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Abstract

Toll-like receptors (TLRs) are important sensors of foreign microbial components as well as products
of damaged or inflamed self tissues. Upon sensing these molecules, TLRs initiate a series of
downstream signaling events that drive cellular responses including the production of cytokines,
chemokines and other inflammatory mediators. This outcome results from the intracellular assembly
of protein complexes that drive phosphorylation and other signaling cascades ultimately leading to
chromatin remodeling and transcription factor activation. In addition to driving inflammatory
responses, TLRs also regulate cell proliferation and survival which serves to expand useful immune
cells and integrate inflammatory responses and tissue repair processes. In this context, central TLR
signaling molecules, such as the mitogen-activated protein kinases (MAPK) and phosphoinositide
3-kinase (PI3K), play key roles. In addition, four major groups of transcription factors which are
targets of TLR activation also control cell fate. This review focuses on the role of TLR signaling as
it relates to cell proliferation and survival. This topic not only has important implications for
understanding host defense and tissue repair, but also cancer which is often associated with conditions

of chronic inflammation.
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1. Introduction

The regulation of cell proliferation and survival is critical to mammalian development as well
as tissue regeneration and repair. Uncontrolled cell proliferation and survival lead to cancer, a
life threatening disease. There are numerous endogenous and exogenous signals moderating

cell proliferation and survival, including mitogens, growth factors and hormones.

Host immune responses must also induce cell proliferation and survival. These responses are
necessary for host defense following infection as they serve to stimulate leukocyte proliferation
in the bone marrow, induce the clonal expansion of lymphocytes in secondary lymphoid tissues

and ensure the survival of long-lived memory cells. Additionally, immune mediated

inflammatory responses serve to initiate tissue repair processes following local infection. Many
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of these events are induced by the direct recognition of conserved structural components of
viruses, bacteria, fungi, and protozoans, often called PAMPs (pathogen associated molecular
patterns), by pattern recognition molecules of the host innate immune system. Prominent
among these host pattern recognition molecules are the family of Toll-like receptors (TLRS).

TLRs are type | transmembrane receptors which are structurally characterized by extracellular
leucine rich repeats (LRRs) and an intracellular Toll/IL-1 receptor (TIR) signaling domain.
TLRsare activated following direct recognition of awide range of PAMPs that include bacterial
lipopolysacharides (LPS), lipoproteins, flagellin as well as viral and bacterial nucleic acids
[1]. Upon sensing these molecules TLRs are best known for initiating signaling events that
trigger the expression of inflammatory mediators including many cytokines, chemokines and
cell adhesion molecules [2]. In addition to PAMPs, TLRs also sense a variety of endogenous
molecules that are released as a result of cellular or tissue damage. These events can trigger
sterile inflammation without detectable infection [3].

In addition to initiating inflammatory responses, TLRs have been shown to directly regulate
cell proliferation and survival in a variety of biological settings [4-6]. Through regulation of
compensatory proliferative responses [7] and suppression of apoptosis [8], TLRs have been
proposed to protect against injury and initiate tissue repair processes. Many tumor cells appear
to express their own set of TLRs, suggesting a role for these receptors in the regulation of tumor
growth [9]. Indeed, TLR signaling has been associated with tumorigenesis in several disease
models [10-12]. Molecular pathways linking TLR activity to cell proliferation and survival are
not fully understood although progress is currently being made due to increased interest in this
area. Notably, some TLR signaling pathways, such as the MAPK signaling cascades and the
PI13K signaling pathway, have been well studied in cell proliferation and/or survival. In this
review, we will focus on TLR signaling pathways involved in driving cell proliferation and
survival as well as recent advances in our understanding of the role of TLRs in tissue repair
and tumorigenesis.

2. The TLR signaling pathway

2.1 The core TLR signaling cascade

Following receptor ligation with an appropriate agonist, TLRSs recruit proximal cytoplasmic
adaptor proteins to the receptor signaling domain. This initial complex acts as a scaffold for
specific signaling molecules [13]. The selective use of adaptor proteins is one of the main
mechanisms of differential signaling downstream of TLRs. There are five such adaptor proteins
in mammals, all of which possess the conserved TIR domain which upon TLR stimulation
undergo homotypic interactions with the cytosolic TIR domain of the receptor [13]. Myeloid
differentiation antigen 88 (MyD88) is a central adaptor required by all TLRs except TLR3
[14]. MyD88 deficient mice fail to respond to TLR2, TLR5, TLR7, TLR8 and TLR9 ligands
[15,16] however, responses to TLR4 ligands are only partially impaired. This is due to the
existence of alternative adaptor proteins for TLR4 (described below). While MyD88 can be
directly recruited to most TLRs, an additional TIR domain containing adaptor called MyD88
adaptor like (Mal) or TIR domain containing protein (TIRAP) is required for MyD88
recruitment to TLRs 2 and 4 [17]. Mal contains a phosphatidylinositol-(4,5)-biphosphate
(PIP2) binding domain at its C terminus that serves to localize this adaptor and recruit MyD88
to lipid rafts [18].

