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Abstract

Immune dysfunction is hallmark of patients with non–small cell lung carcinoma (NSCLC). The molecular mechanism involved in COX-2–
and PGE2-mediated production of immunosuppressive cytokine IL-10 is not well-understood. Our study addresses the involvement of
T cell downstream signalling intermediates, cytokines (IL-10 and IFN-�) and their transcription factors (T-bet and GATA-3) in 
COX-2–mediated regulation of lymphocyte functions in NSCLC patients. In comparison to healthy individual, a marked decrease in 
lymphocyte proliferation to anti-CD3 MAb was observed in NSCLC patients by thymidine incorporation assay. Using flow cytometry,
decrease in intracellular calcium release with increase in reactive oxygen species was observed in lymphocytes of NSCLC patients. These
patients showed increased IL-10 and PGE2 with reduced IFN-� production by ELISA. Results demonstrated defect in regulation of tran-
scription factors T-bet and GATA-3 as analysed by Western blotting (WB), immunoprecipitation and EMSA. Overexpression of p-p38, 
p-ERK and COX-2 were observed with diminished p-JNK by WB. IL-10/IFN-� levels were found to be differentially regulated via p38 and
ERK mitogen-activated protein kinase (MAPK) pathways in cooperation with COX-2. Inhibition of these pathways using selective inhibitors
lead to increased lymphocyte proliferative response to anti-CD3 MAb and IFN-� production with decrease in IL-10 production. Studies
showed involvement of ERK, p38 and COX-2 pathways in high IL-10 production, driven by lung tumour derived PGE2. The selective COX-
2 inhibitor rofecoxib showed ability to alter the cytokine balance by affecting regulation of T-bet and GATA-3 transcription factors.
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interleukin-10 • T-bet • GATA-3 • MAPK pathways

Introduction

Tumour-induced immune suppression has been well-documented
in several malignancies including non–small cell lung carcinoma
(NSCLC) [1–2]. In patients with NSCLC, lung cancer cells are
known to elaborate immunosuppressive mediators including type
2 cytokines (IL-10, IL-4 and IL-13), PGE2 and TGF-� that may act
as inhibitors of anti-tumour directed cell-mediated immune
responses [3–5]. PGE2 can inhibit apoptosis and increase prolif-
eration; mobility and metastatic potential of tumour cells and can

contribute to angiogenesis and invasion of tumour cells [6, 7].
PGE2 appears to play an important role in pro-inflammation [8].
PGE2 has also been found to have an effect on cellular functions
of monocytes, dendritic cells and lymphocytes leading to suppres-
sion of anti-tumour activities in these patients [1, 9]. In addition,
PGE2 have the ability to modulate immune responses and acts as
immune suppressor [10, 11]. Type 2 cytokines (IL-4, IL-10 and 
IL-13) negatively regulate COX-2 and PGE2 production in normal
and tumour cells [12].

In NSCLC, IL-10 overproduction at the tumour site has been
implicated in tumour-mediated immunosuppression [13, 14],
enhanced angiogenesis [15] and serum IL-10 appears to be an
indicator of poor prognosis [4, 5]. Also the lung tumour derived
PGE2 in these patients is known to trigger the synthesis of IL-10
from host immune cells [3].

COX-2 and PGE2 have been reported to play a pivotal role in
IL-10 production in NSCLC patients. However, the molecular
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mechanism involved in COX-2–mediated regulation of IL-10 
production and lymphocyte function is not well-understood.
Lymphocyte activation and cytokine production involves tight
regulation of different mitogen-activated protein kinases
(MAPKs), which get activated on T cell receptor (TCR) activation.
COX-1 and -2 are identified as critical regulators of these 
signalling cascades [16] but the molecular mechanism behind
regulation of cytokine production and lymphocyte functions by
COX-1 and -2 is not well-understood.

Our study focuses on understanding the mechanisms of PGE2-
mediated immune suppression and regulation of IL-10 production
in lymphocytes of NSCLC patients. We demonstrate that COX-2
inhibitor; rofecoxib can restore the lymphocyte functions and
cytokine balance in these patients by regulating the transcription
factors GATA-3 and T-bet. Further, we have demonstrated the
involvement of reactive oxygen species (ROS) and MAPK path-
ways in PGE2-mediated IL-10 production in NSCLC patients.
Understanding these molecular events will help in designing spe-
cific targeted therapies in these patients.

Materials and methods

Study group

Peripheral blood samples from lung cancer patients, clinically and histo-
logically diagnosed for NSCLC (n � 75) were collected before any treat-
ment from out patients department (OPD) of Tata Memorial Hospital after
obtaining ethical consent as per the norms laid down by ethical committee
of Tata Memorial Centre. All patients were staged according to the TNM
system of classification and patients in all the four stages (stages I–IV)
were included in the study. As controls, blood samples were collected from
age and sex-matched healthy individuals (HI, n � 58).

Inhibitors

COX-2 selective inhibitor rofecoxib (Sigma-Aldrich, St. Louis, MO, USA),
ERK Inhibitor (PD-098059; Sigma-Aldrich), p38 Inhibitor (SB-203580;
Sigma-Aldrich) and JNK Inhibitor (SP-600125; Sigma-Aldrich) were used.
An appropriate stock solution was prepared in dimethyl sulfoxide (Sigma-
Aldrich) and filter sterilized before use. The concentration of rofecoxib was
titrated and 100 �M was selected as optimum concentration for all exper-
iments. One microgram of MAPK inhibitors was used for proliferation and
cytokine experiments.

Antibodies

Antibodies used in the studies were purified human anti-CD3 monoclonal
antibody (Sigma-Aldrich), purified monoclonal antibodies against human
T-bet and GATA-3 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
antimouse monoclonal antibody conjugated to horseradish peroxidase
(HRPO) (Sigma-Aldrich), purified monoclonal antibodies against human
actin, p-p38, p-ERK, COX-2 (Santa Cruz), p-JNK, HSP-90 (BD Biosciences,
San Diego, CA, USA).

Separation of lymphocytes from peripheral blood

Lymphocytes were separated from peripheral blood of NSCLC patients and
HI by Ficoll Hypaque (FH; Sigma-Aldrich) density gradient centrifugation.
The viability obtained was �98% as tested by erythrosine B dye.

Lymphocyte proliferation assay

Proliferative responses in peripheral blood lymphocytes (PBL) of NSCLC
patients and HI were analysed using 72-hr tritiated thymidine incorporation
assay. PBL (1.5�105) were stimulated with 1 �g plate-coated anti-CD3
MAb for 72 hrs at 37	C in 96-well plates (Nunc, Denmark). As controls,
lymphocytes in medium alone (RPMI-1640 � 10%FCS) were incubated at
37	C for 72 hrs. 0.5 �Ci/10 �l/well tritiated thymidine (specific activity 
240 GBq/mmol; Board of Radiation and Isotype Technology, India) was
added during the last 18 hrs of the assay. The cells were harvested onto
glass-fibre filter paper (Titertek, Norway) using a cell harvester (Titertek) and
tritiated thymidine incorporation was measured in a liquid � scintillation
counter (Model 1900; Packard, USA) as counts per minute (cpm). The pro-
liferation assay was performed in triplicate sets, and data were expressed as
mean cpm. Stimulation index (S.I.) was calculated as the ratio of mean cpm
of cultures stimulated with anti-CD3 MAb and unstimulated cultures.

