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Abstract
Objective Naturally occurring regulatory T (TR) cells sup-
press autoreactive T cells whereas adaptive TR cells,
induced in the periphery, play an important role in chronic
viral diseases and cancer. Several studies indicate that
cyclooxygenase (COX) inhibitors prevent cancer develop-
ment of colon adenomas and delay disease progression in
patients with colorectal cancer (CRC). We have shown that
adaptive TR cells express COX-2 and produce PGE2 that
suppress eVector T cells in a manner that is reversed by
COX-inhibitors.
Methods and results Here we demonstrate that CRC
patients have elevated levels of PGE2 in peripheral blood,
and CRC tissue samples and draining lymph nodes display
increased numbers of FOXP3+ TR cells. Depletion of TR

cells from PBMC enhanced anti-tumor T-cell responses to
peptides from carcinoembryonic antigen. Furthermore, the
COX inhibitor indomethacin and the PKA type I antagonist
Rp-8-Br-cAMPS signiWcantly improved the anti-tumor
immune activity.

Conclusion We suggest that adaptive TR cells contribute
to an immunosuppressive microenvironment in CRC and
inhibit eVector T cells by a COX-2–PGE2-dependent mech-
anism and thereby facilitate tumor growth. Therapeutic
strategies targeting TR cells and the PGE2–cAMP pathway
may be interesting to pursue to enhance anti-tumor immune
activity in CRC patients.
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Abbreviations
CEA Carcinoembryonic antigen
COX-2 Cyclooxygenase type 2
CRC Colorectal cancer
PGE2 Prostagandin E2
TR cells Regulatory T cells

Introduction

Colorectal cancer (CRC) ranks second in incidence and mor-
tality among malignant disease in both men and women in
developed countries, although the recent advances in surgi-
cal technique and use of neo-adjuvant chemotherapy have
improved clinical outcomes [4, 23, 46]. Most cases of CRC
are sporadic, and both genetic background and environmen-
tal factors are important. Increasing evidence suggests that
chronic inXammation plays a role in the pathogenesis of can-
cer, including CRC [1, 10]. Epidemiologic studies indicate
that regular use of aspirin or nonsteroidal anti-inXammatory
drugs (NSAIDs) can reduce the incidence of CRC in humans
by 40–50% [17, 20, 39]. The chemopreventive role of NSA-
IDs and aspirin is thought to be exerted through the inhibi-
tion of cyclooxygenases (COXs), speciWcally COX-2, and
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prostaglandin (PG) production [7]. Exogenous PGE2 treat-
ment protects small intestinal adenomas from NSAID-
induced regression in APCmin mice, a murine model for
familial adenomatous polyposis (FAP), directly demonstrat-
ing that the anti-tumor eVect of NSAIDs is related to reduc-
tion of PGE2 levels [18]. However, use of COX-2 inhibitors
to prevent CRC in humans has been connected with an
increased frequency of adverse cardiovascular events [3, 34].

COX exists in two isoforms, named COX-1 and COX-2.
COX-1 is constitutively expressed in a broad range of cells
and tissues, and its enzymatic activity is important for renal
function, gastric mucosal integrity and platelet aggregation.
In contrast, COX-2 expression is normally absent in most
cells and tissues, but is induced in response to proinXam-
matory cytokines [13]. The COX-2 derived PGE2 plays a
predominant role in inXammatory diseases such as arthritis.
PGE2 exerts its cellular eVects by binding to its cognate
receptors (EP1–EP4) that belong to the family of seven
transmembrane G protein coupled receptors.

Several reports have demonstrated that PGE2 promotes
tumor growth through stimulation of EP receptor signaling
with subsequent enhancement of cellular proliferation, pro-
motion of angiogenesis, inhibition of apoptosis, stimulation
of tumor invasion, and suppression of immune responses
[44]. Possible mechanisms involved are activation of
peroxisome proliferator-activated receptors � (PPAR�),
epidermal growth factor receptor (EGFR), Ras-MAPK
pathway, nuclear factor kappa B (NF�B), and Wnt signal-
ing [44]. The central role of PGE2 in tumorigenesis has
been further conWrmed through homozygous deletion of its
receptors. Mice with deletions in EP1 and EP4 receptors,
but not in EP3, were partially resistant to colon carcinogen
mediated induction of abnormal crypt foci [29, 45]. Fur-
thermore, EP2 disruption in APC�716 KO mice leads to
decreased size and number of polyps [40]. Both PGE2 pro-
duction and level of COX-2 expression is increased in CRC
compared with normal colonic mucosa [14, 21]. A recent
study has shown association between high levels of a uri-
nary PGE2 metabolite and CRC risk [5].

