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Toll-like receptors (TLRs) have important role in innate immunity, since they detect pathogenassociated molecular patterns on a wide range of microbes, leading towards activation of innate
immune responses and orchestration of adaptive immune response. Most of the viruses have
evolved mechanisms to subvert for the benefit of virus and to evade immune system. Literature
search was performed from Pubmed and Google Scholar search engines. Among thirteen
different types of TLRs, TLR1, TLR2, TLR3, TLR4, TLR7, TLR8 and TLR9 are involved in
responses towards viral infection. In this review, we will discuss earlier evidence, mainly from
knockout mice studies, implicating TLRs in the innate immune response to viruses, in light
of more recent clinical data demonstrating that TLRs are important for anti-viral immunity in
humans.
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1. Introduction
The Toll like receptors ( TLRs) are principal modulators of
innate immune system performing central role in identification of
foreign infection in mammals. These type 1 membrane-spanning,
pattern recognition receptors detect conserved products (pathogen
associated molecular patterns) unique to microbial metabolism.
TLRs are not only significant for innate immune activation but also
important for adaptive immune responses. It has been reported that
identification of various microbial products by TLRs which are
expressed on the dendritic cells (DCs) usually activates functional
maturation leading towards antigen-specific activation of adaptive
immune responses[1]. Multiple viruses have been reported to activate
innate immune system through TLRs which suggests that these
molecules are likely to be associated to outcome of viral infection.
Most of the viruses evolved not only to get escape from the innate
immune system, but also to confound it for the benefit of viruses[2].
Viral infections are propagating silently worldwide[3]. The nature
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contains hidden remedies against viruses and there is a strong need
to identify therapeutic potentials of natural entities[4-6].
TLRs result into activation of nuclear factor kappa-light-chainenhancer of activated B cells (NF-κB) pathway, which ultimately
promotes cytokine production, through multiple adaptor molecules
like TIR domain-containing adaptor inducing IFN-β (TRIF), myeloid
differentiation primary response gene 88 (MyD88) and TIRAP/
Mal. Along with the production of various inflammatory cytokines
[such as tumor necrosis factor alpha (TNF alpha), interleukin 12 (IL12), IL-8, IL-6, IL-1], chemokines and induction of co-stimulatory
molecules (such as CD40, CD86 and CD80), the activation of NFκB pathway tends to link both primary and secondary immune
response. MyD88 tends to bind FAS-associated via death domain,
thereby promoting apoptosis via caspase cascade. Therefore, TLRs
mediated activation of apoptosis tends to contribute towards defense
strategies utilized by the innate immune response.
Among thirteen different types of TLRs, TLR1, TLR2, TLR3, TLR4,
TLR7, TLR8 and TLR9 are involved in responses towards viral
infection[7,8]. TLR1 gets associated with TLR2 in order to develop
heterodimers. The TLR3 tends to recognize dsRNA, which acts as
universal viral molecular pattern. TLR4 was identified as the first
human homologue of Drosophila Toll and was initially explained
to induce gene expression of inflammatory responses[1]. The TLR4
expresses on the surface of many immune cells. The main ligand
of TLR4 is Gram negative bacteria’s lipopolysaccharide (LPS) and
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responsible for activation of MyD88 dependent and independent
pathways[9]. TLR7 and TLR8 are phylogenetically and functionally
related forms of TLRs that are expressed mainly in the endosomal
compartments and are specialized for the recognition of single
stranded ribonucleic acid (ssRNA) form a number of viruses[1012]. Upon activation by specific RNA ligands, these TLRs initiate
a series of signaling event that ultimately leads to production of a
number of antiviral and pro-inflammatory cytokines[13]. TLR9 also
designated as CD289 recognizes CpG sequences of bacterial genome
and viral DNA present in DNA molecules and activates anti-viral
immune responses[14]. Viruses have certain proteins that inhibit
TLR signaling thus playing the role in immuno-pathogenesis and
virulence. Elevated activation of various cellular proteins may cause
cancer proliferation, which can be further inhibited by potential
inhibitors[15-19]. Rapidly increasing viral epidemics could bring
havoc in poor countries and can potentially wipe out even the entire
nations[20]. Tremendous efforts are being put forward by many
scientists, from whole world, for prevention and control of viral
infection[16]. In the light of most recent clinical and experimental
investigations on human, this review illustrates importance of TLRs
in the innate immune response and elucidates potential therapeutic
interventions.

2. TLR1
In 1994, TLR1 was initially recognized as Toll in Drosophila
( TIL), possibly involved in mammalian development. Prior to
TIL discovery, a molecule possessing significant association with
mammalian immune system was recognized and termed IL-1
receptor. On the basis of cytoplasmic portions, it was identified
that the molecule had approximate homology towards Drosophila
Toll[21]. TLR1 (of approximately 786 amino acid protein) plays an
important role in innate immune response and cooperates with TLR2
to mediate innate immune responses against bacterial lipopeptides
or lipoproteins. TLR1 utilizes MyD88/Mal and TNF receptorassociated factor 6 (TRAF6) adapter molecules for ligand specific
signal transduction. TLR1 signal transduction usually leads to NF-κB
activation, generation of inflammatory response and production of
cytokines. It has been reported that TLR1 is ubiquitous and its high
expression is found in spleen, thymus peripheral blood leukocytes,
small intestine and ovary [22] . Some of the alternative names
associated with TLR1 include: TLR1, Toll/IL-1 receptor-like protein,
TIL, rsc786, CD281, DKFZp547I0610, KIAA0012, DKFZp564I0682,
MGC126312, MGC126311 and MGC104956.
TLR1 gets associated with TLR2 in order to develop heterodimers.
TLR1s are located at cellular surface of macrophages/monocytes, B
lymphocytes and a subset of DCs. According to Jin et al., TLR1-TLR2
heterodimer formation promotes intracellular cytoplasmic Toll/IL-1
receptor-resistance (TIR) domains to come close thereby promoting
dimerization and initiation of intracellular signaling. Extensive
hydrophobic interactions and hydrogen-bonding between TLR1 and
TLR2 tends to further stabilize heterodimer[23]. It has been reported
that TLR1 usually recognizes multiple triacyl lipopeptides[24]. It was
reported that TLR1, TLR2 and TLR2, TLR6 exist as heterodimers at
surface of cell and recognize multiple diacylated lipoproteins and
triacylated lipopeptides of bacterial origin[25]. According to Daley
et al., TLR1 variant (rs4543123) was found to be associated with
multiple viruses such as parainfluenza virus and respiratory syncytial
virus (RSV)[26]. It has been reported that TLR1 and TLR2 heterodimer
recognizes envelop proteins of human cytomegalovirus (HCMV)
thereby leading towards release of proinflammatory cytokines[2].