For treatment with COX-2 inhibitor (rofecoxib) and MAPKs inhibitors,
PBL (1.5 � 105/200 �l/well) of NSCLC patients were stimulated with 1 �g
plate-coated anti-CD3 MAb in presence of inhibitors in the above assay. As
controls, unstimulated and PBL stimulated with anti-CD3 MAb without any
inhibitors were used. The concentration of inhibitors used were COX-2–
specific inhibitor (rofecoxib; 100 �M/well), ERK Inhibitor (PD-098059; 
1 �g/well), p38 Inhibitor (SB-203580; 1 �g/well) and JNK Inhibitor 
(SP-600125; 1 �g/well).

Flow cytometry

PBL from HI and NSCLC were stimulated with COX-2 inhibitor (rofecoxib)
for 48 hrs. After incubation, unstimulated and stimulated PBL (1 � 106 cells/ml)
were suspended in PBS containing 2% FCS (Invitrogen, La Jolla, CA, USA)
and sodium azide (Sigma-Aldrich). Cells were further incubated with 
fluorochrome labelled mouse anti-human MAb CD3PE, CD4PE, CD8PE,
CD56PE, CD14PE and CD19PE (BD Biosciences) for surface staining.

Detection of T regulatory cells was performed by using four colour flow
cytometric analysis. Cells were incubated with CD4 Alexa Fluor700,
CD25PE and CD127APC MAb (BD Biosciences) at 4	C for 45 min. Cells
were washed and fixed with 1% paraformaldehyde followed by permeabi-
lization with 1% saponin (Sigma-Aldrich) for 20 min. Cells were washed
and incubated with anti-FoxP3 FITC MAb (e Biosciences, USA) for 30 min
in dark. Appropriate isotype controls were used in all experiments. A min-
imum of 10,000 events were acquired on FACS Aria flow cytometer (BD
Biosciences). The data were analysed with FACS Diva software.

Estimation of intracellular calcium release

PBL (1�106/1 ml 0.01M PBS) of NSCLC patients and HI were loaded with
5 �M Fluo-3-AM (Sigma-Aldrich) for 30 min. at 37	C. PBL were washed
with 0.01M PBS to remove excess dye and acquired on the FACS Calibur
flow cytometer (Becton Dickinson, Mountain View, USA) for the determi-
nation of basal level of fluorescence in unstimulated cells. One micrograms
of anti-CD3 MAb was added as stimulant and fluorescence intensity was
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measured immediately at 0 sec. The cells were acquired at pre-determined
time (0–330 sec.) from the time of the addition of the stimulant. The increase
in mean fluorescence intensity (MFI) was measured in seconds. Calibration
of fluo-3 fluorescence into absolute intracellular calcium was made by a
method using calcium ionophore A 23187 (10 �M, 10 �l; Sigma-Aldrich)
and manganese chloride (2 mM, 5 �l; Qualigens, India) [17, 18].

To analyse the effect of rofecoxib on intracellular calcium release PBL
(1�106/1 ml 0.01M PBS) of NSCLC patients were loaded with Fluo-3-AM
(5 �M) dye. PBL were washed with 0.01M PBS and incubated with rofe-
coxib (100 �M, 200 �M, 400 �M) for 15 min. at 37	C. After incubation
PBL were immediately acquired on the flow cytometer for the determina-
tion of calcium released as described earlier.

Measurement of intracellular reactive oxygen
species in lymphocytes

Reactive oxygen species (ROS) level in PBL was measured using 2
, 7


dichloro-fluorescein diacetate (DCFH-DA) dye (Sigma-Aldrich) [17]. PBL
(1�106/250 �l 0.01M PBS) were loaded with 4 �M dye and incubated
for 30 min. at 37	C. PBL were washed to remove all extracellular dye.
PBL were then acquired on the FACS Calibur flow cytometer (Becton
Dickinson) for the determination of basal level of fluorescence in unstim-
ulated cells. One micrograms anti-CD3 MAb was added as stimulant and
increase in MFI was measured from 0 to 45 min. Analysis was performed
using Cell Quest software and results were expressed as MFI as
described [17].

To analyse the effect of COX inhibitors on intracellular ROS generation
PBL of NSCLC patients were loaded with DCFH-DA dye as described 
earlier. PBL were washed with 0.01M PBS and incubated with rofecoxib
for 15 min. at 37	C. After incubation, PBL were immediately acquired on
the FACS Calibur flow-cytometer (Becton Dickinson) and generation of
ROS on addition of 1 �g anti-CD3 MAb was determined at different time
points (0–45 min).

Cytokine and PGE2 ELISA

PBL (1.5�105/200 �l cRPMI/well) were stimulated with 1 �g anti-CD3
MAb for 48 hrs at 37	C. After incubation, supernatants were collected and
analysed for secreted IL-10 and IFN-� using Opt-EIA sandwich ELISA kit
(BD Biosciences) as per the manufacturer’s instructions. Serum samples
from HI and NSCLC patients were analysed for IL-10 and IFN-� using same
kits. PGE2 production was measured using the PGE2 screening assay kit
(Cayman Chemicals, Ann Arbor, MI, USA) as per the manufacturer’s
instructions.

PBL were incubated with COX-2, ERK, p38 and JNK inhibitors and
stimulated with 1 �g anti-CD3 MAb for 48 hrs at 37	C. After stimulation,
supernatants were collected and cytokines (IL-10, IFN-�) and PGE2 were
quantitated.

Reverse transcription polymerase chain reaction

Total RNA was extracted from PBL of NSCLC patients using TRIZOL
Reagent (Invitrogen) according to manufacturer’s protocol. cDNA was syn-
thesized in 20 �l reaction volume using reverse transcription by random
primer method. cDNA was further amplified by using primers specific for
human COX-2 and GAPDH. The product was visualized by agarose gel elec-
trophoresis and ethidium bromide staining.

Preparation of nuclear extracts

For detection of T-bet and GATA-3, nuclear extracts were prepared from 
PBL of HI and NSCLC patients stimulated with anti-CD3 MAb for 48 hrs.
Briefly, PBL (15�106) were washed with 0.01M PBS twice and incubated with
1.2 ml of buffer-A (10 mM HEPES, 10 mM KCl, 2 mM MgCl2, 1 mM DTT, 
0.1 mM PMSF, 2 �g/ml aprotinine; Sigma-Aldrich) on ice for 15 min. After
15 min. 75 �l of 10%NP-40 was added and vortexed for 10 sec. PBL were
centrifuged at 13,000 rpm for 1 min. at 4	C. The pellet was collected and
incubated with 200 �l of buffer-C (50 mM HEPES, 50 mM KCl, 300 mM
NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 10% glycerol, 2 �g/ml apro-
tinine, 2 �g/ml leupeptine, 1 �g/ml pepstatin; Sigma-Aldrich) for 15 min. on
ice. Supernatant containing nuclear protein was collected by centrifuging at
13,000 rpm for 5 min. at 4	C. Protein estimation was performed using
Bradford reagent (Sigma-Aldrich).