Carcinoembryonic antigen (CEA) is a 180 kD glycopro-
tein that is highly expressed in colon epithelial cells during
embryonic development. The level of expression is low in
adult tissues, but is overexpressed in almost all CRC. Sev-
eral reports have shown that CEA is immunogenic, making
it an attractive target for immunotherapeutic purposes and
cancer vaccine development [19]. CEA-epitopes that induce
anti-tumor immune responses in both CD4+ and CD8+
T cells have been identiWed [6, 19].

The role of CD4+CD25+ regulatory T (TR) cells in sup-
pressing anti-tumor immune activity is subject to consider-
able interest [30, 36]. TR cells express the forkhead
transcription factor FOXP3 and maintain immunological
tolerance by suppression of autoreactive T cells [12, 15,

35]. Naturally occurring TR cells develop in the thymus,
however CD4+CD25- T cells in the periphery convert to
CD4+CD25+FOXP3+ adaptive TR cells and acquire regu-
latory function under certain circumstances [28, 43]. Accu-
mulating evidence indicates that adaptive TR cells are
enriched in tumor tissue, draining lymph nodes, malignant
eVusions and peripheral blood from patients with various
cancers, suggesting that the tumor microenvironment may
foster immune tolerance by attracting and/or inducing dom-
inant inhibitory cells [50].

We have shown that continuous antigenic stimulation
of human peripheral CD4+CD25- T cells gives rise to
CD4+CD25+FOXP3+ adaptive TR cells which suppress
autologous CD4+CD25- responder T cells [28]. Further-
more, we have reported a novel mechanism of immune sup-
pression whereby adaptive TR cells express COX-2 and
suppress eVector T cells in a PGE2-dependent fashion that
can be reversed with COX-2 inhibitors or PGE2-receptor
antagonists [28]. In addition, we and others have implicated
PGE2 in induction of FOXP3 in CD4+CD25- T cells that
contributes to modulation of T cell function [2, 28]. In a
murine lung cancer model, inhibition of COX-2 enhanced
anti-tumor immune responses [37, 38]. In line with these
observations, we hypothesized that chronic immune stimu-
lation in a cancer microenvironment induces TR cells that
inhibit anti-tumor immune responses in a COX-2–PGE2–
cAMP-dependent manner. In this study we demonstrate
that CRC patients have high levels of PGE2 in plasma, and
that TR cells suppress anti-CEA immune responses in a
manner that can be reversed by COX-inhibitor or PKA-
antagonist to the same extent as depletion of TR cells.

Materials and methods

Patients and clinical study control

The study protocol was approved by the Regional Commit-
tee for Medical Research Ethics, Norway. Patients with
CRC at Ullevaal University Hospital were enrolled in the
study after written informed consent. Only patients with
Wrst presentation of an adenocarcinoma were included
(TNM stage I–IV; Dukes’ stage A–D). Patients (n = 29; 15
men and 14 women; mean age 68 years; range 41–88 years)
and healthy blood donors (n = 8) were screened for PGE2

levels in the plasma. A subgroup of 12 patients (seven men
and Wve women; mean age 74 years; range 49–88 years)
was selected for analysis of anti-CEA immune responses.
Patient data for the subgroup are presented in Table 1. CEA
level was routinely determined in serum preoperatively in
all patients, except two. Blood samples from healthy blood
donors at Blood Bank, Ullevaal University Hospital, Nor-
way were used as controls.
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Isolation of cells

