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Abstract The precise role of different toll-like receptor
(TLR) superfamily members is just beginning to get
elucidated in glioblastoma multiforme (GBM). In this
study, we observed heightened TLR4 levels in GBM tumor
samples as compared to adjacent normal tissue. Since the
pro-inflammatory cytokine tumor necrosis factor (TNF)x
induces NF-kB activation in GBM, and as several common
signaling mediators are involved in TNFx and TLR4-
mediated NF-kB activation, we investigated the role of
TLR4 in the regulation of NF-kB activation and inflamma-
tory responses in TNFo-treated glioma cells. TNF«x
elevated TLR4 expression and inhibition of TLR4 signaling
by either signaling inhibitor, neutralizing antibody, or small
interfering RNA (siRNA)-attenuated TNF«x-induced NF-
kB activation. TLR4-mediated NF-kB activation was
independent of canonical myeloid differentiation factor 88
signaling but involved toll/IL-1R homology domain-
containing adaptor protein-inducing interferon-f3. Inhibition
of TLR4 signaling abrogated TNF-induced increase in (1)
transcription factors interferon (IFN) regulatory factor 3 and
STAT-1 and (2) IFNf3 and inflammatory cytokines/chemokines
expression. Furthermore, TNFa-induced TLR4-dependent
increase in AKT activation and HIF-1x transcriptional
activation suggested the existence of TLR4-AKT-HIF-1x
axis. Importantly, TNF«-induced TLR4 was abrogated in cells
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transfected with dominant negative IkB and HIF-1 siRNA.
Our studies indicate that TNF« triggered TLR4-HIF-1 and
NF-kB-TLR4 feed-forward loops act in tandem to sustain
inflammatory response in glioma.
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Introduction

Although members of the toll-like receptor (TLR) superfamily
are associated with pathogen recognition and activation of
innate immunity, recent studies have indicated their involve-
ment in tumor progression and chemoresistance [1]. The
importance of TLR4 in ovarian [2, 3], head and neck [4], and
lung cancer [5] is well established. These studies have
clearly indicated a link between TLR4 signaling, inflamma-
tion, chemoresistance, and sensitivity to apoptosis in cancer
[2—4]. Although TLR4 signals through myeloid differentia-
tion factor 88 (MyD88) leads to activation of NF-kB [6], it
can also induce MyD88-independent signaling that activates
late phase of NF-kB as well as interferon (IFN) regulatory
factor 3 (IRF3) which triggers the production of IFN{3 [6]—a
regulator of inflammatory response [7]. TLR4 activation also
induces the production of pro-inflammatory cytokines
including tumor necrosis factor (TNF)«x [8].

Constitutive activation of NF-kB in glioblastoma multi-
forme (GBM) is associated with enhanced expression of
genes that facilitate tumorigenesis [9]. Constitutively active
NF-kB triggers TNFx-dependent inflammation [10]. We
have recently reported that NF-kB is a direct modulator of
HIF-1«x [11], a transcription factor involved in the regula-
tion of several genes implicated in angiogenesis, metabo-
lism, and cell survival [12]. Because of its critical
involvement in cancer progression the NF-«kB signaling
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pathway has become a potential target for pharmacological
intervention [13]. Given its central role in cancer biology,
HIF-1 is considered to be another most important
molecular target in the treatment of cancer [14]. Impor-
tantly, inflammation is an important contributing factor in
cancer development [15] and HIF-1x is a critical link
between inflammation and tumorigenesis [11, 16]. Besides,
HIF-1« is overexpressed in GBM [17, 18].

Chronic inflammation is a potential risk factor for tumor
progression and activation of TLR induces inflammatory
factors [19, 20]. Lipopolysaccharide (LPS)-induced TLR4-
mediated HIF-1oc regulates release of pro-inflammatory
cytokines [21]. Also, various signaling mediators/adaptors
that participate in tumor necrosis factor receptor (TNFR)
signaling leading to NF-kB activation are also involved in
TLR4 signaling [22] and TNFx antagonist Remicade
attenuates TLR4-mediated inflammatory responses [8].

Given that (1) several common signaling mediators are
involved in TNF receptor and TLR4-mediated NF-«B
activation, (2) the sheer complexity of signaling events that
activates NF-kB in addition to canonical TNF receptor
signaling, (3) NF-kB is a modulator of HIF-1« expression in
GBM, (4) both inflammation and HIF-1«x are indispensable
components in GBM progression, and (5) TNFa promotes a
pro-inflammatory milieu in glioma cells which are resistant to
TNFx-induced apoptosis, we explored the importance of
TLR4 in regulating signaling events that promote inflamma-
tory responses in TNFo-treated glioma cells.