Immunoprecipitation (IP) and Western 
blotting (WB) for T-bet and GATA-3

Anti-human T-bet and GATA-3 monoclonal antibodies conjugated
sepharose A beads were prepared and used for immunoprecipitation of 
T-bet and GATA-3 from nuclear extract. Separated antibody–antigen com-
plexes were loaded on 12.5% denaturing polyacrylamide gel and WB was
performed using primary purified monoclonal antibodies against human 
T-bet and GATA-3. Secondary antibody conjugated to HRPO was used to
probe primary antibodies. Specific proteins were detected by enhanced
chemiluminescence plus detection kit (ECL-plus; Amersham,
Buckinghamshire, UK) as per manufacturer’s instructions.

Electrophoretic mobility shift assay (EMSA)

Synthetic single-stranded oligonucleotides DNA sequences containing con-
sensus binding sites for T-bet and GATA-3 were obtained from (IDT Inc.,
USA). The sequences for T-bet and GATA-3 oligonucleotides were 5
-AAT
TTC ACA CCT AGG TGT GAA ATT-3
 and 5
-CTC TTA ACT GAT AAA GAA AAT-3
,
respectively. Oligonucleotides were annealed and end labelled with 
�-[32P]-ATP 1 �l (from stock of 10 mCi/ml; BRIT, India) using bacteriophage
T4 polynucleotide kinase (20 �l/reaction; Sigma-Aldrich), 5� kinase buffer
(0.25M Tris pH-7.4, 0.05M MgCl2, 0.25M DTT; Sigma-Aldrich) and water to
make final reaction volume to 20 �l. Labelled sequences were purified using
probequantTM G-50 microcolumns (Amersham). For binding reaction (20
�l), end labelled DNA probe (0.4 pm), 2 �g nuclear extract and 5� binding
buffer (10 mM HEPES pH 7.9, 50 mM KCl, 1 mM DTT, 10% glycerol, BSA
330 �g/ml) were mixed and incubated for 30 min. at room temperature and
then loaded on 4% native polyacrylamide gel. After electrophoresis gel was
dried and exposed to Kodak intensifying hyper films at �80	C overnight.

Preparation of total cell lysate

PBL were separated from HI and NSCLC patients and cell lysates were 
prepared using lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EGTA 
pH 7.4, 1.5 mM MgCl2, 10% glycerol, 1% Triton X100, 10 �g/ml aproti-
nine, 10 �g/ml leupeptine, 1 mM PMSF; Sigma-Aldrich). Briefly PBL
(10�106) were collected and washed with ice cold 0.01M PBS. PBL were
incubated with lysis buffer for 45 min. on ice. After incubation PBL were
sonicated. Supernatant containing proteins were collected after cen-
trifuging at 14,000 rpm for 10 min. Protein estimation was performed by
using Bradford reagent and then subjected to SDS-PAGE.
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Western blotting

PBL were separated from blood of HI and NSCLC patients and cell lysates
and nuclear extracts were prepared as described before. Cell lysates were
separated on 12.5% denaturing polyacrylamide gel, electro blotted to
nitrocellulose membrane (Amersham). Proteins were probed using pri-
mary antibodies against human actin, p-p38, p-ERK1/2, p-JNK1/2, COX-2,
HSP-90. Secondary antibody conjugated to HRPO was used to probe pri-
mary antibodies. Specific proteins were detected by enhanced chemilumi-
nescence plus detection kit (ECL-plus; Amersham) as per manufacturer’s
instructions.

Statistical analysis

Statistical significant difference between HI and NSCLC patients and
between untreated and inhibitors treated PBL of NSCLC patients were cal-
culated using Wilcoxin signed rank test and Student’s t-test.

Results

Impaired functional ability of PBL from NSCLC
patients was restored by rofecoxib

To assess the functional status of lymphocytes of NSCLC patients,
proliferative responses of PBL to anti-CD3 MAb were analysed.
PBL of NSCLC patients and HI were stimulated with anti-CD3 MAb
in presence of rofecoxib a COX-2 inhibitor to analyse the involve-
ment of lymphocyte expressed COX-2 in immune dysfunction of
NSCLC patients. A significant reduction in proliferative response
of PBL to anti-CD3 MAb was observed in NSCLC patients com-
pared to HI (Fig. 1A). The reduced proliferative responses of
NSCLC patients were found to be restored significantly on treat-
ment of PBL with rofecoxib (Fig. 1A). Proliferative responses of

© 2011 The Authors
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Fig. 1 (A) Proliferative response on anti-CD3 MAb stimulation in NSCLC patients (n � 17) compared to HI (n � 17) before and after treatment with rofe-
coxib. This figure represents stimulation indices (SI) from each individual with black bar indicating mean�SE value. *P  0.05 when results of HI PBL
were compared with NSCLC PBL. #P  0.05 when results of NSCLC PBL were compared with NSCLC PBL�ROF. (B) Intracellular calcium release in PBL
of NSCLC patients (n � 5) compared to HI (n � 5) on anti-CD3 MAb stimulation. This figure represents intracellular calcium content (nm) at different
time intervals after stimulation. (C) Intracellular calcium levels in PBL of NSCLC patients (n � 5) on anti-CD3 MAb stimulation before and after treatment
with rofecoxib (ROF). This graph represents mean values at each time point for each group. (D) Intracellular calcium levels in PBL of HI (n � 3) on 
anti-CD3 MAb stimulation before and after treatment with rofecoxib. This graph represents mean values at each time interval for each group. (E) ROS
generation from untreated PBL of HI (n � 6) and untreated and rofecoxib-treated PBL of NSCLC patients (n � 6) on stimulation with anti-CD3 MAb at
different time intervals. This figure represents MFI values. (F) ROS generation from untreated and rofecoxib-treated PBL of HI (n � 6) on stimulation with
anti-CD3 MAb at different time intervals. This figure represents MFI values.
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PBL to anti-CD3 MAb were compared in paired samples of NSCLC
patients and HI (Fig. S1). The results demonstrate a marked
increase in lymphocyte proliferation in response to anti-CD3 stim-
ulation after treatment of PBL with rofecoxib. The increase in pro-
liferative response was clearly evident in majority of NSCLC
patients after rofecoxib treatment compared to untreated PBL of
NSCLC patients. Immunophenotyping of PBL of NSCLC patients
and HI showed a significant decrease in CD3, CD4, CD8 and CD14
markers in NSCLC compared to HI (Table 1).

Interestingly, the level of regulatory T cells (CD4�CD25�

CD127low/�) were significantly increased in NSCLC patients
(13.16 � 2.32) compared to HI (6.33 � 0.76) (Table 2). FoxP3
expression was high in regulatory T cells of HI and NSCLC
patients before and after treatment with rofecoxib (ranged from
86.9% to 90.1%). On treatment with rofecoxib, significant
decrease in regulatory T cells was observed in NSCLC patients 
(P  0.05). In contrast, the levels of regulatory T cells remained
unchanged in HI after rofecoxib treatment (Table 2).

To analyse involvement of COX-2 in signalling events associ-
ated with TCR engagement, the intracellular calcium flux was
monitored in PBL of NSCLC patients on anti-CD3 MAb stimulation
in presence and absence of rofecoxib (100 �M). A rapid and sus-
tained increase in intracellular calcium flux was observed in lym-
phocytes of HI whereas a decreased mobilization of intracellular
calcium was observed in PBL of NSCLC patients (Fig. 1B).
Treatment of PBL of NSCLC patients with rofecoxib caused a
marked increase in intracellular calcium flux (Fig. 1C). Increasing
the rofecoxib concentration (200 and 400 �M) and the time up to
330 sec. did not further increase the intracellular calcium flux in
PBL of NSCLC patients (Fig. S2). Although maximum increase in
calcium flux was seen with 100 �M of rofecoxib in NSCLC
patients, the level remained low compared to that observed with
HI PBL after rofecoxib treatment (Fig. 1B and C). In contrast, the
intracellular calcium flux was slightly decreased in HI PBL after
treatment with rofecoxib (Fig. 1D) indicating that rofecoxib has a
selective effect (increase) on intracellular calcium flux of NSCLC
PBL compared to HI.