30–50 ml of peripheral blood was drawn from patients or
controls in EDTA tubes. Peripheral blood mononuclear
cells (PBMC) were isolated by Isopaque-Ficoll (Lympho-
prep, Nycomed Pharma AS, Oslo) gradient centrifugation.
CD4+CD25+ T cells were isolated using a CD4+CD25+
regulatory T cell isolation kit according to the manufac-
turer’s manual (Miltenyi Biotec, Auburn, CA). The cells
were routinely analyzed by Xow cytometry and the purity
of CD4+CD25+ and CD4+CD25- T cell populations were
consistently >98%. In anti-tumor immune assays, CD25+
cells were depleted directly from PBMC after incubation
with CD25 microbeads (Miltenyi Biotec, Auburn). Cells
were cultured in RPMI 1640 (Gibco, Paisley, UK) supple-
mented with 10% heat-treated FCS, 100 U/ml penicillin/
streptomycin, 1 mM sodium pyruvate and 1:100 non-essen-
tial amino acids (further described as complete medium).

Peptides

We selected six sequences of the CEA protein for peptide
synthesis, based on previously published data [19]. The
peptides were synthesized using an in-house multipep
automated peptide synthesizer (INTAVIS Bioanalytical
Instruments AG) following standard Fmoc-chemistry proto-
col with following sequences: CEA 1–6D [YLSGADLNL]
[48], CEA 61–69 [HLFGYSWYK] [24], CEA 268–278
[QYSWFVNGTF], CEA 318–327 [TYACFVSNL] [31],
CEA 570–579 [SYLSGANLNL] [19], and CEA 571–579
[YLSGANLNL] [42]. Scrambled control peptides were gen-
erated the same way with the sequences: [SNYLLALGN],
[SGYLLALDN], [LGSYHFWKY], [NYSLSLALGN],
[YWVGFQFSNT], and [NVLFSTCYA]. The peptides were
subjected to high performance capillary electrophoresis
(HPCE), isolated with >90% purity and quality assessed by

mass spectrometry. They were dissolved in DMSO at a con-
centration of 5 mg/ml and further diluted in complete
medium and used at a Wnal concentration of 5 �g/ml.

Flow cytometric analysis of lymphocytes

Cells were Wxed in 4% paraformaldehyde (PFA) and perme-
abilized in FACS permeabilizing solution (BD BioSciences,
San Jose, CA) prior to staining with CD4 APC, CD8 APC,
CD3 PerCP, CD25 PE, anti-human IFN-� PE, anti-human
TNF-� FITC, (BD BioSciences Pharmingen, Cayman
Chemicals). The CD25+ T cells were tested for FOXP3
expression by staining with APC anti-human FOXP3 stain-
ing kit, according to manufacturer’s instructions (clone
PCH-101, eBioscience). The cells were washed once in PBS
containing 1% BSA before acquiring data on a Xow cyto-
meter (FACSCalibur, BD Biosciences, San Jose, CA) and
analyzed using FlowJo software (Tree Star, San Carlos, CA).

Peptide stimulation and cytokine assays

The PBMC, PBMC depleted of CD25+ cells, or PBMC co-
cultured with autologous CD25+ T cells were stimulated
with 5 �g/ml staphylococcal enterotoxin B (SEB) (Sigma-
Aldrich), CEA-peptides (5 �g/ml), or complete medium for
18–20 h. Brefeldin A (Sigma-Aldrich) was added to a Wnal
concentration of 5 �M for the last 6 h of incubation. When
used, COX inhibitor indomethacin (25 �M) (Sigma-Ald-
rich) or PKA type I antagonist Rp-8-Br-cAMPS (1 mM)
(Lauras AS, Oslo, Norway) were added 90 min prior to
activation with SEB or CEA-peptides. In all co-culture
experiments, CD25+ T cells were prestained with 2 �M
CFSE in order to separate TR cell population from respond-
ing eVector T cells. The cells were Wxed, permeabilized,
stained for CD3, CD4, IFN-� and TNF-� and analyzed by
Xow cytometry as described above. The SEB was used as a

Table 1 Clinical characteristics 
of patients included in the study 
of tumor tissue analysis and 
anti-tumor immune analysis

Sex Age Tumor 
size (mm)

Dukes’ 
stage

TNM CEA 
(�g/l) 

PGE2 
(pg/ml)

