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Abstract

There is a wealth of knowledge about how different Ser/Thr protein kinases participate in Toll-like
receptor (TLR) signaling. In many cases, we know the identities of the Ser/Thr residues of various
components of the TLR-signaling pathways that are phosphorylated, the functional consequences
of the phosphorylation and the responsible protein kinases. In contrast, the analysis of Tyr-
phosphorylation of TLRs and their signaling proteins is currently incomplete, because several
existing analyses are not systematic or they do not rely on robust experimental data. Nevertheless,
it is clear that many TLRs require, for signaling, ligand-dependent phosphorylation of specific Tyr
residues in their cytoplasmic domains; the list includes TLR2, TLR3, TLR4, TLR5, TLR8 and
TLR9. In this article, we discuss the current status of knowledge on the effect of Tyr-
phosphorylation of TLRs and their signaling proteins on their biochemical and biological
functions, the possible identities of the relevant protein tyrosine kinases (PTKSs) and the nature of
regulations of PTK-mediated activation of TLR signaling pathways.
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Introduction

In the past two decades, there has been significant advancement in our knowledge of how
the host recognizes and mounts innate immune response to a wide range of microbial
infections. Host cells are equipped with distinct classes of cellular sensors, such as, Toll-like
receptors (TLRs), RIG-I like receptors (RLRs), Nod like receptors (NLRs) and cytoplasmic
DNA sensors, which can detect specific type of microbial components and trigger cellular
antimicrobial responses. Among these sensors, the TLRs were the first to be identified and
have been most extensively studied. Using the powerful genetic system in Drosophila, the
Toll receptor was first identified as a protector against fungal infection (1). Following this
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discovery in Drosophila, thirteen members of mammalian TLRs have been identified so far.
TLRs function primarily by inducing the synthesis of anti-microbial proteins. In uninfected
cells, the TLRs are maintained in inactive states to avoid continuous and undesired synthesis
of the TLR-induced proteins, which include many inflammatory cytokines. In addition to
microbial infections, endogenous ligands, such as nucleic acids from damaged cells, can also
activate TLRs and initiate auto-immune diseases. Pathogen insult results in the activation of
TLRs, which, by recruiting TLR-specific cytoplasmic adaptors and a variety of additional
cytoplasmic proteins, activates several transcription factors e.g. NF-xB and IRFs, that
induce transcription of the target genes (2, 3). The biochemistry of the TLR-signaling
pathways involves cascades of protein phosphorylation and the roles of specific serine/
threonine protein kinases, in this process, have been clearly delineated. In contrast, although
several TLRs require tyrosine phosphorylation for their activation (4), our knowledge of the
roles that protein tyrosine kinases (PTK) play in TLR signaling, is relatively weak. In this
review, we discuss what is known about how tyrosine phosphorylation of TLRs and their
signaling components, and specific PTKs regulate TLR signaling and the resultant
biological effects.

TLRs: the sensors of pathogens

TLRs are type | transmembrane glycoproteins expressed on the plasma membrane or the
endosomal membrane. In mammals, thirteen members of TLR family have been identified
till now (Figure 1). All members of TLR have an ectodomain containing leucine-rich-repeats
(LRR), a transmembrane domain, and a short cytoplasmic region, containing Toll/
interleukin-1 receptor (TIR) domain (2, 5). The ectodomain of TLRs is responsible for the
recognition of ligands; specific LRRs are responsible for the interaction with respective
ligands. The TIR domain is required for the interaction with cytoplasmic adaptor proteins. A
linker region in the cytoplasmic domain determines the sub-cellular localization of the
endosomal TLRs (6). The plasma membrane-expressing TLRs include TLR1, TLR2, TLR5,
TLR6 and TLR10 and the endosomal TLRs are TLR3, TLR7, TLR8, TLR9, TLR11, TLR12
and TLR13. TLR4 is expressed both on the plasma membrane and on the endosomal
membrane. Several endosomal TLRs are transported to the endosomal membranes from the
endoplasmic reticulum by the chaperone protein, UNC93B1, followed by proteolytic
processing of the TLRs, which is required for effective downstream signaling (3, 7, 8). Not
all TLRs are expressed in all cell types, the myeloid cells e.g. macrophages and dendritic
cells are the primary sources of the TLRs. The TLRs provide both protective and
pathological functions, such as, antiviral and antibacterial immunity, bacterial septic shock,
autoimmune disorders and anti-parasitic responses.