On anti-CD3 MAb stimulation, about twofold increase in ROS
generation was also observed in PBL of NSCLC patients compared
to HI (Fig. 1E). However, rofecoxib treatment of PBL caused a sig-
nificant reduction in ROS generation (Fig. 1E). In HI PBL, rofe-
coxib did not caused a major change in ROS generation as was
observed with NSCLC PBL on treatment with rofecoxib (Fig. 1F).
Our data suggest that lymphocyte expressed COX-2 contributes to
immune hyporesponsiveness in patients with NSCLC. Rofecoxib,
selective COX-2 inhibitor is able to reverse the observed hypore-
sponsiveness in these patients.

NSCLC patients showed high IL-10 production 
and GATA-3 expression in PBL

The production of IL-10 and IFN-� is regulated by predominant
transcription factors GATA-3 and T-bet, respectively [19, 20]. To

Table 1 Subset analysis in PBL of HI and NSCLC patients before and after treatment with rofecoxib

Mean% positive cells � SE

HI PBL HI PBL�ROF NSCLC PBL NSCLC PBL�ROF

CD3� 73.50 � 6.06 75.30 � 6.12 54.00 � 8.47* 60.77 � 0.57

CD4� 36.77 � 2.11 36.70 � 1.47 27.00 � 3.47* 26.65 � 4.85

CD8� 47.47 � 4.55 50.57 � 4.49 25.49 � 0.79* 27.91 � 7.91

CD56� 32.90 � 5.49 35.65 � 1.48 27.50 � 8.93 26.21 � 9.68

CD14� 9.43 � 3.61 11.16 � 3.78 2.95 � 0.81* 2.90 � 0.75

CD19� 10.80 � 2.82 12.83 � 2.76 14.41 � 10.13 12.29 � 8.57

*P  0.05 compared to HI PBL; HI (n � 5) and NSCLC patients (n � 5).

Table 2 Circulatory CD4� regulatory T cells in HI and NSCLC patients
before and after treatment with rofecoxib

*P  0.05 compared to HI PBL; HI (n � 5). †P  0.05 compared to
NSCLC PBL; NSCLC patients (n � 5).

Groups

Mean% positive cells � SE

Gated on CD4� Gated on 
CD4�CD25�CD127low/�

CD4�CD25�CD127low/� Foxp3�

HI PBL 6.33 � 0.76 88.10 � 4.46

HI PBL�ROF 5.80 � 0.40 88.90 � 3.47

NSCLC PBL 13.16 � 2.32* 90.10 � 7.26

NSCLC PBL�ROF 9.27 � 3.27† 86.97 � 9.12



study the defects in cytokine regulation, we analysed cytokines IL-10
and IFN-� in serum and in supernatant of anti-CD3 MAb-stimulated
lymphocytes of HI and NSCLC patients. Serum analysis for IL-10
and IFN-� showed significant high levels of IL-10 and reduced 
IFN-� in NSCLC patients (Fig. 2A). Mean values of IL-10 in culture
supernatants of unstimulated PBL of HI and NSCLC patients was
69 � 15 pg/ml and 250 � 12 pg/ml, respectively (Fig. 2B).
Stimulation of PBL of HI and NSCLC patients with anti-CD3 MAb
changed IL-10 levels in culture supernatants to 93 � 30 pg/ml and
231 � 35 pg/ml, respectively (Fig. 2B). On the other hand, culture
supernatants of unstimulated PBL of HI and NSCLC patients
showed mean IFN-� levels of 176 � 16 pg/ml and 74 � 16 pg/ml,
respectively (Fig. 2B). After stimulation with anti-CD3 MAb, IFN-�
levels in culture supernatants of PBL of HI and NSCLC patients
increased to 309 � 38 pg/ml and 160 � 25 pg/ml, respectively
(Fig. 2B). Thus, supernatants from unstimulated and anti-CD3 MAb

stimulated PBL of NSCLC patients showed increased levels of 
IL-10 with significantly reduced IFN-� compared to HI (Fig. 2B).

IP and WB of nuclear extracts from PBL of NSCLC patients
showed a marked increase in GATA-3 with reduced T-bet 
expression compared to HI (Fig. 2C). On the contrary T-bet
expression was high compared to GATA-3 in PBL of HI (Fig. 2C).
Expressions of T-bet and GATA-3 were further confirmed by eval-
uating DNA binding ability of these transcription factors using spe-
cific consensus sequences. High DNA binding activity of GATA-3
with low binding of T-bet was observed in nuclear extract from
PBL of NSCLC patients (Fig. 2D). In HI, high DNA binding of T-bet
was observed with low binding of GATA-3 to the target sequence.
The results of EMSA corroborated our data of T-bet and GATA-3
expression in PBL of NSCLC patients obtained with IP and WB
(Fig. 2C and D). The specificity of T-bet and GATA-3 binding to
DNA sequences was confirmed by competition EMSA. The binding
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Fig. 2 (A) Comparison of IL-10 and IFN-� (pg/ml) from sera of NSCLC patients (n � 23) and HI (n � 24). (B) IL-10 and IFN-� (pg/ml) from 48 hrs 
cultured supernatants of PBL of NSCLC patients (n � 12) and HI (n � 12) before and after stimulation with anti-CD3 MAb. (C) Representative figures
for IP and WB for T-bet and GATA-3 from nuclear extracts of anti-CD3 MAb-stimulated PBL of NSCLC patients (n � 2) and HI (n � 2). HSP-90 was
used as internal control for nuclear extract. (D) EMSA for T-bet and GATA-3 from nuclear extracts of anti-CD3 MAb-stimulated PBL of NSCLC patients
(n � 4) and HI (n � 3). Arrow in middle indicates binding of transcription factors to DNA sequences. *P  0.05 when results of HI PBL were com-
pared with NSCLC PBL.
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of labelled DNA-protein complexes was competed by specific con-
sensus unlabelled sequences of T-bet or GATA-3, respectively
(data not shown).

The results indicate that lymphocytes of NSCLC patients
showed high GATA-3 activity with diminished T-bet which explains
the high IL-10 secretion in these patients.

Rofecoxib induces T-bet expression and IFN-�
production in NSCLC patients

Our earlier data demonstrated restoration of functional ability of
PBL of NSCLC patients by rofecoxib (Fig. 1). We therefore analysed
effect of rofecoxib on IL-10 and IFN-� production by these lympho-
cytes. PBL of NSCLC patients were stimulated with anti-CD3 MAb
in presence of rofecoxib and culture supernatants were analysed
for IL-10 and IFN-� production. Treatment of PBL of NSCLC

patients with rofecoxib resulted in a significant decrease in IL-10
with concomitant increase in IFN-� production (Fig. 3A). In HI, sig-
nificant increase was observed in IFN-� production in  supernatant
of anti-CD3–stimulated PBL in presence and absence of rofecoxib
(Fig. 3B). It was observed that irrespective of the activation status
of PBL, IFN-� levels in HI increased marginally after treatment with
rofecoxib. Similarly, no significant decrease in IL-10 was noted in
HI PBL (unstimulated or stimulated) after treatment with rofecoxib
(Fig. 3B). These results are in marked contrast to the effect of rofe-
coxib observed in NSCLC patients (Fig. 3A).