To our knowledge, this is the first report profiling the
expression of TLR4 in GBM tumors. Our studies indicate that
MyD88-independent but adaptor protein-inducing interferon-
{3 (TRIF)-dependent TLR4 signaling is a critical component
of TNFa-induced NF-kB activation. The primary finding of
our study is the uncovering of a critical role of NF-kB in
TLR4 activation. This induction of TLR4 by NF-«kB coupled
with the ability of TLR4 to regulate NF-kB highlights the
existence of NF-kB-TLR4 loop. We also demonstrate the
existence of AKT driven HIF-1—TLR4 feed-forward loop in
TNF«-treated glioma cells. These signaling pathways trig-
gered by TLR4 upon TNF« stimulation act in concert to
sustain and amplify inflammatory response in glioma cells.

Materials and methods
Processing of tissue and immunohistochemistry

Tissue samples were collected from patients with histolog-
ically confirmed GBM (n=19) as per the guidelines of
Institutional Human Ethics Committee of National Brain
Research Centre. During surgery, non-neoplastic brain
tissue (n=7) was obtained from margins of the tumors
whenever possible and was used as control. Tumor and
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nontumor tissues were washed in phosphate-buffered saline
(PBS), fixed with 10% formalin for 24-30 h and left in
30% sucrose for 24-30 h. The cryotome sections (20 uM
thick) were taken on gelatin-coated slides and processed for
immunohistochemistry.

Tissues sections were washed thrice with PBS, quenched
using 3% H,0, for 10 min at 25°C, washed and blocked in
2% bovine serum albumin, 3% normal goat serum, and
0.1% TX-100 for 1 h at 25°C. After blocking, sections were
incubated with anti-TLR4 antibody in blocking buffer
overnight at 4°C. After primary antibody incubation,
sections were washed with PBS containing 0.01%
Tween-20 and incubated with biotinylated secondary antibody
in PBS for 2 h at 25°C. Sections were then washed and
incubated for 1.5 h at 25°C with avidin—biotin complex
(Vector) as per kit instructions. After washes, sections were
developed with Nova Red substrate (Vector) for 3—5 min,
rinsed with double distilled water, washed and counter-stained
with Mayer’s hematoxylin for 10-15 s. Sections were then
rinsed with tap water and washed with double distilled water,
dried overnight, mounted with DPX mounting media and
observed through Leica DMRXA2 microscope.

Cell culture and treatment

Glioblastoma cell lines A172 and LN229 obtained from the
American Type Culture Collection were cultured in
Dulbecco’s modified eagle medium supplemented with 10%
fetal bovine serum. On attaining semiconfluence, cells were
switched to serum-free media (SFM) and after 6 h, cells were
treated with 50 ng/ml TNFo (R&D) in SFM in the presence or
absence of either TLR neutralizing antibody (Imgenex), or
TRIF inhibitory peptide (InVivogen) or TLR4 signaling
inhibitor TAK-242 (InVivogen) or AKT inhibitor LY294002.
All reagents were purchased from Sigma unless otherwise
stated. The dominant negative (DN) MyD88 and TNF
receptor-associated factor 6 (TRAF6) constructs were a kind
gift from Luke A.J. O’Neill (Trinity College, Ireland) [23].
The HIF-1x luciferase reporter was gifted by Chinmay
Mukhopadhyay (JNU, India) [24]. NF-kB reporter and
DN-IkB construct was purchased from Clontech.

Western blot analysis

Whole cell lysates and nuclear extracts were isolated from
cells treated with or without TNF«x in the presence and
absence of TLR4 neutralizing antibody, TLR4 signaling
inhibitor TAK-242, or TRIF inhibitory peptide or LY294002
as described previously [11]. Small amount of tumor tissues
were homogenized in the same whole cell lysate buffer
used for Western blot analysis and samples were stored
in —20°C until further use. Lysates were electrophoresed
on 7-12% polyacrylamide gel and Western blot analysis was
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performed as described [11] using the following antibodies—
TLR4, MyDS88 (Anaspec), IRAK4 (Anaspec), TIRAP,
TRAF6, TRIF, IRF3, pSTAT1, STAT1, AKT, pAKT, and
HIF-1x (BD biosciences). Antibodies to C23 and peroxidase
conjugated [(3-actin were purchased from Santa Cruz and
Sigma, respectively. Antibodies were purchased from Cell
Signaling unless otherwise mentioned.

Detection of TLR4 expression by fluorescence-activated
cell sorting (FACS)

TLR4 expression on glioma cells treated with TNFo for 24 h
was measured in an immunofluorescence flow cytometry
assay as described previously [25]. Briefly, 10° cells were
incubated with anti-TLR4 for 40 min at 4°C. Following
incubation, cells were washed and incubated with secondary
Ab (anti-rabbit conjugated to FITC). After a further incuba-
tion for 30 min on ice, cells were washed, resuspended in
PBS and staining was measured by flow cytometry on FACS
Calibur (BD Biosciences) using the CellQuestPro analysis
software (Becton Dickinson, Mountain View, CA, USA).

