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Abstract 

Glioblastoma multiforme is the most common and aggressive malignant brain tumor in humans and the 

prognosis is very poor despite conventional therapy. Immunotherapy represents a novel treatment 

approach, but the effect is often weakened by release of immune suppressive molecules such as 

prostaglandins. In the current study we investigated the effect of immunotherapy with irradiated interferon-

γ (IFN-γ) secreting tumor cells and administration of the selective cyclooxygease-2 (COX-2) inhibitor 

parecoxib as treatment of established rat brain tumors. COX-2 inhibition and immunotherapy significantly 

enhanced the long-term cure rate (81% survival) compared to immunotherapy alone (19% survival) and 

there was a significant increase in plasma IFN-γ levels in animals treated with the combined therapy, 

suggesting a systemic T helper 1 immune response. COX-2 inhibition alone, however, did neither induce 

cure nor prolonged survival. The tumor cells were identified as the major source of COX-2 both in vivo and 

in vitro and unmodified tumor cells produced prostaglandin E2 in vitro, while the IFN-γ expressing tumor 

cells secreted significantly lower levels. In conclusion, we show that immunotherapy of experimental brain 

tumors is greatly potentiated when combined with COX-2 inhibition. Based on our results, the clinically 

available drug parecoxib may be added to immunotherapy against human brain tumors. Furthermore, the 

discovery that IFN-γ plasma levels can be used to determine the ongoing in vivo immune response has 

translational potential. 

 

Keywords: Brain tumor, rat, immunotherapy, IFN-γ, COX-2 
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Introduction 

 

Glioblastoma multiforme (GBM) is the most common malignant brain tumor in adults. The median 

survival time after diagnosis is only 15 months despite extensive surgical resection, radiotherapy and 

chemotherapy [1]. In the search of treatment modalities, immunotherapy constitutes an option that also 

targets non-dividing tumor cells. Recent clinical trials have indicated that immunotherapy is safe and may 

prolong overall and progress free survival in selected patient groups with high-grade gliomas [2,3 ]. 

We have earlier described the regression of intracerebrally (i.c.) growing experimental rat gliomas 

in response to peripheral immunization with irradiated interferon-γ (IFN-γ) secreting tumor cells [4,5]. 

However, the generated immune response is quenched by immune-suppressive mechanisms, which are 

triggered by both direct (from tumor cells), and indirect (from stromal cells) factors but also via negative 

feedback from the therapy-induced immune activation. 

Prostaglandin E2 (PGE2) is part of the central nervous system (CNS) immune-suppressive network 

utilized by both microglia and neural stem/progenitor cells under physiologic conditions and under 

pathologic conditions such as neoplasia, trauma and autoimmunity [6]. PGE2 drives the immune response 

towards a T helper 2 (Th2) response by inducing the expression of specific interleukins (IL) including IL-4 

and IL-10 from T cells, while inhibiting the expression of tumor necrosis factor α (TNFα), IFN-γ and IL-2 

[7-9]. Furthermore, PGE2 promote immune suppression by crosstalk with other suppressive mechanisms 

such as induction of T regulatory cells, indoleamine 2,3-dioxygenase, peroxynitrite and arginase 1 [10-14]. 

Recently it has also been shown that adaptive regulatory T cells are preferentially induced by tumor cells 

expressing high levels of cyclooxygenase-2 (COX-2) and secreting high levels of PGE2 [15,16]. 

 COX-2 is the rate-limiting enzyme of the PGE2 synthesis. Inhibitors of COX-2 have previously 

been reported to boost immunotherapy against experimental non-CNS tumors [17-21]. Parecoxib is a 

selective COX-2 inhibitor used in the clinic for short-term treatment of postoperative pain and is converted 

to its active metabolite valdecoxib via enzymatic hydrolysis in the liver. Valdecoxib binds to the active site 

of COX-2 and inhibits its enzymatic activity [22,23]. Although various COX-2 inhibitors have been used 

alone or in combination with immunotherapy of different tumors, parecoxib has only been used in a study 

of radio-immunotherapy with negative results. In rodents, parecoxib has been used in doses up to 25 
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mg/kg/day without evidence of toxicity, but doses of 1-2 mg/kg/day gives therapeutic effect in humans and 

are used in clinical pain management [24,25]. 