Recruitment of TLR adaptor proteins generates a platform for the downstream signaling
components which include IL-1 receptor associated kinases (IRAKSs), TNF receptor-associated
factor 6 (TRAF6), TGF-p activated kinase (TAK1) and TAKZ1-binding proteins (TABS).
IRAKS are a family of serine/threonine kinases required by both the IL-1 receptor and the TLRs
to activate nuclear factor kappa-B (NF-kB). There are four IRAKSs involved in TLR signaling,
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IRAK1Z, IRAK2, IRAK4 and IRAK-M [19]. In a typical ligand-induced signaling cascade,
IRAKT1 is recruited to the receptor via MyD88 and is activated through phosphorylation by
IRAK4 [20]. Activated IRAK1 undergoes autophosphorylation which facilitates TRAF6
recruitment. TRAF6 is an E3 ubiquitin ligase which stimulates the IkappaB kinase (IKK)
complex leading to inhibitor of kappa B (1xB) degradation and release of NF-«B to the nucleus
[21] (Figure 1). TRAF6 activation of IKK requires two protein complexes: the Ubc13-Uev1A
complex and the TAK1-TABs complex [22,23]. Ubc13-Uev1A is a dimeric ubiquitin
conjugation enzyme complex that cooperates with TRAF6 in K63 ubiquitination of a number
or signaling proteins in the complex and the activation of IKK. TAK1 isa MAPK kinase kinase
(MAP3K/MEKK) involved in IKK and c-jun N-terminal kinase (JNK)-p38 activation. TAK1
associates with TAB1, TAB2, TAB3 and a recently discovered TAB4 protein [23-26]. TAK1
is activated by autophosphorylation and this event is facilitated by TAB1 [27]. TAB2 and
TAB3 bind K63 linked polyubiquitin chains by their highly conserved zinc finger domain and
they serve to link TAK1 to TRAF6 [25,28]. The ability to bind polyubiquitin chains is essential
for their ability to activate TAK1 [28]. TAB4 is a phosphatase 2A interacting protein which
also binds polyubiquitin and stimulates TAK1-TAB1 phosphorylation [26]. In addition to
mediating NF-«B activation through the IKK complex, the MyD88-IRAK-TRAFG6 signaling
complex also activates interferon response factors (IRFs) following TLR7 or TLR9 stimulation
([29,30]). Similar to the IKK pathway, the activation of IRFs appears to occur through TRAF6-
mediated K-63 polyubiquitination [31]. The phosphorylated form of IRFs homodimerize and
enter the nucleus to regulate the expression of type 1 intererons (IFNs) and other genes [32,
33].

TIR domain containing adaptor protein inducing IFN-p (TRIF), also known as Toll/IL-1R
domain containing adaptor molecule 1 (TICAML1), acts as an additional proximal adaptor for
TLR3 and TLR4 signaling. TRIF is recruited to the cytosolic domain of TLR4 by TRIF related
adaptor molecule (TRAM), also known as TICAM2, which serves as a bridging adaptor [29].
TRIF is responsible for the MyD88-independent responses to LPS and, as expected, mice
deficient in both adaptors exhibit no response to LPS at all [30]. TRIF is also required by TLR3
to mediate IRF-3 activation and type 1 IFN production [31]. There are two protein kinases
involved in TRIF-mediated activation of IRF-3; TRAF family member-associated NF-xB
activator (TANK) binding kinase (TBK1) and inducible IkappaB kinase (IKKi). [1]. Both
kinases directly phosphorylate IRF-3 as well as IRF-7 which are responsible for type | IFN
induction.