M 49 50 B T3N0M0 ND 644

M 69 35 D T3N2M1 ND 496

M 80 40 D T3N1M1 10,522 3,669

M 63 55 B T3N0M0 1 656

M 85 40 D T3N1M1 1,391 1,041

M 66 70 C T3N2M0 10.7 537

M 83 Inoperable D T3N2M1 9.6 656

F 71 45 A T2N0M0 12.3 713

F 78 45 A T2N0M0 7.8 750

F 88 70 C T3N1M0 3.8 1,117

F 75 30 A T2N0M0 3.7 557

F 78 40 D T3N2M1 1,256.3 1,115
ND not determined
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positive control for activation in the assay. The cytokine
levels in un-stimulated cells were subtracted from the levels
of activated cells to look at the induction in cytokine secre-
tion.

Prostagandin E2 measurement by ELISA

Peripheral blood from patients and controls was centrifuged
and plasma isolated and stored at ¡80°C, thawed, and sub-
sequently analyzed for PGE2 concentration according to the
manufacturer’s instructions (R&D, London, UK).

Preparation of tissue specimens and multicolor 
immunostaining

Large intestine resection specimens were Wxed in 10%
buVered formalin and processed by standard methods for
pathologic evaluation. Relevant specimens were obtained
from the tumor and unaVected mucosa (n = 11) as well as
from regional draining lymph nodes (n = 12). Formalin-
Wxed and paraYn-embedded tissue was cut at 4 �m, depa-
raVinized, rehydrated and then subjected to antigen
retrieval by cooking for 20 min in 0.01 M citrate buVer (pH
6.0) in a water bath at 98°C. Two-color immunoXuores-
cence staining was performed as described elsewhere [22].
To determine the density and phenotype of FOXP3+ T cells
a rat mAb speciWc for FOXP3 (clone PCH101, IgG2a, 1/20;
eBiosciences) was combined with mouse mAbs to either
CD25 (clone 4C9, IgG2b, 1/100; Novocastra, UK) or COX-2
(#160112, IgG1, 1 �g/ml; Cayman Chemicals, Ann Arbor,
MI). Primary antibody combinations were incubated
overnight at +4°C followed by incubation with a mixture of
Cy3-labeled donkey anti-rat IgG (2.5 �g/ml; Jackson
ImmunoResearch Laboratories, West Grove, PA) and bio-
tinylated subclass-speciWc goat anti-mouse IgG2b (10 �g/
ml) or biotinylated goat anti-mouse IgG1 (2.5 �g/ml) (both
from Jackson ImmunoResearch Laboratories) for 3 h, and
Wnally Cy2-streptavidin (1 �g/ml; Amersham, UK) for 1 h.
In addition, a rabbit antiserum to CD3 (1/50; DAKO, Den-
mark) was incubated overnight either with anti-FOXP3
(clone PCH101) or anti-COX2 (# 160112) followed by
Alexa 488-labeled goat anti-rabbit IgG (2 �g/ml; Molecular
Probes Invitrogen) combined with either Cy3-labeled don-
key anti-rat IgG or Cy3-labeled goat anti-mouse IgG1
(Jackson ImmunoResearch Laboratories) for 3 h. In all
staining experiments, negative controls were obtained both
by omission of primary mAbs and by parallel incubation
with irrelevant isotype- and concentration-matched primary
mAbs. The specimens were examined at £40 magniWcation
by confocal microscopy (Leica, TCS SP, Heidelberg, Ger-
many) and images were recorded with the confocal acquisi-
tion program (Leica TCS-NT). The images were further
processed using Adobe Photoshop and Adobe Illustrator.

Statistical analysis

The data were analyzed using SPSS for Windows. The
plasma levels of PGE2 in patients and controls were com-
pared using Mann–Whitney U test. Anti-CEA responses in
patients and controls were compared by Wilcoxon signed
ranks test. DiVerences with two-sided P < 0.05 were con-
sidered signiWcant.