We have previously shown that administration of mercaptoethylguanidine (MEG) enhances the 

IFN-γ based immunotherapy of experimental gliomas [26]. MEG was chosen as an inducible nitric oxide 

synthase (iNOS) inhibitor, but has also been shown to inhibit COX and the present study was undertaken to 

investigate whether immunotherapy is enhanced by COX-2 inhibition using the selective inhibitor 

parecoxib. 
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Material and Methods 

 

Tumor cell lines 

  

The N32 rat glioma cell line is originally derived from the offspring of pregnant female Fischer 344 rats, 

which were exposed to ethyl-N-nitrosurea in vivo [27]. The N32 cells have previously been engineered to 

express IFN-γ (N32-IFN-γ) [4]. The cell lines were cultured in RPMI 1640 medium supplemented with 2 

mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 50 µg/ml gentamicin and 10% fetal bovine 

serum (Biochrom AB, Berlin, Germany) (R10) at 37ºC in the presence of 6% CO
2 

(all chemicals except 

FBS from Gibco, Invitrogen AB, Lindingö, Sweden). Preceding tumor inoculation and subcutaneous (s.c.) 

immunization in vivo, the N32 and N32-IFN-γ cells were washed twice in serum free medium without 

gentamicin (R0).  

 

Flow cytometry  

 

400,000 N32 and N32-IFN-γ cells were used for flow cytometric analysis. Cells were fixed and 

permeabilized using a Cytofix/Cytoperm™-kit (BD Biosciences, Stockholm, Sweden) according to 

manufacturer’s instruction before staining with the primary antibody (polyclonal rabbit anti-COX-2, 2 

µg/ml, Abcam, Cambridge, UK). The cells were washed twice followed by staining with the secondary 

antibody (FITC conjugated donkey anti-rabbit, 1.5 µg/ml, Jackson ImmunoResearch Laboratories Inc.). As 

control, isotype IgG was used as the primary antibody. Fluorescence was measured and analyzed on a C6 

Flow Cytometer (Accuri Cytometers, Inc, Ann Arbor, USA). The percentages of positive cells were 

calculated by the subtraction of the background from the isotype control staining. Results from one 

representative experiment out of two are shown. 
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Immunocytochemistry  

 

N32 and N32-IFN-g cells were cultured for 2-3 days in multi-chamber culture slides (BD Biosciences, 

Stockholm, Sweden) before staining. Cells were fixed in 4% paraformaldehyde for 30 minutes, and 

permeabilized using 0.3% Triton X-100 for 5 minutes. The cells were blocked with 5% goat serum for 20 

minutes and incubated with 5 µg/ml of the primary antibody (polyclonal rabbit anti-COX-2, Abcam) for 

2.5 hours at 37°C. Cells were then incubated for 30 minutes at 37°C with 5 µg/ml of the secondary 

antibody (Alexa fluor 488 goat-anti rabbit, Molecular Probes, Invitrogen AB, Lidingö, Sweden). The 

chamber-slides were mounted wet using Pro-Long Gold anti-fading reagent with nuclear staining (DAPI) 

(Molecular Probes, Invitrogen AB). PBS was used in all washing steps as well as a diluent for reagents. As 

negative control, the primary antibody was omitted. Images were taken at 40x magnification using a 

fluorescent microscope. Immunocytochemistry was performed twice. 