In addition to type I IFNs, IRFs also regulate genes associated with cell proliferation and/or
survival (Figure 1). IRF-3 and IRF-5 are potent tumor suppressors, whereas IRF-7 has both
oncogenic and anti tumor potential [32]. Interestingly, TBK1 and IKKi have also been
associated with oncogenesis and appear to promote cancer cell proliferation and survival.
Knocking down the expression of both IKKi and TBK1 diminishes the viability of MCF-7
cells. Whether or not the oncogenic role of TBK1 and IKKi is mediated by IRFs remains
unclear. IKKi and TBK1 also target NF-xB, which is responsible for the uncontrolled
proliferation of cells overexpressing IKKi [32].

2.2 NF-kB activation in TLR signaling and cell proliferation/survival

NF-kB was originally identified as a transcription factor that binds to the intronic enhancer of
the kappa light chain gene (the kB site) expressed in B cells [34]. There are five members in

the NF-xB transcription factor family: p65 (REL-A), REL-B, cytoplasmic REL (c-REL), p50
and p52. All five members possess an N-terminal REL homology domain which is responsible
for homo- or heterodimerization and sequence-specific DNA binding. However, only REL-A,
REL-B and c-REL have a C-terminal transcription activation domain, which means that p50

and p52 need to interact with other members in order to regulate gene expression. The homo
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or heterodimers of NF-«B are usually sequestered in the cytosol by IxB family proteins.
Phosphorylation of 1kB by the trimeric IKK complex and degradation of 1«B releases NF-xB
and enables it to translocate to the nucleus and initiate the transcription of downstream target
genes (Figure 1). NF-«B is a central regulator of immune responses and induces the expression
of many cytokine genes including IL-2, IL-6, MCP-1 and CD40-L; all of which possess NF-
kB binding sites in their promoter regions. NF-«xB also targets genes involved in cell
proliferation or survival including cyclin D1, cyclin D2, c-Myc, c-Myb, cyclooxygenase 2
(COX-2), BCL-2 and BCL-XL [32,35]. Given this latter function, it is not surprising that NF-
kB is considered a tumor promoter [36]. Activation of NF-kB has been observed in chronic
myologenous leukemia, prostate cancer, multiple myeloma and hepatocellular carcinoma
[37].

With the exception of TLR3, all TLRs activate NF-xB through a canonical pathway involving
MyD88, TRAF6, TAK1 and IKK complex (described above). The activation of NF-xB by
TLR3 also requires TRAF6, TAK1 and the IKK complex however, TRIF, instead of MyD88,
recruits TRAF6 to the cytosolic domain. TRIF is also required for LPS induced late phase
activation of NF-xB [31]. In addition to the above canonical pathway, activation of TLR2 by
heat-killed S. aureus transactivates NF-kB through a Rac1-PI13K-Akt signaling pathway that
does not involve IxB degradation and DNA binding. The molecular mechanism of this
transactivation is not clear, however, it is likely that Rac1-PI13K-Akt signaling regulates the
p65 transcription complex through phosphorylation-dependent mechanisms [38]

2.3 MAPKs in TLR signaling and cell proliferation and survival

In addition to NF-kB driven transactivation, the expression of IL6, IL8, IL12p40 and MCP-1
is regulated by chromatin remodeling that is induced by MAPK signaling [39]. There are four
groups of distinctly regulated MAPKSs in mammals: extracellular signal-regulated kinase 1/2
(ERK1/2), p38 proteins (p38a/B/y/3), c-Jun N-terminal kinases (JNKSs) and ERKS5. Their
upstream MAPK kinases (MAPKKSs or MEKSs) are MEK1/2, MKK3/6, MKK4/7 and MEKS5,
respectively [40]. ERK1/2, p38 and JNK are activated by various TLR ligands including LPS,
peptidoglycan, polyl:C and unmethylated CpG DNA [19]. MAPKS regulate numerous cellular
events associated with the inflammatory response as well as cell proliferation and survival
[40]. For example, ERK1/2 promotes cell cycle progression through inactivation of membrane
associated tyrosine- and threonine-specific Cdc2 inhibitory kinase (MY T1) and subsequent
activation of the cyclin-dependent kinase p34°42 [41]. ERK1/2 can also stimulate cell
proliferation through activation of the AP-1 family of dimeric basic region-leucine zipper
(bZIP) transcription factors which subsequently act on the cyclin D1 promoter [42]. INK
appears to play a dual role in apoptosis, cell proliferation and survival. Its positive role in
regulating cell proliferation and survival is largely mediated through phosphorylation of ¢c-Jun
[43].

