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Abstract

Purpose To determine the immunomodulatory effects of
in vivo COX-2 inhibition on leukocyte infiltration and function
in patients with head and neck cancer.

Experimental design Patients with squamous cell carci-
noma of the head and neck preoperatively received a specific
COX-2 inhibitor (rofecoxib, 25 mg daily) orally for 3 weeks.
Serum and tumor specimens were collected at the start of
COX-2 inhibition (day 0) and again on the day of surgery
(day 21). Adhesion to peripheral blood monocytes to ICAM-
1 was examined. Percentages of tumor-infiltrating mono-
cytes (CD68, CCRS5) and lymphocytes (CCRS5, CD4, CD8
and CD25) were determined by immunohistochemistry.
Results Monocytes obtained from untreated cancer
patients showed lower binding to ICAM-1 compared to
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monocytes of healthy donors but significantly regained
adhesion affinity following incubation in sera of healthy
donors. Conversely, sera of cancer patients inhibited adhe-
sion of healthy donors’ monocytes. Tumor monocyte adhe-
sion to [CAM-1 was increased (P < 0.001) after 21 days of
COX-2 inhibition, and concomitant increases in tumor infil-
trating monocytes (CD68+), lymphocytes (CD68— CCR5+,
CD4+ and CD8+) and activated (CD25+) T cells were
observed.

Conclusions  Short-term administration of a COX2 inhibi-
tor restored monocyte binding to ICAM-1 and increased
infiltration into the tumor of monocytes and Thl and
CD25+ activated lymphocytes. Thus, in vivo inhibition of
the COX-2 pathway may be useful in potentiating specific
active immunotherapy of cancer.

Keywords Cox-2 - Immune restoration - Monocytes -
ICAM-1 - Activated T cells

Introduction

Cyclooxygenase-2 (COX-2) over expression in a variety of
malignancies is central to the generation of tumor immune
suppressor mechanisms. COX-2 catalyzes the first step in
synthesis of eicosanoids from arachidonic acid and leads to
an abundant production of prostaglandins (PGs), which
have multiple and pleiotropic effects [1]. Prostaglandin E2
(PGE,) can modulate immune function through inhibiting
dendritic cell differentiation, T-cell proliferation and sup-
pressing the anti-tumor activity of natural killer cells and
macrophages [2, 3]. Appropriately activated macrophages
have tumoricidal activity through ICAM-1 mediated bind-
ing to tumor cells [4, 5]. However, tumor associated macro-
phages (TAMs) do not display tumoricidal activity and
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their function is subverted to an immunosuppressive role
through the decreased secretion of IL-12 and increased
secretion of PGE,, TGF-f and IL-10 [6-9]. Consequently,
TAMs suppress the proliferation and effector functions of
immune cells and contribute greatly to tumor non-respon-
siveness. Since the rate-limiting step for PGE, production
is the activity of COX enzyme, clearly the use of COX
inhibitors as immunomodulating agents is an attractive
approach to increase the efficacy of immune mediated ther-
apeutic strategies.

For immunotherapeutic approaches to be effective, suffi-
cient numbers of immune cells must be able to traffic to and
infiltrate the tumor stroma and become activated through
the presentation of tumor-associated antigens (TAAs) by
antigen-presenting cells such as macrophages, fibroblasts,
B cells or dendritic cells. Dubinett and colleagues reported
that pharmacological inhibition of COX-2 in a mouse
Lewis lung carcinoma model resulted in increased lympho-
cyte infiltration into tumors with a significant reduction in
tumorigenesis [10]. COX-2 inhibition was accompanied by
a significant decrease in IL-10 and a concomitant restora-
tion of IL-12 by antigen-presenting cells (APCs) [10]. The
same group recently showed that the combination of COX
inhibition with vaccination strategies can serve to enhance
the generation of antitumor immunity and this effect was
abrogated following neutralization of IFN-y [11]. This sug-
gests that COX-2 inhibition has an immunomodulating role
that can be used as a strategy to enhance immunotherapeu-
tics. While rodent models are indispensable tools for under-
standing carcinogenesis and to obtaining preliminary
results of potential efficacy, it has always been a challenge
to extrapolate animal data to the clinical setting. This is par-
ticularly so with drugs, which block COX activity but may
have other effects in addition to COX inhibition [12-17].