TLR Ligands

TLRs recognize a variety of chemicals, known as Pathogen Associated Molecular Patterns
(PAMPs), e.g. lipids, sugars, lipopolysaccharides, lipoproteins, proteins, and nucleic acids
generated by a wide range of microbes such as bacteria, viruses, parasites, fungi or
mammalian cells (Table 1). TLR1, TLR2, TLR6 and TLR10 can recognize microbial cell
wall components, such as lipoproteins and peptidoglycans, whereas TLR4 and TLR5 can
detect bacterial lipopolysaccharides (LPS) and flagellin, respectively. The endosomal TLRs
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recognize nucleic acids of viral, bacterial or cellular origin or a parasitic protein. TLR3
recognizes viral double-stranded RNA (dsRNA), TLR7 and TLR8 recognize viral single
stranded RNA (ssRNA), TLR9 recognizes CpG DNA, TLR11 and TLR12 can recognize a
parasitic protein, profilin, from Toxoplasma gondii, and TLR13 can detect bacterial 23S
ribosomal RNA (9). In addition to detecting foreign nucleic acids, the TLRs can also
recognize endogenous ligands, the DAMPs (10, 11). DAMPs are damage-associated
molecular patterns, which are non-PAMP molecules, produced by uninfected, damaged
cells; DAMPs include both nucleic acids and proteins from the damaged cells. TLR3 has
been shown to detect cellular RNA generated from necrotic cells; TLR7, TLR8 and TLR9
can detect self RNA or DNA, leading to autoimmune diseases. Secreted cellular proteins,
such as HMGBL1 and S100 can activate TLR4 signaling (12, 13). The sub-cellular
localization of the TLRs is important for the recognition of foreign ligands as well as
tolerance to the self-molecules (14).

TLR signaling pathways

Upon interaction with the respective ligands, the TLRs get activated by conformational
changes, which allow them to homo- or hetero-dimerize and make their cytoplasmic
domains accessible to binding signaling proteins. The cytoplasmic domains of the TLRs
contain the TIR signature motif, which is responsible for the interaction with cytoplasmic
TIR-domain containing adaptor proteins, such as MyD88, TRIF, TIRAP/Mal, TRAM etc
(15). The recruitment of the adaptor proteins leads to the formation of signalosomes, which
through a series of ubiquitin ligase and kinase signaling cascades, activate the downstream
transcription factors, such as NF-xB, IRF and AP-1. MyD88 is used as an essential adaptor
by all members of the TLR, except TLR3, whereas TRIF is used only by TLR3 and TLR4
(16). A recent study reported that DOCKS functions as an adaptor protein for TLR9
signaling in B cells; DOCKS8-dependent signaling is required for B cell differentiation and
proliferation (17).

The MyD88-depdendent pathway

All plasma membrane TLRs and selective endosomal TLRs, TLR7, TLR8, TLR9, activate
downstream signaling upon interactions with MyD88 (Figure 1). TLR2 and TLR4 require
TIRAP, as an additional adaptor protein for this interaction. Upon binding to the TLRs,
MyD88 recruits the signaling proteins such as the kinases IRAK1, IRAK4, the activation of
which results in the interaction with the E3 ubiquitin ligase, TRAF6. Both IRAK1 and
TRAF6 are activated by K63-linked ubiquitination, which recruits the protein kinase TAKL.
Activated TAK1 phosphorylates IKK, which in turn phosphorylates IxBa, a repressor of
the NF-xB subunits, p65 and p50, in the canonical NF-xB pathway. Phosphorylation of
IxBa leads to its proteasomal degradation allowing the nuclear translocation of the p65:p50
heterodimer, which binds to the kB sites on the promoters of the target genes. TAK1,
recruited to MyD88, also activates the MAP kinase (MAPK) signaling pathway, by
activating Erk1, Erk2, p38 and JNK. The MyD88-dependent activation of NF-xB and the
MAPKSs results in the production of inflammatory cytokines. The MyD88-dependent TLR7
and TLR9 signaling pathways also lead to the induction of type I IFNs in plasmacytoid DCs
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(pDCs) (18). This requires the recruitment of TRAF3 and IKKa to the MyD88/IRAK/
TRAF6 complex, which subsequently activates the transcription factor, IRF-7 (19).

The TRIF-dependent pathway

The TRIF-dependent pathway is triggered by the endosomal TLR3 and TLR4, which
culminate in the activation of both NF-xB and IRFs (Figure 1). Although TRIF can be
directly recruited to the TIR domain of TLRS3, it requires the adaptor protein, TRAM for the
interaction with endosomal TLR4. TRIF recruits RIP1 and TRAF6, which are activated by
K63-linked ubiquitination to activate TAK1. Other adaptor proteins and E3 ubiquitin

ligases, such as TRADD and Pellino-1, are also required for the activation of TAK1 (20).
TAKTI activates NF-xB using mechanisms similar to the MyD88-dependent pathway. TRIF
recruits TRAF3, TANK, and the kinases TBK1 or IKKe, which phosphorylate IRF-3.
Inactive IRF-3 has a closed conformation, in which its DNA binding domain, which also
contains the nuclear localization signal, remains inaccessible (21, 22). Phosphorylation of
specific C-terminal Ser/Thr residues of IRF-3, by TBK1/IKKg, leads to the changes in
conformation, followed by its dimerization. Dimeric IRF-3 is translocated to the nucleus,
where it binds to a specific sequence, the ISRE, near the promoters of the target genes and
interacts with essential co-activators, f-catenin and CBP, to induce transcription of the IFN-
{3 gene and the interferon stimulated genes (ISGs) (22, 23). Moreover, HDAC6-mediated
deacetylation of B-catenin is essential for the interaction of IRF-3 with CBP and subsequent
assembly of the transcriptional complex; consequently, in HDACG6 deficient cells, there is no
induction of the IRF-3-driven genes by either the TLR3 or the TLR4 signaling pathway (24).

