nervous system that respond to
infection and tissue injury. Nuclear receptor related 1 protein-
deficient microglia show hyper-responsiveness to stimuli,
indicating a protective role of nuclear receptor related 1
protein. The aryl hydrocarbon receptor is present in the
cytosol, senses the presence of chemical compounds, and has
an important role in triggering the immune response.90 In
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macrophages, these receptors are stimulated by LPS and
interact with STAT1 and NF-kB in the IL-6 promoter,
hindering IL-6 production.91 The stability of RNA, mediated
by CCCH-type zinc-finger RNases, is also a major factor in
controlling the transcription of inflammatory genes.
Tristetraprolin mediates the deadenylation of TNF-a mRNA
by binding to the 30-untranslated region through deadenylase
recruitment, leading to the disruption of mRNA.92 Aided by
the RNase MCP-induced protein 1, tristetraprolin degrades
IL-6 and IL-12p40 mRNA, and ameliorates the immune
response towards various TLR ligands, thus protecting the
animal from autoimmunity.93 Another study reported that
inhibitor of kB kinases also phosphorylate MCP-induced
protein 1, which subsequently leads to proteasomal
degradation, resulting in prevention of the inhibition of
IL-6.94 Furthermore, MCP-induced protein 1 also degrades
IL-2 mRNA through an AU-rich element-independent
pathway, thereby modulating the immune response.95

MicroRNA-mediated TLR signaling regulation
In recent years, the importance of non-coding RNAs in gene
regulation has been recognized. Several non-coding RNAs,
including microRNA (miRNA), have been identified. miRNAs
are induced by TLRs and have an important role in precisely
controlling the response.96 These miRNAs often have several
targets and bidirectional function, similar to miR-155. miR-
155 is a TLR-dependent miRNA97 with a dual physiological
role in immune responses.98–105 miR-155 disintegrates
MyD88, TAB2, and inducible inhibitor of kB kinase mRNA
to suppress TLR signaling,98–102 while targeting SHP-1105 and
enhancing signaling. MiR-146a is induced in response to
LPS and downregulates the expression of TRAF6 and IRAK1
mRNA.106 MiR-146a-deficient mice develop myeloid sarcomas
and chronic myeloproliferation due to the regulatory

imbalance of NF-kB.107 It has also been reported that, soon
after birth, miR-146a is expressed at high levels in intestinal
epithelial cells to protect the gut mucosa from bacteria-
induced damage.108

Calcium/calmodulin-dependent protein kinase IIa, a crucial
player in Ca2þ signaling, has been found to regulate the TLR-
triggered inflammatory mediators and type I IFNs. The
destabilization of calcium/calmodulin-dependent protein
kinase II mRNA in DCs is regulated by the different family
members of miR-148 (miR-148a, miR-148b, and miR-152).109

During DC maturation and TLR activation, increased levels of
miRNAs are induced, which degrade calcium/calmodulin-
dependent protein kinase IIa, thus limiting the secretion of
inflammatory mediators and antigen production. Therefore,
miRNA-148/152 influence immune responses that contribute
to immune homeostasis. Programmed cell death protein 4
exerts proinflammatory effects by upregulating NF-kB activity
and IL-10 suppression. Programmed cell death protein 4 is
crucial for the regulation of LPS responses.110 miR-21 is
induced by LPS stimulation and negatively regulates
inflammatory responses by decreasing programmed cell death
protein 4 expression levels. Unlike other mechanisms of TLR
inhibition, transcriptional regulation often enables control of a
particular subset of TLR target genes without terminating TLR
signaling. This property possibly contributes to the regulation
of immune balance beyond the suppression of TLR signaling.

Synthetic inhibitors
Synthetic inhibitors have a potent role in the downregulation
of inflammatory responses in several autoimmune diseases.
Therefore, synthetic inhibitors are crucial in the negative
regulation of TLRs. As the importance of synthetic inhibitors
has been unveiled, several compounds are being used in
different clinical trials and therapies (Table 2) for the treatment

Table 2 TLR antagonists and their associated targets and diseases

Inhibitor Target molecule Disease

OxPAPC CD14, MD-2, LBP Sepsis

Chloroquine/hydroxychloroquine TLR3, TLR7, TLR9 SLE

Imidazoquinolines TLR3, TLR9 Autoimmune disease

Propidium iodide TLR3, TLR7, TLR9 Autoimmune disease

EM77/110 MyD88/TIR domain interaction blockade Inflammatory disease

ST2825 Block MyD88 dimerization and interact with IRAK1 and IRAK4 Chronic inflammatory disease

IMO-3100 TLR7, TLR9 Autoimmune disease

IRS-954 TLR9 Autoimmunity, SLE

E6446 TLR9 Inflammatory disease

Eritoran TLR4 Septic shock

DV1179 TLR7, TLR9 SLE

IPH-32XX TLR7 Autoimmune, cancer

E567 TLR2, TLR4 Anti-viral response

Abbreviations: CD14, cluster of differentiation 14; IRAK, IL-1 receptor-associated kinase; LBP, lipopolysaccharide-binding protein; MD-2, myeloid differentiation factor
2; MyD88, myeloid differentiation 88; OxPAPC, oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine; TIR, Toll/interleukin-1 receptor; TLR, Toll-like
receptors.
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of diseases. Several antimalarial drugs have been used in the
treatment of SLE, including chloroquine, hydroxychloroquine,
and quinacrine. These compounds prevent the acidification
of endosomes that hinders the activation of endosomal
TLRs. Besides these compounds, imidazoquinolines prevent
the activation of TLR3 and TLR9, possibly by masking the
TLR binding epitope of the nucleic acids. Propidium iodide
binds to nucleic acids in the endosomes and prevents
the activation of endosomal TLRs.111 Furthermore,
immunoregulatory DNA sequences are oligonucleotides that,
instead of activating TLRs, are engaged in TLR9 signaling
inhibition. These molecules alleviate the proinflammatory
response caused by CpG stimulation and can be
therapeutically beneficial. These immunoregulatory DNA
sequences have been found to be equally potent in both
mice and humans.112