This study was performed to determine the immunomod-
ulating role of COX-2 inhibition in the clinical setting.
Given the central role of TAMs in mediating tumor immu-
nosuppression [18], the effect of macrophage function was
examined in patients with head and neck squamous cell car-
cinoma (HNSCC), a tumor, which is particularly poorly
immunogenic and strongly immunosuppressive. We report
that monocytes derived from patients have a functional
defect in ICAM-1 binding, which is restored following
in vivo COX-2 inhibition. Also, we observed that the
tumors of treated patients were infiltrated by higher num-
bers of immune effector cells including Thl and CD25+
lymphocytes. The restoration of ICAM-1 binding following
COX-2 inhibition represents a critical step in the restoration
of monocyte/macrophage tumoricidal activity. Combined
with our observation of increased leukocyte infiltration into
tumors, our findings suggest that inhibition of COX-2 in
cancer patients can serve to enhance the generation of anti-
tumor immunity.
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Materials and methods

Treatment of HNSCC patients by the oral intake
of a selective COX-2 inhibitor

A pilot clinical trial was designed in which 21out of 24
eligible HNSCC patients were enrolled and randomly
assigned to either the COX-2 inhibition group or the
untreated control group (Table 1). The study protocol was
approved by the institutional review board, and written

Table 1 The clinical staging and therapy of the patients selected for
the study are shown

Patients COX-2-inhibition Controls

Total 9 12
Age (years)

Median 59 67
Range 52-64 42-70
Gender

Male 7 12
Female 2 0

Cell type

SCC 9 12
Localization
Floor of mouth
Oropharynx
Hypopharynx

W N W =
i e S

Larynx
Grading
Gl

G2 6
G3
T-stage
Tl

T2

T3

T4
N-stage
NO

N1

N2

N3
M-stage
MO 12
M1 0 0
Therapy

S

S+R
S+R+C
R

O NSO N W S I S (=)
—_— W = W N AN O N N ©

—_— N N
— N O O

SCC squamous cell carcinoma, S surgery, R radiation, C chemotherapy
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informed consent was obtained from all patients. Patients
were considered eligible if they had potentially curable dis-
ease and if their clinical stages were >CTINX or ¢TX N+.
Pretreatment evaluation included a complete history and
physical examination, routine laboratory evaluation and
chest computer tomography (CT). Clinical T/N stages were
determined by panendoscopy and CT scan. Patients were
considered ineligible for the study if they had received prior
chemotherapy or radiotherapy, had unstable cardiovascular
disease, a history of previous heart attacks or strokes, or
had a Karnofsky performance status of less than 60%.

Nine HNSCC patients received rofecoxib (25 mg daily)
orally for three weeks preoperatively. The control group
comprised 12 patients, which were left untreated previous
to surgery. Serum as well as tumor specimens were col-
lected at time of diagnosis (day O =start of rofecoxib
intake) and surgery (day 21 = end of COX-2 inhibition).

Isolation of monocytes

Peripheral blood mononuclear cells (PBMC) were obtained
from patients enrolled in the clinical trial, from additional
untreated patients with histologically proven squamous cell
carcinoma of the head and neck (n=24) and from age-
matched healthy volunteers (n =24). PBMC were sepa-
rated by F/H gradient centrifugation. Monocytes were
enriched by adhesion to plastic surfaces for 2 h at 37°C
in RPMI and removal of non-adherent cells by washing
with PBS. Adherent cells yielded approximately 60-70%
CD14+ monocytes as confirmed by flow cytometry.