The role of TLRs in pathogenesis

TLRs perform dual roles in mammalian pathogenesis. For protective functions of TLRs in
infections, they are activated transiently by microbial PAMPs to trigger the synthesis of
cytokines and chemokines, which activate various cells of the host immune system to clear
the infection. However, overproduction of inflammatory cytokines, upon massive infections,
often causes diseases. The detrimental roles of specific TLRs are also manifested in
uninfected hosts; when TLRs are continuously activated by cellular DAMPs, they cause
chronic inflammatory and auto-immune diseases (25). Because inflammation and cancer are
closely connected, TLR-signaling affects cancer progression as well (26). The causal
connections, between specific TLRs and specific diseases, have been established by their
experimental manipulations as well as by observing disease propensities of humans and
mice carrying mutations in genes encoding specific TLRs or their signaling proteins (27).
TLR antagonists are used currently for treating patients with specific inflammatory diseases
(28). TLR signaling is associated with both pro- and anti-tumor activities. TLR4 signaling is
involved in the establishment of colon, liver and skin cancer and a specific MyD88 mutation
(L265P) causes increased NF-xB signaling and survival of tumor cells (29). Treatment of
tumor cells, with various TLR agonists, show increased migration and angiogenic properties
(28).

The TLR2 polymorphism, that causes R753Q mutation in its TIR domain, is associated with
susceptibility to leprosy and tuberculosis (30-32). A polymorphism in the TIRAP gene has
also been linked to susceptibility to tuberculosis (33). Mutations associated with IRAK4
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have been linked with increased bacterial infection and poor inflammatory responses (34).
TLR3, the sensor of virally generated extracellular dsSRNA, has both pro- and anti-viral
functions against specific viruses. A dominant negative mutant of TLR3 has been identified
in humans with susceptibility to HSV-1 infection (35). Anti-angiogenic effects of TLR3
signaling, probably mediated by apoptotic activity, have been demonstrated in various
animal models (36, 37). TLR3 signaling also plays a protective role in Age-Related Macular
Degeneration (AMD). A variant of TLR3 is protective against AMD, probably through
suppression of apoptotic activity in retinal pigmented epithelial cells (38). TLR4 senses LPS
from Gram-negative bacteria and promotes their successful elimination by inducing anti-
microbial genes. A mutation in human TLR4 gene, D299G, causes reduced LPS-response,
leading to increased bacterial infection (39). In contrast to the protective anti-microbial
functions, aberrant TLR4 signaling results in uncontrolled inflammatory responses, causing
bacterial sepsis (39, 40). A specific cytokine, IFN-B, induced by TLR4 signaling, is
associated with TLR4-mediated sepsis (41). An ISG, Ifit2, has recently been shown to be a
potential effector of TLR4-mediated sepsis (42). The expression of TLR3 and TLR4 in
intestinal epithelium is altered in active IBD and specific polymorphism in the TLR4 gene
has been associated with Crohn’s disease and ulcerative colitis (43). TLR4-mediated
inflammatory responses lead to neuronal damage after retinal ischemic-reperfusion (I/R)
injury, with NF-xB activation playing a critical role in this process (44). Autoimmune
diseases, e.g. Systemic Lupus Erythematosus (SLE), are directly associated with two nucleic
acid-sensing TLRs, TLR7 and TLR9. The hallmark of SLE is the elevation of autoreactive B
cells, which produce large quantities of autoantibodies that form immune complexes with
self-nucleic acids present in the SLE serum. These self-nucleic acids can activate TLR7 and
TLRY, thereby producing additional signal which contributes to the SLE pathogenesis (45).
Inhibitors of TLR7 and TLR9 signaling are being tested as therapeutic agents against SLE
(28).

Tyrosine phosphorylation in TLR signaling pathways

In general, it is thought that tyrosine phosphorylation of the cytoplasmic domains of selected
TLRs is required for the recruitment of adaptor proteins and subsequent activation of the
downstream signaling cascades. Moreover, in several cases, it has been shown that tyrosine
phosphorylation results in the recruitment of the Ser/Thr kinase, P13 Kinase (P13K), to the
signaling complex, a step that is essential for the activation of downstream transcription
factors. Thus, Tyr phosphorylation may provide docking sites for other proteins, which may
regulate TLR signaling. In the following sections, we discuss what is known about Tyr
phosphorylation of specific TLRs and its functional consequences.