In contrast to ERK1/2 and JNK, p38 kinase is considered a negative regulator of cell
proliferation and survival as reflected by its ability to antagonize JNK/c-Jun [44] and ERK1/2
[45] activities. The balance between ERK1/2, JNK and p38 is believed to play a crucial role
in the regulation of cell cycle. Interestingly, both p38 and JNK are activated by TAK1 [22], a
MAP3K involved in TLR signaling (see above). Besides TAK1, other MAP3KSs such as tumor
progression locus 2 (Tpl2) [46], MEKK1 [47], MEKKZ2/3 [48,49], and apoptosis-signal
regulating kinase 1 (ASK1) [50] have also been implicated in TLR signaling.

Tpl2 was reported to activate ERK1/2 through phosphorylation of MEK3/6 [2]. This event has
been shown to regulate TNFa mRNA transport from the nucleus to the cytoplasm in response
to LPS stimulation [46]. Tpl2 is also responsible for LPS induced COX-2 expression through
ERK1/2 dependent phosphorylation of the transcription factor cCAMP response element binding
protein (CREB) [51]. MEKK?1 has been shown to directly phosphorylate 1kBa thus activate
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NF-«B following TNFa treatment [47], which makes it a potential modulator of TLR signaling.
However, mice deficient in MEKK1 show normal responses to both TLR stimuli and TNFa,
indicating that other MAP3KSs are involved [52]. Indeed, MEKKS3 [48] is required for LPS
inducible INK-p38 and NF-«B activation as well as IL-6 production [48]. MEKKS3 deficient
cells fail to respond to TLR4 stimulation and show delayed and weak NF-xB DNA binding
activitity [53]. Another MAP3K, ASK1, appears to regulate p38 activation and reactive oxygen
species production in response to LPS [50]. Taken together, TLRs can regulate a specific set
of downstream genes by selectively activating specific MAPK cascades. While the molecular
mechanism mediating TLR selectivity on individual MAP3Ks is not clear, adaptors such as
TRAFG are likely to play a key role in their recruitment [50,53] (Figure 1).

As already indicated, the main transcription factors affected by TLR signaling through MAPKs
include CREB, AP-1 and NF-kB. While many studies have focused on NF-xB and IRF
transcription factors as targets of TLR activation far less attention has been paid to CREB and
AP-1, both of which comprise significant regulators of cell proliferation and survival. CREB
is a bZIP transcription factor which binds to the cAMP response element (CRE) of numerous
genes involved in metabolism, transcription, immune regulation, cell proliferation and
survival. CREB activity is enhanced by its coactivators CREB binding protein (CBP) and p300
[54]. AP-1 is a dimeric bZIP protein composed of the Jun, Fos, Maf and ATF subfamilies.
Among these, c-Jun is considered the most potent transcriptional activator. AP-1 recognizes
the 12-o-tetradecanoylphorbol-13-acetate (TPA) response element or CRE in the promoter
region of many genes including cyclin D1 and p53 [55]. CREB and AP-1 can be phosphorylated
and regulated by MAPKSs either directly or indirectly by downstream MAPK-activated protein
kinases (MKSs) in response to TLR stimuli. For example, ERKs and JNK phosphorylate Fos
and Jun, respectively to activate their transcriptional function [55].

The MKs which signal downstream of the TLRs include the mitogen- and stress-activated
kinases (MSKs), the p90 ribosomal S6 kinases (RSKs) and the MAPK-interacting kinases
(MNKS). The phosphorylation of H3 by MSK1 and MSK2 serves to recruit and activate several
histone acetyl-transferases which increases the transcription of target genes by inducing
chromatin remodeling [39]. Through this mechanism, MSK1 and MSK2 promote the binding
of phosphorylated CREB and ATF1 to the promoters of IL-10 and dual specificity phosphatase
1 (DUSP1), two negative regulators of TLR mediated inflammatory responses [56]. RSK1 and
2 are required for both TLR2 and TLR4 mediated endocytic responses in dendritic cells [57].
The RSKs have been linked to cell cycle control by activation of the cyclin-dependent kinase
p34¢de2 downstream of ERK1/2 [45]. Moreover, RSKs transmit cell survival signals through
phosphorylation of Bcl-xL/Bcl-2-associated death promoter (BAD), which suppresses BAD-
mediated apoptosis in neurons, and phosphorylation of CREB [58] (Figure 1). Besides MSKs
and RSKs, MNKs also mediate inflammatory cytokine production by multiple TLRs [59,60].
Activation of MNK1 and MNKZ2 in primary mouse macrophages by LPS leads to increased
phosphorylation of eukaryotic initiation factor 4E (elF4E) and increased production of TNFa.
[60]. MSKs, RSKs and MNKs are all phosphorylated downstream of either p38 or ERK1/2.
In dendritic cells, RSKs phosphorylation is mediated by two MKs which are targets of p38
activation [57].