 

PGE2 and IFN-γ production in vitro  

 

100,000 N32 and N32-IFN-γ cells (0 Gy and 80 Gy) were cultured in 1 ml R10 medium in 24-well plates 

containing increasing concentrations of valdecoxib (0-100 µM). 100 000 N32 cells were also cultured with 

increasing concentrations of recombinant rat IFNγ (0-1,000 ng/ml; Miltenyi Biotec, Fisher Scientific, 

Gothenburg, Sweden) or with supernatant isolated from 100,000 N32-IFNγ cells pre-cultured for 24 

respective 48 hours. The cell culture supernatants were collected after 24 hours and stored at -20ºC for 

subsequent analysis. The levels of PGE2 (Cayman Chemical Company, Larodan Fine Chemicals AB, 

Malmö, Sweden) and IFN-γ (BD Biosciences, Stockholm, Sweden) were measured in duplicates in two 

separate experiments using ELISA kits according to the manufacturer’s instructions. 
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Glioma model and immunotherapy  

 

Male Fischer 344 rats (8-10 weeks old) were purchased from Scanbur BK AB Sollentuna, Sweden. All 

animal procedures were performed according to the practices of the Swedish Board of Animal Research 

and were approved by the Committee of Animal Ethics in Lund-Malmö, Sweden. 

To establish gliomas in the right nucleus caudatus, rats were anaesthetized with Isoflurane 

(Forene®, Abbott Scandinavia AB, Solna, Sweden) and placed in a stereotaxic frame (Kopf Instruments, 

Tujunga, USA). Preceding surgery, the animals received local anesthetics of 0.05 ml marcain s.c. 

(Marcain® adrenalin; 2.5 mg/ml, AstraZeneca AB, Solna, Sweden). A hole was drilled 2 mm anterior to the 

bregma, 2 mm to the right of the midline and 3 x 103 N32 tumor cells in 5 µl R0 medium were inoculated 5 

mm ventral from the skull bone using a Hamilton syringe. To prevent backflow, the needle was retracted 

with a 2-min delay and the hole was closed with bone wax. 

On day 1, 15 and 29 following tumor inoculation rats were anaesthetized with Isoflurane and 

immunized s.c. with 3 x 106 irradiated (80 Gy) N32-IFN-γ cells in 0.2 ml R0 into the thigh. The animals 

were sacrificed immediately when they started to show neurological symptoms and postmortem 

examinations confirmed i.c. tumors.  

Rats surviving the first tumor challenge were re-challenged with a second tumor (3 x 103 N32 

tumor cells) in the opposite hemisphere at 2 mm anterior to the bregma and 2 mm to the left of the midline 

at least 170 days after the first challenge. The animals were sacrificed when neurological symptoms 

appeared.  

 

Administration of COX-2 inhibitor  

 

Mini-osmotic pumps (Durect Corporation, Cupertino, USA) were used for administration of parecoxib 

(Dynastat®, Pfizer Limited, Sandwich, UK). The rats were anaesthetized with Isoflurane during the surgery 

and received local anesthetics of 0.05 ml marcain. For survival studies, pumps were placed i.p. on day 1 

(28-days pump, ALZET® model 2004, mean pumping rate of 0.25 µl/h) or on day 7 and 17 (7-days pump, 
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ALZET® model 2001, mean pumping rate of 1 µl/h). Parecoxib (5 mg/kg/day) was dissolved in 0.9% NaCl 

and the pumps were loaded according to manufacturer’s instructions.  

 

Immunohistochemistry  

 

Tumor-bearing animals were immunized s.c. on day 10 following tumor inoculation with irradiated N32-

IFN-γ cells and received parecoxib (5 mg/kg/day) i.p. using mini-osmotic pumps (7 days) implanted on day 

10. Animals were sacrificed when the first animal showed symptoms of tumor (day 23). The brains were 

dissected and snap frozen. Six µm thick sections were cut on a freezing cryostate and mounted directly onto 

glass slides. Sections were fixed in acetone for 5 minutes and rinsed in PBS (GIBCO-Invitrogen Carlsbad, 

USA). To permeabilize the cells, PBS containing 0.1% saponin (Riedel-de Haen, Seelze, Germany) was 

used as washing buffer and diluent in all steps. The cells were blocked with 5% goat serum (Jackson 

ImmunoResearch Laboratories Inc. West Grove, P.A, USA) for 20 minutes and incubated with the primary 

antibodies polyclonal rabbit anti-COX-2 5 µg/ml (Abcam, Cambridge, UK) and purified mouse anti-rat 