Adhesion assay

Adhesion of monocytes to ICAM-1 was examined as previ-
ously described [19]. Briefly, monocytes from tumor
patients and healthy controls were isolated by F/H gradient
centrifugation and enriched by plastic adherence for 2 h at
37°C in RPMI/10% FCS. Ninety-six-well plates (Falcon,
Franklin Lakes, NJ) were coated for 1.5 h with a human
IgG-specific antibody (5 pg/ml; Dianova, Hamburg, Ger-
many) in 50 mM Tris—Cl, pH 9.4. After washing, plates
were incubated for 4 h at room temperature with the super-
natant from HEK293 cells that have been transfected to
produce a human-IgG1/ICAM-1 fusion protein (a gift of
Dr. Kolanus, Munich, Germany). Next, unbound protein
was removed by washing. In order to quantify specific
adhesion of monocytes to ICAM-1, cells were pre-incu-
bated in either autologous or allogeneic sera (5% in RPMI)
for 24 h at 37°C and 2 x 10* monocytes were then trans-
ferred to ICAM-1-coated cell culture plates and incubated
for another 45 min at 37°C. After two final washings,
adherent cells were trypsinized and counted by light
microscopy. Sera were obtained from the supernatant of the

F/H gradient and either used freshly or cryopreserved at
—80°C.

Immunohistochemistry

Antibodies used for immunohistochemistry were as fol-
lows: mouse monoclonal antibodies (mAbs) against CD4,
CDS8, CD25, CD68, FoxP3 (Dako, Glostrup, Denmark) and
CCRS5 (BD Biosciences, Heidelberg, Germany). All mAbs
were titered on sections of human tonsils to determine the
optimal staining dilutions. The ABC (avidin-biotin com-
plex)-method was used for staining. Frozen sections (4 pm
thick) were prepared on a cryostat at —25°C and mounted
onto superfrost plus slides (Menzel, Braunschweig, Ger-
many). Following fixation in acetone, the endogenous
peroxidase activity was suppressed by treating sections
in 0,3% hydrogen peroxide in phosphate-buffered saline
(PBS), followed by incubation with primary antibodies.
After several washing steps, the sections were treated with
a biotinylated rabbit anti-mouse IgG secondary antibody
and the avidin—biotin peroxidase complex (Vectastain,
Burlingame, CA, USA). The respective antigens were visu-
alized by means of the peroxidase reaction with 0.01% 3-
amino-9-ethylcarbazole (AEC) as chromogen (Sigma, St.
Louis, USA). After counter staining with Mayer’s hema-
toxylin, slides were cover-slipped with Kaiser’s glycerol
gelatine (Merck, Darmstadt, Germany). In addition, control
sections were stained using mouse non-immune serum
instead of the specific antibodies (negative control). As pos-
itive control, sections of human tonsils were stained in par-
allel with tumor sections.

Double staining experiments to discriminate between
immune cells were performed with CCRS5 using the ABC-
complex method (red staining) as described above and the
alkalic phosphatase-antialkalic phosphatase (APAAP) method
(blue staining) for anti-CD68 (KP1) antibody. The ABC-
method was carried out as described in the previous subsec-
tion. For APAAP staining a rabbit anti mouse immunoglob-
ulin (Dako, Glostrup, Denmark) was used as secondary
antibody. 0.05 M Tris-buffered saline solution pH 7.6 was
taken instead of PBS as washing solution. APAAP-com-
plex (Dako, Glostrup, Denmark) was added thereafter and
detected with Fast Blue BB salt (Sigma-Aldrich, Taufkir-
chen, Germany) as staining substrate. Optionally, Gills
Hematoxylin (grey) was used for counterstaining.

Quantification of cellular infiltrates was performed fol-
lowing staining with specific antibodies. Sections were
examined under a x40 objective by light microscopy, and
the numbers of total as well as positively stained cells were
counted separately in five random microscopic fields for
each coded specimen. The frequency of positively stained
monocytes or lymphocytes was calculated as percentage of
total cell number for every specimen. The mean percentage
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of positive cells for a given marker was then calculated
for all patients. To avoid bias, two different investigators
unaware of the specimen origin independently counted the
numbers of positive cells.