2.4 PI3K in TLR signaling and cell survival

Although there are four classes of PI13Ks, designated by their structure and substrate specificity,
only class IA PI13Ks have been shown to play a role in TLR signaling. Class IA PI3Ks are
heterodimeric enzymes composed of a regulatory subunit and a catalytic subunit. In mammals,
there are five regulatory subunits (p85a, p55a, p50a, p85p or p85y) and three catalytic subunits
(p110a, p110B, p1108). Most of these subunits are ubiquitously expressed, except p1105 which
is found primarily in leukocytes [61]. Class IA PI3Ks are activated by tyrosine-kinase-
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associated receptors, including TLRs and cytokine receptors [61]. During this event, the
phosphotyrosine motifs (pYxxM) of the activated receptors induce binding and conformational
changes in PI13K which activate the catalytic subunit. Activated P13Ks then convert
phosphatidylinositol-(4,5)-biphosphate (PIP2) to phosphatidylinositol-(3,4,5)-triphosphate
(PIP3). PIP3 binds and activates downstream kinases such as PDK1 and AKT/PKB to regulate
cell proliferation, metabolism, survival and cytokine production [62].

The cytosolic domains of TLRs 2, 3 and 5 all bear a conserved YxxM PI3K binding motif
which suggests a role for PI3K in their signaling. Indeed, a direct interaction between PI3K
and TLRs or their adaptors, such as MyD88, have been reported. Additionally, YxxM motifs
in TLRs and MyD88 are required for their interaction with p85 [38,63,64]. TLR2 mediated
activation of NF-xB also requires YxxM motifs [38], suggesting that recruitment of PI3K to
the cytosolic domain of TLR2 is important for this downstream event. Phosphorylation of Akt,
a downstream kinase activated by PI3K, is detected upon stimulation of most TLRs [65].
Although PI3K activation is clearly dependent upon TLRs and/or MyD88, the mechanism by
which this event occurs is not clear [64].

Once activated, PI3K regulates TLR signaling in both negative and positive ways. Inhibition
of PI3K during TLR2 stimulation, through use of either Ly294002 or dominant-negative Akt,
has been shown to greatly reduced NF-«B activation [38]. The fact that other studies have
found that PI3K inhibitors enhance pro-inflammatory gene expression, has led to speculation
that these inhibitors have additional targets [66]. Studies on PI3K knock out mice however,
support the idea that PI3K negatively regulates TLR activation as signaling by TLR2, TLR4,
TLR5 and TLR9 is elevated in p85a deficient mice [67,68]. Additionally, LPS-induced IL-12
and nitrite production is increased in p110p deficient cells [69]. PI3K appears to inhibit
proinflammatory cytokine production via glycogen synthase kinase 3 (GSK3), a serine-
threonine kinase that inhibits the activity of Cyclin D1, B-catenin, c-JUN and Myc transcription
factors through phosphorylation at specific serine residues [70]. Recent research suggests that
GSK3 can modulate cytokine production downstream of PI3K in response to TLR stimulation.
Inhibition of GSK3 activity by either chemical inhibition or Akt mediated phosphorylation
results in increased 1L-10 production due to enhanced DNA binding activity of CREB as well
as enhanced association between CREB and its co-activator CBP. In contrast, IL-12 production
is decreased because the amount of nuclear CBP that is accessible to NF-«B is limited [71]
(Figure 2). GSK3 also inhibits AP-1 DNA binding activity which could affect IL-10 expression
[72].

Through the use of pharmacologic inhibitors, a recent report found that PI3K is a positive
regulator of IRF-7 nuclear translocation and type | IFN production in human primary
plasmacytoid DCs stimulated with unmethylated CpG DNA [73]. These results are supported
by reports that two kinases downstream of PI3K, mTOR and p70S6K, are positive regulators
of TLR induced type | interferon production in human primary plasmacytoid DCs. Either the
mTOR inhibitor, rapamycin, or the PI3K inhibitor, LY294002, was shown to suppress CpG-
A induced IFN-a secretion in a dose dependent manner. This study also showed that the PI3K-
mTOR-p70S6K complex directly affected the interaction between TLR9-MyD88 and thus
impaired downstream NF-xB and IRF7 activity [74] (Figure 2). In summary, it appears that
PI3K is an important TLR activation component that affects signaling in different ways
depending on cell type and readout. As the PI3K pathway is an established key regulator of
cell proliferation and survival, future studies will likely reveal interesting examples of crosstalk
between TLR and cell proliferation/survival signals.

