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Abstract Cyclooxygenase (COX) inhibitors have dem-
onstrated efficacy in models of human cancer but the
relevant mechanisms have not all been elucidated. Both
Cox-dependent as well as Cox-independent mechanisms
have been implicated. Using a syngeneic model of met-
astatic breast cancer, we have investigated the effect of
Cox inhibitors on NK functions that are critical to the
control of metastatic disease. NK recognition of target
cells is governed by a balance of activating and inhibit-
ing receptors that bind ligands including MHC class I.
We now show that treatment of tumor cells with the
nonselective COX-1/COX-2 inhibitor indomethacin or
the selective COX-2 inhibitor celecoxib leads to de-
creased expression of the MHC class I molecules Ld and
Kd . Downregulated class I expression is associated with
concomitant increased sensitivity to NK cell-mediated
lysis. Both COX inhibitors limit tumor metastasis and
this therapeutic effect is dependent on NK but not T cell
function. Antimetastatic activity is also lost in the ab-
sence of interferon- c (IFN-c). Both COX inhibitors also
suppress local tumor growth of subcutaneously im-
planted mammary tumor cells in immune competent
Balb/cByJ mice. This therapeutic activity is lost in the
absence of either CD4+ or CD8+ T cells, but is not
compromised by the loss of NK activity. Thus, the
mechanism of tumor inhibition differs in the context of
local versus metastatic disease. Taken together, these
findings are consistent with a mechanism not previously
described, whereby COX inhibitors may relieve MHC-
mediated inhibition of NK cytotoxicity leading to rec-
ognition and lysis of metastatic tumor cells.

Keywords Cyclooxygenase inhibitors Æ COX-2 Æ NK
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Introduction

We have reported that nonselective (indomethacin) and
selective (celecoxib, SC560) cyclooxygenase inhibitors
limit growth and metastasis of highly aggressive murine
mammary carcinomas [11]. Many mechanisms have
been proposed to explain the therapeutic effects of cy-
clooxygenase inhibitors (coxibs) demonstrated against
many tumor types. Evidence for direct inhibition of tu-
mor cell proliferation, blockade of cell cycle progression,
induction of apoptosis and indirect effects on tumor
angiogenesis, have been reported [9, 16–18, 28]. Using a
syngeneic murine model of metastatic breast cancer, we
asked whether some of the beneficial effects of coxibs are
attributable to modulation of tumor-protective immune
mechanisms. The current report indicates that immune
effector mechanisms contribute to therapeutic effects of
coxibs, but the critical effector cell is context-dependent.
We provide evidence for a novel mechanism by which
coxibs modulate NK recognition leading to enhanced
tumor cell lysis.

Materials and methods

Cell lines and tumors

Murine mammary tumor cell line 410.4 is maintained in
DMEM supplemented with 10% FCS (Gemini Bio-
Products, Inc., Calabasas, CA, USA), 2 mM glutamine,
100 units/ml penicillin, 100 lg/ml streptomycin, 1.5 g/L
sodium bicarbonate and 0.1 mM nonessential amino
acids. For growth studies in vivo, 5·105 viable cells were
injected into the mammary fat pad of syngeneic immune
competent Balb/cByJ and Balb/c IFN-c-deficient
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(Jackson Laboratories, Bar Harbor, ME, USA), and
immune compromised C.B-17/IcrCrl-Balb/SCID/BR
and C.B-17/IcrCrl-Balb/SCID/Beige (Charles River
Laboratories, Wilmington, MA, USA) female mice. For
experimental metastasis assays, 3 · 105 tumor cells were
injected into the lateral tail vein, and 21 days later, the
mice were sacrificed and pulmonary metastases were
quantified.

Cox inhibitor treatments

The selective COX-2 inhibitor, celecoxib, was a generous
gift of Pharmacia (St. Louis, MO, USA). The dual COX
inhibitor, indomethacin, was purchased from Sigma
Chemical Co. (St. Louis). Both drugs were dissolved in a
solution of methylcellulose (0.5%) and Tween 20
(0.025%) and administered by oral gavage twice/day to
achieve a dose of 5/mg/kg/day (celecoxib) or 1 mg/kg/
day (indomethacin). Control animals were gavaged daily
with vehicle. To determine the direct effect of COX
inhibitors on tumor cells, in the absence of host effects,
410.4 cells were cultured in the presence of indometha-
cin, celecoxib (1.0 lM) DMSO or ethanol for 48 h,
washed, and 3·105 viable tumor cells were injected into
the tail vein of untreated mice. No further drug treat-
ments were carried out.