CD163, clone: ED-2, 5 µg/ml, (Morphosys AbD GmbH, Düsseldorf, Germany) or purified anti-rat 

mononuclear phagocytes, clone: 1C7, 5 µg/ml (BD Biosciences, Stockholm, Sweden) for 60 minutes at 

room temperature (RT). Sections were then washed and incubated for 30 minutes at RT with the secondary 

antibodies (Alexa Fluor 488 goat anti-rabbit, 5 µg/ml and Alexa Fluor 594 goat anti-mouse, 5 µg/ml, 

Molecular Probes, Eugene, Oregon, USA). The slides were mounted wet using Pro-Long Gold anti-fading 

reagent (Molecular Probes, Eugene, Oregon, USA) with nuclear staining (DAPI). Images were taken at 10x 

and 40x magnification using a fluorescent microscope (BX-60, Olympus America Inc., Melville NY, 

USA).  

 

Cytokine and PGE2 production in vivo  

 

To measure systemic IFN-γ, IL-10 and PGE2 levels, 1.5 ml blood was collected from the tail vein from 

animals included in the survival study on day 16 and 23 or on day 6 and 19. The blood was mixed with 

heparin to a final concentration of 250 IE/KY/ml (Heparin LEO, 5000 IE/KY/ml, LEO Pharma AB, 
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Malmö, Sweden) and the plasma was isolated and stored at -20° C. The samples dedicated for PGE2 ELISA 

were mixed with 10 µg/ml indomethacin (Sigma-Aldrich, Sweden AB, Stockholm, Sweden) without 

heparin and the serum was isolated and stored at -20°C. Later the samples were analyzed using IFN-γ and 

IL-10 OptEIA ELISA sets (BD Biosciences, Stockholm, Sweden) or PGE2 Quantikine ELISA kit (R&D 

Systems, Abingdon, UK) according to manufacturer’s instructions.  

 

Statistical analysis  

 

Statistical analyses were performed using GraphPad Prism software (GraphPad Software, San Diego, 

USA). In vitro statistical analysis was performed using Repeated Measures ANOVA. Log-rank test was 

used for calculating differences between groups in the survival curves. The Wilcoxon matched pairs test 

was used for comparison between two paired groups and the Mann-Whitney U test was used for 

comparison between two unpaired groups. P values of < 0.05 were considered statistically significant. 
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Results 

 

N32 and N32-IFN-γ tumor cell lines express COX-2 in vitro, but N32-IFN-γ cells secrete lower levels of 

PGE2 

 

COX-2 expression has been described in various tumor types including gliomas. Thus the rat glioma cell 

lines N32 and N32-IFN-γ were stained for COX-2 expression in vitro and analyzed using flow cytometry 

and immunocytochemistry. As shown in Fig. 1a, b, both cell lines expressed COX-2 at high levels (98,6% 

and 98,3 % respectively). 

 The N32 and N32-IFN-γ cell lines were cultured in the presence of the COX-2 inhibitor 

valdecoxib (0-100 µM), the active metabolite of parecoxib, and the PGE2 production in supernatants was 

assessed using ELISA. 100,000 N32 tumor cells were shown to express 0.25 ng/ml PGE2 during 24 hours 

and the production was significantly reduced upon valdecoxib treatment (P < 0.001) (Fig. 1c). Notably, the 

IFN-γ transduced tumor cells (N32-IFN-γ) cells produced significantly lower levels of PGE2 (P < 0.05). 

Moreover, when recombinant IFN-γ was added to the culture media (0-1,000 ng/ml), the PGE2 production 

from N32 cells was decreased (P < 0.001) (Fig. 1d). Furthermore, supernatant isolated from pre-cultured 

N32-IFN-γ cells also reduced the PGE2 production (P < 0.05) (Fig. 1e). The production of IFN-γ from 

irradiated N32-IFN-γ cells was not significantly increased upon valdecoxib treatment (Fig. 1f).  