Luciferase assay

Cells at ~60-70% confluence in 24-well plates were
transiently transfected with 0.3 pg NF-kB or HIF-1x
reporter plasmids and 10 ng of the Renilla luciferase
expression vector pRL-TK as a transfection control using
Lipofectamine 2,000 (Life Technologies-Invitrogen) as
described previously [11]. Following transfection for 18-
24 h, cells were serum starved for 4 h followed by
treatment with 50 ng/ml TNF« for 624 h in the presence
and absence of either 1 pg/ml TLR4 neutralizing antibody,
or 5 uM TLR4 signaling inhibitor TAK-242, or 20 uM
TRIF control/inhibitory peptide or 10 uM AKT inhibitor.
Luciferase activity was measured using Dual luciferase
assay kit according to the manufacturer’s protocol (Promega)
with GloMax 96 microplate luminometer. The results are
expressed as fold change in activity over control. For
determining NF-kB transcriptional activity in presence of
dominant negative MyD88 and TRAF6 constructs, cells were
co-transfected with 0.3 pg of either DN-MyDS88 or
DN-TRAF6 constructs along with NF-kB luciferase reporter
constructs. Similarly, HIF-1« luciferase activity was deter-
mined in cells co-transfected with DN-IkB construct or
treated with AKT inhibitor. Co-transfection experiments with
DN constructs were compared with control transfection using
the appropriate empty vectors for each construct.

Small interfering RNA transfection

Small interfering RNA (siRNA)-mediated knock down of
TLR4 or HIF-1x was performed as described previously

[11]. Briefly, 18 h prior to transfection 3x10* cells were
seeded onto 24-well plates in medium without antibiotics
and transfection of siRNAs was carried out with Lipofect-
amine RNAiMax (Life Technologies—Invitrogen). All trans-
fections were carried out with 50 nmol/L duplex siRNA.
The siRNA duplexes were purchased from Thermo Fischer
Scientific. Nonspecific siRNA that does not target any
known mammalian gene was purchased from Proligo
(Singapore). For luciferase reporter assay of TLR4
siRNA-transfected cells, these cells were again transfected
with NF-kB reporter and Renilla luciferase constructs 18 h
post-siRNA transfection and were subsequently processed
for NF-«kB reporter assay. Similarly, cells were harvested
24 h following transfection with HIF-1x siRNA and
Western blotting performed to determine TLR4 levels.

IFNB ELISA

Human IFNP enzyme-linked immunosorbent assay
(ELISA) kit (Pierce) was used to determine the concen-
tration of IFNP in supernatant collected from cells
treated with TNFo in the presence or absence of TLR4
signaling inhibitor according to the manufacturer’s
instructions.

Cytokine and chemokine bead array

Cytokine and chemokine bead array kit (Human Inflam-
mation CBA kit; BD Biosciences, NJ, USA) was used to
quantitatively measure cytokine and chemokine levels in
the supernatant collected from cells treated with TNFx in
the presence or absence of TLR4 signaling inhibitor as
described [26].

Statistical analysis

One-way analysis of variance was used to identify statistical
differences between groups. For these purposes, SigmaStat
software version 3.5 (Systat Software Inc., San Jose, CA) was
used. A value of p<0.05 was considered significant.

Results
Elevated TLR4 levels in glioblastoma biopsy samples

To demonstrate the role of TLR4 signaling in GBM, we
first examined the expression of TLR4 in GBM tumor
samples. Immunohistochemistry revealed TLR4 immuno-
localization in GBM tumors (Fig. 1a). Western blot analysis
demonstrated elevated TLR4 levels in the lysates of GBM
tumor tissues, as compared to the adjacent non-neoplastic
tissue (Fig. 1b).
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Fig. 1 TNF«x induces TLR4 expression in glioma cells. a TLR4
immunolocalization in glioma tumor samples. Cryosections of glioma
and adjacent normal tissues were immunostained for TLR4 as
described in “Materials and methods” section. Images taken at x40
magnification. /nset TLR4 immunolocalization at x100. b Western
blot analysis demonstrating elevated TLR4 expression in GBM tumor
as compared to surrounding non-neoplastic tissue. ¢ TNFx increases
TLR4 expression in glioma cells as demonstrated by Western blot. The
figure is a representative blot from three independent experiments with

TNFo induces TLR4 expression in glioma cells

NF-kB activation is involved in LPS-induced TLR4
expression [27]. Since NF-kB is constitutively expressed
in GBM [9] and as TNF« induces NF-kB activation in
glioma cells [25], we investigated the status of TLR4 in
TNFo-treated glioma cells. Western blot analysis indicated
an increase in TLR4 expression upon TNF« treatment in a
time-dependent manner (Fig. 1c). FACS analysis also
indicated an increase in TLR4 expression in TNF x-treated
glioma cells. The expression of TLR4 on the surface of
untreated glioma cells (black line) were elevated in the
presence of TNF«x (gray line; Fig. 1d).