Results

CRC patients have elevated levels of PGE2 in plasma

To assess the level of PGE2 in peripheral blood, we col-
lected plasma from CRC patients prior to surgery (n = 29)
and from healthy blood donors (n = 8). CRC patients had
elevated levels of PGE2 in peripheral blood compared to
normal blood donors (Fig. 1). However, the levels of PGE2

did not directly correlate with the size of the tumor or dis-
ease stage (Table 1). The level of CEA was also indepen-
dent of tumor size or PGE2 in the plasma.

Fig. 1 Increased levels of PGE2 in patients with CRC. Levels of PGE2
were measured in plasma from patients with CRC prior to surgery
(n = 29) and healthy blood donors (n = 8). Freshly isolated plasma was
frozen at ¡80°C before PGE2 was analyzed by ELISA. Box plots with
median; 25–75% (box) and 2.5–97.5% (bar) percentiles are shown
(P < 0.01, Mann–Whitney U test, two-tailed)
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FOXP3+ TR cells accumulate in CRCs and regional lymph 
nodes

We next assessed tumor samples in a subgroup of patients
(n = 12) described in Table 1. One patient in this subgroup
presented with disseminated carcinomatosis upon laparot-
omy and was not subject to surgical resection. Numerous
FOXP3+ cells were observed both in the center and in the
invasive margin of all CRCs examined (n = 11). The
FOXP3 expression was restricted to CD3+ T cells and
FOXP3+ cells constituted up to 30% of all CD3+ T cells
(Fig. 2a). In contrast, FOXP3+CD3+ T cells only occurred
in very low numbers in the unaVected healthy mucosa
(Fig. 2d). FOXP3+ T cells invariably coexpressed CD25,
both within and outside the tumor (Fig 2b, e). However,
some reports have shown that FOXP3 can also be
expressed in activated T cells, so the presentation of both
regulatory T cells and activated T cells can not be ruled out
[33]. In the regional draining lymph nodes, both those with

and without metastases, high numbers of FOXP3+CD25+
T cells were observed (Fig. 3a, b). Almost none of the
FOXP3+ T cells coexpressed COX-2 at the tumor site
(Fig. 2c), but a fraction of FOXP3+ cells in the lymph
nodes expressed COX-2 (Fig. 3c). Consistent with previous
reports, the tumor cells strongly expressed COX-2 whereas
the normal colonic epithelial cells were virtually unreactive
to COX-2 antibodies (Fig. 2c, f).

TR cells inhibit anti-tumor immune responses in patients 
with CRC

To assess the anti-tumor immune activity in CRC patients,
we examined the eVect of a selected series of CEA-peptides
(Fig. 4a, bottom) on TNF-� and IFN-� expression in freshly
isolated PBMC in the presence or absence of CD25+ T
cells. Depletion of CD25+ T cells dramatically augmented
both CEA-induced TNF-� and IFN-� expression in T cells
(Fig. 4a, b patients; one representative of n = 3 patients

Fig. 2 Regulatory T cells accu-
mulate within CRCs. Dual 
immunoXuorescence staining 
for FOXP3 (a, b, d, e; red) and 
CD3 (a, d; green) or CD25 (b, e; 
green); or COX¡2 (c, f; red) and 
CD3 (c, f; green) in representa-
tive Welds from formalin-Wxed 
and paraYn-embedded tumor 
tissue (a–c) and unaVected co-
lonic mucosa (d–f). Note numer-
ous CD3+CD25+FOXP3+ cells 
within the tumor (a, b). Scale 
bars: 50 �m (a, b, d, e) and 
100 �m (c, f)

Fig. 3 Regulatory T cells in 
draining lymph nodes express 
COX-2. Paired immunoXuores-
cence staining for FOXP3 
(a, b; red) and CD3 (a; green) 
or CD25 (b; green); or COX-2 
(c; red) and CD3 (c; green) 
in representative Welds from 
formalin-Wxed and paraYn-
embedded tissue from a 
representative draining lymph 
node. Scale bars: 50 �m
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shown). In control experiments with PBMC from healthy
blood donors, depletion of CD25+ T cells did not demon-
strate any increase in TNF-� or IFN-� expression (Fig. 4a, b
controls). Stimulation with scrambled control peptides did
not show any increase in immune responses upon depletion
of CD25+ T cells (data not shown). These data suggest that
TR cells are antigen-speciWc leading to suppression of anti-
CEA immune responses in eVector T cells from patients
with CRC. The PBMC depleted of CD25+ cells did not
contain any FOXP3+ cells as these were only present in the
isolated CD25+ T cells (Fig. 4c).