In summary, N32 and N32-IFN-γ tumor cells express COX-2 in vitro, whereas the parental N32 

cells produce significantly higher levels of PGE2. Moreover, the PGE2 production from N32 cells is 

reduced upon valdecoxib and IFN-γ treatment. 

 

N32 tumors express COX-2 in vivo  

 

Next we determined the COX-2 expression in vivo at the tumor site. Animals were killed when they started 

to show symptoms of tumors and the brains were sectioned and analyzed using immunohistochemistry. As 

shown in Fig. 2a, the N32 tumor was COX-2 positive and the expression was clearly restricted to the tumor 

site without any positive cells found in the normal surrounding brain. 
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Tumor-infiltrating macrophages and microglial cells have been shown to express COX-2. Co-

staining of COX-2 and ED-2 (CD163) respective COX-2 and mononuclear phagocytes (MNP) 

demonstrated that only a small fraction of the total COX-2 was expressed by the macrophages and 

microglial cells and that the major COX-2 expression in vivo most likely originates from the tumor cells 

(Fig. 2c, d).  

 

COX-2 inhibition enhances immunotherapy of rat brain tumors 

 

Based on the previous experiments, we hypothesized that immunotherapy might be enhanced by COX-2 

inhibition. We therefore investigated the long-term survival after s.c. immunization with irradiated N32-

IFN-γ cells on day 1, 15 and 29 in combination with the selective COX-2 inhibitor parecoxib using mini-

osmotic pumps. The animals received 28-day pumps implanted i.p. day 1 or 7-day pumps implanted i.p. 

day 7 and 17. As shown in Fig. 3a, the survival rate was significantly increased in animals treated with 

immunizations and continuous COX-2 inhibition (day 1-28; 81% cure rate; P < 0.001) respective 

immunizations and intermittent COX-2 inhibition (day 7-13 and 17-23; 53% cure rate; P < 0.01) compared 

to immunizations only (19% cure rate). COX-2 inhibition alone did not prolong the survival of glioma 

bearing animals regardless of continuous or intermittent administration and the animals died 

simultaneously as untreated controls.  

 This demonstrates that N32-IFN-γ immunotherapy is improved by COX-2 inhibition, indicating 

that absence of PGE2 increases the anti-tumor response. COX-2 inhibition alone, however, is not sufficient 

to induce cure in glioma-bearing rats. 

 

Immunotherapy and continuous COX-2 inhibition induces a long-term memory  

 

To evaluate whether the therapy induced a long-term memory, surviving rats were re-challenged with a 

second tumor in the opposite hemisphere without any further treatment. As shown in Fig. 3b, 33% of 

animals receiving immunizations only survived the second tumor challenge. However, animals receiving 

immunizations in combination with intermittent COX-2 inhibition (day 7-13 and 17-23) all died within 30 
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days after re-challenge, simultaneously as naïve animals receiving the first tumor challenge. On the other 

hand, when immunizations were combined with continuous COX-2 inhibition (day 1-28) the scenario was 

changed and 31% of the animals survived the second tumor challenge and this difference was significant (P 

< 0.05). 

 This shows that immunotherapy with irradiated N32-IFN-γ and continuous COX-2 inhibition can 

induce a long-term memory against experimental N32 tumors, whereas intermittent COX-2 inhibition 

seems to affect the generation of a memory response. 

 

Immunotherapy and COX-2 inhibition increases systemic levels of IFN-γ  

 

COX-2, via the action of its product PGE2, induces expression of Th2 cytokines such as IL-10, while 

inhibiting Th1 cytokines including IFN-γ. In order to assess whether the therapeutic effects documented 

after COX-2 inhibition during immunizations were mediated by a Th1 response, IFN-γ and IL-10 levels 

were measured systemically. Plasma was isolated from tumor bearing animals on day 16 and 23, i.e. before 

respective during the second pump was active, and cytokine levels were determined using ELISA. There 

was a significant increase in systemic IFN-γ levels in animals receiving immunizations combined with 

COX-2 inhibition on day 23 compared to day 16 (P < 0.01) (Fig. 4d). However, neither COX-2 inhibition 

alone, nor immunization only did significantly increase the IFN-γ levels (Fig. 4b, c). Furthermore, when 

comparing the different treatment groups, there were significantly increased levels of IFN-γ in animals 

receiving immunizations and COX-2 inhibition day 23 compared to immunization alone (P < 0.05). 