Tyrosine phosphorylation of TLR3

Our in-depth investigation of the early steps of dSRNA-induced TLR3 activation has
provided a detailed view of how TLR3 is tyrosine phosphorylated and why it is critical for
the downstream signaling (Figure 2). The cytoplasmic domain of TLR3 remains in a closed
conformation, which blocks the undesired activation of TLR3. In the endosomal lumen,
dsRNA binding to the ectodomain of TLR3 causes its dimerization. TLR3 dimerization
leads to changes in the conformation of TLR3 cytoplasmic domain, thereby allowing the
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specific tyrosine kinases, EGFR and Src, to be recruited to TLR3 (46, 47); both EGFR and
Src are abundant in the endosomal membranes of cells growing in normal medium. The
cytoplasmic domain of TLR3 has five tyrosine residues and phosphorylation of at least two
of them, Tyr759 and Tyr858, present in the cytoplasmic TIR domain, is required for TLR3
signaling (48, 49). Mutation of either of these two critical tyrosine residues produces TLR3
mutants that cannot signal. A TLR3 mutant, which harbors only these two tyrosine residues
in the cytoplasmic domain, is tyrosine phosphorylated and functional for downstream
activation of transcription factors. These results indicate that these two tyrosine residues are
not only necessary, but sufficient, for TLR3 activation. The tyrosine residues in the TLR3
cytoplasmic domain are not required for its interaction with the tyrosine kinases, because
they bind to the linker region of TLR3, which is located in between the trans-membrane
domain and the TIR domain. In un-stimulated cells, the linker region is kept inaccessible to
the kinases, presumably, because of an interaction with the TIR domain; the conformational
change caused by dsRNA-binding to the ectodomain breaks this interaction and allows
access to the linker domain. In support of the above model, a TLR3 mutant, from which the
TIR domain has been deleted, can bind EGFR without dsSRNA-activation. Between the two
protein tyrosine kinases, EGFR binds to TLR3 first before Src joins the complex; hence, it is
not clear whether the direct contact of Src is with EGFR or TLR3. The Src recruitment does
not require the kinase activity of EGFR; neither does it require the SH2 domain of Src,
which recognizes phospho-tyrosine residues of its binding partners. Although both the
ErbB1 and the ErbB2 isoforms of EGFR can bind to activated TLR3, functionally, only
ErbB1 can trigger TLR3 signaling. There is a high degree of specificity of the targets of the
two PTKs, EGFR and Src; EGFR phosphorylates Tyr858 of TLR3 directly whereas Src
phosphorylates Tyr759 directly. Phosphorylation of both residues is required for TRIF
recruitment to TLR3. They may be required for the recruitment of other proteins to the
signaling complex as well, PI3K being a prime candidate. PI3K, recruited to the activated
TLR3, is required for complete transcriptional activation of IRF-3. Chemical inhibitors of
PI3K or a dominant negative mutant of AKT, a downstream target of PI3K, do not inhibit
the IRF-3 activation required for its nuclear translocation; however, they abolish the
promoter binding and the transcriptional abilities of IRF-3, indicating that PI3K-AKT
activity is required for full activation of this transcription factor (Figure 3). The activation of
the NF-kB signaling branch of TLR3 is also dependent on its tyrosine phosphorylation and
PI3K activity (50). In the absence of PI3K activity, although IxBa is degraded and p65 is
translocated to the nucleus, there is no gene induction by NF-xB. Most of the above studies
were done with HEK293 cells, but it has been demonstrated that Src interacts with TLR3
and phosphorylates the target Tyr759 residue in mouse macrophages as well (51). Another
tyrosine kinase, Btk, can phosphorylate Tyr759 of TLR3 in primary macrophages (52). Btk-
deficient macrophages are defective in TLR3 tyrosine phosphorylation, and transcriptional
induction of IRF-3 and NF-xB-dependent genes. Consequently, the Btk-deficient
macrophages are deficient in clearing dengue virus infection. In vivo, intraperitoneal
administration of poly (I:C), in combination with D-galactosamine, induces septic shock due
to increased production of TNF-a. The Btk-deficient mice are resistant to poly (1:C)-induced
septic shock, suggesting Btk-dependent tyrosine phosphorylation of TLR3 plays an essential
role in both antiviral and pro-inflammatory functions. Thus, it is clear that tyrosine
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phosphorylation of TLR3 is essential for its ability to signal and multiple tyrosine kinases
may target the critical tyrosine residues in a cell-type specific manner.