TLR4 is involved in TNF «-mediated NF-kB activation
in glioma

We have previously reported that TNFa induces NF-kB

transcriptional activity in glioma cells [25]. Transfection of
glioma cells with NF-kB reporter construct followed by
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identical results. Blots were reprobed with f-actin to establish
equivalent loading. Densitometric measurements were performed on
individual immunoblots and values indicate protein level normalized
to its corresponding f3-actin level. The values represent the means+
SEM from three individual experiments. Asterisk significant change
from control (»p<0.05). d FACS analysis indicates elevated TLR4
levels in glioma cells upon treatment with TNFa for 24 h. A
representative histogram is shown from two independent experiments
with identical trend

TNF« treatment for 3, 6, 12, and 24 h resulted in ~6-, 9-, 7-,
and 5-fold increase in NF-kB activity in A172 glioma
cells (Fig. 2a). Similar trend was observed in LN229
(Fig. 2a). Although elevated NF-«B activity persisted at
later time intervals, maximal NF-«B activity was observed
at 6 h post-TNFox treatment (Fig. 2a). We therefore
measured NF-kB activity at 6 h for subsequent experi-
ments. As TLR4 signaling activates NF-kB [28], we
determined the involvement of TLR4 in TNF«x-induced
NF-kB activation by three independent strategies. These
involved treatment of glioma cells with either TLR4
downstream signaling inhibitor TAK-242 [29] or TLR4
neutralizing antibody or TLR4 siRNA. TNFx-mediated
increase in NF-«B activity was decreased by ~40-50% in
cells treated with TAK-242 (Fig. 2b). Neutralization of
TLR4 using anti-TLR4 neutralizing antibody resulted in a
significant 30% decrease in TNFa-induced NF-kB activ-
ity (Fig. 2c). siRNA-mediated knockdown of TLR4
decreased TNFx-mediated increase in NF-kB expression
as compared to cells transfected with nonspecific siRNA
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Fig. 2 TNF« induces TLR4-NF-kB feed-forward loop in glioma
cells. a TNF«x increases NF-kB transcriptional activity in glioma cells.
Following transfection of glioma cells with NF-kB reporter constructs,
cells were treated with TNFo for different time intervals and NF-xB
activity was determined. The graph represents fold change in activity
over control. b-d TNF«-induced NF-«kB transcriptional activity in
glioma cells is abrogated upon inhibition of TLR4 signaling.
Following transfection of glioma cells with NF-kB reporter construct,
cells were treated with TNF« in the presence and absence of b TLR4
signaling inhibitor TAK-242 or ¢ TLR4 neutralizing antibody or d
TLR4 siRNA for 6 h and reporter assay was performed to determine
NF-kB activity. The graph represents fold change in activity over

(Fig. 2d). Decreased TLR4 levels upon transfection with
TLR4 siRNA is shown in Fig. 2d inset. These results
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control. Values in a-d represent the means+SEM from three
independent experiments. Asterisk significant increase from untreated
control, number sign significant decrease from TNFa-treated cells
(»<0.05). The inset in 2 d shows TLR4 levels in cells transfected
with TLR4 siRNA and nonspecific (NS) siRNA as analyzed by
Western blot. e TNFx-induced NF-«kB regulates TLR4 expression.
Western blot demonstrates decreased TLR4 expression in TNFo-
treated glioma cells transfected with DN-IkB as compared to mock-
transfected control. The figure is representative of three independent
experiments. Blots were reprobed for 3-actin to establish equivalent
loading. Asterisk significant increase from untreated control, number
sign significant decrease from TNF x-treated cells (p<0.05)

suggest that TLR4-mediated signaling contributes to
TNF«-induced NF-kB activation in glioma cells. However,
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the inability of TAK-242, TLR4 neutralizing antibody,
and TLR4 siRNA to completely abrogate TNFx-induced
NF-kB activation indicates that other TNFR-mediated
pathways independent of TLR4 are involved in TNFx-
induced NF-kB activation.