2.5 Other components in TLR signaling

Bruton's tyrosine kinase (Btk) is an additional enzyme whose activity has been linked to TLR
signaling. Btk has long been recognized as a critical player in B cell development, activation
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and survival [75]. However, in addition to the predicted effects on adaptive immunity, Btk
deficiency in both humans and mice also affects innate immune function. Btk interacts with
the cytosolic domain of TLRs 4, 6, 8 and 9 and mediates downstream activation of NF-«xB. Btk
has also been reported to associate with the adaptor proteins MyD88, Mal and IRAK-1
[75-77] and was found to be a component of the activated TLR2 signaling complex [78]. Btk
phosphorylation is detected within 5 minutes following stimulation by LPS in human
myelomonocytic THP-1 cells [75], indicating that it functions in the early steps of TLR
signaling. Indeed, Btk is responsible for Mal phosphorylation shortly after TLR2 or TLR4
stimulation, an event which targets this adaptor for suppressor of cytokine signaling-1 (SOCS1)
dependent polyubiquitination and degradation [79,80].

Rho GTPases, a subgroup within the Ras superfamily, have also been shown to affect TLR
signaling in multiple cell types [38,81,82]. RhoA, Racl and Cdc42 are rapidly activated by
TLR stimulation [65]. Inhibition of Rho GTPase, by the Clostridium difficile toxin B-10643,
results in reduced NF-xB activity as well as diminished IL-8 and COX-2 expression [81,83,
84] however, TNF-o production in response to LPS appears to be elevated [85]. It is likely that
Rho GTPase mediates cross-talk or regulation of other signaling pathways during TLR
stimulation. Indeed, the elevated TNF-a production resulting from Rho GTPase inhibition in
human macrophages is due to prolonged activation of ERK [85]. Cross talk between Rho
GTPase and the PI3K pathway has also been implicated [38,86,87].

tissue repair and tumorigenesis

Inalandmark study, MyD88 deficient mice were found to be more susceptible to both radiation
and dextran sulfate sodium (DSS) induced intestinal and colonic epithelial injury [7]. This
protective role for the TLRs was surprising as, up until that time, their activity was widely
associated with the induction of inflammatory processes leading to tissue damage. Importantly,
MyD88 deficient mice treated with DSS exhibited impaired crypt repopulation and
compensatory proliferation required for tissue repair and regeneration [7]. It was proposed that
the components of the host microflora facilitated the tissue repair process by triggering TLR
signaling. In support of this, both LPS and LTA mimicked the protection effect of microflora
in a TLR2 and TLR4 dependent manner.

Recently, the injection of a flagellin-based polypeptide TLR5 agonist was found to protect
mice and rhesus monkeys from an otherwise lethal radiation dose. As tumor cells were not
protected, the therapeutic benefits of this peptide are being explored in the protection of cancer
patients undergoing radiation treatment [88]. It is now recognized that in addition to PAMPs,
a variety of endogenous molecules released from damaged tissue can act to trigger TLR
activation leading to tissue repair processes. For example, epithelial hyaluronan, a high
molecular weight polymer released from the extracellular matrix upon tissue damage, is
recognized by TLR2 and TLR4 which protect against acute lung injury induced by bleomycin.
The protection effect has been attributed to NF-xB mediated suppression of apoptosis [8].

Since TLRs appear to promote cell proliferation and tissue repair, their role in tumorigenesis
and cancer is now being widely explored. In this regard, MyD88 has been found to play a
critical tumorigenic role in a mouse model of intestinal adenoma by upregulating the expression
of tumor promoting genes, growth factors and various cytokines and chemokines [11]. Through
its effects on IL-6 production, MyD88 has also been found to be a determining factor of gender
disparity in the most common form of liver cancer, hepatocellular carcinoma [10]. Chemically
induced skin papillomas and sarcomas have also been associated with MyD88 activity [12]. It
remains to be determined whether these tumor promoting effects are mediated by specific
TLRs. Interestingly, single nucleotide polymorphisms (SNPs) in several TLR loci seem to
associate with higher cancer risk. For example, polymorphic variants of TLR4, as well as
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TLR1, 6 and 10, have been associated with increased prostate cancer risk [89-92]. Other studies
have linked TLR2 and TLR4 polymorphisms to increased cervical cancer and TLR2
polymorphism to gastric cancer risk [93].