A previous study showed that oxidized phospholipids, such
as oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphor-
ylcholine (OxPAPC), can block the signaling induced by
bacterial lipopeptide or LPS through TLR2 and TLR4 by
manipulating CD14, LPS-binding protein, and MD-2 in the
serum. The presence of OxPAPC reduces the expression of
TNF-a, IL-6, and IL-12, while this blockade can be reversed by
providing CD14 and LPS-binding proteins in excess to the
serum.113 In an effort to discover new compounds, a study was
performed to identify an inhibitor of TLR2-mediated
inflammation. Of the 101 306 compounds screened, E567
was effective in reducing viral replication in the cell.114

E567 could modulate TLR2 signaling, and to a lesser
extent TLR4, and could provide an alternative antiviral
therapeutic option. MyD88 in TLR signaling represents an
attractive therapeutic target. Through chemical screening,
different compounds that mimic the BB loop structure
of MyD88 have been discovered. For example, EM77 and
EM110 presumably interrupt the association between
IL-1R and MyD88,115 and ST2825 inhibits MyD88
homodimerization.116 These compounds have opened new
avenues for the attenuation of TLR signaling, in addition to
the options available for the direct antagonism of TLRs.

RECENT ADVANCES IN THE NEGATIVE REGULATION

OF TLRS

The findings of a recent study that elucidated the negative roles
of 14-3-3e and 14-3-3s in TLR2-, TLR3-, TLR4-, TLR7/8-,
and TLR9-dependent proinflammation and type I IFN
production helped expand the group of negative regulators
of TLRs. It has been reported that these proteins interact with
MyD88, MAL, TRIF, and TRAM, as well as TRAF3 and
TRAF6, and influence the production of regulated and normal
T cell expressed and secreted, after being phosphorylated, in
the case of all TLRs, except TLR3. Further studies are required
to define the role of these proteins in TLR signaling.117 miR-
223 has been shown to affect negatively TLR signaling by
downregulating STAT3 in murine macrophage cell lines and in
primary macrophages. IL-6 production following TLR
activation leads to the downregulation of miR-233, resulting

in the profound expression of STAT3. The forced expression of
miR-233 is accompanied by a decrease in STAT3 and reduced
production of IL-6 and IL-1b, thus confirming the negative
role of miR-233.118 MMPs have versatile roles in cellular
physiology, including infiltration and immune response
regulation. Recently, MMP-8 was reported to have a
protective role through the cleavage of the inflammatory
mediators S100A8 and S100A9. MMP8 deficiency was found
to worsen lung inflammation in an endotoxemia model.119

This study provided a new role for these MMPs, but due to
multiple contradictory functions, it is necessary to further
explore the precise mechanism underlying the effect of
these proteins. Triggering receptor expressed on myeloid
cell 2 is another receptor that regulates the TLR-mediated
inflammatory response by employing immunoreceptor
tyrosine-based activation-motif-containing adaptor mole-
cules, such as DNAX-activation protein 12 and FcRg, in
bone marrow-derived dendritic cells.120 The mouse model
with triggering receptor expressed on myeloid cell 2 deficiency
showed exaggerated cytokine production and a type I IFN
response, thus suggesting a negative role for this receptor.
NOD-like receptors (NLRs) activate the immune system as
well as modulate the TLR-mediated immune system. NLRC3
(NOD-like receptor family CARD domain containing 3), one
of the NLRs, modulates TLR-induced NF-kB activation by
hindering ubiquitin-mediated TRAF6 activation. When cells
are treated with LPS, the level of NLRC3 mRNA reduces, while
mice lacking NLRC3 secrete increased levels of
proinflammatory mediators, suggesting a negative role for
NLRC3 in TLR signaling, possibly through the formation of a
TRAFasome complex.121

CONCLUSIONS AND FUTURE PROSPECTS

The vital role of TLRs against invading microorganisms has
been appreciated since it was first discovered that TLR4 detects
LPS. Since then, several studies have been performed
to elucidate TLR-mediated inflammatory pathways.122 These
studies have unveiled the role of TLRs in inflammation as well
as the undesired roles of TLRs in several inflammatory
diseases. Overactivation of TLRs disrupts homeostasis and
places the patient at an increased risk of developing
autoimmune diseases. To control hyper-responses, cells have
evolved different mechanisms to protect the host, involving a
plethora of molecules. At different stages, different molecules
prevent the excessive secretion of inflammatory mediators and
assist the immune system in restoring homeostasis. In the
absence of these regulatory molecules, fatal consequences are
inevitable (Figure 3).

TLRs are regulated at the genetic, transcriptional, transla-
tional, and post-translational levels by a combination of
molecules. As an increasing number of studies are being
performed, new regulators will be discovered, highlighting
the importance of TLR regulation. These regulatory molecules
also provide opportunities to exploit and design new therapies
that facilitate the treatment of inflammatory diseases.
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Moreover, by devising strategies to stabilize negative regulatory
molecules, it is possible to alleviate the severity of autoimmune
diseases. Furthermore, other signaling pathways of the innate
immune system also influence the negative regulation of TLR
signaling. The regulators are differentially activated in a
context-dependent and cell-specific manner, leading to com-
plex interactions. Additional studies are required to character-
ize the regulation in this system via these interactions. These
future studies will provide new directions for the therapeutic
targeting of several microbial infections and immune
disorders.
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