We further analysed the expression and DNA binding activity of
T-bet and GATA-3 in PBL of NSCLC patients after treatment with
rofecoxib. A marked increase in protein expression of T-bet with
decreased GATA-3 was observed (by IP and WB) in nuclear pro-
teins of rofecoxib-treated PBL stimulated with anti-CD3 MAb com-
pared to untreated PBL (Fig. 3C). Nuclear extracts from anti-CD3
MAb-stimulated and rofecoxib-treated PBL of NSCLC patients also

Fig. 3 (A) IL-10 and IFN-� (pg/ml) from 48 hrs cultured supernatants of anti-CD3 MAb-stimulated and -unstimulated PBL of NSCLC patients (n � 12),
before and after treatment with rofecoxib *P  0.05 when results of NSCLC PBL were compared with NSCLC PBL�ROF. (B) IL-10 and IFN-� (pg/ml)
from 48 hrs supernatants of anti-CD3 MAb-stimulated and -unstimulated PBL of HI (n � 8), before and after treatment with rofecoxib. (C) IP and WB for
T-bet and GATA-3 from nuclear extracts of anti-CD3 MAb-stimulated PBL of NSCLC patients (n � 5) before (U) and after (T) treatment with rofecoxib
(ROF). (D) Analysis of DNA binding activity of T-bet and GATA-3 to their specific consensus DNA sequences by EMSA from rofecoxib-treated and -
untreated PBL of NSCLC patients. Representative figures with arrow in middle indicate binding of transcription factors to DNA sequences.
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showed increased binding of T-bet but decrease in GATA-3 bind-
ing to their target sequences (Fig. 3D). Our data reveals that rofe-
coxib treatment leads to significant induction of T-bet in NSCLC
patients which helps in IFN-� production.

PBL of NSCLC patients showed increased 
expression of COX-2 and PGE2

COX-1 and COX-2 play an important role in lymphocyte activation
and function [16]. The increase in lymphocyte activation with
restoration of cytokine balance (high IFN-� and decrease IL-10)
observed on rofecoxib treatment in NSCLC patients indicates
involvement of COX-2 (Figs 1 and 3). Overexpression of COX-2
mRNA and protein was observed in PBL of NSCLC patients com-
pared to HI (Fig. 4A and B). We further analysed level of PGE2 in
serum and culture supernatants of PBL as a read out for functional

measurement of COX-2 activity in HI and NSCLC patients. A
marked increase in serum PGE2 levels was observed in NSCLC
patients compared to HI (Fig. 4C). Unstimulated and anti-CD3
MAb-stimulated PBL of NSCLC patients showed high levels of
PGE2 production which were significantly reduced on treatment
with rofecoxib (Fig. 4D). Our data suggest that increased 
IL-10 production in NSCLC patients may be the result of increased
PGE2 production due to overexpression of COX-2 in PBL of
NSCLC patients.

Altered expression of signalling intermediates 
in PBL of NSCLC patients

Although PGE2 is known to induce IL-10, the exact mechanism is
not well-understood. To investigate the involvement of specific
molecular pathways underlying high IL-10 production by NSCLC

© 2011 The Authors
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Fig. 4 (A) Reverse transcriptase-polymerase chain reaction (RT-PCR) for mRNA expression of COX-2 from unstimulated PBL of NSCLC patients (n � 5)
and HI (n � 5). Expression of GAPDH was used as internal PCR control. (B) WB analysis of cell lysate from unstimulated PBL of NSCLC patients 
(n � 7) and HI (n � 7). Actin was used as internal control. (C) Levels of PGE2 (pg/ml) from sera of NSCLC patients (n � 32) and HI (n � 17). This figure
represents mean value of PGE2 for each group. (D) PGE2 levels (pg/ml) from cultured supernatants of unstimulated and anti-CD3 MAb-stimulated PBL
of HI (n � 12) and rofecoxib (ROF) treated and untreated NSCLC patients (n � 12). *P  0.01 when results of NSCLC PBL were compared with HI PBL.
#P  0.01 when results of NSCLC PBL were compared with NSCLC PBL�ROF.
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patients, we analysed the expression of active forms of three 
crucial signalling molecules, phosphorylated-ERK (p-ERK), p38
(p-p38) and JNK (p-JNK) of MAPK pathways in PBL of NSCLC
patients as compared to HI. WB of lysates of PBL from NSCLC
patients and HI with specific MAb demonstrated that the expres-
sion of p-ERK and p-p38 was high whereas that of p-JNK was low
in PBL of NSCLC patients (Fig. 5). On treatment with rofecoxib
PBL of NSCLC patients showed marked decrease in p-ERK and 
p-p38 with increase in p-JNK expression compared to untreated
PBL of NSCLC patients (Fig. 5). Thus, the data indicate that p-ERK
and p-p38 pathways may be involved in high IL-10 production by
PBL of NSCLC patients.

PGE2 via p38 and ERK MAPK pathway regulates
the high IL-10 production in NSCLC patients

To substantiate the involvement of ERK and p38 pathways in
increased IL-10 production via PGE2 observed in NSCLC patients,
we used specific inhibitors for p38 (SB-203580), ERK (PD-
98059), JNK (SP-600125) and COX-2 (rofecoxib). PBL of NSCLC
patients were stimulated with anti-CD3 MAb in presence and
absence of these inhibitors and the supernatants of cultured PBL
were analysed for IL-10, IFN-� and PGE2 production. The prolifer-
ation of PBL in the presence of these inhibitors was simultane-
ously monitored. We also used the combinations of MAPK

inhibitors with rofecoxib to understand the cooperation of MAPK
pathways with COX-2.

A significant increase in proliferative response to anti-CD3
MAb was observed when PBL were treated with PD-98059 
(ERK inhibitor), SB-203580 (p38 inhibitor) and rofecoxib com-
pared to untreated PBL and anti-CD3 MAb-stimulated PBL of
NSCLC patients (Fig. 6A). Further, when PBL of NSCLC patients
were treated with combinations of PD-98059 with rofecoxib and
SB-203580 with rofecoxib, a significant increase in proliferative
response to anti-CD3 MAb was observed in PBL of NSCLC
patients compared to PBL treated with rofecoxib alone (Fig. 6A).
However, the increase in proliferation of PBL was significantly
high when combination of SB-203580 was used along with rofe-
coxib compared to rofecoxib or SB-203580 alone. In presence of
JNK inhibitor, PBL of NSCLC patients showed reduced prolifera-
tive response to anti-CD3 MAb compared to untreated but stimu-
lated PBL (Fig. 6A). Similar results were obtained when PBL of
NSCLC patients were treated with combinations of SP-600125
(JNK inhibitor) with rofecoxib (Fig. 6A).