Antibody depletion

To deplete NK cells, mice were injected with rabbit
asialoGM1 ganglioside antibody (20 ll, Wako Bio-
products, Richmond, VA, USA). CD4+ and CD8+
cells were depleted with rat hybridoma supernatants
(500 ll ATCC 2.43 and ATCC GK1.5, respectively,
ATCC, Rockville, MD, USA). Control animals were
treated with normal rabbit serum (asialoGM1) or nor-
mal rat Ig (CD4, CD8 depletions). All antibody treat-
ments were administered 1 day prior to and either
3 days (metastasis assays) or 7 days (mammary fat pad
tumors) after tumor introduction. These protocols de-
plete approximately 50% of non-MHC-restricted tumor
cell lysis; approximately 50% of CD4+ T cells and 90%
of CD8+ cells spleen cells are depleted as indicated by
flow cytometry.

Flow cytometry

Tumor cells were cultured in OPTIMEM medium for
48 h in the presence of COX inhibitors or appropriate
vehicle for 48 h and stained for MHC class I as de-
scribed previously [12]. Cells were reacted with antibody
to H-2L d (clone 30-5-7) or H-2K d (clone SF1-1.1.1).
Secondary antibody was fluorescein-conjugated goat-
anti-mouse IgG (BD Biosciences Pharmingen, San Die-
go, CA, USA). Fluorescence analyzed by FACScan flow
cytometer.

NK cytotoxicity assays

Assays were carried out as described in Ref. 12. Tumor
target cells were labeled with [3 H] proline, washed and
plated in 96-well flat-bottom microtiter plates in the
presence of Cox inhibitors at the indicated concentra-
tions. After a further 48 h, single cell suspensions of
spleen effector cells from normal Balb/cByJ female mice
(stimulated with 100 lg of poly-IC ip 24 h prior to
sacrifice) were added at a 100:1 effector to target ratio.
Lytic activity is linear using ratios of 1:10, 1:50 or 1:100.
After a further 18 h incubation, nonadherent cells were
aspirated, and radioactivity in the remaining adherent
cells was determined. Cytotoxicity was determined as: %
cytotoxicity = 1�(cpm remaining in experimental well/
cpm remaining in medium control well)·100.

Statistical analysis

Degree of lysis, MHC class I expression, metastasis data
and tumor size comparisons at individual time points by
Student’s t test.

Results

Therapeutic activity of COX inhibition has been exam-
ined in a number of rodent models [10,11, 17, 19, 22, 25,
27]. These studies have implicated several mechanisms of
therapeutic action including tumor cell apoptosis, and
inhibition of both proliferation and angiogenesis. Sup-
pressive effects of the COX-2 product, PGE2, on immune
effector cells are alsowell documented [3, 4]. Nevertheless,
the precise mechanisms by which COX inhibitors limit
tumor growth are not entirely elucidated. We determined
the effect of COX inhibitors on tumor metastasis and
examined the requirements for immune effector popula-
tions in control of metastatic dissemination. In order to
isolate effects of COX inhibitors on tumor cells, we pre-
treated 410.4 mammary tumor cells with COX inhibitors
prior to intravenous administration of tumor cells into
either immune competent Balb/cByJ mice, or immune
incompetent severe combined immune deficient SCID
mice, NK-depleted mice or mice lacking interferon-c
(IFN- c). Pretreatment of 410.4 tumor cells with Indo
(1 lM), prior to intravenous injection of tumor cells, re-
sulted in a significant reduction in the number of experi-
mental metastases (55% inhibition) (Fig. 1a). Indo was
still effective at controlling metastases in SCID mice
lacking mature T and B cell function. The ability of Indo
to limit tumor metastases was, however, completely
abrogated in mice lacking either NK function or IFN-c.
Likewise, treatment with celecoxib (1.0 lM) resulted in a
38% decrease in lung metastases (Fig. 1b). Like Indo, the
therapeutic effect of celecoxib was compromised in either
NK-depleted or IFN-c-depletedmice. Thus,NK function
is critical to the mechanism by which coxibs control
metastatic dissemination.
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To examine potential mechanisms by which coxibs
and NK interact, we determined the effect of coxibs on
NK-mediated lysis of mammary tumor cells. Labeled
410.4 target cells were cultured in the presence of Indo
or celecoxib for 48 h, spleen cells from normal mice were
added to tumor targets and tumor cell lysis was ana-
lyzed. Figure 2a shows that vehicle-treated 410.4 cells
are relatively resistant to non-MHC restricted cytotox-
icity, however, the addition of either Indo (Fig. 2a) or
celecoxib (Fig. 2b) resulted in statistically significant
increased lytic activity in a dose-dependent manner.
Coxibs induce apoptosis of many cells and the apparent
increased NK-lytic sensitivity could have resulted from
direct apoptosis of the tumor target cell. This is an un-
likely mechanism, however, since these cells have been
shown to be resistant to apoptosis-induction by coxibs
[13]. Furthermore, lytic activity indicated in the figure is
corrected for spontaneous killing in the absence of