Statistical analysis

All values are presented as mean & SD. Comparisons
between two groups were performed using Student’s 7-test
for paired or grouped data. Findings for P < 0.05 were con-
sidered significant.

Results

Sera from tumor patients inhibit adhesion of monocytes
to ICAM-1

We demonstrated recently that the incubation of monocytes
in conditioned sera from carcinoma cell lines down-regulated
the B2-integrin CD11b/CD18 (Mac-1) in vitro [19]. In the
present study, however, examination of cell surface Mac-1
expression on monocytes from healthy donors and tumor
patients revealed no significant difference directly after isola-
tion via venipuncture (P =0.2; data not shown). Expression
levels of integrins do not necessarily indicate their functional
status since conformational changes can account for up-regu-
lated affinity of integrins in response to stimulation [20].
Therefore, we examined whether monocytes from both
groups differed in their capacity to adhere to ICAM-1, which
is the main ligand for CD11b/CD18. Cell culture dishes were
coated with a recombinant ICAM-1/Fc protein, monocytes
derived from patients with carcinomas or from healthy
donors were incubated for 24 h in autologous or allogeneic
sera and subsequently transferred to ICAM-1-coated cell cul-
ture dishes, where they were allowed to specifically adhere to
ICAM-1 for another 45 min. Non-adherent cells were then
removed by washing and adherent cells were counted by
light microscopy. It became clear that monocytes from
healthy donors adhered significantly better than cells from
previously untreated patients. More importantly, cells
from cancer patients significantly gained adhesive affinity
after incubation in allogeneic sera from healthy donors
(n =24; P <0.001), whereas monocytes from healthy donors
showed a significant reduction in their adhesive potential
(n=24; P=0.01) upon incubation in allogeneic sera from
tumor patients (Fig. 1). All sera were tested individually.
There was no significant difference in ICAM-1 binding
between monocytes obtained from tumor patients incubated
in allogeneic healthy sera and monocytes obtained from
healthy volunteers incubated in allogeneic healthy sera. In
addition, we noticed that sera from patients with advanced
disease (T3 and T4) were more suppressive than sera from
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Fig.1 Monocyte adherence to ICAM-1 coated surfaces. Monocytes
from tumor patients (pM) had a significantly reduced ability to bind to
ICAM-1 when incubated in allogeneic patient sera (pS) compared to
incubation in allogeneic healthy sera (hS). Conversely, incubation of
healthy monocytes (hM) with allogeneic patient sera significantly de-
creased ICAM-1 binding relative to healthy monocytes incubated in
allogeneic sera from healthy individuals. Sera from patients and con-
trols were tested individually. The data are mean numbers of adherent
monocytes per well £SD obtained from experiments with monocytes
of 24 patients and 24 normal donors

early stage patients. However, these results did not reach
statistical significance (data not shown).

Taken together, these results demonstrate that tumor-
derived factors present in the sera from HNSCC patients
account for a reduced adhesion to ICAM-1 of monocytes
from tumor patients. This phenomenon may be a common
feature of immune suppression characteristic to tumor
patients. We have demonstrated recently that conditioned
supernatants derived from established cancer cell lines have
similar effects on monocytes and that adhesion was restored
when the supernatants were generated in the presence of
COX-inhibitors [19].

Cyclooxygenase-inhibition restores monocyte function

To determine whether inhibition of COX-2 restores mono-
cyte adhesion, a clinical study with cancer patients suffering
from histologically proven HNSCC was initiated. Patients
enrolled in this study (n =9) received the COX-2-inhibiting
drug prior to surgery for a period of 3 weeks. Cancer
patients of the control group (n =12) were left untreated.
Monocytes from patients were taken at day O and 21 and
adhesion to ICAM-1 was investigated. These experiments
revealed that the adhesive potential of monocytes in the
untreated control group tended to decline while selective
COX-2 inhibition significantly increased monocyte adhe-
sion (P = 0.001; Fig. 2). The difference between both groups
was highly significant (P = 0.001) at the end of treatment.
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Fig. 2 In vivo COX-2 inhibition enhances monocyte adherence to
ICAM-1. Monocytes were obtained from peripheral blood of the pa-
tients enrolled in the clinical trial on day 0 and 21. As compared to pre-
treatment value (=untreated, day 0) COX-2-inhibition significantly
increased the adhesion capacity of monocytes to ICAM-1 (=COX-2 in-
hib. day 21; P < 0.001) whereas adhesion capacity declined further in
the untreated control group (=control day 21). The data are mean num-
bers of adherent monocytes per well £SD. The difference between
both groups was significant (P < 0.001) at the end of treatment