There are a variety of mechanisms by which TLRs are thought to regulate tumor growth. First,
TLRs can directly regulate tumor cell growth by modulating cell proliferation or survival
signaling pathways. TLRs are well expressed in various tumor cell types and are able to activate
downstream signaling upon stimulation [9]. For example, TLR4 is over expressed in human
colon cancers associated with chronic ulcerative colitis and is also highly expressed in an
animal model of inflammation-induced colon tumorigenesis. Moreover, TLR4 stimulation
appears to directly promote tumorigenesis through upregulation of proto-oncogene expression
[94]. TLR4 is also required for COX-2 expression and EGFR signaling, both of which have
been previously linked to colon tumor development. Importantly, mice genetically lacking
TLR4 are protected against colon tumorigenesis [94,95].

TLRs can also indirectly promote tumor growth by facilitating the creation of an inflammatory
microenvironment. For example, versican, an extracellular matrix proteoglycan from Lewis
lung carcinoma (LLC), stimulates TLR2 on macrophages to produce tumor promoting
cytokines such as TNFa, IL-1p and IL-6 [96]. Finally, TLRs may modulate the
microenvironment in a way that enables tumor cells to escape host surveillance. Stimulation
of the M26 mouse colon cancer cell line with LPS leads to the induction of iNOS and IL-6
which appear to inhibit T cell proliferation and NK cell cytotoxicity [97]. A similar
immunosuppressive effect of nitric oxide and IL-6 was observed following the TLR2-mediated
stimulation of the mouse hepatocarcinoma cell line H22. TLR2 was also found to promote cell
proliferation in this cell line through JNK and ERK phosphorylation [98].

4. TLR signaling in cell proliferation and survival

A variety of mechanisms are involved in TLR mediated cell proliferation or survival.
Unmethylated CpG DNA serves as a growth factor for human myeloma cell lines and rescues
these cells from serum-deprivation or dexamethasone-induced apoptosis. The growth/survival
promoting effect is due to autocrine secretion of IL-6 induced by TLR9 stimulation [5,6].
ERKZ1/2 is activated by Chlamydia hsp60 through TLR4 and is responsible for the enhanced
proliferation of human vascular smooth muscle cells [99]. The PI3K/Akt pathway is activated
in mesenchymal stem cells upon LPS stimulation and mediates the protection effect against
oxidative stress and apoptosis induced by serum deprivation [100].

To further investigate the molecular mechanisms by which TLRs promote cell proliferation,
Hasan et al. assessed whether TLR signaling would affect cell cycle progression in Ratl cells.
In this study, flagellin, but not polyl:C and LPS, induced cell cycle entry and prevented cell
cycle exit when serum was deprived. Interestingly, an IFN receptor neutralizing antibody
enabled polyl:C and LPS to induce cell cycle entry, suggesting that type | IFNs antagonize the
proliferation promoting effect of TLR ligands. Further investigation revealed that TLR ligands
triggered degradation of p27, a cell cycle inhibitor, in a MyD88 and Akt dependent manner
and that this event was prevented by IFN-B [4] (Figure 2). These results are consistent with the
observation that type I IFNs inhibit mesangial cell proliferation [101]. Most TLR agonists tend
to promote survival of human monocyte derived dendritic cells. However, poly I:C and LPS,
both of which induce type | IFNs, promote apoptosis which is consistent with the role of p27
in triggering this event [102]. The ability of IFN to prevent p27 degradation may also underlie
its ability to synergize with polyl:C in triggering apoptosis in melanoma cell lines [103].

The observation that polyl:C triggers apoptosis in IFN-insensitive human prostate cancer cells
suggests that there are IFN-independent mechanisms of TLR-induced apoptosis. In fact, protein
kinase C alpha (PKCa)-induced JNK and p38 activation is required in triggering apoptosis in
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these IFN-insensitive cells [104]. TLRs also appear to drive apoptosis through the Fas pathway.
For example, the lipopeptide mediated apoptosis of HEK 293 cells is dependent on the TLR2-
MyD88 pathway which appears to involve Fas-associated death domain protein (FADD) and
caspase 8 [105,106] Interestingly, suppression of the NF-xB pathway by a dominant-negative
form of NF-«kB inducing kinase (NIK) facilitates lipoprotein induced apoptosis, indicating that
NF-«B signaling normally protects cells from lipoprotein induced apoptosis [106] (Figure 3).
Additionally, LPS-mediated activation of caspase 8 triggers cell death in human THP-1 cells,
however the involvement of FADD in this event remains to be determined [107]. The function
of FADD seems not limited to caspase 8 dependent apoptosis. FADD is not only required for
Fas-induced apoptosis, but is also required for TCR induced proliferative responses in T cells
[108] as well as TLR-induced proliferative responses in B cells [109]. These observations
indicate that FADD may function as a convergent point in the regulation of apoptosis and
proliferation.