Tyrosine phosphorylation of TLR4

TLR4 signaling is complex because of the existence of two distinct signaling branches
triggered from two subcellular locations of the receptor. LPS from Gram-negative bacteria is
transported by the coordinated action of CD14 and MD-2 to the cell surface associated
TLR4 (53). CD14, in addition to transporting LPS to TLR4, controls the endosomal
trafficking of TLR4 (54). Activated TLR4 recruits TIRAP/Mal at the cell surface which
facilitates its interaction with MyD88 and the assembly of a multi-protein signaling complex
causing activation of the NF-xB and the MAPK signaling cascades. In the other branch,
TLR4 signals from the endosomal membrane, where, upon activation, it recruits the
adaptors, TRAM and TRIF, to initiate the TRIF-dependent signaling pathway (16, 55). The
TRIF-dependent TLR4-branch activates, in addition to the NF-xB and MAPK signaling
pathways, the IRF-3-dependent pathway. Because the induction of type | IFN genes requires
active IRF-3, only the TRIF-branch elicits IFN response to TLR4 activation (56). Tyrosine
kinase activity is required for the activation of both branches of TLR4 signaling; chemical
inhibitors of tyrosine kinases block the expression of all TLR4-induced genes (57, 58). Tyr-
phosphorylation of TLR4 itself may be essential for signaling, because TLR4 TIR domain
mutants Y674A and Y680A are defective in tyrosine phosphorylation and activation of NF-
kB and MAPK (59). Moreover, a point mutation (P712H) in the TIR domain results in an
inactive TLR4, which shows impaired tyrosine phosphorylation and defective downstream
signaling (59). Although it is not clear who phosphorylates these key residues of TLR4, a
number of PTKSs have been implicated in TLR4 signaling. Specifically, upon LPS
stimulation, interactions of Src, Btk, Lyn and Syk with TLR4 have been reported (60-62).
Continuous exposure to LPS, which causes LPS-tolerance, reduces TLR4 tyrosine
phosphorylation, presumably due to the loss of TLR4-associated Lyn during LPS-
tolerization (59). Syk plays opposing role in the activation of the two branches of TLR4
signaling: it inhibits signaling from the plasma membrane but promotes that from the
endosomal membrane (63). Although recruited to both TLR4 signaling complexes, Syk
differentially regulates the K63 ubiquitination of TRAF6 and TRAF3, which are required,
respectively, for the MyD88 and the TRIF branches of TLR4 signaling. It promotes TRAF3
ubiquitination but impairs TRAF6 ubiquitination. Our unpublished results indicate that
complete TLR4 signaling requires EGFR activity; induction of only a specific subset, but
not all, of the TLR4-induced genes is strongly inhibited by chemical inhibitors of EGFR. A
recent study further indicates that although EGFR activity in macrophages is essential for
DSS-induced colitis, it is not required for TLR4-induced NF-xB activation and TNF-a
production (64). Further studies will be needed for a better understanding of how different
tyrosine kinases regulate the complex nature of TLR4 signaling.

Tyrosine phosphorylation of TLR2 and TLR5

Infection of monocytes with live or heat-inactivated Staphylococcus aureus induces rapid
tyrosine phosphorylation of TLR2 (65). Two tyrosine residues in the TLR2 cytoplasmic
domain, Y616 and Y761, are critical for TLR2-dependent NF-kB activation; mutation of
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these residues to alanine results in reduced production of IL8 and IL18. Tyrosine
phosphorylated TLR2 recruits the p85 subunit of PI3K and Racl and the TLR2/PI13K/Racl
complex activates AKT, which regulates the downstream activation of NF-xB (65). The
TLR2/PI3K signaling pathway provides protection against I/R injury to cardiomyocytes in
vivo (66). Administration of TLR2 ligands to mice induces tyrosine phosphorylation of
TLR2, interaction with PI3K, followed by activation of AKT, resulting in cardioprotection.
Inhibition of PI3K by chemical inhibitors in Wt mice shows reduced cardioprotection upon
I/R injury; the same is true for kinase-deficient AKT transgenic mice, without the use of any
inhibitor. A mutation, R753Q, in the TIR domain of TLR2 results in impaired tyrosine
phosphorylation of TLR2, which leads to reduced hetero-dimerization with TLR6 and the
recruitment of TIRAP and MyD88 to the signaling complex (32). TLR2 R753Q
polymorphism is associated with increased incidence of tuberculosis and other infectious
diseases (31). PBMCs from patients with XLA, which are defective in Btk activity, show
impaired induction of TNF-a and IL-10, but not IL-6, upon TLR2 signaling (67). TLR5 is
apparently tyrosine phosphorylated upon stimulation by bacterial flagellin (68). Mass
Spectrometric analyses of TLR5 isolated from flagellin-treated cells identified the phospho-
tyrosine residue as Tyr798 in the TLR5 cytoplasmic domain. Mutation of Tyr798 results in
reduced activation of NF-xB and p38 upon flagellin treatment of cells. Bioinformatics
analyses suggest that Tyr798 may provide a docking site for the interaction with PI3K and
downstream activation of AKT.