Systemic levels of IL-10 were not significantly altered following COX-2 inhibition and immunization. 

However, COX-2 inhibition alone significantly decreased the IL-10 levels (data not shown, P < 0.05). 

We also determined the systemic PGE2 levels following COX-2 inhibition in serum of tumor-

bearing animals on day 19. The values were reduced in animals treated with immunizations and COX-2 

inhibition compared to immunization alone but did not reach significance (data not shown).  

In summary, we conclude that COX-2 inhibition and immunotherapy increases the systemic IFN-γ 

levels pointing towards a Th1 anti-tumor response.  
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Discussion 

 

In the present study we show that COX-2 inhibition significantly enhances immunotherapy using irradiated 

IFN-γ expressing tumor cells and that the generated immune response increases systemic levels of the Th1 

cytokine IFN-γ.  

COX-2 has been shown to be over-expressed in different tumor types including gliomas [28]. 

Expressions of COX-2 and the downstream enzyme microsomal PGE2 synthase-1 have been associated 

with both increased and decreased survival in patients with GBM [29-31]. Here we demonstrate that the 

N32 rat glioma tumor cells are an important source of COX-2 expression, determined both in vivo and in 

vitro. At the tumor site, the COX-2 staining was restricted to the tumor area and the primary source is most 

likely the tumor cells, but a small fraction of the microglial cells and the tumor-infiltrating ED2+ (CD163+) 

macrophages also expressed COX-2. Furthermore, co-staining of COX-2 and mononuclear phagocytes, 

which includes almost all cells of the mononuclear phagocyte system, confirmed the findings.  

Both N32 and N32-IFN-γ tumor cell lines expressed COX-2 in vitro, but there was a clear 

difference in their production of PGE2. The N32 parental tumor cells produced 0.25 ng/ml PGE2 and the 

production was reduced upon treatment with the selective COX-2 inhibitor valdecoxib (the active 

metabolite of parecoxib), whereas N32-IFN-γ cells produced significantly lower levels of PGE2. IFN-γ has 

been shown to down-regulate COX-2 expression in glioma cells and treatment with recombinant IFN-γ or 

supernatant from N32-IFN-γ cells decreased the PGE2 production from N32 cells [32,33]. Lower levels of 

PGE2 from N32-IFN-γ cells might partly explain why the IFN-γ based immunotherapy works. 

The time-schedule chosen for in vivo administration of the selective COX-2 inhibitor parecoxib 

was translated from our previous results where administration of MEG (a combined COX and iNOS 

inhibitor) during and shortly after immunizations abrogated the therapeutic effect [26]. However, 

continuous inhibition of COX-2 during day 1-28, i.e. during two out of three immunizations, increased the 

survival rate significantly (P < 0,001) compared to immunization alone and continuous administration 

yielded a higher cure rate than intermittent administration (81% cure rate compared to 52%). In this 

context, a previous study showed that presence of COX-2 during phagocytosis of human glioma cells 

induced a tolerogenic T cell response, which was abolished if a COX-2 inhibitor was present during the 
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phagocytic uptake [34]. Notably, recent reports claim that PGE2 is essential for the initiation of a Th1 type 

T cell response [35,36]. Our results indicate that inhibition of PGE2 during the initiation phase of the 

immune response does not attenuate the therapeutic effect but rather increases it. One explanation for this 

discrepancy could be that the amounts of PGE2 needed to induce a Th1 response are low and would 

perhaps not be reduced to critical levels by parecoxib.  Furthermore, the evidence for PGE2 in promoting 

Th1 responses has not been extracted from experimental tumor models but from delayed type 

hypersensitivity and autoimmune models [36,35]. In the few published reports regarding the enhanced 

effect of COX-2 inhibition on immunotherapy of experimental tumors, COX-2 inhibition has uniformly 

had an inhibitory effect on tumor growth as a single agent [17-21]. However, COX-2 inhibition alone, 

regardless of continuous or intermittent administration, did not prolong the survival of glioma bearing 

animals. Higher doses of COX-2 inhibitors or use of other COX-2 inhibitors such as celecoxib and 

refecoxib could explain the mono-therapeutic effects reported in other studies.  