TR cells inhibit anti-CEA responses in CRC patients 
in a COX-2–PGE2-dependent manner

From the pool of CEA-peptides shown in Fig. 4, we
selected one CEA-peptide (CEA 61–69) which appeared to
elicit responses in most patients examined, and investigated
whether the inhibitory eVects of TR cells on anti-tumor
immune activity were mediated by the COX-2–PGE2–
cAMP pathway. Freshly-isolated PBMCs from CRC
patients (n = 12; Table 1) were stimulated with CEA 61–
69, before and after depletion of TR cells. Addition of the
COX-inhibitor indomethacin or the PKA type I antagonist
Rp-8-Br-cAMP to PBMC prior to activation elicited anti-
CEA responses in both the CD4+ and CD8+ T cell popula-
tions, which were similar in magnitude as were those
induced by depletion of TR cells (Fig. 5). These responses
were not seen in healthy blood donors (data not shown).

However, in several experiments there was a greater induc-
tion of T cell responses by COX-inhibitor than by depletion
of TR cells, suggesting that PGE2 from other immune cells
may also be involved in the immune suppression. Further-
more, when PBMC depleted of CD25+ T cells were co-cul-
tured with autologous, puriWed CD25+ T cells in a 3:1 ratio
and polyclonally activated with SEB, the CD25+ T cells
suppressed both TNF-� and IFN-� production in eVector T
cells, as previously reported by our group and others ([28] and
data not shown). Moreover, when availability of material
allowed, we also co-incubated PBMC depleted of CD25+
cells with autologous TR cells and observed that this also
suppressed anti-CEA peptide responses in CRC patients to
low levels (Fig. 5; n = 7).

Discussion

Tumor cells are immunogenic and tumor-inWltrating lym-
phocytes (TILs) in melanoma, CRC, and ovarian cancer
inhibit tumor growth and are associated with improved
prognosis [9, 32, 49]. Interestingly, the type, density, and
location of immune cells in CRC may have a higher predic-
tive power than the prognosis estimated by the UICC-TNM
classiWcation [16]. However, tumor-speciWc TR cells at the
tumor site play a signiWcant role in the suppression of anti-
tumor immune activity which may adversely aVect the
prognosis [16]. Several studies have shown that depletion
of TR cells promote anti-tumor immune responses and

Fig. 4 Regulatory T cells 
suppress anti-CEA immune 
responses in patients with colon 
cancer. DiVerent CEA-peptides 
were synthesized as indicated in 
the Wgure. PBMC or PBMC 
depleted of CD25+ cells from 
colon cancer patients or healthy 
blood donors were stimulated 
with the peptides for 18 h. Im-
mune responses were measured 
as production of TNF-� (a) and 
IFN-� (b) by CD3+ T cells. The 
purity of PBMC depleted of 
CD25+ cells was analyzed by 
FACS staining for CD25 and 
FOXP3 (c, gated on CD4+ 
cells). Note: FOXP3+ cells were 
only present in CD25+ cells. 
Data are from one representative 
of n = 3 patients examined
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tumor rejection [8, 41]. Several human cancers, including
gastrointestinal, lung, and ovarian tumors, are also associ-
ated with a higher proportion of TR cells in the peripheral
blood [8, 11, 36, 47]. In ovarian cancer the presence of TR

cells in TILs has been shown to be an independent risk fac-
tor associated with poor prognosis [11]. Numerous tumor-
derived soluble factors such as vascular endothelial growth
factor, IL-10, TGF-� and PGE2 may also act in concert to
establish an immunosuppressive microenvironment which
promotes T cell tolerance and tumor immune evasion [25].
Consequently, modulation of the regulatory function of TR

cells may be an important avenue to improve anti-tumor
immune activity.