Tyrosine phosphorylation of TLR8 and TLR9

Human TLR8 has been shown to be tyrosine phosphorylated upon stimulation by an
immunomodulator, 3M-003 (69). Mutational analyses revealed that among thirteen tyrosine
residues in the cytoplasmic domain of TLR8, Tyr898, Tyr904 and Tyr1048 are critical for
NF-xB activation. Tyrosine phosphorylation of TLR8 is important for its interaction with
PI13K subunit, p85; mutation of Tyr898 and Tyr904 abolished both tyrosine phosphorylation,
and PI3K recruitment, of TLR8. CpG stimulation of TLR9, in human monocytes and B
cells, activates several PTKs (70-72); however, how these tyrosine kinases regulate TLR9
signaling is not clear. Rapid tyrosine phosphorylation of TLR9, upon CpG treatment of the
human monocytic cell line, THP-1, causes the recruitment of an activated Spleen tyrosine
kinase (Syk) (72). Treatment of cells with chemical inhibitors of Src family kinases (SFKs)
inhibits both tyrosine phosphorylation and Syk-interaction of TLR9, indicating that SFKs
could be the direct PTKSs for TLR9. A tyrosine motif in the cytoplasmic domain of TLR9 is
selectively required for the activation of NF-xB signaling, but not type I IFN production
(73). A specific Tyr of TLR9, Tyr888, may be structurally required for the intracellular
trafficking of TLR9 to the endolysomal compartment, where TLR9 activates its NF-xB
signaling branch. Substitution of Tyr888 by alanine, but not phenylalanine, inhibits the
tyrosine phosphorylation of TLR9 and the subsequent downstream signaling, indicating that
Tyr888 is not a direct target of a PTK, but it structurally regulates TLR9 functions.

Tyrosine phosphorylation of the components of TLR signaling pathways

In addition to the receptors, other components of the TLR signaling pathways, e.g. the
adaptors, also undergo tyrosine phosphorylation upon stimulation with TLR ligands (Table
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1). These phosphorylation events provide regulatory mechanisms to fine-tune the TLR
signaling responses. MD-2, an essential component of TLR4 signaling, undergoes tyrosine
phosphorylation upon LPS-stimulation, thereby providing an additional regulatory step in
TLR4 signaling (74). Chemical inhibitors of endocytosis block MD-2 tyrosine
phosphorylation, suggesting that the phosphorylation takes place during the endocytic
trafficking of MD-2. Two specific tyrosine residues of MD-2, Tyr22, Tyr131, could be the
targets because mutation of these residues results in impaired NF-xB activation by TLR4
signaling (74). The SFK, Lyn, interacts with LPS-stimulated MD-2 and a Lyn-binding
peptide inhibitor abolishes the tyrosine phosphorylation of MD-2, indicating Lyn as a
potential PTK for MD-2. TIRAP, which is required for the recruitment of MyD88 to TLR2
and TLR4, is tyrosine phosphorylated upon LPS-stimulation, and regulates its interaction
with TLR4 (75). Tyr86, Tyr106 and Tyr159 residues in the TIR domain of TIRAP are
critical for its tyrosine phosphorylation; mutation of these residues diminishes TIRAP
tyrosine phosphorylation, and downstream activation of the NF-xB and p38 signaling
pathways. Btk may be a relevant PTK because it can phosphorylate the tyrosine residues in
TIRAP TIR domain in human monocytes, it interacts with TIRAP upon LPS stimulation and
a chemical inhibitor of Btk blocks the tyrosine phosphorylation of TIRAP (76). Tyrosine
phosphorylation of TIRAP leads to its eventual proteasomal degradation triggered by
SOCS1, a mechanism that is used to terminate TLR4 signaling (77). The TLR adaptors,
TRIF and MyD88 have been shown to be tyrosine phosphorylated by Syk causing down-
regulation of TLR signaling (78). The tyrosine phosphorylation of TRIF and MyD88 is
mediated by TLR-activated integrin a,, which activates Syk and Src in macrophages. The
integrin-activated Syk phosphorylates TRIF and Myd88, leading to their proteasomal
degradation, triggered by the E3 ubiquitin ligase Cbl-b, to shut off the TLR signaling.
Caveolin-1 is a component of TLR4 signaling and LPS-induced phosphorylation of Tyr14 of
Caveolin-1 is required for TLR4/MyD88 interaction (79). Expression of Tyr14Phe mutant of
Caveolin-1 in Caveolin-1 knockout cells results in impaired MyD88-dependent NF-xB
activation by TLR4 signaling. TRIM21 is a downstream component of TLR3 and TLR4
signaling and tyrosine phosphorylation of three Tyr residues in TRIM21 is required for
TLR-induced IRF-3 activation (80).