Existence of NF-kB-TLR4 feed-forward loop in glioma
cells

Upon stimulation with TNF-alpha, a positive signaling
feedback loop in the NF-kB pathway prolongs LPS-
induced gene expression [28]. Interestingly, disruption of
NF-kB signaling attenuates LPS-mediated TLR4-
dependent innate immune responses upon infection with
opportunistic pathogen [30]. We therefore investigated
whether TNF-induced NF-kB triggers positive signaling
in the TLR4-NF-kB pathway. TNFx-induced TLR4
expression was abrogated in cells transfected with DN—
IkB (Fig. 2e). This, together with the ability of TLR4
signaling inhibitor to abrogate NF-«kB activity, suggests
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Fig. 3 TLR4 regulates NF-kB activation in a MyD88-independent
manner. a Expression of molecules associated with MyD88-dependent
TLR4-NF-kB signaling in TNF«-treated A172 glioma cells. The
expressions of MyD88, TIRAP, IRAK4 and TRAF6 in A172 cells
treated with TNFo for different intervals of time were analyzed by
Western blotting. A representative blot is shown from three indepen-
dent experiments with identical results. Blots were reprobed for (3-
actin to establish equivalent loading. b TLR4-induced NF-kB
activation is MyD88 independent. Glioma cells co-transfected with
DN-MyDS88 and NF-kB reporter constructs were treated with TNFo
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the existence of a TLR4-NF-«kB feed-forward loop in
TNF «x-treated glioma cell.

TNFx increases expression of molecules associated
with MyD88-dependent TLR4-NF-kB signaling

Activation of TLR4 leads to stimulation of MyD88-dependent
and MyD88-independent pathways. In the canonical MyD88-
dependent pathway, association of MyD88 to TLR4 results in
the recruitment of interleukin-1 receptor-associated kinase
(IRAK)1, IRAK4, TRAF6, which subsequently results in the
activation of NF-kB [6]. The interaction of MyD88 adapter-
like (Mal)/TIRAP with TRAF6 is critical for NF-kB
activation mediated by TLR4 signaling [31]. Since TLR4
was elevated upon TNF«x treatment and as TNFo-induced
NF-kB activity involves TLR4, we determined the expression
of accessory molecules that are required for the formation of
protein complex crucial to NF-kB activation downstream of
MyD88-TLR4 signaling. Treatment with TNFx elevated the
expression of MyD88, TIRAP, and TRAF6 (Fig. 3a).
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for 6 h and luciferase reporter assay was performed to determine NF-
kB activity. The graph represents fold change in activity over control.
¢ Transfection with DN-TRAF6 abrogates TNFx-induced NF-kB
activation. Glioma cells co-transfected with DN-TRAF6 and NF-«xB
reporter constructs were treated with TNFo for 6 h and luciferase
reporter assay was performed to determine NF-kB activity. The graph
represents fold change in activity over control. Values in b and ¢
represent the means+=SEM from three independent experiments.
Asterisk significant increase from untreated control, number sign
significant decrease from TNF«x-treated cells (p<0.05)
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TNF o induces NF-kB activation in a MyD8&88-independent
manner

Since TNFo increased expression of different compo-
nents of MyD88-dependent TLR4 signaling that acti-
vates NF-kB activation, we questioned whether NF-«kB
activation is MyD88 dependent. To address this ques-
tion, we determined NF-«kB transcriptional activity in
cells transfected with DN-MyD88 in the presence and
absence of TNF«. Transfection of cells with DN-
MyD88 had no effect on TNFx-mediated increase in
NF-kB activation (Fig. 3b) indicating that TLR4 driven
NF-kB activation is independent on MyD88.

As TRAF6 mediates both early and late phase of NF-
kB activation by cooperating with MyD88 and TRIF,
respectively [32], its role in TNFax-induced NF-kB
activation was determined in cells transfected with DN—
TRAF6 in the presence and absence of TNFx. A decrease
in TNFa-induced NF-kB activity was observed in cells
transfected with DN-TRAF6 (Fig. 3c). This involvement
of TRAF6 indicated the existence of MyD88-independent
and TRIF-NF-kB pathway, respectively [32] in TLR4-
mediated NF-kB activation.

Involvement of TRIF in TNFx-induced NF-«B activation

Since TLR4 induces NF-«kB activation through adaptor
molecule TRIF independent of MyD88, we next deter-
mined the importance of TRIF in NF-kB activation. An
increase in TRIF expression was observed in TNF x-treated
glioma cells (Fig. 4a). To investigate the role of TRIF on
TNFx-induced NF-kB activation, we determined NF-xB
activity in cells treated with TRIF inhibitory or control
peptide in the presence and absence of TNFoa While
treatment with control TRIF peptide had no effect on
TNFx-induced NF-kB activation, a 30% decrease in
TNFo-induced NF-kB transcriptional activity was seen in
both A172 and LN229 cells in the presence of TRIF
inhibitory peptide (Fig. 4b).

TNFo induces IRF3 in a TLR4-dependent manner

MyDS88-independent signaling can activate late phase of
NF-kB as well as IRF3 that subsequently triggers IFNf3 [6].
Since MyD88-independent TRIF signaling is involved in
TNF o-mediated NF-kB activation, we determined the
status of IRF3 in TNF«-treated cells. Elevated nuclear
IRF3 level was observed in glioma cells upon increasing
exposure to TNFo (Fig. 5a). This increase in IRF3
expression is dependent on TLR4, since TAK-242
decreased TNFx-mediated increase in IRF3 expression
(Fig. 5b).