Continuous antigen stimulation of naïve human periphe-
ral CD4+ T cells leads to induction of CD4+CD25+
FOXP3+ TR cells that express COX-2 and suppress eVector
T cells by a PGE2–cAMP dependent mechanism [28]. Here
we show that patients with CRC have high plasma levels
of PGE2, that TR cells from these patients inhibit anti-CEA
immune responses and that this immunosuppression can
be reversed ex vivo in an equally eVective manner by
treatment with the COX-inhibitor indomethacin or the

Fig. 5 Inhibition of COX 
signiWcantly increases CEA-
mediated immune responses in 
patients with colon cancer. The 
PBMCs from patients with CRC 
were stimulated for 18 h with 
CEA-antigen (CEA 61–69; 
HLFGYSWYK) presence and 
absence of CD25+ T cells. 
COX-inhibitor (indomethacin) 
and PKA antagonist (Rp-8-Br 
cAMPS) were added 90 min 
prior to activatian with CEA-
peptide. Immune responses were 
measured as production of 
TNF-� (left) and IFN-� (right) by 
CD4+ (a) and CD8+ (b) T cells. 
Mean § SEM are shown 
(n = 12). Co-culture of PBMC 
depleted of CD25+ cells with 
autologous TR cells at a 3:1 ratio 
also suppressed anti-CEA 
immune responses (# n = 7). The 
cytokine levels of unstimulated 
cells were subtracted from the 
CEA peptide-activated cells. 
The cytokine levels in unstimu-
lated cells were for TNF-� in 
CD4+ T cells 1, 16 § 0, 47; 
TNF-� in CD8+ T cells 0, 
76 § 0, 31; IFN-� in CD4+ 
T cells 1, 44 § 0,50; and IFN-� 
in CD8+ T cells 1, 02 § 0, 30 
(mean § SEM). Note: PBMCs 
incubated with indomethacin or 
Rp-8-Br cAMPS increased 
immune responses to same 
extent as depletion of CD25+ T 
cells. *P < 0.005, **P < 0.01, 
***P < 0.05; (Wilcoxon signed 
ranks test, two-tailed)
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PKA type I antagonist Rp-8-Br-cAMPS as by depletion
of TR cells. However, in some patients COX-inhibitor
improved the anti-CEA immune responses more than
depletion of TR cells. Thus, the role of PGE2 from other
immune cells cannot be ruled out. In the present study
we have assessed T cell immune responses in PBMC
cultures, and PGE2 from activated monocytes may have
contributed to the additional immunosuppression unmasked
by COX-inhibitor.

Several studies have demonstrated a signiWcant inWltra-
tion of FOXP3+ TR cells into CRCs [26, 27]. The presence
of TR cells in the tumor microenvironment and in draining
lymph nodes with metastasis diminishes anti-tumor
immune responses; however, previous studies have not elu-
cidated the mechanism of suppression. In our study, the
majority of TR cells at the tumor site were COX-2 negative
or their presence were overshadowed by the strong staining
in the CRC cells. However, COX-2+ TR cells were present
in draining lymph nodes with and without metastasis, sug-
gesting that COX-2+ TR cells contribute to the immune
suppression by secretion of PGE2 in the lymph nodes where
tumor antigens are presented by APC. The high expression
of COX-2 in tumor epithelial cells is probably the main
source of the elevated PGE2 level in plasma observed in
these patients, which may drive both tumorigenesis, induc-
tion of TR cells, and local immune suppression. However,
as indomethacin reverses the TR cells-mediated suppression
of anti-tumor immune responses in PBMC from CRC
subjects ex vivo where plasma PGE2 is washed out, the
production of PGE2 in COX-2+ TR cells appears to be
suYcient to inhibit immune responses. This argues that TR

cells mediated PGE2 production in situ in draining lymph
nodes is suYcient to inhibit the immune responsiveness to
metastatic cells from the primary tumor. COX-inhibitors
prevent development of CRC by several mechanisms as
PGE2 aVects cell proliferation, migration, apoptosis and
angiogenesis. Improved anti-tumor immune function by
inhibition of TR cells may be another mechanism that con-
tributes to the beneWcial eVects of COX-inhbitors.

In conclusion, the present report supports the notion that
TR cells suppress anti-tumor immune responses in a COX-
2–PGE2–cAMP-dependent manner and that this mechanism
may represent a target for future cancer immunotherapy.
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