Fig. 3 Immunohistochemistry i
for tumor infiltrating mononu- A

clear cells before and after treat- ’
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COX-2 inhibition improves the cellular tumor infiltrate

To infiltrate tumors, monocytes must first attach to the ves-
sel wall by binding to adhesion molecules such as ICAM-1
in order to be recruited to the subendothelial space and
migrate to the tumor site. Having demonstrated that COX-2
inhibition improved the adhesion capacity of peripheral
monocytes/macrophages, we wanted to determine whether
this improvement could result in an increase in immune
effector cells infiltrating the tumor and its environment. To
this end, we performed immunohistochemistry on tumor
biopsies taken from study patients on day O and 21. These
investigations revealed a significant increase in CD68+
monocytes/macrophages infiltrating the tumors of patients
who were treated with the COX-2 inhibitor (Fig. 3). More-
over, we observed an increase of CCR5+CD68— cells,
most probably Thl T helper cells, which are the only class
of immune cells that express CCRS besides monocytes [15,
21]. These results are in line with a significant increase in
the number of both CD4+ and CD8+ tumor-infiltrating T
cells in patients after 3 weeks of COX-2 inhibition com-
pared to untreated control patients (Fig. 4a, b). Also, more
of these T cells revealed an activated phenotype as demon-
strated by the expression of the high-affinity IL-2 receptor,
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Fig. 4 In vivo Cox-2 inhibition leads to enrichment in CD25+ lym-
phocytes in the tumor. Pre-operative therapy with the COX-2 inhibitor
for 3 weeks led to a significant increase in CD4+ (a) and CD8+ (b)
tumor infiltrating T lymphocytes (TILs). Additionally, in the patients
receiving the inhibitor, a significantly higher percentage of TILs ex-
pressed the activation marker CD25 (c¢). In contrast, COX-2 inhibition
had no significant impact on the number of tumor-infiltrating FoxP3+
regulatory T cells (d)

CD25 (Fig. 4c). Immunohistochemistry with an antibody
against FoxP3, an transcription factor that is specifically
expressed in immunosuppressive regulatory T cells (Tregs)
revealed no significant changes in the number of tumor-
infiltrating Tregs within tree weeks of COX-inhibition
(Fig. 4d).

Discussion

In this report we show that short-term administration of a
specific COX-2 inhibitor to patients with HNSCC restores
monocyte adhesion to ICAM-1 and enhances infiltration of
monocytes and both CD4+ and CD8+ T cells into the tumor
microenvironment. The CD4+ cells are predominantly Thl
cells, as determined by the increase in infiltration of cells,
which are CCR5+CD68—. Increased infiltration of lympho-
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cytes has also been demonstrated in a LLC mouse model of
lung cancer following abrogation of COX-2 expression
[10], with a restoration in the balance of Th1 lymphocytes.
The expression of Thl cytokines has been suggested by a
number of studies to be associated with favorable clinical
outcomes, while the Th2 cytokines are associated with
unfavorable prognosis [22-27]. Our findings provide evi-
dence that in cancer patients, one mechanism by which
COX-2 inhibitors exert their antineoplastic effect is through
increased infiltration of Th1 helper cells.