TLR4 regulates increased IFNf3 expression in glioma cells

As TLR4-induced MyD88-independent signaling lead to
IFNf{ production [33], we determined IFNf{ level in TNF«x-
treated cells. ELISA indicated an increase in IFNf levels
upon TNFx treatment in a TLR4-dependent manner
(Fig. 5c), as TLR4 signaling inhibitor TAK-242 decreased
TNFx-mediated increase in IFNf levels (Fig. 5c¢).

TNF o induces TLR4-STAT1 axis in glioma cells

As TNFa-induced IFNR—STAT1 pathway is crucial for
sustaining and amplifying the expression of TNF x-induced
genes which promote a feed-forward cycle of inflammatory
response [34] and since TLR4 induces Ser-727 STATI
phosphorylation [35], we investigated pSTAT1 expression
in TNF«x-treated glioma cells. An increase in pSTAT1 was
observed upon increasing exposure to TNF« (Fig. 5d). This
increase in pSTAT1 was TLR4 dependent, as inhibition of
TLR4 signaling resulted in decrease in TNFax-induced
increase in pSTATI levels (Fig. 5¢). We next determined
whether TNFo-induced increase in pSTAT1 is NF-xB
dependent. Transfection with DN—IkB has no effect on
TNFx-induced STAT1 expression (data not shown). We also
investigated whether TLR4 mediates its own expression
through STAT1, by determining its level in cells treated with
TNFo in the presence and absence of STAT1 inhibitor
Fludarabine. Western blot analysis indicated that TNFo-
induced TLR4 expression is independent of STAT1 activation
(data not shown).

TNFo induces TLR4-HIF-1o feed-forward loop in glioma
cells

HIF-1 regulates TLR expression [36] and HIF-l1x
activation upon LPS stimulation is TLR4 dependent [21].
Besides, NF-kB regulates HIF-1c transcriptional activation
[37] and we have recently reported that HIF-1¢ activation
in glioma cells is NF-«kB dependent [11]. We therefore
investigated the involvement of TLR4 in HIF-1« induction
and vice versa in TNFo-treated cells. TNFa elevated HIF-
la transcriptional activity in glioma cells (Fig. 6a).
Interestingly, inhibition of TLR4 signaling abrogated
TNF-induced HIF-1o activation (Fig. 6a). To determine
whether the reverse was true, TLR4 level was determined
in cells transfected with HIF-1o siRNA. Transfection with
HIF-1x siRNA prevented TNFo-mediated induction of
TLR4 expression in glioma cells (Fig. 6b). Abrogation of
HIF-1o activity upon inhibition of TLR4 signaling along
with the ability of HIF-1« to regulate TNFx-induced TLR4
expression suggests the existence of HIF-1x-TLR4 feed-
forward loop in TNF«x-treated glioma cells.
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Existence of TLR4-AKT-HIF-1« axis in TNF«x-treated
glioma cells

AKT is phosphorylated upon TLR4 signaling [38] and AKT
regulates HIF-1x activity [39]. As we have reported that
TNF o increases AKT phosphorylation in glioma cells [40], we
investigated whether TNFo-induced TLR4 is involved in
AKT phosphorylation. We determined AKT levels in TNFa-
treated cells in the presence and absence of TAK-242.
Inhibition of TLR4 signaling abrogated TNFo-induced in-
crease in AKT phosphorylation (Fig. 6¢). Importantly, TNF -
induced AKT regulates HIF-1o transcriptional activity, as HIF-
1 activity was abrogated in cells treated with AKT inhibitor
(Fig. 6d). This indicates that a TLR4-AKT-HIF-1«x axis exists
in glioma cells alongside the TLR4-NF-«B feed-forward loop.

TLR4 promotes inflammatory milieu in TNFx-treated
glioma cells

TNF«x-induced NF-«kB activation is crucial for tumor
progression as it induces the expression of the pro-
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treatment with TRIF inhibitory peptide. Following transfection of
glioma cells with NF-kB reporter construct, cells were treated with
TNF«x in the presence and absence of TRIF inhibitory or control
peptide for 6 h and reporter assay was performed to determine NF-«B
activity. The graph represents fold change in activity over control.
Values represent the means+SEM from three independent experi-
ments. Asterisk significant increase from untreated control, number
sign significant decrease from TNFx-treated cells (p<0.05)