effector cells and thus reflects a true increase in lysis
mediated by immune effector cells.

The immunosuppressive role of the cyclooxygenase
product PGE2 on NK activities is documented [4, 15]. It
is not surprising, therefore, that in the presence of Indo
or celecoxib, increased NK lytic activity is observed.
This data is consistent with a model in which tumor-
PGE2 directly suppresses NK function. We considered
the possibility that intrinsic properties of the tumor cells
were also changed, rendering the cells more sensitive to
NK-mediated killing. Activation of NK recognition and
target cell lysis is mediated by loss of MHC class I
expression [24]. We tested the hypothesis that coxibs
might modulate expression of MHC class I molecules on
tumor target cells. We cultured 410.4 tumor cells in the
presence of increasing concentrations of Indo or celec-
oxib and examined MHC class I expression by flow
cytometry. Figure 2c shows that treatment of 410.4 cells
with Indo or celecoxib (2d) resulted in partial loss of
expression of MHC class I at the Ld locus in a dose-
dependent manner. Downregulation at the Kd locus was
also observed. Treatment with celecoxib at 5,10, 15 or
20 lM reduced MHC Kd by 1, 4, 7 and 25%, respec-
tively. Thus, celecoxib affected the expression of both
loci, but the effect on Ld expression was more pro-
nounced. To our knowledge, this is the first report that
coxibs can modulate MHC class I expression.

To rule out nonspecific effects of coxibs on MHC
expression, we determined if addition of exogenous
PGE2 could reverse the coxib-mediated suppression of
class I expression. Cells were treated with Indo (20.0 or
40.0 lM) and PGE2 (1.0 or 10 lM) was also added to
some cultures. In the presence of Indo alone, MHC Kd

was decreased in comparison to vehicle-treated control
cells (Fig. 3). When PGE2 was added to Indo-treated
cells, MHC expression was restored to vehicle control
levels. Thus, exogenous PGE2 was able to reverse the
Indo-mediated decrease in MHC class I expression.
Similarly, downregulation of MHC expression by cel-
ecoxib was completely reversed when cells were also
exposed to IFN-c (100 units/ml) for 24 h (data not
shown).

Immune effector mechanisms that control tumor
behavior can differ depending on whether local tumor
growth or metastatic dissemination is considered. Thus,
NK cells are clearly important to coxib-mediated con-
trol of metastasis. We considered the possibility that
different effector cells control local disease. To examine
the potential contribution of immune function to the
observed therapeutic effects of COX inhibitors on local
tumor growth, we transplanted 5·105 of line 410.4 tu-
mor cells to immunologically competent Balb/cByJ mice
or to immunodeficient Balb/SCID or Balb/SCID/Beige
female mice. Therapeutic efficacy of Indo and celecoxib
was compared in these three strains of mice. Drugs or
vehicle control were administered by oral gavage until
day 28. Figure 4 shows that administration of either
drug resulted in statistically significant inhibition of
tumor size in immune-competent Balb/cByJ mice in

Fig. 1 a Tumor cells were cultured in Indo (1.0 lM) or ethyl
alcohol for 48 h, washed and injected into the tail vein of syngeneic
Balb/cByJ, Balb/Scid, or Balb/IFNc -/- mice as well as Balb/cByJ
mice treated with asialoGM1 antibody (NK-/-). b Tumor cells
cultured with celecoxib (1.0 lM) or DMSO and injected into Balb/
cByJ, Balb/IFNc-/- or NK depleted mice. Twenty days later, the
mice were sacrificed and surface lung tumor colonies were
quantified. Mean ± SE of eight to ten mice per group. P values
are for drug-treated cells versus vehicle-treated cells in the same
host strain
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comparison with vehicle-treated controls. Indo or cel-
ecoxib-mediated tumor growth inhibition was com-
pletely lost in animals lacking T and B lymphocyte
effector functions (SCID) or mice with an additional loss
of NK cell function (SCID/Beige).