5. Conclusions and future directions

TLRs play a crucial role in innate immunity and guard the host against pathogen invasion. TLR
stimulation leads to prompt and tightly regulated inflammatory responses through the induction
of pro- and anti-inflammatory cytokines and chemokines. A newly appreciated role of TLRs
in cell proliferation, cell survival, and tissue repair greatly expands our general understanding
of TLR function. Many TLR signaling components include molecules of the MAPK cascades
and PI3K-Akt pathway which are established as key regulators of cell proliferation and
survival. The four major groups of transcription factors targeted in TLR signaling also activate
downstream genes regulating cell proliferation and cell survival or apoptosis (Figure 3). This
extended function for the TLR family makes biologic sense given that the host immune
response must expand populations of useful immune cells and also integrate inflammatory
responses with tissue repair processes.

The mechanism by which TLR and growth control signals are integrated in different cell types
is of considerable importance especially as a number of TLR agonists are being investigated
as tumor immunotherapeutics. Care should be exercised when using these agonists as TLR
stimulation can clearly promote cell proliferation and, somewhat ironically, tumor growth in
various settings. New therapeutic strategies must be designed based on a thorough investigation
of tumor responses to TLR stimuli and a deeper understanding of the role of TLRs in
tumorigenesis.
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Figure 1. MyD88 dependent and independent TLR signaling pathways

Activation of TLRs though ligand binding leads to the recruitment of the adaptor protein
MyD88 or TRIF. In the MyD88 dependent pathway, activation of IRAK1 by IRAK4 leads to
IRAK1 autophosphorylation which facilitates TRAF6 recruitment. TRAF6 then recruits
MAP3Ks such as TAK1, MEKK2/3 and ASK1. TAK1 activation leads to the activation of
IKK complex and the subsequent IkB degradation and NF-kB nucleus translocation. TAK1
also activates the p38-JNK signaling pathway. Tpl2, MEKK?2/3 and ASK1 activate ERK1/2,
p38-JNK and p38 respectively. In the MyD88-independent pathway TRIF activates TBK1 as
well as IKKi which turns on the IRF-3 transcription factor. TRIF also activates NFkB signaling
through RIP1. One of the most important consequences of TLR signaling is the transcriptional
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regulation of inflammatory genes as well as genes involved in cell proliferation and survival
carried out by four groups of transcription factors.

Cytokine. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lietal.

Page 18

Figure 2. PI3K pathway in TLR signaling

PI3K physically interacts with multiple TLRs as well as MyD88. Activated PI3K regulates
TLRsignaling in both positive and negative ways. Inactivation of GSK3 by PI13K-Akt enhances
the transcription of IL10 by allowing CREB DNA binding as well as CREB-CBP association.
IL-12 transcription is inhibited due to decreased association of NF-kB with CBP. PI13K-Akt
also phosphorylates mTOR which leads to the phosphorylation and activation of IRF-7 as well
as enhanced production of type I IFNs. PI3K-Akt pathway is also involved in cell proliferation
or survival induced by multiple TLR ligands through degradation of the cell cycle inhibitor
p27.
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Figure 3. TLR signaling in cell proliferation and survival

TLR signaling engages two important adaptor proteins MyD88 and TRIF. MyD88 is required
for the activation of downstream signaling pathways involving PI3K, MAP3Ks, IKK complex
and FADD/caspases 8. PI13K activation leads to CREB activation and p27 degradation, both
of which contribute to cell proliferation and/or survival. Activation of MAP3Ks induces the
MAPK signaling cascades which eventually activate transcription factors including AP-1 and
CREB. Activation of IKK complex results in NFKB nucleus translocation. All these three
groups of transcription factors are engaged in the transcription of genes involved in cell fate
control as well as inflammation. FADD/caspase8 is responsible for TLR2 induced apoptosis
which is antagonized by NF-kB signaling. TRIF is involved in IRF-3 activation and the
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production of type I IFNs. IRF-3, 5 and 7 are all potential regulators of cell proliferation and
survival.
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