inflammatory cytokines [41]. Since TAK-242 selectively
inhibits TLR4-mediated cytokine production [29], we
performed cytometric bead array to determine the expres-
sion of inflammatory cytokines released from cells treated
with TNFx in the presence and absence of TAK-242.
Treatment with TNF« increased expression of cytokines
IL-13, IL-6, IL-8, IL-10, and IL-12 in glioma cells
(Fig. 7a). Though inhibition of TLR4 signaling had no
effect on TNFx-induced IL-1[3 expression, levels of IL-6,
IL-8, IL-10, and IL-12 was abrogated in the presence of
TAK-242 (Fig. 7a). Thus, TNFx-induced TLR4 regulates
the release of both immunostimulatory and immunosup-
pressive cytokines in glioma cells. Similarly, TNF«x
increased expression of chemokines MCP-1, MIG-1, and
RANTES in glioma cells in TLR4-dependent manner
(Fig. 7b). However, TNFa-induced increase in chemokine
inducible protein-10 (IP-10) upon was not affected in the
presence of TAK-242 (Fig. 7b). Taken together, these results
indicate that different signaling circuitries triggered by
TLR4 upon TNF« stimulation work in tandem to sustain an
inflammatory milieu in glioma cells (Fig. 7c¢).
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Fig. 6 Existence of TLR4-AKT-HIF-lx axis in TNF«-treated
glioma cells. a Inhibition of TLR4 signaling abrogates TNFa-
induced HIF-1x transcriptional activity in TNF«-treated cells.
Following transfection of glioma cells with HIF-1 reporter construct,
cells were treated with TNFo in the presence and absence of TAK-242
for 24 h and reporter assay was performed to determine HIF-1x
activity. The graph represents fold change in activity over control. b
siRNA-mediated knockdown of HIF-l1o prevents TNFo-mediated
increase in TLR4 expression. Cells transfected with HIF-1x siRNA or
nonspecific siRNA were treated with TNF for 24 h and Western blot
analysis was performed to determine TLR4 expression. /nset Western
blot indicates HIF-1« expression in cells transfected with HIF-1« and
nonspecific (NS) siRNA, to indicate specificity of the HIF-1 siRNA.
¢ TNFa-induced increase in AKT phosphorylation is abrogated upon
inhibition of TLR4 signaling. Glioma cells were treated with TNFx in
the presence of TAK-242 for 24 h and Western blot was performed to

Discussion

TLR4 signaling culminates in the activation of NF-«kB that
promotes a pro-inflammatory and pro-growth microenvi-
ronment [1, 42]. We have reported that TNF triggers the
assembly of canonical TNFR-dependent signaling complex
that participates in TNFa-mediated NF-kB activation in
glioma cells [25]. Importantly, TNFx- and TLR4-mediated
signaling events leading to NF-«kB activation share several
common mediators. As the link between TLR4 signaling
and inflammation in cancer is documented [2-4], we
explored the role of TLR4 in the regulation of inflammatory
response in GBM. We not only report for the first time a
heightened TLR4 levels in GBM tumors as compared to
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determine the levels of pAKT. Representative blot is shown from three
independent experiments with identical results. Blots were reprobed
for (-actin to establish equivalent loading. d Treatment with AKT
inhibitor abrogates HIF-1o transcriptional activity in TNFo-treated
cells. Following transfection with HIF-1x reporter construct, cells
were treated with TNFo in the presence and absence of 10 uM of
AKT inhibitor LY294002 for 24 h and reporter assay was performed to
determine HIF-1o activity. The graph represents fold change in
activity over control. b and ¢ Densitometric measurements were
performed on individual immunoblots for each antibody tested and
values indicate protein level normalized to its corresponding (3-actin
and AKT levels. Values in a and d represent the means+=SEM from
three independent experiments. Asterisk Significant increase from
untreated control, number sign significant decrease from TNF«-
treated cells (p<0.05)

normal brain tissue but also demonstrate that TNF-«
increases TLR4 expression in glioma cells.

In addition to TLR4-activated conserved MyDS&8-
dependent pathway that lead to NF-«kB activation, alterna-
tive MyD88-independent pathways involving different
adaptor molecules TRIF/TRAM also trigger TLR4-
mediated NF-kB activation [42]. Inhibition of TLR4
signaling abrogated TNF«x-induced NF-kB activation in
glioma cells. Despite increased expression of the compo-
nents associated with MyD88-dependent TLR4-NF-xB
signaling, TLR4-induced NF-kB activation in a MyD8§8-
independent manner. The subtle increase in TLR4 expres-
sion in A172 cells upon TNFx treatment could have
resulted from high basal level of TLR4 in these glioma
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Fig. 7 TLR4 regulates
pro-inflammatory response in
glioma cells. Increase in
inflammatory cytokine/
chemokine observed upon
TNFo treatment was
significantly suppressed upon
inhibition of TLR4 signaling.
Expression of inflammatory
cytokines a and chemokines b in
A172 and LN229 cells treated
with different combination of
TNFx and TAK-242 for 24 h, as
observed by cytometric bead
array. Values a and b represent
mean+SEM from three
individual experiments. Asterisk
significant increase from
control, number sign significant
decrease from TNFx-treated
cells (p<0.05). ¢ Proposed
model indicating that TLR4
activation induces NF-kB
through a MyD88-independent
and TRIF-dependent pathway. In
addition, TNFo induces a
TLR4-STAT1 and
TLR4-AKT-HIF-1«x axis.
Importantly, TNFx triggers the
NF-kB-TLR4 and
TLR4-HIF-1« feed-forward
loops that operate concurrently
to sustain TLR4-mediated
release of inflammatory
mediators