Analysis of cytokines in culture supernatants of anti-CD3
MAb-stimulated PBL treated with MAPKs and COX-2 inhibitors
revealed significantly decreased IL-10 (Fig. 6B) with concomi-
tantly increased IFN-� (Fig. 6C) production in presence of PD-
98059, SB-203580 and rofecoxib when each inhibitor was used
alone. Combination of SB-203580 with rofecoxib further reduced
IL-10 production in comparison to the treatment with SB-203580
or rofecoxib alone (Fig. 6B). Combined treatment of PD-98059
with rofecoxib although reduced the IL-10 level (compared to PD-
98059), the effect was comparable to that observed with rofe-
coxib alone (Fig. 6B). Stimulation of PBL with anti-CD3 MAb in
presence of rofecoxib and MAPK inhibitors (PD-98059 or SB-
203580) was unable to further increase level of IFN-� above that
observed with MAPK inhibitors alone (Fig. 6C) but was signifi-
cantly increased above rofecoxib alone. SP-600125 (JNK
inhibitor) did not show any increase in proliferative response or
IFN-� production (Fig. 6A and C).

We also investigated the effect of these inhibitors on PGE2 
production from anti-CD3–stimulated and unstimulated PBL of
NSCLC patients. In the presence of PD-98059, SB-203580 and
SP-600125 alone or in combination with rofecoxib, reduced 
production of PGE2 from PBL of NSCLC patients (Fig. 6D) was
observed.

Similar set of experiments were carried out with unstimulated
PBL of NSCLC patients. As seen in Figure 7, significant increase in
lymphocyte proliferation was observed when MAPK inhibitors
were used along with rofecoxib. Significant decrease in IL-10 lev-
els was observed when PD-98059 or SB-203580 was used with
rofecoxib. Combination of SB-203580 with rofecoxib showed a
marked increase in IFN-� levels over that observed with PD-
98059, SB-203580 or rofecoxib used alone (Fig. 7C).

Thus, our data confirms that COX-2, p38 and ERK pathways
appear to be involved in high IL-10 production in NSCLC patients,
p38 appears to play a dominant role. The effect was more promi-
nently observed in unstimulated PBL of NSCLC patients.

© 2011 The Authors
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Fig. 5 WB analysis for detection of p-ERK, p-p38, p-JNK and actin from
unstimulated PBL of HI (n � 5) and NSCLC patients (n � 5) before and
after treatment with rofecoxib.
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Discussion
Although the role of PGE2 is pivotal in IL-10 production in NSCLC
patients, the molecular mechanism is not well-understood [3, 10,
21]. This study focuses on further understanding the involvement
of downstream MAPK and COX-2 pathways in IL-10– mediated
immune dysfunction observed in NSCLC patients.

In this study, comparative analysis of lymphocyte proliferative
response to anti-CD3 MAb stimulation in NSCLC patients and HI
showed significant hyporesponsiveness in PBL of NSCLC
patients. We observed increased levels of T regulatory cells in
NSCLC patients that may contribute to decreased immune
responses in these patients. Recent study also showed that TGF-
� can induce regulatory T cells through a mechanism dependent

on COX-2/PGE2 signalling. Pharmacologic inhibition of COX-2
suppressed the TGF-�–induced PGE2 production and the
immunosuppressive activity of regulatory T cells [22]. Similarly,
we observed that addition of rofecoxib caused a decrease in level
of regulatory T cells in NSCLC patients (Table 2).

In lymphocytes of these patients reduced intracellular genera-
tion of calcium and high level of ROS on TCR/CD3 activation was
observed. It has been reported that generation of an oxidative
environment in the tumour has a strong influence on peripheral T
lymphocytes leading to decreased expression of CD3-� chain in T
cells and suppression of antigen specific T cells. In non-malignant
conditions such as rheumatoid arthritis, the ROS generated by in
vitro cultured lymphocytes from synovial fluid rendered a hypore-
sponsive state in T cells [23]. Hyporesponsive T cells showed

© 2011 The Authors
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Fig. 6 (A) Proliferative response, (B) IL-10, (C) IFN-� and (D) PGE2 production from PBL of NSCLC patients (n � 5) on anti-CD3 MAb stimulation in
presence of inhibitors of ERK (PD-98059), p38 (SB-203580), JNK (SP-600125) and COX-2 rofecoxib (ROF). ‘�’ indicates presence whereas ‘�’ indicates
absence of inhibitor. Graph represents mean cpm values or pg/ml from five samples. *P  0.05, #P  0.01 and ¥P  0.001 when results of anti-CD3
MAb-stimulated PBL were compared with PBL treated with inhibitors (symbols on data bars). Significance between various treatment groups compared
are indicated in the graph as connecting bars with symbols as *P  0.05, #P  0.01, ¥P  0.001 and ns indicates non-significant.
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defective TCR-dependent tyrosine phosphorylation of PLC-�1
leading to a strongly decreased calcium flux [24].

Our data on cytokine analysis revealed high serum IL-10 with
significantly low IFN-� in NSCLC patients. Supernatants of
unstimulated and anti-CD3 MAb-stimulated PBL of NSCLC
patients showed increased IL-10 with decreased IFN-� produc-
tion. Our results are in accordance with earlier studies showing
up-regulation of IL-10 and down-regulation of IL-12 from PBL of
NSCLC patients [4]. In addition, we report high GATA-3 and low 
T-bet activity in PBL of NSCLC patients compared to HI. GATA-3
and T-bet are critical regulatory transcription factors for IL-10 and
IFN-�, respectively. Recent study has identified GATA-3 as a

modulator which switches and stabilizes the IL-10 locus into a
transcriptionally competent status independent of IL-4 in CD4�

lymphocytes [20]. IL-10 is also known for its inhibitory effect on
T-bet, thereby inhibiting anti-tumour responses and Th1 differen-
tiation in T lymphocytes [25]. On the other hand, the expression
and activity of T-bet is essential for anti-tumour immunity [19]. 
T-bet not only regulates IFN-� production, but is known to deter-
mine cytotoxic responses of T cells and NK cells as it plays a key
role in regulation of perforin and granzyme B [19, 26–29]. The
increased expression and activity of GATA-3 with high IL-10 pro-
duction observed in NSCLC patients indicates an immunosuppres-
sive state in these patients.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 7 (A) Proliferative response, (B) IL-10, (C) IFN-� and (D) PGE2 production from unstimulated PBL of NSCLC patients (n � 5) in presence of inhibitors
of ERK (PD-98059), p38 (SB-203580), JNK (SP-600125) and COX-2 rofecoxib (ROF). ‘�’ indicates presence whereas ‘�’ indicates absence of inhibitor.
This graph represents mean cpm values or pg/ml from five samples. *P  0.05 and #P  0.01 when results of untreated PBL were compared with PBL
treated with inhibitors (COX-2 or MAPK) (symbols on data bars). Significance between various treatment groups compared are indicated in the graph as
connecting bars with symbols as *P  0.05, #P  0.01, ¥P  0.001 and ns indicates non-significant.
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Isoforms of COX are central in T cell activation and cytokine
production [1, 4, 16, 30]. Non-steroidal anti-inflammatory drugs
(NSAIDs) selectively inhibit COX-2 and prevent inflammation [16].
These drugs are also used as immune modulators [21, 31].
Rofecoxib is one such NSAID known to inhibit selectively COX-2
activity and PGE2 production. PGE2, primarily product of COX-2 is
an essential mediator of inflammation. PBL of NSCLC patients
showed overexpression of COX-2 compared to that of HI. Also the
PGE2 levels in serum and in culture supernatants from unstimu-
lated and anti-CD3 MAb-stimulated PBL of NSCLC patients was
significantly high compared to HI. The intervention of PGE2 in
activation and function of PBL of NSCLC patients was confirmed
by using rofecoxib. Treatment of PBL of NSCLC patients with rofe-
coxib resulted in marked restoration in lymphocyte proliferative
response and intracellular calcium mobilization on TCR/CD3 stim-
ulation. Also the high levels of ROS generation observed in PBL of
NSCLC patients were found to be decreased after rofecoxib treat-
ment. PGE2 is known to induce IL-10 production by activating
cAMP with involvement of phosphotyrosine kinase (PTK) and pro-
tein kinase A (PKA) [10, 32]. The functional cross-talk between
cAMP signalling and the Jak-STAT signalling pathway induced due
to PGE2 was also reported [10]. In this study, treatment of PBL of