Chang et al. reported that TLR1 and TLR6 are associated with TLR2mediated macrophage activation via hepatitis C virus (HCV) core and
nonstructural protein 3 (NS3) proteins[27]. It was further investigated
in human cells that TLR1 or TLR6 deficient cells result into
significant cytokine reduction upon HCV protein stimulation. This
suggests that in case of macrophages, TLR2 tends to exploit TLR1 or
TLR6 in innate immune recognition of HCV proteins. A decreased
expression of TLR1 and TLR2 was identified in carotid plaques, after
4 weeks of lentiviral transfection[28].
It has been reported that the activation of antiviral TLR1 dependent
signaling cascade would ultimately lead towards activation of the key
transcription factors such as NF-κB which would ultimately promote
various antiviral responses via induction of specific genes[29]. TLR1/
TLR2 dimer generates intracellular signaling via IL-1 receptorassociated kinase4 (IRAK4) mediated activation of IRAK1/2 which
causes stimulation of NF-κB, p38 and JNK proteins in cytoplasm.
These proteins (NF-κB, p38 and JNK) enter into nucleus thereby
causing activation of various proinflammatory cytokines such as
TNF alpha, IL-1 beta, IL-6, IL-8 and IL-18. Abnormal TLR1/TLR2
signaling may contribute towards the enhancement of infectionrelated morbidity and mortality.

3. TLR2
TLR2 of approximately 784 amino acids normally exist at surface
of cell. TLR2 s are mostly found on monocytes/macrophages,
myeloid DCs and mast cells. These TLRs generally utilize MyD88/
Mal adapter molecules. TLR2 ligands include multiple ligands such
as glycolipids, lipopeptides, lipoproteins, lipoteichoic acid, heat
shock proteins (Hsp70) and zymosan (beta glucan)[30]. TLR2s are
highly expressed in monocytes, peripheral blood leukocytes, lymph
nodes bone marrow and spleen. These TLRs are also found in fetal
liver and lungs. While in other tissues, TLR2 levels are comparatively
low. TLRs, after their expression, experience post-translational
modification. It has been observed that Asn-442 glycosylation is
important for secretion of TLR2 N-terminal ectodomain. Literature
review illustrated that TLR2 coordinates with LY96 to mediate innate
immune response. It also coordinates with TLR1 to mediate innate
immune response against bacterial lipopeptides or lipoproteins.
Some of the alternative names of TLR2 include Toll-like receptor 2,
Toll/interleukin-1 receptor-like protein 4, TIL4 and CD282.
TLR2 usually dimerizes with TLR1 and TLR6 for recognition of
various ligands such as envelop glycoproteins of various viruses,
GPI-mucin of protozoa, beta-glucan and zymosan of different fungi,
porins and peptidoglycans and lipoproteins of multiple pathogens.
It has been reported that when TLR1/TLR2 dimeric complex gets
assembled with TLR2/TLR6 complex, then two signaling pathways
are generated which meet at single point of proinflammatory
cytokines activation. Structurally, the receptor TLR2/TLR6 complex,
compared to TLR1/TLR2 complex, contains an additional CD36
surface protein molecule which tends to stabilize the complex. In
both types of complexes, the intracellular signaling cascade follows
the same pattern. Cytoplasmic IRAK4 protein causes activation of
IRAK1/2. The TRAF6 after interacting to TAK1 and TAB1/2 complex
generates IKK and MKK proteins which further result into activation
of NF-κB, p38 and JNK mediated cellular pathway. NF-κB, p38 and
JNK enter into the nucleus, thereby resulting into transcription of
various important proinflammatory cytokines including TNF alpha,
IL-1 beta, IL-6, IL-8 and IL-18.
The TLR2 acts via TRAF6 and MyD88 thereby leading towards
activation of NF-κB, inflammatory responses and cytokine secretion.
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In response to lipoproteins, the TLR2 may also promote phenomenon
of apoptosis. DNA viruses such as HCMV, vaccinia virus (VACV),
lymphocytic choriomeningitis virus, RSV, HCV and herpes simplex
virus are at least partially dependent on TLR2[31-34]. Heggelund
et al. has identified that among HIV-infected patients, freshly
isolated monocytes expressed significant level of TLR2 compared
to TLR4[35]. Further investigation revealed that elevated surface
expression level of TLR2 was associated with stimulation via HIV
type 1 envelope protein gp120. It was further confirmed that TLR2
stimulation in such patients, tends to promote TNF alpha responses
and viral replication[35]. Hernández et al. reported that HIV type 1
infection causes upregulation of TLR2 expression in both in vitro
and in vivo conditions[36]. Hepatitis B virus (HBV) is considered to
be 10 and 100 times more infectious, compared to HCV and HIV[16].
Worldwide, on average, HBV infection causes the death every 30–45
s[37]. Interplay between HBV and TLR2-mediated innate immune
responses proposed that restoration of TLR2 functions could possibly
be used as a new therapeutic option[38].
In absence of hepatitis B envelop antigen, the viral replication was
significantly associated with increased activation of TLR2 mediated
pathway which leads towards upregulation of TNF alpha. It was
further concluded that there exists an important interaction between
host immune responses, HBV and hepatitis B envelop antigen. It has
been reported that when TLR2 agonist Pam2Cys was intranasally
administered, it triggered a cascade of innate immune signals and
inflammatory cytokines which resulted into macrophages and
neutrophils attraction, further leading towards secretion of IL-2,
IL-6, IL-10, TNF-α, IFN-γ and MCP-1. Such events significantly
reduced the potential for transmission of infection via promoting
resistant strategies against influenza A virus. It did not affect host
generated adaptive immune response which was measured by
identifying virus-specific CD8+ T cells after exposure made by
influenza A[39]. Cuevas et al. while working on Junín virus induced
innate immune responses reported that TLR2 is a cellular sensor
of both the Candid 1 and Parodi viral glycoproteins[40]. A study
conducted on RSV reveled possible anti-viral responses generated via
TLR2. Anti-RSV cytokine production was dependent upon TLR2/6
heterodimerization. While TLR2-RSV interactions were involved
in DCs activation and neutrophil migration[41]. Initially TLR2 were
found to be responsible for sensing VACV infection on bone marrow
derived DCs. The release of pro-inflammatory cytokine was found
TLR2 dependent, whereas the type I interferon production was found
TLR2 independent[42].
TLR2s are found to be associated with HCV immune evasion
mechanism. It has been reported that among chronic HCV infection,
the HCV core protein induces cytokine production (TNF-α and
IL-10) from macrophages. Production of such cytokines causes
reduction in interferon alpha releasing from plasmacytoid DCs or
may induce apoptosis of plasmacytoid DCs. In patients’ clinical
aspects, administration of interferon alpha could provide protection
against HCV infection[43]. In humans monocytes and HEK-293S
human fibroblasts, experiments were performed to identify TLR
association with viruses. It was found that HCV, Epstein Barr virus
and HCMV have association with human TLR2 via core protein NS3,
unknown and envelop proteins B and H respectively. Similarly, when
experiments were performed on HEK293, it was found that HCMV
associates with TLR1/TLR2 possibly via envelop proteins B and
H[44].
It has been reported that HCV three proteins including core (C),
NS3/4 and non structural 5A (NS5A) have close association with
TLRs related signaling pathway and RNA helicase retinoic acid
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inducible gene-I associated signaling pathway. The core protein
of HCV (only in its monomeric form) has found to be associated
with TLR2 signaling pathway. This interaction facilitates HCV
innate immune evasion. HCV NS3/4A has found to be associated
with disruption of RIG-1 and TLR3 signaling pathways. HCV NS5A
downregulates NKG2D expressions in natural killer (NK) cells
thereby resulting into functional disability. It has been reported
that when HCV core protein was expressed in Mono Mac 6 human
monocytic cell line and HEK293, there was significant increase in
IL-6 and IL-8 levels via TLR2 pathway. It was further revealed that
after expression of HCV core protein, the MyD88 deficient spleen
cells were unable to produce IL-6. These findings illustrated TLR2
associated signaling defects as MyD88 is an important downstream
effect or molecule of TLR2 signaling pathway[45].