cells due to elevated constitutive NF-kB expression.
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phase of NF-«B activation by cooperating with MyD88 and
TRIF, respectively [32]. Abrogation of NF-kB activation in
cells transfected with DN-TRAF6 construct and TRIF
inhibitory peptide, further confirmed a MyD&8-
independent and TRIF-dependent TLR4-mediated NF-kB
activation.

Computational modeling of the two TLR4-dependent
signaling pathways suggests that NF-«kB activation through
the MyD88-independent TRIF-dependent pathway occurs
later than activation by the MyD88-dependent pathway
[28]. MyD&88-independent pathway requires IRF3-
dependent TNFx expression to activate NF-kB and the
time required for this TNFo synthesis establishes the delay
[28]. Activation of NF-kB through the canonical TNFR-
mediated pathway, which is a faster event [28], possibly
compensates for the time delay required by MyD88-
independent TRIF-dependent pathway to establish delayed
activation of NF-kB in glioma cells. It is tempting to
speculate that synergy between TLR4-NF-kB axis and
canonical TNFa signaling-induced NF-«kB sustains a feed-
forward loop that maintains elevated NF-kB levels in
glioma cells. The important finding of our study is that
NF-kB integrates TNFoc and TLR4 signals to promote
pro-survival advantage and inflammatory response.

Induction of immunomodulatory cytokine IFNf is
dependent on IRF3 activation [43] and MyD&8-
independent TLR4 signaling activates IRF3 to subsequently
trigger IFN-3 [42, 44]. TLR4-induced IFN-f3 acts in an
autocrine manner to activate the JAK-STAT pathway and
expression of [FN-inducible and STAT-dependent genes [42,
45]. TLR4 affected TNFo-induced cytokines and chemo-
kines differentially. This could be due to the fact that IFN-f3
does not affect NF-kB regulated genes IFN-y-IP-10 and
MCP-1 but negatively regulates IL-8 expression in glioma
[46]. As TNFx-induced IFN[3-STAT1 pathway promotes a
feed-forward cycle of inflammatory response [34], it is
likely that TLR4-dependent IFN3 modulates inflammatory
response in glioma.

Importantly, TLR4 regulates TNF«-induced increase in
inflammatory cytokines and chemokines. We have demon-
strated that HIF-1x-IL-13 feed-forward loop maintains
persistently elevated IL-13 level [11] and that TNF«
induces increased IL-6, IL-8 and MCP-1 release in glioma
cells [47]. The chemokine IL-8 associated with glioma
progression is induced in response to hypoxia and
cytokines [48]. While IL-10 possibly contributes to glioma
progression by suppressing immune response [49], IL-12
has been shown to have antitumor effects in a murine
glioma model [50]. The chemokine MCP-1 recruits micro-
glial cells to the site of glioma growth and increases tumor
growth and neoangiogenesis [51]. It is likely that TNFo-
induced TLR4-dependent production of both immunesti-
mulatory and immunesuppressive mediators possibly ne-
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gate the regulatory role of each other to prevent generation
of an effective antitumoral immune response.

This study has highlighted for the first time the existence
of TLR4-AKT-HIF-1« axis alongside the NF-kB-TLR4
loop in glioma cells. It is known that TLR4-dependent HIF-
lx elevates cytokines associated with LPS-induced sepsis
[21]. This, coupled with our finding that HIF-1« maintains
persistently elevated IL-1f through an IL13-HIF-1x
autocrine loop [11] and our current identification of HIF-
la as an integral component of TLR4 signaling, further
establishes HIF-1«x as a crucial link between inflammatory
and oncogenic components in GBM.

As HIF-1« is considered to be one of the most important
anticancer target [14], elucidation of its involvement in
signaling events emanating from TLR4, may provide new
directions for therapeutic strategy for GBM. Taken together,
our data clearly demonstrates that TNFo stimulated TLR4
drives inflammatory and oncogenic signals in glioma cells
by triggering crosstalk between several signaling cascades.
Stimulating TLRs to induce antitumor response is currently
being considered as an attractive anticancer strategy [52].
However, the inability of TLR4 stimulation to elicit an
antitumor immune response in murine glioma model [52]
could have resulted from the fact that TLR4 signaling by
itself triggers inflammatory response that possibly induces
immune tolerance. Therefore, better understanding of TLR-
induced inflammation in glioma will be crucial towards
deciphering its role in antitumor immune response.
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