Our observation of increased infiltration of immune-
competent cells is also in agreement with a recent study
demonstrating that the over expression of COX-2 in tumors
reduced the infiltration of CD8+ T cells in endometrial car-
cinoma and that increased intratumoral accumulation of
CD8+ cells produced a survival advantage in these patients
[28]. We observed that a significant number of infiltrating T
cells are activated within the tumor. Since the number of
tumor infiltrating lymphocytes [29—34] has been reported to
be a significant determinant of outcome for a variety of can-
cer types, these data are consistent with an activated cellu-
lar immune response.

It became clear recently, that PGE2 induces FoxP3 gene
expression [35] and that COX-inhibitors reduce its expres-
sion as well as the immunosuppressive activity of Tregs
[36, 37] In our investigations, we did not observe signifi-
cant changes in the number of intratumoral Tregs. This,
however, may be due to the relatively short period of time
(21 days) of COX-inhibition. However, a reduction of the
immunosuppressive properties of intratumoral Tregs due to
COX-inhibition can be assumed and is currently investi-
gated in our group. Also, changes in the activity and num-
ber of intratumor Tregs upon a longer application of COX-
inhibitors await further investigations. It is an interesting
observation that, despite the fact that Tregs normally
exhibit immunosuppressive functions, intratumoral Tregs
are obviously not an independent prognostic factor for a
negative clinical outcome [37-39] and may even be associ-
ated with improved survival [40].

We have previously demonstrated that monocytes from
patients with HNSCC have down-regulated surface expres-
sion of CCRS5 and that the expression levels of this chemokine
receptor were restored following short-term administration of
a selective COX-2 inhibitor [19, 41]. The observations
reported here together with our previous results suggest a
general mechanism of suppression of monocyte function.
Furthermore, this suppression likely results from tumor-
derived soluble factors in the sera of cancer patients. Such
sera caused migration and adhesion deficiencies in mono-
cytes obtained from healthy donors.

The binding of monocytes to ICAM-1 is important not
only for cell adhesion and migration but also anti-tumor
cytotoxicity. Monocytes represent the circulating macrophage
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population and expansion of these cells in tumor patients is
associated with profound immunosuppression. These cells
have been re-programmed by the tumor to promote tumor
growth not only by failing to kill cancer cells upon tumor
infiltration, but also induce T-cell tolerance and fail to
mature into fully immunogenic APCs. We show here that
restoration of ICAM-1 binding following in vivo COX-2
inhibition is associated with an increase in numbers of
tumor infiltrating CD68+ monocytes. The role of TAMs in
tumor growth is complex and multifaceted. Although some
investigators claim a role for TAMs in tumor progression,
numerous studies have provided contradictory results (see
[36] for review). Blocking cyclooxygenase activity may
thus tip the macrophage balance towards anti-tumor activi-
ties as has been demonstrated recently in melanoma [42].

The antitumor effects of COX-2 inhibitors are mostly
explained by their pro-apoptotic and anti-angiogenic effect.
In contrast, nothing is known about immunomodulating
effects of COX-2 inhibitors in HNC patients. Thus, the data
presented here are the first to demonstrate the COX-2 inhib-
itor on immune cell migration and their other anti-tumor
functions in the tumor microenvironment.

In summary, our data provide evidence for a reversal
of tumor-induced immune suppression in patients with
HNSCC following short-term oral administration of a
COX-2 inhibitor. The mechanism by which this is
achieved likely involves a complex interplay of biological
factors, which result in restored ICAM-1 binding by
monocytes and greater leukocyte infiltration and activa-
tion. Our data provide, at least in part, a rationale for
the antineoplastic effects of COX-2 inhibitors in cancer
patients and predict that inhibition of this pathway will
prove to be a useful option in potentiating specific active
immunotherapy to cancer in existing and future cancer
vaccine strategies [43].

Thus, although specific COX-2 inhibitors may have car-
diac side effects in long-term users, our finding provide a
rationale that inhibition of cyclooxygenase-2 could be a
promising strategy to prevent or possibly treat human head
and neck cancers in high-risk patients. An understanding of
the mechanisms whereby COX-2 inhibitors mediate their
antineoplastic activity awaits further investigations.
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