To further examine the role of T cell subsets and to
more directly investigate the role of NK cells, the ther-
apeutic activity of Indo was evaluated in Balb/cByJ mice
depleted of CD4+ or CD8+ cells or NK cells (Fig. 5).
Depletion of either CD4+ or CD8+ cells compromised
the tumor growth inhibition mediated by Indo, whereas
loss of NK activity had no apparent effect on thera-
peutic activity. In contrast to control of metastatic dis-
ease, these two experiments implicate a role for T
lymphocytes in the mechanism by which Coxibs limit

growth of locally growing tumors, but indicate that this
therapeutic effect is not dependent on NK function.

Discussion

High COX-2 expression is a common feature of many
tumors including those of the breast [1, 21, 26]. It has
been known for many years that increased COX activity,
in the form of prostaglandin synthesis and, more re-
cently, expression of the COX-2 protein, is associated
with more aggressive disease and increased likelihood of
metastatic disease [1, 21]. Furthermore, epidemiological
evidence supports a protective role for nonsteroidal anti-
inflammatory drugs in breast cancer incidence [6–8].
These findings have resulted in the initiation of a number
of clinical trials in breast, as well as other cancers, to
evaluate efficacy of COX-2 inhibitors.

We have shown that, in a murine model that mimics
metastatic human breast cancer, high COX-2 expression
and enzymatic activity are associated with more
tumorigenic and metastatic behavior [2, 14]. These tu-
mors also express the COX-1 isoform, and we reported
that selective COX-1 and COX-2 inhibitors, as well as a
dual COX-1/COX-2 inhibitor, reduce tumor size and
inhibit metastasis [11]. Other laboratories have also

Fig. 2 a Tumor cells were cultured in the presence of Indo at the
indicated concentrations for 48 h, drug was removed, after which
spleen cells from poly IC-treated normal Balb/cByJ mice were
added and degree of lysis determined 18 h later. Mean ± SE of
triplicate determinations. b Lysis assays carried out as in a, with the
addition of celecoxib at the indicated concentrations. c. Tumor cells
were cultured in Optimem medium containing Indo at the indicated
concentrations for 48 h, and stained for MHC class I Ld and
analyzed by flow cytometry. Results expressed as percent change in
mean fluorescence intensity. d Tumor cells cultured in medium
containing celecoxib and analyzed by flow cytometry. Mean of
triplicate determinations. All P values versus vehicle-treated cells
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shown the protective effects of COX inhibitors both in
preventing tumor induction and inhibiting growth of
transplanted tumors [10, 17, 19, 22, 27]. Those studies
have implicated several mechanisms underlying the
therapeutic effects. Direct effects of COX inhibitors on
tumor cells have been demonstrated including inhibition
of proliferation [9] and induction of apoptosis [16].

Other studies support an indirect effect of COX inhibi-
tors on tumor angiogenesis [17, 18, 22, 28].

We now demonstrate a role for immune effector cells
in coxib-mediated tumor inhibition. Using both cell-
depletion and genetic approaches, we show that control
of local tumor growth depends on both CD4+ and
CD8+ T cells, but not NK cells. Although NK cells
appeared not to be important to the mechanism by
which coxibs control local tumor growth, it was
important to examine the role of NK cells in a model of
metastatic disease. We had shown previously, and con-
firm here, that pretreatment of 410.4 tumor cells with
sublethal concentrations of Indo, Celecoxib or NS398,
prior to intravenous introduction into immune compe-
tent mice, reduced the number of lung tumor colonies by
50–89% [11]. The current results show that control of
metastatic disease by COX inhibitors is dependent on
both NK function and IFN-c, but, in contrast to local
disease, does not require functional T cells. Thus, coxibs
are effective at controlling local tumors as well as met-
astatic disease, but the critical effector cell depends on
the tumor site.