4. TLR3
TLR3 is a member of the Toll-like receptors family. It is also
known as CD283 and is encoded by the TLR gene. This gene is
present on the human chromosome 4[9]. TLR3 recognizes universal
viral molecular pattern ds RNA. Thus TLR3 is involved in host
immune responses against viruses. Poly(I:C), a synthetic ligand, has
been reported to mediate immune responses through TLR3. TLR3
can induce the production of TNF-alpha, IFN-beta, IL-12 and IL-6
by responding to dsRNA as it specifically recognizes poly(I:C) and
Lang reovirus purified genomic dsRNA[46]. However, certain studies
have also illustrated that TLR3 do not play significant role in the
antiviral immune responses of the host to dsRNA of reovirus. In one
of the studies, it was shown that both TLR-deficient and -sufficient
mice were equally susceptible to infection and an equivalent T cell
immune response was generated against reovirus[47]. The TLR3
structure has been recently investigated by scientists at the Scripps
Research Institute. According to this study, TLR3 makes a large
horseshoe shape that associates with a neighboring horseshoe. So
by this way it forms a dimer of two horseshoes. A greater portion
of the surface of TLR3 is covered with sugar molecules making it
a glycoprotein. There exists a large sugar-free surface on one of its
faces including the proposed interface between the two horseshoes.
Two regions of positively charged amino acids are distributed on
TLR3 surface. It has been suggested that these distinctive regions
of amino acids may provide binding sites for negatively charged
double-stranded RNA. So the structure might play a crucial role in
identification and attachment to its target molecule. Although TLR3
is a glycoprotein, it can crystallize for analysis of its structure by
X-ray crystallography[48].
A two-hybrid screening has resulted in the identification of TRIF/
TICAM-1 as a molecule that works in association with TLR3. In
contrast to other signaling molecules like TIRAP/Mal and MyD88,
the TRIF is a large protein that is made up of 712 amino acids in
humans. The attachment of TLR3 to dsRNA leads to over expression
of TRIF as well as TIRAP and MyD88 subsequently causing the
activation of the NF-κB dependent promoter in human cells. But
the activation of promoter for IFN can only be brought about by
overexpression of TRIF and not MyD88 or TIRAP. The TLR3 ligand
induced IFN promoter activation can be inhibited by dominant
negative TRIF. Also if TRIF is knocked down by RNAi, it can result
in aberration in expression of TLR3 ligand induced IFN. TLR3
and TLR4 mediated responses have been found defective in TRIF
mutant mice. This was revealed by a random germline mutagenesis
study which used alkylating agent N-ethyl-N-nitrosourea. TRIF
has been demonstrated to be crucial molecule for TLR3 and TLR4-
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mediated MyD88-independent pathway. The signaling pathway of
TLR4 is likely to require activation of both MyD88-dependent and
-independent pathways to induce inflammatory cytokines.
The rhinoviruses cause common cold and were studied for
understanding the role of TLR3 . It has been found that TLR3
mRNA expression and surface protein expression induce rhinoviral
replication. TLR3 tends to mediate antiviral activity in the rhinovirus
infected human bronchial epithelial cells. The increase in rhinovirus
replication is the result of the blockage of TLR3 during infections[49].
West Nile virus is ssRNA flavivirus. TLR3 plays a significant role
in pathogenesis. This virus causes a human disease with different
levels severity by replicating through a dsRNA. The West Nile
virus infection causes TLR3-dependent inflammatory response
which tends to promote viral penetration into brain tissues leading
towards encephalitis which may prove lethal[13]. Cytokines such as
interferons, TNF-alpha and IL-6 are secreted when virus replicates
in peripheral tissues. This is because of the inflammation. The West
Nile virus infection and TLR3 stimulation cause TNFR1 mediated
signaling which participates in blood-brain barrier breakdown[50].
Another amazing characteristic of TLR3 is that it accelerates the
cross-priming to virus-infected cells. It is hypothesized that TLR3
may have originated to permit cross-priming of cytotoxic T cells
against those viruses which are directly unable to infect DCs[51].
Evidence till now have shown that TLR3 is not universally required
for the antiviral responses, which proposes a potential role of other
pattern recognition receptors. In this regard, the RNA helicases
represent an alternative major cellular sensor for various viral
infections associated with dsRNA[52].

5. TLR4
TLR4 is a protein of approximately 835 amino acids that is
encoded by TLR4 gene in humans[9]. TLR4 has been reported to
express on the cellular surface of variety of immune cells that
migrate to phagosomes after activation. TLR4 was identified as the
first human homologue of Drosophila Toll, and was shown to induce
the expression of genes involved in inflammatory responses[1].
Mutation in TLR4 gene was identified in mouse strains, which were
hyporesponsive to LPS[53]. The mechanism of activation of TLR4 is
quite complex. A co-receptor myeloid differentiation factor 2 (MD-2)
is a soluble protein which recognizes and binds to endotoxin LPS
that is outer membrane component of Gram negative bacteria[54,55].
MD-2 binds to the five acyl chains of lipid A component of LPS and
sixth chain interacts with TLR4 receptor. This causes the dimerization
of the MD-2/TLR4 and ultimately activation of the TLR4 signaling
cascade i.e., MyD88 dependent pathway triggers transcription of
inflammatory responses and MyD88 independent pathway triggers
type I interferon[11,56,57]. As LPS is the central ligand for TLR4
in mammals it can activate over thousands of genes. So TLR4 is
involved in not only the immune responses against Gram negative
bacteria but in viral infections, chronic inflammation, malignancies,
cancers and autoimmune diseases.
TLR4 is involved in immune responses against viral infections.
Fusion protein of the RSV is ligand for TLR4 and CD14. This gives
antiviral response via induction of cytokines. The mice deficient in
TLR4 have viral infection persisted longer. TLR4 polymorphisms
show increased susceptibility to respiratory infection where high risk
infants show heterozygosity for D299G and T399I polymorphisms.
In TLR4 knock-out mice, the RSV infection showed impaired
IL-12 expression, reduced NK cell function and impaired virus
clearance as compared to wild-type mice[58]. Coxsackie virus