Re-challenge with a second tumor challenge showed that intermittent COX-2 inhibition (day 7-13 

and 17-23) and immunotherapy did not induce a long-term memory. On the other hand, continuous COX-2 

inhibition (day 1-28) and immunotherapy changed the scenario and 31% of the animals survived the second 

tumor challenge. This indicates that clearance of the primary tumor in animals treated with intermittent 

COX-2 inhibition and immunotherapy might depend on other mechanisms then those required for 

immunological memory, such as infiltrating macrophages. It has been shown that continuous COX-2 

inhibition decreased the infiltration of macrophages and granulocytes into pancreatic tissue in a chronic 

pancreatitis rat model, whereas discontinuation restored the inflammation [37]. Moreover, Provinciali et al. 

showed that rejection of a primary IL-2-producing mouse mammary adenocarcinoma was due to a direct 

killing by neutrophils and macrophages, which did not result in a memory response [38].  

 As discussed formerly, conflicting reports have implied PGE2 as both boosting and attenuating Th1 

cell differentiation and IFN-γ production. Here we show a significant increase in systemic IFN-γ levels in 

animals treated with a COX-2 inhibitor combined with immunizations, which was not detected in animals 

treated with immunizations only, COX-2 inhibitor alone or untreated controls. Thus the systemic IFN-γ 

levels could not be due to immunization with IFN-γ expressing tumor cells, as IFN-γ levels are lower one 

day after immunization (day 16) compared to 7 days later (day 23). Although no difference in systemic 
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IFN-γ levels could be detected in animals treated with immunizations only, there could still be a local IFN-γ 

increase at the immunization site or intratumorally. Taken together, we conclude that the increase in 

systemic IFN-γ levels is probably a consequence of an ongoing anti-tumor Th1 response, since IFN-γ is 

predominately produced by activated CD4+ and CD8+ T lymphocytes. Though, it should be noted that IFN-

γ can be released by natural killer (NK) cells, NK T cells, macrophages and IFN-producing killer dendritic 

cells (IKDC) [39-41]. Németh et al., reported that PGE2 orchestrated its immune suppressive effects by 

induction of IL-10 from macrophages/ monocytes in an experimental sepsis model [42]. We could not 

detect any significant changes in systemic IL-10 levels after combined immunization and COX-2 

inhibition. However, there was a significant reduction in the animals treated with COX-2 inhibition alone. 

Although COX-2 inhibition and immunizations increased the systemic IFN-γ levels, we could not detect a 

significant reduction of PGE2 levels in animals receiving the same therapy. This is probably due to the 

rapid conversion of PGE2 in vivo, as the half-life of PGE2 is approximately 30 seconds in the circulatory 

system [43]. 

 In conclusion, we demonstrate that selective inhibition of COX-2 using the clinically available drug 

parecoxib combined with therapeutic immunizations has a strong synergistic effect. Furthermore, we show 

that IFN-γ plasma levels can be used to detect an ongoing in vivo immune response against rat brain N32 

tumors. These results may have important implications for both the design and monitoring of clinical brain 

tumor immunotherapy, but must be verified in other experimental models before translation into the clinic. 
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Fig. 1 N32 and N32-IFN-γ rat glioma cells express COX-2 in vitro, but N32 cells produce higher levels 

of PGE2. N32 and N32-IFN-γ tumor cells were stained for COX-2 and analyzed using a flowcytometry and 

b immunocytochemistry. a COX-2 positive cells are shown in the green histograms and the black 

histogram represents the isotype control staining. Histogram plots and images show representative data 

from one out of two experiments. c 100,000 N32 and N32-IFN-γ cells were cultured with valdecoxib (0-