COX inhibitor-mediated control of tumor growth has
been reported in other tumor models [10, 15, 17, 27].
Some of these studies were carried out using xeno-
transplants in immune-incompetent hosts. Those studies
have identified apoptosis induction and inhibition of
tumor angiogenesis as critical therapeutic mechanisms.
The current studies identify additional immune-depen-
dent mechanisms. The relative dependence on immu-
nologic versus nonimmunologic mechanisms many vary
for different model systems. Models in which tumor
inhibition is achieved by other mechanisms typically

Fig. 3 Tumor cells were cultured in vehicle (closed bar) or Indo at
20.0 or 40 lM (open bars) and some cells were also exposed to
PGE2 (1.0 or 10.0 lM, hatched bars) for 48 h, stained for MHC
class I Kd and analyzed by flow cytometry. All P values versus
vehicle-treated cells

Fig. 4 Five·105 line 410.4 tumor cells were injected s.c. into either
syngeneic Balb/cByJ, Balb/c/Scid or Balb/c/Scid/Beige mice on day
zero, and animals were treated by oral gavage on a daily basis with
either vehicle, indomethacin (Indo) or celecoxib (Cele) at a dosage
of 1 mg/kg or 5 mg/kg/day, respectively. Tumor diameters were
measured by caliper and plotted as mean ± SE of eight to ten mice
per group. P values indicated as *, <0.05; **, < 0.01 comparing
Indo, Balb versus Veh, Balb; Cele, Balb versus Veh, Balb

Fig. 5 Five·105 line 410.4 tumor cells were injected on day zero
into syngeneic Balb/cByJ female mice treated with either normal rat
or rabbit serum, anti-CD4 or anti-CD8 rat hybridoma supernatant
or anti-asiaoloGM1 rabbit antibody on day �1 and day +7. Oral
Indo or vehicle control administered as in Fig. 4. Tumor diameters
were measured by caliper and plotted as mean ± SE of eight to ten
mice per group. P values indicated as *, < 0.04; **, <0.006;
***, <0.001, comparing Indo, NRS to Veh, NRS; Indo, anti-
asialoGM1 versus Veh, anti-asialoGM1
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employ higher doses of celecoxib (25 mg/kg) which may
be necessary to reveal immune-independent mecha-
nisms. In the current study, sub-optimal drug doses were
used that do not result in complete tumor inhibition but
may unmask previously unappreciated immune-depen-
dent mechanisms. Furthermore, both Cox-dependent
and Cox-independent effects of COX inhibitors have
been described. It will be interesting to determine if
COX-independent therapeutic effects are also indepen-
dent of immune effector mechansisms.

Recently, themechanisms bywhichNK cells recognize
and kill tumor targets have been clarified [24]. Through a
repertoire of receptors, NK cells receive both stimulatory
and inhibitory signals from ligands expressed on the po-
tential target cell. Inhibitory signals are mediated by
binding ofMHCmolecules, expressedon the target cell, to
cognate inhibitory receptors on the NK effector cells. The
current data reports the novel finding that two COX
inhibitors downregulate expression of MHC class I mol-
ecules (Ld and Kd) on tumor cells. The reversal of the
MHC class I downregulation by exogenous PGE2 indi-
cates that the effect of COX inhibitors on class I is
COX-dependent. Decreased MHC class I expression is
associated with increased NK-mediated lysis. These data
suggest an additional mechanism whereby COX inhibi-
tors can enhance NK-mediated lysis. By decreasing the
expression of inhibitory signals mediated byMHC class I,
NKcells are activated to lyse tumor cell targets. This study
also shows that IFN-c is critical to controlling metastasis
by COX inhibitors. IFN-c modulates many functions
including NK activities. Consistent with our findings, a
recent report shows that PGE2 suppresses IFN-c synthe-
sis by NK cells [29]. The finding that IFN- c can upregu-
late MHC class I appears to conflict with the mechanism
ofNKactivation proposed in this study.Although further
studies will be required to resolve this issue, it is possible
that the role of IFN-c is context-dependent. Thus, IFN-c
may be required at the site of NK activation in peripheral
sites, but does not affect MHC expression at the tumor
site. Our studies and earlier work from other laboratories
[4, 15] implicate NK cells as important targets of COX
therapy. There is increasing evidence that dendritic cells
are also important targets of PGE2-mediated immune
suppression [5, 20, 23, 30]. Those findings have obvious
implications for the induction of tumor-specific T cell-
mediated immunologic responses. Thus, tumor-PGE2 has
effects on both innate and adaptive anti-tumor immune
responses.

These findings add to the growing body of evidence
that coxibs have therapeutic activity in models of human
cancer. They expand our knowledge by showing that, in
addition to direct effects of coxibs on tumor cell prolif-
eration and apoptosis and indirect effects on tumor
angiogenesis, coxibs also modulate protective antitumor
immune effector functions leading to control of tumor
growth and metastasis. Further elucidation of the rele-
vant mechanisms will be important in the design of
combination therapies employing immune-based and
COX-targeted strategies.
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