B4 cause insulin dependent diabetes mellitus via viral induced
pancreatic damage. CBV4 infection induces the production of
proinflammatory cytokines via TLR4 that are involved in damage
to insulin producing cells[59]. Vaccinia viral ligand is recognized
by TLR4 and induces protective immune responses and the mice
deficient in TLR4 had great replication of viruses and mortality
than control animals[60]. TLR4 is a sensor for glycoprotein of Ebola
virus and induces the pro-inflammatory cytokines and suppression
of cytokine signaling 1 in monocytes and macrophages that result
in immuno-pathogenesis[61]. TLR4 activation causes the activation
of NF-κB. This NF-κB is important inducer of HIV-1 and plays an
important role in pathogenesis via regulating expression of NF-κB
and proinflammatory cytokines in peripheral blood mononuclear
cells and monocyte-derived macrophages. Thus modulation of
TLR4 tends to depict the mechanism to promote HIV replication
and progression of AIDS. TLR4 plays antiviral role against HBV in
kidney and induces immune injury. These immune inflammatory
reactions inhibit viral replication[62]. If transgenic mice are injected
with TLR4 then replication of virus is inhibited in liver via IFNalpha/beta dependent manner. TLR4 is upregulated on monocytes of
patients having chronic HBV and induces regulatory T cell responses
and immune tolerance[63]. After HCV infection, TLR4 shows three to
seven fold upregulation. NS5A protein of HCV causes induction of
TLR4 by upregulating its promoter in hepatocytes, thereby activating
B cells by increasing production of interferon beta and IL-6 [64].
Human T-lymphotropic virus-1 has p30 protein that interferes with
TLR4 signaling. This protein results in downregulation of expression
of TLR4 on surface and reduces the release of proinflammatory
cytokines. In adult T cell leukemic patients, anti-inflammatory
cytokines are released in macrophages after TLR4 activation resulting
in low adaptive immunity[65]. TLR4-TRIF pathway has a vital role in
immunity against H5N1 influenza A virus, however, TLR3 signaling
is also involved[66]. TLR4 recognizes the glycoprotein of vesicular
stomatitis virus. Macrophages activation of PI3 kinase pathway via
TLR4 leads to type I interferon expression and antiviral immunity[67].
In myeloid DCs, TRIF/TRAM pathway is activated which leads to
type I interferon response and ultimately antiviral immunity.

6. TLR7 and TLR8
TLR7 and TLR8 are phylogenetically and functionally related
forms of TLRs[10,68]. TLR7 and TLR8 are expressed mainly in the
endosomal compartments of specific immune cells. TLR7 is largely
expressed by plasmacytoid dendritic cells (pDCs)[11,69-71]. TLR8, in
contrast, is chiefly expressed by myeloid DCs and monocytes[72,73].
These TLRs are specialized for the recognition of ssRNAs from a
number of viruses. TLR7 specifically recognizes ssRNA containing
guanosine- and uridine-rich sequence motifs. A specialized sensing
mechanism for a number of short interfering RNAs has also been
associated with TLR7[12]. TLR7 is known to be involved in immune
responses against dengue virus, influenza A virus, Sendai virus,
vesicular stomatitis virus and HIV. TLR8, to date, has been shown
to be mainly associated with HIV. But the potential of involvement
in immune response against a number of ssRNA viruses is still to be
discovered[74-77]. New insights have shown the potential role of TLR7
in sex-dependent patterns of HIV pathogenesis. The polymorphisms
in TLR7, such as Gln11Leu, have been associated with accelerated
disease progression in HIV-infected patients and high viral load[78].
Knockout studies in mice have shown that exact role of TLR7
and TLR8, in a viral infection might depend upon factors such as
passage history, virus dose and route of administration[79]. TLR7
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is localized in endoplasmic reticulum of unstimulated cells. Upon
activation, TLR7 traffics to the endosomal compartment where
it can be stimulated by binding of specific ligands. These ligand
bound complexes of TLR7 are retained which leads to potent type I
interferon response by pDCs[80]. TLR7-expressing pDCs have also
been shown to be associated with the class switching of B cells,
induction of type-I T helper responses and cross-priming in both
human and mice[81].
TLRs have a ligand binding domain that binds the ssRNA ligands
inside the endosomal compartments, a transmembrane domain that
spans the membrane of the endosome, and TIR domain that faces the
cytosol. Upon stimulation by a specific ssRNA ligand, TLR7 and TLR8
recruit an adaptor MyD88 to the cytoplasmic TIR domain. MyD88
in turn forms a complex with two IRAKs: IRAK-4 and IRAK-1. Upon
activation, this complex recruits TRAF6. IRAK1/TRAF6 complex then
dissociates from TLR. In addition to IκB kinase gamma (IKKγ), the
TRAF6 also performs polyubiquitination of transforming growth
factor beta and activated kinase 1. IKKγ subsequently associates
with IKKα and IKKβ. A series of phosphorylation events then lead
to IKK mediated degradation of IκB, which in the unphosphorylated
state sequesters NF-κB in the cytosol. NF-κB now enters the nucleus
to induce gene expression. TAK1 also triggers a mitogen activated
protein kinase pathway leading to the formation of activator protein.
Similar to NF-κB, activator protein enters into nucleus, and together
both induce expression of proinflammatory genes[11,13].
Interferon regulatory factor 5 and 7 (IRF5 and IRF7) also interact
with IRAKs and TRAF6 complex. This leads to IRAK1-dependent
phosphorylation and both molecules are then transported to the
nucleus. Animal model studies have shown that while IRF5 is
primarily involved in regulating induction of pro-inflammatory
cytokines, IRF7 is an important mediator in TLR7/TLR8-dependent
type I interferon production[80,82-84].
Agonists of TLR7 and TLR8 can serve as potent therapeutic
agents. These agents have shown promising results in several viral
infections caused by a variety of viruses. TLR7/8 agonist, conjugated
with HIV-1 gag protein, has shown to improve the quality and
magnitude of T-cell response in non-primate animal models. TLR7
agonist, imiquimod has been effectively used against a number of
viral infections caused by RNA viruses[85,86]. Synthetic agonists of
TLR8, for example imidazoquinoline, exhibit immunostimulatory
activity. In addition to their therapeutic potential, various conjugates
of TLR7/8 agonists can be also used as adjuvants in vaccines[87].
It has been reported that the TLR7 agonist R848 can be used to
enhance HBsAg-specific humoral and cellular immune responses.
Furthermore, the R848 conjugated with CpG oligonucleotides can
also be used as effective adjuvants for therapeutic and prophylactic
HBV vaccine formulations.