Additional biological consequences of TLR-PTK interactions

We have discussed, at length, how PTKs affect TLR functions by interacting with their
signaling components. However, in addition, at least in some cases, the binary interactions
also affect the PTKSs’ functions. The most well studied example is the TLR3/Src interaction
(81). Src phosphorylates Tyr759 of TLR3, an essential step of TLR3 signaling that requires
the binding of Src to the TLR3-EGFR complex. This protein-protein interaction changes the
conformation of Src and allows its activation by auto-phosphorylation of its Tyr416. Thus,
TLR3 activation by its ligand causes Src activation at a step prior to TRIF recruitment to the
receptor and the initiation of any transcriptional signaling. TLR3-activated Src has major
effects on several cellular processes; as expected, these effects are TLR3-dependent but
TRIF-independent. TLR3-activated Src promotes cell migration by downstream activation
of another kinase, FAK (Figure 3). The cell migration effect of TLR3/Src signaling branch
is biphasic, the cell migration is enhanced in the early phase, and is inhibited at the later
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phase. The early phase of enhanced cell migration is mediated by the TLR3-activated Src,
whereas in the late phase, Src is deactivated, leading to the inhibition of cell migration.
TLR3-activated Src rapidly translocates to lipid rafts which depletes the cytoplasmic pool of
active Src. The effect of dSRNA-activation of TLR3 on cell migration has been observed in
many cell types, an effect that requires Src, but not Fyn or Yes, which are two other SFKs.
The in vivo effects of TLR3 on angiogenesis, could be explained, at least in part, by the
observed inhibitory effects of dsSRNA on the migration of vascular endothelial cells to form
microtube networks which are required for angiogenesis. Src activation by TLR3 also
affects cell adhesion and cell proliferation in a biphasic way. These studies clearly indicate
that many biological functions of Src, a PTK, can be regulated by TLR3 signaling by an
effect that is independent of its canonical, TRIF-dependent action. With regards to EGFR-
TLR3 and EGFR-TLR4 interactions, EGFR inhibitors are clinically used for treating various
types of cancer; it is therefore anticipated that these patients may exhibit a reduced response
to TLR3-dependent anti-microbial functions and TLR4-induced septic shock response (82).
Reciprocally, the discovery of EGFR as a binding partner of activated TLR3 raises the
possibility that this interaction can affect the functions of EGFR as well. Although the
connection is not yet clear, EGFR has been shown to be transactivated by TLR4 agonists or
Helicobacter pylori infection (83, 84). H. pylori is a major causative agent for
gastrointestinal diseases e.g. gastric ulcer, gastric adenocarcinoma, gastric lymphoma. A
pathogenic role of TLR4-activated EGFR contributes to these gastrointestinal diseases (83).
EGFR is activated upon TLR4 stimulation in intestinal epithelial cells by a p38, MMP-
dependent mechanism and the activated EGFR is required for the expression of COX-2,
which promotes cell survival, proliferation and migration (84). These cellular functions lead
to a diseased state, known as necrotizing enterocolitis, a major cause of gastrointestinal
morbidity.

Negative regulation of PTK-activated TLR signaling

Protein tyrosine phosphatases catalyze the dephosphorylation of tyrosine phosphorylated
proteins and regulate various steps of innate and adaptive immune responses (85). Although
tyrosine phosphatases, that directly dephosphoryate TLRs, have not yet been identified, they
are involved in the negative regulation of TLR signaling. A cytoplasmic tyrosine
phosphatase, SH2-containing protein tyrosine phosphatase 2 (SHP-2) inhibits the TRIF-
dependent signaling pathways (86). TLR3 and TLR4-mediated, TRIF-dependent induction
of interferons and inflammatory cytokines are inhibited by SHP-2 in macrophages. The
detailed mechanism is not yet clear, but SHP-2 interacts with the kinase domain of TBK1,
and inhibits its kinase activity. Another tyrosine phosphatase, SHP-1 differentially regulates
TLR-dependent NF-xB and IRF-3 activation (87). SHP-1 inhibits TLR-induced NF-xB-
dependent genes, whereas, promotes the induction of IFN- upon TLR stimulation.
Mechanistically, SHP-1 interacts with, and inhibits the activity of IRAK1, which promotes
NF-kB activation, but inhibits IRF-3 activation by TLRs. Surprisingly none of the SHP-1
and SHP-2-dependent regulatory steps of TLR signaling is dependent on their tyrosine
phosphatase activities. Another tyrosine phosphatase, PTP-PEST, has been shown to inhibit
NF-kB activation by TLR3, TLR4 and TLR9 signaling in macrophages (88). PTP-PEST
interacts with and inhibits the activity of IKKp, but not TBK1. This provides a selective
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regulation of TLR signaling by PTP-PEST. Proteins, other than phosphatases, can also
inhibit PTK actions in TLR signaling. A recent study indicates the role of CEACAM-1, an
ITIM (immunoreceptor tyrosine-based inhibitory motif)-containing neutrophil receptor, to
negatively regulate the TLR4/Syk-activated inflammasome (89). CEACAM-1 is recruited to
the TLR4-signaling complex and inhibits the activity of Syk and thus, down-regulates IL-1
secretion. Microbes often take advantage of the negative regulation of the host inflammatory
responses, to favor their replication. A group of bacteria, including Neisseria, activates the
CEACAM-1-mediated pathway to inhibit the inflammatory responses. Similarly, an ITIM-
containing E. coli protein, Tir, interacts with cellular SHP-1 and inhibits the TLR-dependent
NF-kxB and MAPK activation (90). The negative regulatory action of Tir is mediated by a
tripartite complex containing Tir-SHP-1-TRAF6, thereby inhibiting the E3 ubiquitin ligase
activity of TRAF6. Future studies may identify tyrosine phosphatases that can regulate the
early activation steps of TLRs by causing dephosphorylation of tyrosine phosphorylated TIR
domain of TLRs.

Future perspectives

Much remains to be learned about the role of PTKs in TLR signaling. The genetic, immuno-
histochemical and biochemical approaches, that have been successfully used to answer
similar questions for other receptors, have proven to be difficult to execute for studying
TLRs. Molecular genetic studies have been hampered by the inability to reproduce TLRS’,
especially the endosomal ones’, full physiological activities and their regulations in
experimental cell culture lines that are convenient for such studies. This is not surprising
given the fact that natural TLR expression and signaling are restricted to only a few cell
types and the laboratory lines may not be expressing all the essential signaling proteins.
Moreover, the TLRs need to be transported within the cell to the right subcellular
compartments and some of them require proteolytic processing for signaling; these
processes may be cell-type specific as well. Another major block for biochemical studies is
the scarcity of good antibodies for different TLRs, which are essential for analyzing the
signaling pathways in cells that express TLRs naturally. For studying the role of a specific
PTK in TLR signaling, decisive in vivo experiments are difficult to do because many PTKs
are essential for the survival of the mouse because of their roles in other pathways. In spite
of these difficulties, progress is being made by designing approaches that circumvent the
problems. We anticipate that more complete descriptions of the biochemistry of different
TLR signaling pathways will be forthcoming and it will be interesting to know whether they
reveal any cell-type specific component. For example, are different PTKSs used, for a
specific TLR-signaling pathway, in myeloid cells and epithelial cells? Studies on positive or
negative cross-talks among different TLRs are quite likely because many share the same
signaling proteins. Similarly, cross-talks between TLRs and other signaling receptors, such
as cytokine and growth factor receptors, are expected to be studied in the near future.
Another fertile field will explore how rapidly evolving microbes find ways to evade the
innate host defense mediated by different TLRs.
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Figure 1. TLRs, their ligands, adaptors and cellular signaling
The cell surface and endosomal TLRs, their ectodomains and TIR domains, specific

cytoplasmic adaptor molecules, and respective PAMPs are shown. The activation of TLRs
by the respective PAMPs triggers downstream signaling pathways, involving pathway-
specific Ub ligases (the TRAFs), and Ser/Thr kinases (IKK, TBK1 and others not shown),
leading to the activation of NF-xB and IRFs. Co-ordinated action of these transcription
factors lead to the transcription of inflammatory and antiviral genes including IFNs. Many
known components of the signaling pathways are not shown here, because of simplicity.
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Figure 2. Activation of early steps of TLR3 signaling by tyrosine phosphorylation
Inactive TLR3 remains in a closed conformation that maintains the TIR domain inaccessible

to cytoplasmic proteins. DsSRNA activation causes dimerization and conformational changes
of TLR3, which sequentially recruits EGFR and Src to the active TLR3 complex. EGFR and
Src simultaneously phosphorylate two individual tyrosine residues, Tyr858 and Tyr759,
respectively. Phosphorylation of these tyrosine residues is critical for the recruitment of the
cytoplasmic adaptor protein, TRIF to TLR3 and subsequent downstream signaling via NF-
B and IRF-3.
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Figure 3. Transcriptional and non-transcriptional effects of TLR3 signaling
DsRNA-activated TLR3 triggers both gene transcription-dependent and independent

pathways via recruitment of Src. The transcriptional branch of TLR3 is activated by EGFR
and Src-mediated tyrosine phosphorylation of TLR3 and subsequent activation of both NF-
kB and IRF-3. PI3K is recruited to the activated TLR3 and via activation of AKT produces
fully active NF-xB and IRF-3. A TRIF-independent branch of TLR3 signaling is mediated
by the activation of Src upon interacting with TLR3. Src activation is mediated by its
autophosphorylation on Tyr416, which causes an early activation of downstream kinases
such as FAK, an essential mediator of various cellular activities e.g. migration, adhesion and
proliferation. Later, TLR3-activated Src is depleted by sequestration in the lipid rafts by the
resident Cbp/PAG complex, thereby resulting in the inhibition of all Src-mediated cellular
activities.
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