NSCLC patients with rofecoxib showed marked decrease in IL-10
with concomitant increase in IFN-� production. On TCR/CD3 stim-
ulation, significant decrease in GATA-3 and increase in T-bet tran-
scriptional activity was observed in PBL of NSCLC patients after
rofecoxib treatment.

To further dissect the signalling network involved in IL-10 pro-
duction regulated by PGE2, we analysed MAPK pathways in PBL
of NSCLC patients. Our data revealed that p38 and ERK were acti-
vated and JNK was repressed in PBL of NSCLC patients.
Moreover, we show that inhibition of p38, ERK and COX-2 activity
by selective inhibitors restored IFN-� production and proliferative
response in anti-CD3 MAb-stimulated PBL of NSCLC patients. A
marked increase in lymphocyte proliferative response to anti-CD3
MAb on treatment with ERK or p38 inhibitors was observed 
compared to treatment with rofecoxib alone. Inhibition of COX-2
and p38 together showed maximum restoration of lymphocyte
proliferative response when stimulated with anti-CD3 MAb in
NSCLC patients. The IL-10 production was strongly inhibited with
appreciable induction of IFN-� when COX-2 and p38 pathways
were inhibited together. High IL-10 production depends more on
activation of p38 and COX-2 pathways albeit with involvement of
ERK pathway. Inhibition of MAPKs (ERK, p38, JNK) and COX-2

© 2011 The Authors
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Fig.  8 Schematic representation of PGE2-
mediated activation of MAPK and COX-2 leading
to production of IL-10.
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abrogated production of PGE2 from PBL of NSCLC patients indi-
cating co-operative activity of these pathways in PGE2 production.

Several mechanisms have been reported to play a role in high
IL-10 production [33–35]. We observed high ERK expression and
ROS in unstimulated lymphocytes of NSCLC patients.
Hyporesponsive T lymphocytes were reported to exhibit activa-
tion of ERK due to high ROS generation [24]. Activation of JNK
pathway is an essential requisite for induction of IFN-�, T cell
effector functions and cytotoxic ability of T cells [36–38]. Our
data reveal inactivation of JNK pathway in PBL of NSCLC patients
which may lead to decrease in IFN-� production and low effector
functions of lymphocytes in NSCLC patients. Incubation of PBL of
NSCLC patients with rofecoxib revealed significant increase in
JNK activity with increase in IFN-� production. Thus, COX
inhibitor, rofecoxib showed profound effect on MAPKs 
pathways which are fundamental regulators of T cell activation,
functions and cytokine production. Although it appears that COX-
2, p38 and ERK are involved in high IL-10 production in NSCLC
patients, p38 emerges as an important signalling intermediate
that regulates IL-10 production with concomitant increase in 
IFN-� production in NSCLC patients irrespective of the state of
activation of the lymphocytes.

To conclude, our study demonstrates that lung tumours pro-
duce high PGE2 along with other tumour-derived immunosup-
pressive factors in NSCLC patients. In addition to conferring the
malignant and metastatic phenotype in lung cancer, PGE2 binds
to EP receptors present on lymphocytes of NSCLC patients.
Based on the observations we proposed a model (Fig. 8) which
explores the mechanism of PGE2-mediated IL-10 production in
NSCLC patients that leads to observed hyporesponsiveness in
NSCLC patients. Constitutive activation of ROS due to high PGE2
levels may cause defect in TCR-� chain expression and inhibition
of PLC�1 leading to inhibition of intracellular calcium release
resulting in reduced proliferative and activation response on TCR
stimulation. Independent of TCR activation, ROS and cAMP are
known to activate ERK pathway. Also constitutive activity of COX-
1 and cAMP activates p38 MAPK pathway. The activation of both
these pathways induces COX-2 expression and PGE2 production
which stabilizes ROS and cAMP activation. Activation of ERK and
p38 pathways for extended time period leads to IL-10 production
which activates GATA-3 and inhibits T-bet activity resulting in
impaired IFN-� production. Production of PGE2 and IL-10 may

further inhibit JNK activity which is known to be involved in 
IFN-� production. Treatment of lymphocytes with NSAIDs prima-
rily inhibits COX activity and PGE2 production; this inhibits ERK
and p38 activation resulting in reduced GATA-3 and IL-10 levels
which results in improved T-bet, IFN-� and anti-tumour
responses.

Our studies reveal the important role of cyclooxygenase
enzymes and PGE2 in lymphocyte dysfunction and cytokine imbal-
ance in NSCLC patients. Present findings provide an insight into
the molecular mechanism of PGE2 and COX-2 mediated regulation
of signalling events in lymphocytes of NSCLC patients. The study
not only demonstrates ability of COX inhibitors to restore these
defects but also shows the potential of COX-2, ERK and p38
inhibitors as therapeutic tools in management of lung cancer.

Conflict of interest

The authors confirm that there are no conflicts of interest.

Supporting information

Additional Supporting Information may be found in the online ver-
sion of this article:

Fig. S1 Comparison of SI values from paired samples HI (n � 17)
and NSCLC patients (n � 17) before and after in vitro treatment
with rofecoxib (ROF).

Fig. S2 Intracellular calcium levels in PBL of NSCLC patients 
(n � 3) on anti-CD3 MAb stimulation before and after treatment
with different concentrations of rofecoxib (ROF) (100, 200 
and 400 �M).

Please note: Wiley-Blackwell is not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.

References

1. Patel S, Chiplunkar S. Role of cyclooxy-
genase-2 in tumour progression and
immune regulation in lung cancer. Indian J
Biochem Biophys. 2007; 44: 419–28.

2. Yang L, Yamagata N, Yadav R, et al.
Cancer-associated immunodeficiency and
dendritic cell abnormalities mediated by
the prostaglandin EP2 receptor. J Clin
Invest. 2003; 111: 727–35.

3. Huang M, Sharma S, Mao JT, et al. Non-
small cell lung cancer-derived soluble
mediators and prostaglandin E2 enhance
peripheral blood lymphocyte IL-10 tran-
scription and protein production. J
Immunol. 1996; 157: 5512–20.

4. Huang M, Stolina M, Sharma S, et al.
Non-small cell lung cancer cyclooxyge-
nase-2-dependent regulation of cytokine

balance in lymphocytes and
macrophages: up-regulation of inter-
leukin 10 and down-regulation of inter-
leukin 12 production. Cancer Res. 1998;
58: 1208–16.