100µM) for 24 hours and the PGE2 production was determined using ELISA. Treatment with valdecoxib 

significantly decreased the PGE2 production from N32 cells (P < 0.001) and N32 parental cells produced 

significantly higher levels of PGE2 compared to N32-IFN-γ cells (P < 0.05). d-e 100,000 N32 cells were 
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cultured with d recombinant IFN-γ (rIFN-γ, 0-1,000 ng/ml) or e supernatant isolated from N32-IFN-γ cells 

pre-cultured for 24 respective 48 hours and both treatments significantly decreased the PGE2 production.  

f 100,000 irradiated (80 Gy) N32-IFN-γ cells were cultured with valdecoxib (0-100µM) for 24 hours and 

the IFN-γ production was determined using ELISA. Statistical analyses were performed using Repeated 

Measures ANOVA and the levels of PGE2 and IFN-γ were measured from duplicate samples and 

experiments were performed twice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 N32 gliomas express COX-2 in vivo and only a small portion of the COX-2 expression originates 

from the tumor-infiltrating macrophages and the microglial cells. Expression of c COX-2 and ED-2 
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respective d COX-2 and mononuclear phagocytes (MNP) was determined using immunohistochemistry and 

arrows indicate double-positive cells. b, e As negative control, the primary antibodies were omitted. Images 

were taken at a-b x 10 and c-e x 40 magnification and staining was performed twice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Continuous COX-2 inhibition (parecoxib) enhances the IFN-γ based immunotherapy and induces a 

long-term memory. a 3 x 103 N32 tumor cells were inoculated i.c. into rats and the animals were 

immunized s.c. on day 1, 15 and 29 with 3 x 106 irradiated N32-IFN-γ cells. Mini-osmotic pumps loaded 

with parecoxib (Pcb) (5 mg/kg/day) were implanted i.p. on day 1 (28-day pumps) or on day 7 and 17 (7-day 

pumps) and the animals were sacrificed when neurological symptoms appeared. Groups include 15-16 

animals except Pcb1-28, Pcb7-13+17-23 and tumor-bearing controls; n = 8. Groups were compared to the N32-

IFN-γ group using Log-rank test and the survival rate was significantly increased in animals treated with 

N32-IFN-γ + Pcb1-28 (81% cure rate; P < 0.001) respective N32-IFN-γ + Pcb7-13+17-23 (53% cure rate; P < 

0.01). b Rats surviving the first tumor challenge were re-challenged with a second tumor (3 x 103 N32 

cells) in the opposite hemisphere without further treatment at least 170 days after the first challenge. The 
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animals were sacrificed when neurological symptoms appeared. Groups include 6-13 animals (tumor-

bearing control and N32-IFN-γ n = 6; N32-IFN-γ + Pcb7-13+17-23 n = 8; N32-IFN-γ + Pcb1-28 n = 13). Groups 

were compared to the N32-IFN-γ + Pcb7-13+17-23 group using Log-rank test and the survival was 

significantly increased in the N32-IFN-γ + Pcb1-28 group (P < 0.05). 

 

 

   

Fig. 4 Immunization and COX-2 inhibition increases systemic IFN-γ levels. N32 tumor cells were 

inoculated i.c. into rats and animals were immunized s.c. on day 1, 15 and 29 with irradiated N32-IFN-γ 

cells. Mini-osmotic pumps loaded with parecoxib (Pcb) (5 mg/kg/day) were implanted i.p. on day 7 and 17 

and blood was collected from the tail vein day 16 and 23. The plasma was isolated and IFN-γ levels were 

measured from duplicate samples using ELISA. 8 animals are included in each group (except Pcb7-13+17-23 

and tumor-bearing controls day 23; n = 7 and n = 6). Significantly increased IFN-γ levels were detected in 

animals treated with N32-IFN-γ + Pcb7-13+17-23 day 23 compared to day 16 using the Wilcoxon matched 

pairs test and when compared to animals receiving N32-IFN-γ day 23 using the Mann-Whitney U test. 