7. TLR9
TLR9 is expressed in different cell types such as monocytes,
neutrophils and CD + T cells where it is involved in immune
activation. It is also expressed in non-immune cells. TLR9 is
expressed on B cells and plasmacytoid DCs[14]. TLR9 mediates
immune responses to viral DNA by identifying CpG motifs of
microbial DNA. pDCs produce type 1 IFNs which in turn play key
role in anti-viral responses. When infected with herpes simplex
virus-1, murine cytomegalovirus (MCMV), adenovirus, poxvirus and
murine gamma herpes virus 68, different TLR9 dependent responses
occur. In case of murine gamma herpes virus infection, low levels
of pro-inflammatory cytokines and type 1 IFNs are produced as DCs
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derived from bone marrow are TLR9 deficient cells. In human, TLR9
is important in HIV infection. There is impaired B cell response
to TLR9 agonists because HIV infected individual’s B cells have
decreased amounts of TLR[88]. Activation of human pDCs and
stimulation of TLR9 are inhibited by gp120 of HIV. As a result,
there is a rapid disease progression due to TLR9 polymorphism[89].
It is not known that whether it recognizes HIV directly or by some
secondary means. Expression of TLR9 is reduced in pDCs in patients
with chronic hepatitis B infection[90]. In HCV dependent cirrhosis,
TLR 9 is upregulated[91]. In RSV and measles infection, there is
inhibition of production of type 1 IFN in pDCs[92].
TLR9 agonists can be used as vaccine adjuvant and for treatment of
allergic and infectious diseases and cancer as mono- or combination
therapies. TLR9 agonists are directly involved in activation as well as
maturation of plasmacytoid DCs and tend to enhance differentiation
of B cells into antibody-secreting plasma cells. TLR9 can enhance
both cellular and humoral responses. Clinical trials have shown that
when these agents are used as vaccine adjuvants, they increase the
development of antitumor T cell responses and thus play role in
antitumor activity. In different primates and rodents models, CpG
oligodeoxynucleotide has been proved to be beneficial for asthma
and other allergic diseases. The clinical contributions are enormous
but it is still to be determined the safety and efficacy of the TLR9
agonist in human.
Response to viruses is by secretion of IL-12 and type 1 interferon
by natural interferon producing cells. Infection prevention and
control (IPC) of some of the viruses in vitro is recognized by TLR9.
Ly49H receptor of MCMV is expressed by NK cells which are
involved in viral clearance through cytokine secretion mediated by
TLR. Depletion of IPC leads to a dramatic reduction in IFN-α, which
lead other cell types to release IL-12, as a result normal NK cell
and IFN-gamma responses to MCMV. It is concluded that antiviral
cytokine responses by DC, IPC and other cell types, are mediated by
TLR9/MyD88 pathway and their coordination is necessary for NK
function clearance of MCMV.
Small pox is caused by poxviruses. Virus use multiple process to
inactivate DC and ultimately suppression of immune response has
developed multiple strategies to suppress immune responses. It is
hypothesized that as these are large DNA viruses, their recognition
is through DCs involving endosomal DNA recognition receptor
TLR9. According to a study, TLR9 recognizes the causative agent
of mousepox, ectromelia virus (ECTV) by DC recognition. Mice
lacking TLR9 are more susceptible to ECTV infection indicating
the importance of TLR9. In contrast, DCs are activated by vaccinia
virus Ankara (MVA) which are modified by strongly attenuated
poxvirus through both TLR9-independent and dependent pathways.
It is therefore tested whether to protect ECTV lethally infected mice.
There is a need for stimulation of immune responses by MVA. In
fact, mice are protected from death when at the same time MVA
given as a lethal dose of ECTV. Importantly, MVA if administered for
2 days rescued TLR9 deficient mice. Therefore, these data purpose
an important role of TLR9 in the defense against poxviruses[93].
Some of the infections are caused by human gamma herpes viruses
like Kaposi’s sarcoma associated herpes virus and Epstein Barr
virus. For the study of gamma herpes virus pathogenesis, murine
gamma herpes virus 68 serves as a model. Unmethylated CpG DNA
motifs which are present in viral and bacterial DNA are recognized
by TLR9. DCs from wild type mice are compared with Flt3L cultured
DCs which secreted very low levels of IFN-alpha, IL-6 and IL-12
when stimulated by gamma herpes virus. After infection, there is
higher viral load which is seen in both latent and lytic infection.
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This suggests involvement of TLR9 during gamma herpes virus
infection[94].
VACV encodes two proteins that target the TLR system for
inhibition. A46R was shown to associate with the TIR adaptors to
downregulate TLR signaling, and it inhibits all the four adaptor
proteins, MyD88, MAL, TRAM, and TRIF, while A52R was shown
to target IRAK2 to inhibit TLR mediated NF-κB activation[95,96].
Another protein of VACV , K7 was shown to target DDX3 , a
component of IKKε/TBK1 complex, required for IFNβ induction[97].
HCV is another virus that encodes protein to inhibit TLR mediated
signaling in that its protease NS3/4A cleaves TRIF, while NS5A
inhibits MyD88[98]. Thus these and other viral inhibitors contribute
to virulence. Another newly discovered proteins which inhibit TLR3
are 14-3-3ε and 14-3-3σ which play important role in signaling of
different TLRs. Both these proteins impair the normal function of
TLR2, TLR3, TLR4, TLR7/8 and TLR9 ligand-induced IL-6, TNFα and
NF-κB and IFN-β production and their reporter gene activity. 143-3ε and 14-3-3σ also bind to both TRAF3 and TRAF6. So through
modulation of TLR signaling pathway, these two proteins play major
regulatory role in balancing the host inflammatory response to viral
infections. It is shown that 14-3-3ε and 14-3-3σ inhibit TLR2, -3, -4,
-7/8 and TLR9 mediated signaling. In contrary, 14-3-3ε and 14-33σ enhance TLR2, -4, -7/8 and TLR9 mediated RANTES production
and inhibit TLR3 mediated RANTES production. Researches until
now have shown that following LPS stimulation of cell, PKCε is
recruited to TLR4, which is followed by phosphorylation of PKCε
and subsequent association with 14-3-3β in a MyD88 dependent
manner[99]. This binding of 143-3β to PKCε has been shown to
lock PKCε in an open conformation thus regulating its lipid binding
activity[100]. Thus regarding the role of viral infection, it is proposed
that initial sensing of virus by the TLR leads to suppression of 14-33ε and 14-3-3σ expression thereby permitting the induction of TLRdriven early proinflammatory cytokines and type 1 IFN production
towards the elimination of infection[101].

Conflict of interest statement
We declare that we have no conflict of interest.

References
[1] M
 edzhitov R, Preston-Hurlburt P, Janeway CA Jr. A human homologue
of the Drosophila Toll protein signals activation of adaptive immunity.
Nature 1997; 388: 394-7.
[2] C
 arty M, Bowie AG. Recent insights into the role of Toll-like receptors
in viral infection. Clin Exp Immunol 2010; 161: 397-406.
[3] S
 aeed U, Waheed Y, Manzoor S, Ashraf M. Identification of novel silent
HIV propagation routes in Pakistan. World J Virol 2013; 2(3): 136-8.
[4] S
 aeed U, Piracha ZZ. Viral outbreaks and communicable health hazards
due to devastating floods in Pakistan. World J Virol 2016; 5(2): 82-4.
[5] S
 aeed U, Nawaz N, Waheed Y, Chaudry N, Bhatti HT, Urooj S, et al. In
silico identification of BIM-1 (2-methyl-1H-indol-3- yl) as a potential
therapeutic agent against elevated protein kinase C beta associated
diseases. Afr J Biotech 2012; 11: 4434-41.
[6] S
 aeed U, Jalal N, Ashraf M. Roles of cyclin dependent kinase and cdkactivating kinase in cell cycle regulation: contemplation of intracellular
interactions and functional characterization. Glob J Med Res 2012; 12:
47-52.
[7] Saeed U, Mazoor S, Jalal N, Zahid Piracha Z. Contemplating the
importance of Toll-like receptors I and II regarding human viral
pathogenesis. Jundishapur J Microbiol 2014; 8(1): e13348.

[8] T
 akeuchi O, Akira S. Innate immunity to virus infection. Immunol Rev
2009; 227: 75-86.
[9] R
 ock FL, Hardiman G, Timans JC, Kastelein RA, Bazan JF. A family of
human receptors structurally related to Drosophila Toll. Proc Natl Acad
Sci U S A 1998; 95(2): 588-93.
[10] Jurk M, Heil F, Vollmer J, Schetter C, Krieg AM, Wagner H, et al.
Human TLR7 or TLR8 independently confer responsiveness to the
antiviral compound R-848. Nat Immunol 2002; 3: 499.
[11] Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol 2004;
4(7): 499-511.
[12] Hornung V, Guenthner-Biller M, Bourquin C, Ablasser A, Schlee M,
Uematsu S, et al. Sequence-specific potent induction of IFN-alpha by
short interfering RNA in plasmacytoid dendritic cells through TLR7.
Nat Med 2005; 11: 263-70.
[13] Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E, Flavell RA.
Toll-like receptor 3 mediates West Nile virus entry into the brain causing
lethal encephalitis. Nat Med 2004; 10(12): 1366-73.
[14] Vollmer J, Krieg AM. Immunotherapeutic applications of CpG
oligodeoxynucleotide TLR9 agonists. Adv Drug Deliv Rev 2009; 61:
195-204.
[15] Jalal N, Haq S, Anwar N, Nazeer S, Saeed U. Radiation induced
bystander effect and DNA damage. J Cancer Res Ther 2014; 10: 81933.
[16] Saeed U, Waheed Y, Ashraf M. Hepatitis B and hepatitis C viruses:
a review of viral genomes, viral induced host immune responses,
genotypic distributions and worldwide epidemiology. Asian Pac J Trop
Dis 2014; 4(2): 88-96.
[17] S
 aeed U, Waheed Y, Anwar A, Hussain T, Naeem K, Nawaz N, et al. Insilico binding of ATP to protein kinase C delta: insights into the structure
and active site. Eur J Sci Res 2011; 52: 177-87.
[18] Saeed U, Jalal N. Orange juice: a natural remedy for treatment of
Cancer, prevention of chronic inflammation, metabolic disorders and
cardiovascular diseases. J Public Health Biol Sci 2013; 2: 183-4.
[19] Imadi SR, Saeed U, Waqar K. Role of ascorbic acid (vitamin C) in
cancer therapeutics: a cross-sectional study on health care professionals,
patients and general public. J Public Health Biol Sci 2012; 1: 103-9.
[20] Saeed U, Manzoor S. Risk factors associated with transmission of
hepatitis B and hepatitis C virus in Pakistan. Glob J Med Res 2014; 14;
14-9.
[21] N
 omura N, Miyajima N, Sazuka T, Tanaka A, Kawarabayasi Y, Sato S,
et al. Prediction of the coding sequences of unidentified human genes.
I. The coding sequences of 40 new genes (KIAA0001-KIAA0040)
deduced by analysis of randomly sampled cDNA clones from human
immature myeloid cell line KG-1. DNA Res 1994; 1(1): 27-35.
[22] Gay NJ, Keith FJ. Drosophila Toll and IL-1 receptor. Nature 1991;
351(6325): 355-6.
[23] Jin MS, Kim SE, Heo JY, Lee ME, Kim HM, Paik SG, et al. Crystal
structure of the TLR1-TLR2 heterodimer induced by binding of a triacylated lipopeptide. Cell 2007; 130(6): 1071-82.
[24] D
 oan T, Melvold R, Viselli S, Waltenbaugh C. Immunology (Lippincott
illustrated reviews series). Philadelphia: Lippincott Williams & Wilkins;
2012.
[25] Kumar H, Kawai T, Akira S. Toll-like receptors and innate immunity.
Biochem Biophys Res Commun 2009; 388: 621-5.
[26] Daley D, Park JE, He JQ, Yan J, Akhabir L, Stefanowicz D, et al.
Associations and interactions of genetic polymorphisms in innate
immunity genes with early viral infections and susceptibility to asthma
and asthmarelated phenotypes. J Allergy Clin Immunol 2012; 130(6):
1284-93.
[27] C
 hang S, Dolganiuc A, Szabo G. Toll-like receptors 1 and 6 are involved
in TLR2-mediated macrophage activation by hepatitis C virus core and

Umar Saeed and Zahra Zahid Piracha/Asian Pac J Trop Dis 2016; 6(7): 573-580

NS3 proteins. J Leukoc Biol 2007; 82(3): 479-87.
[28] Qi LH, Wang Y, Gao F, Zhang C, Ding SF, Ni M, et al. Enhanced
stabilization of atherosclerotic plaques in apolipoprotein E-knockout
mice by combinatorial Toll-like receptor-1 and -2 gene silencing. Hum
Gene Ther 2009; 20(7): 739-50.
[29] Meylan E, Tschopp J. Toll-like receptors and RNA helicases: two
parallel ways to trigger antiviral responses. Mol Cell 2006; 22(5): 561-9.
[30] Sallusto F, Lanzavecchia A. The instructive role of dendritic cells on
T-cell responses. Arthritis Res 2002; 4(Suppl 3): S127-32.
[31] J uckem LK, Boehme KW, Feire AL, Compton T. Differential initiation
of innate immune responses induced by human cytomegalovirus entry
into fibroblast cells. J Immunol 2008; 180: 4965-77.
[32] G
 audreault E, Fiola S, Olivier M, Gosselin J. Epstein-Barr virus induces
MCP-1 secretion by human monocytes via TLR2. J Virol 2007; 81:
8016-24.
[33] Z
 hou S, Halle A, Kurt-Jones EA, Cerny AM, Porpiglia E, Rogers M, et
al. Lymphocytic choriomeningitis virus (LCMV) infection of CNS glial
cells results in TLR2- MyD88/Mal-dependent inflammatory responses. J
Neuroimmunol 2008; 194: 70-82.
[34] Sorensen LN, Reinert LS, Malmgaard L, Bartholdy C, Thomsen AR,
Paludan SR, et al. TLR2 and TLR9 synergistically control herpes
simplex virus infection in the brain. J Immunol 2008; 181: 8604-12.
[35] H
 eggelund L, Müller F, Lien E, Yndestad A, Ueland T, Kristiansen KI,
et al. Increased expression of toll-like receptor 2 on monocytes in HIV
infection: possible roles in inflammation and viral replication. Clin Infect
Dis 2004; 39(2): 264-9.
[36] Hernández JC, Stevenson M, Latz E, Urcuqui-Inchima S. HIV type 1
infection up-regulates TLR2 and TLR4 expression and function in vivo
and in vitro. AIDS Res Hum Retroviruses 2012; 28(10): 1313-28.
[37] S aeed U, Waheed Y, Ashraf M, Waheed U, Anjum S, Afzal MS.
Estimation of hepatitis B virus, hepatitis C virus, and different clinical
parameters in the thalassemic population of capital twin cities of
Pakistan. Virology (Auckl) 2015; 6: 11-6.
[38] Tan AC, Mifsud EJ, Zeng W, Edenborough K, McVernon J, Brown LE,
et al. Intranasal administration of the TLR2 agonist Pam2Cys provides
rapid protection against influenza in mice. Mol Pharm 2012; 9(9):
2710-8.
[39] Durantel D, Zoulim F. Interplay between hepatitis B virus and TLR2mediated innate immune responses: can restoration of TLR2 functions
be a new therapeutic option? J Hepatol 2012; 57(3): 486-9.
[40]Cuevas CD, Lavanya M, Wang E, Ross SR. Junín virus infects mouse
cells and induces innate immune responses. J Virol 2011; 85(21): 1105868.
[41] Murawski MR, Bowen GN, Cerny AM, Anderson LJ, Haynes LM, Tripp
RA, et al. Respiratory syncytial virus activates innate immunity through
Toll-like receptor 2. J Virol 2009; 83: 1492-500.
[42] Zhu J, Martinez J, Huang X, Yang Y. Innate immunity against vaccinia
virus is mediated by TLR2 and requires TLR-independent production of
IFN-beta. Blood 2007; 109: 619-25.
[43] D
 olganiuc A, Chang S, Kodys K, Mandrekar P, Bakis G, Cormier M, et
al. Hepatitis C virus (HCV) core protein-induced, monocytemediated
mechanisms of reduced IFN-alpha and plasmacytoid dendritic cell loss
in chronic HCV infection. J Immunol 2006; 177: 6758-68.
[44] B oehme KW, Guerrero M, Compton T. Human cytomegalovirus
envelope glycoproteins B and H are necessary for TLR2 activation in
permissive cells. J Immunol 2006; 177: 7094-102.
[45] C
 hung H, Watanabe T, Kudo M, Chiba T. Hepatitis C virus core protein
induces homotolerance and cross-tolerance to Toll-like receptor ligands
by activation of Toll-like receptor 2. J Infect Dis 2010; 202: 853-61.
[46] Edelmann KH, Richardson-Burns S, Alexopoulou L, Tyler KL, Flavell

579

RA, Oldstone MB. Does Toll-like receptor 3 play a biological role in
virus infections? Virology 2004; 322: 231-8.
[47] Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of
double-stranded RNA and activation of NF-kappaB by Toll-like receptor
3. Nature 2001; 413: 732-8.
[48] Choe J, Kelker MS, Wilson IA. Crystal structure of human toll-like
receptor 3 (TLR3) ectodomain. Science 2005; 309(5734): 581-5.
[49] Hewson CA, Jardine A, Edwards MR, Laza-Stanca V, Johnston SL.
Toll-like receptor 3 is induced by and mediates antiviral activity against
rhinovirus infection of human bronchial epithelial cells. J Virol 2005;
79(19): 12273-9.
[50] Diamond MS, Klein RS. West Nile virus: crossing the blood-brain
barrier. Nat Med 2004; 10(12): 1294-5.
[51] S
 chulz O, Diebold SS, Chen M, Näslund TI, Nolte MA, Alexopoulou L,
et al. Toll-like receptor 3 promotes cross-priming to virus-infected cells.
Nature 2005; 433: 887-92.
[52] Schröder M, Bowie AG. TLR3 in antiviral immunity key player or
bystander? Trends Immunol 2005; 26(9): 462-8.
[53] Poltorak A, He X, Smirnova I, Liu MY, Van Huffel CV, Du X, et al.
Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutation
in Tlr4 gene. Science 1998; 282: 2085-8.
[54] Shimazu R, Akashi S, Ogata H, Nagai Y, Fukudome K, Miyake K, et
al. MD-2, a molecule that confers lipopolysaccharide responsiveness on
Toll-like receptor 4. J Exp Med 1999; 189(11): 1777-82.
[55] Viriyakosol S, Tobias PS, Kitchens RL, Kirkland TN. MD-2 binds to
bacterial lipopolysaccharide. J Biol Chem 2001; 276(41): 38044-51.
[56] Resman N, Vasl J, Oblak A, Pristovsek P, Gioannini TL, Weiss JP, et
al. Essential roles of hydrophobic residues in both MD-2 and Tolllike receptor 4 in activation by endotoxin. J Biol Chem 2009; 284(22):
15052-60.
[57] P
 ark BS, Song DH, Kim HM, Choi BS, Lee H, Lee JO. The structural
basis of lipopolysaccharide recognition by the TLR4-MD-2 complex.
Nature 2009; 458(7242): 1191-5.
[58] Awomoyi AA, Rallabhandi P, Pollin TI, Lorenz E, Sztein MB,
Boukhvalova MS, et al. Association of TLR4 polymorphisms with
symptomatic respiratory syncytial virus infection in high-risk infants and
young children. J Immunol 2007; 179: 3171-7.
[59] Triantafilou K, Triantafilou M. Coxsackievirus B4-induced cytokine
production in pancreatic cells is mediated through toll-like receptor 4. J
Virol 2004; 78: 11313-20.
[60] Hutchens MA, Luker KE, Sonstein J, Núñez G, Curtis JL, Luker GD.
Protective effect of Toll-like receptor 4 in pulmonary vaccinia infection.
PLoS Pathog 2008; 4(9): e1000153.
[61] Okumura A, Pitha MP, Yoshimura A, Harty RN. Interaction between
Ebola virus glycoprotein and host Toll-like receptor 4 leads to induction
of proinflammatory cytokines and SOCS1. J Virol 2010; 84(1): 27-33.
[62] Z
 hou Y, Zhu N, Wang X, Wang L, Gu LJ, Yuan WJ. The role of the tolllike receptor TLR4 in hepatitis B virus-associated glomerulonephritis.
Arch Virol 2013; 158(2): 425-33.
[63] Z hang Y, Lian JQ, Huang CX, Wang JP, Wei X, Nan XP, et al.
Overexpression of Toll-like receptor 2/4 on monocytes modulates the
activities on CD4+CD25+ regulatory T cells in chronic hepatitis B virus
infection. Virology 2010; 397: 34-42.
[64] Machida K, Cheng KT, Sung VM, Levine AM, Foung S, Lai MM.
Hepatitis C virus induces Toll-like receptor 4 expression, leading to
enhanced production of beta interferon and interleukin-6. J Virol 2006;
80(2): 866-74.
[65] D
 atta A, Sinha-Datta U, Dhillon NK, Buch S, Nicot C. The HTLV-I p30
interferes with TLR4 signaling and modulates the release of pro- and
anti-inflammatory cytokines from human macrophages. J Biol Chem

580

Umar Saeed and Zahra Zahid Piracha/Asian Pac J Trop Dis 2016; 6(7): 573-580

2006; 281(33): 23414-24.
[66] S
 hinya K, Ito M, Makino A, Tanaka M, Miyake K, Eisfeld AJ, et al. The
TLR4-TRIF pathway protects against H5N1 influenza virus infection. J
Virol 2012; 86(1): 19-24.
[67] S
 chabbauer G, Luyendyk J, Crozat K, Jiang Z, Machman N, Bahram S,
et al. TLR4/CD14-mediated PI3K activation is an essential component
of interferon-dependent VSV resistance in macrophages. Mol Immunol
2008; 45: 2790-6.
[68] Kang DC, Gopalkrishnan RV, Lin L, Randolph A, Valerie K, Pestka
S, et al. Expression analysis and genomic characterization of human
melanoma differentiation associated gene-5, mda-5: a novel type I
interferon-responsive apoptosis-inducing gene. Oncogene 2004; 23:
1789-800.
[69] Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo H, Hoshino K, et
al. Small anti-viral compounds activate immune cells via the TLR7
MyD88-dependent signaling pathway. Nat Immunol 2002; 3: 196-200.
[70] Kawai T, Akira S. Innate immune recognition of viral infection. Nat
Immunol 2006; 7: 131-7.
[71] Zucchini N, Bessou G, Traub S, Robbins SH, Uematsu S, Akira S, et
al. Cutting edge: overlapping functions of TLR7 and TLR9 for innate
defense against a herpesvirus infection. J Immunol 2008; 180: 5799-803.
[72] Barbalat R, Lau L, Locksley RM, Barton GM. Toll-like receptor 2 on
inflammatory monocytes induces type I interferon in response to viral
but not bacterial ligands. Nat Immunol 2009; 10: 1200-7.
[73] H
 eil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S,
et al. Species-specific recognition of singlestranded RNA via toll-like
receptor 7 and 8. Science 2004; 303: 1526-9.
[74] Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C. Innate
antiviral responses by means of TLR7-mediated recognition of
singlestranded RNA. Science 2004; 303: 1529-31.
[75] Kane M, Case LK, Wang C, Yurkovetskiy L, Dikiy S, Golovkina TV.
Innate immune sensing of retroviral infection viaToll-like receptor 7
occurs upon viral entry. Immunity 2011; 35: 135-45.
[76] L ee HK, Lund JM, Ramanathan B, Mizushima N, Iwasaki A.
Autophagy-dependent viral recognition by plasmacytoid dendritic cells.
Science 2007; 315: 1398-401.
[77] Lund JM, Alexopoulou L, Sato A, Karow M, Adams NC, Gale NW, et
al. Recognition of single-stranded RNA viruses by Toll-like receptor 7.
Proc Natl Acad Sci U S A 2004; 101: 5598-603.
[78] Oh DY, Baumann K, Hamouda O, Eckert JK, Neumann K, Kücherer
C, et al. A frequent functional toll like receptor 7 polymorphism is
associated with accelerated HIV-1 disease progression. AIDS 2009; 23:
297-307.
[79] Welte T, Reagan K, Fang H, Machain-Williams C, Zheng X, Mendell N,
et al. Toll-like receptor 7-induced immune response to cutaneous West
Nile virus infection. J Gen Virol 2009; 90: 2660-8.
[80] H
 onda K, Takaoka A, Taniguchi T. Type I interferon gene induction by
the interferon regulatory factor family of transcription factors. Immunity
2006; 25: 349-60.
[81] Meier A, Chang JJ, Chan ES, Pollard RB, Sidhu HK, Kulkarni S,
et al. Sex differences in the Toll-like receptor-mediated response of
plasmacytoid dendritic cells to HIV-1. Nat Med 2009; 15: 955-9.
[82] Honda K, Ohba Y, Yanai H, Negishi H, Mizutani T, Takaoka A, et al.
Spatiotemporal regulation of MyD88-IRF-7 signalling for robust type-I
interferon induction. Nature 2005; 434: 1035-40.
[83] Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H, Mizutani T, et
al. Integral role of IRF-5 in the gene induction programme activated by
Toll-like receptors. Nature 2005; 434: 243-9.
[84] Uematsu S, Sato S, Yamamoto M, Hirotani T, Kato H, Takeshita F, et
al. Interleukin-1 receptor-associated kinase-1 plays an essential role
for Toll-like receptor (TLR)7 and TLR9-mediated interferon-alpha

induction. J Exp Med 2005; 201: 915-23.
[85] Averett DR, Fletcher SP, Li W, Webber SE, Appleman JR. The
pharmacology of endosomal TLR agonists in viral disease. Biochem Soc
Trans 2007; 35: 1468-72.
[86] Sun S, Rao NL, Venable J, Thurmond R, Karlsson L. TLR7/9 antagonists
as therapeutics for immune-mediated inflammatory disorders. Inflamm
Allergy Drug Targets 2007; 6(4): 223-35.
[87] P
 hilbin VJ, Levy O. Immunostimulatory activity of Toll-like receptor 8
agonists towards human leucocytes: basic mechanisms and translational
opportunities. Biochem Soc Trans 2007; 35(Pt 6): 1485-91.
[88] Jiang W, Lederman MM, Mohner RJ, Rodriguez B, Nedrich TM,
Harding CV, et al. Impaired naive and memory B-cell responsiveness to
TLR9 stimulation in human immunodeficiency virus infection. J Virol
2008; 82: 7837-45.
[89] Bochud PY, Hersberger M, Taffe P, Bochud M, Stein CM, Rodrigues
SD, et al. Polymorphisms in Toll-like receptor 9 influence the clinical
course of HIV-1 infection. AIDS 2007; 21: 441-6.
[90] Xie Q, Shen HC, Jia NN, Wang H, Lin LY, An BY, et al. Patients
with chronic hepatitis B infection display deficiency of plasmacytoid
dendritic cells with reduced expression of TLR9. Microbes Infect 2009;
11: 515-23.
[91] Huang XX, McCaughan GW, Shackel NA, Gorrell MD. Up-regulation
of proproliferative genes and the ligand/receptor pair placental growth
factor and vascular endothelial growth factorreceptor 1 in hepatitis C
cirrhosis. Liver Int 2007; 27: 960-8.
[92] Schlender J, Hornung V, Finke S, Günthner-Biller M, Marozin S,
Brzózka K, et al. Inhibition of toll-like receptor 7- and 9-mediated alpha/
beta interferon production in human plasmacytoid dendritic cells by
respiratory syncytial virus and measles virus. J Virol 2005; 79: 5507-15.
[93] Lund J, Sato A, Akira S, Medzhitov R, Iwasaki A. Toll-like receptor
9-mediated recognition of Herpes simplex virus-2 by plasmacytoid
dendritic cells. J Exp Med 2003; 198: 513-20.
[94] Samuelsson C, Hausmann J, Lauterbach H, Schmidt M, Akira S, Wagner
H, et al. Survival of lethal poxvirus infection in mice depends on TLR9,
and therapeutic vaccination provides protection. J Clin Invest 2008; 118:
1776-84.
[95] Stack J, Haga IR, Schroder M, Bartlett NW, Maloney G, Reading PC,
et al. Vaccinia virus protein A46R target multiple Toll-likeinterleukin-1
receptor adaptors and tributes to virulence. J Exp Med 2005; 201: 100718.
[96] Maloney G, Schroder M, Bowie AG. Vaccinia virus protein A52R
activates p38 mitogenactivated protein kinase and potentiates
lipopolysaccharides-induced interleukin-10. J Biol Chem 2005; 280:
30838-44.
[97] S
 chroder M, Baran M, Bowie AG. Viral targeting of DEAD box protein
3 reveals its role in TBK1/IKK epsilon-mediated IRF activation. EMBO
J 2008; 27: 2147-57.
[98] Abe T, Kaname Y, Hamamoto I, Tsuda Y, Wen X, Taguwa S, et al.
Hepatitis C virus nonstructural protein 5A modulates the toll like
receptor-MyD88-dependent signaling pathway in macrophage cell lines.
J Virol 2007; 81: 8953-66.
[99] Faisal A, Saurin A, Gregory B, Foxwell B, Parker PJ. The scaffold
MyD88 acts to couple protein kinase Cepsilon to Toll-like receptors. J
Biol Chem 2008; 283: 18591-600.
[100]Saurin AT, Durgan J, Cameron AJ, Faisal A, Marber MS, Parker PJ. The
regulated assembly of a PKCepsilon complex controls the completion
of cytokinesis. Nat Cell Biol 2008; 10: 891-901.
[101]Butt AQ, Ahmad S, Maratha A, Miggin SM. 14-3-3ε and 14-3-3σ
inhibit Toll-like receptor (TLR)-mediated proinflammatory cytokine
induction. J Biol Chem 2012; 287: 38665-79.