5. Neuner A, Schindel M, Wildenberg U, 
et al. Prognostic significance of cytokine
modulation in non-small cell lung cancer.
Int J Cancer. 2002; 101: 287–92.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



544

6. Marrogi AJ, Travis WD, Welsh JA, et al.
Nitric oxide synthase, cyclooxygenase 2,
and vascular endothelial growth factor in
the angiogenesis of non-small cell lung
carcinoma. Clin Cancer Res. 2000; 6:
4739–44.

7. Shao J,  Jung C,  Liu C,  et al.
Prostaglandin E2 Stimulates the �-catenin/
T cell factor-dependent transcription in
colon cancer. J Biol Chem. 2005; 280:
26565–72.

8. Vane JR,  Bakhle YS,  Botting RM.
Cyclooxygenases 1 and 2. Annu Rev
Pharmacol Toxicol. 1998; 38: 97–120.

9. Riedl K,  Krysan K,  Pold M,  et al.
Multifaceted roles of cyclooxygenase-2 in
lung cancer. Drug Resist Update. 2004; 7:
169–84.

10. Cheon H,  Rho YH,  Choi SJ,  et al.
Prostaglandin E2 augments IL-10 signal-
ing and function. J Immunol. 2006; 177:
1092–100.

11. Harizi H, Gualde N. Pivotal role of PGE2
and IL-10 in the cross-regulation of den-
dritic cell-derived inflammatory mediators.
Cell Mol Immunol. 2006; 3: 271–7.

12. Heuze-Vourc’h N, Zhu L, Krysan K, et al.
Abnormal interleukin 10Ralpha expression
contributes to the maintenance of elevated
cyclooxygenase-2 in non-small cell lung
cancer cells. Cancer Res. 2003; 63:
766–70.

13. Hagenbaugh A, Sharma S, Dubinett SM,
et al. Altered immune responses in inter-
leukin 10 transgenic mice. J Exp Med.
1997; 185: 2101–10.

14. Sharma S, Stolina M, Lin Y, et al. T cell-
derived IL-10 promotes lung cancer growth
by suppressing both T cell and APC func-
tion. J Immunol. 1999; 163: 5020–8.

15. Hatanaka H, Abe Y, Naruke M, et al.
Significant correlation between interleukin
10 expression and vascularization through
angiopoietin/TIE2 networks in non-small
cell lung cancer. Clin Cancer Res. 2001; 7:
1287–92.

16. Iniguez MA,  Punzon C,  Fresno M.
Induction of cyclooxygenase-2 on acti-
vated T lymphocytes: regulation of T cell
activation by cyclooxygenase-2 inhibitors.
J Immunol. 1999; 163: 111–9.

17. Okazaki E, Chikahisa L, Kanemaru K, 
et al. Flow cytometric analysis of the
H2O2-induced increase in intracellular
Ca2� concentration of rat thymocytes. Jpn
J Pharmacol. 1996; 71: 273–80.

18. Kao JP,  Harootunian AT,  Tsien RY.
Photochemically generated cytosolic cal-
cium pulses and their detection by fluo-3.
J Biol Chem. 1989; 264: 8179–84.

19. Szabo SJ, Kim ST, Costa GL, et al. A
novel transcription factor, T-bet, directs
Th1 lineage commitment. Cell. 2000; 100:
655–69.

20. Shoemaker J, Saraiva M, O’Garra A.
GATA-3 directly remodels the IL-10 locus
independently of IL-4 in CD4� T cells. J
Immunol. 2006; 176: 3470–9.

21. Stolina M, Sharma S,  Lin Y,  et al.
Specific inhibition of cyclooxygenase 2
restores antitumour reactivity by altering
the balance of IL-10 and IL-12 synthesis. J
Immunol. 2000; 164: 361–70.

22. Baratelli F, Lee JM, Hazra S, et al.
PGE(2) contributes to TGF-� induced T
regulatory cell function in human non-
small cell lung cancer. Am J Transl Res.
2010; 2: 356–67.

23. Otsuji M, Kimura Y, Aoe T, et al. Oxidative
stress by tumour-derived macrophages
suppresses the expression of CD3 zeta
chain of T-cell receptor complex and anti-
gen-specific T-cell responses. Proc Natl
Acad Sci USA. 1996; 93: 13119–24.

24. Cemerski S, Cantagrel A, Van Meerwijk
JP, et al. Reactive oxygen species differen-
tially affect T cell receptor-signaling path-
ways. J Biol Chem. 2002; 277: 19585–93.

25. Nawijn MC, Dingjan GM, Ferreira R, 
et al. Enforced expression of GATA-3 in
transgenic mice inhibits Th1 differentiation
and induces the formation of a T1/ST2-
expressing Th2-committed T cell compart-
ment in vivo. J Immunol. 2001; 167: 724–32.

26. Pearce EL, Mullen AC, Martins GA, et al.
Control of effector CD8� T cell function by
the transcription factor Eomesodermin.
Science. 2003; 302: 1041–3.

27. Miller AT, Wilcox HM, Lai Z,  et al.
Signaling through Itk promotes T helper 2
differentiation via negative regulation of T-
bet. Immunity. 2004; 21: 67–80.

28. Hohler T, Reuss E, Adams P, et al. A
genetic basis for IFN-gamma production
and T-bet expression in humans. J
Immunol. 2005; 175: 5457–62.

29. Tayade C,  Fang Y,  Black GP,  et al.
Differential transcription of Eomes and T-
bet during maturation of mouse uterine
natural killer cells. J Leukoc Biol. 2005; 78:
1347–55.

30. Paccani SR, Boncristiano M, Ulivieri C,
et al. Nonsteroidal anti-inflammatory
drugs suppress T-cell activation by inhibit-
ing p38 MAPK induction. J Biol Chem.
2002; 277: 1509–13.

31. Tilley SL, Coffman TM, Koller BH. Mixed
messages: modulation of inflammation
and immune responses by prostaglandins
and thromboxanes. J Clin Invest. 2001;
108: 15–23.

32. Narumiya S, FitzGerald GA. Genetic and
pharmacological analysis of prostanoid
receptor function. J Clin Invest. 2001; 108:
25–30.

33. van der Bruggen T, Nijenhuis S, van
Raaij E,  et al. Lipopolysaccharide-
induced tumour necrosis factor alpha pro-
duction by human monocytes involves the
raf-1/MEK1-MEK2/ERK1-ERK2 pathway.
Infect Immun. 1999; 67: 3824–9.

34. Song GY, Chung CS, Schwacha MG, et al.
Splenic immune suppression in sepsis: a
role for IL-10-induced changes in P38
MAPK signaling. J Surg Res. 1999; 83:
36–43.

35. Wang S, Yang J, Qian J, et al. Tumour
evasion of the immune system: inhibiting
p38 MAPK signaling restores the function
of dendritic cells in multiple myeloma.
Blood. 2006; 107: 2432–9.

36. She QB,  Chen N,  Bode AM, et al.
Deficiency of c-Jun-NH(2)-terminal kinase-
1 in mice enhances skin tumour develop-
ment by 12-O-tetradecanoylphorbol-13-
acetate. Cancer Res. 2002; 62: 1343–8.

37. Dong C, Yang DD, Tournier C, et al. JNK
is required for effector T-cell function but
not for T-cell activation. Nature. 2000; 405:
91–4.

38. Dong C, Yang DD, Wysk M, et al. Defective
T cell differentiation in the absence of Jnk1.
Science. 1998; 282: 2092–5.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd


