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ABSTRACT
Hypoxia is a common feature in solid tumors that has been implicated in immune evasion. Previous studies
from our group have shown that hypoxia upregulates the co-stimulatory receptor CD137 on activated T
lymphocytes and on vascular endothelial cells. In this study, we show that exposure of mouse and human
tumor cell lines to hypoxic conditions (1% O2) promotes CD137 transcription. However, the resulting
mRNA is predominantly an alternatively spliced form that encodes for a soluble variant, lacking the
transmembrane domain. Accordingly, soluble CD137 (sCD137) is detectable by ELISA in the supernatant of
hypoxia-exposed cell lines and in the serum of tumor-bearing mice. sCD137, as secreted by tumor cells, is
able to bind to CD137-Ligand (CD137L). Our studies on primed T lymphocytes in co-culture with stable
transfectants for CD137L demonstrate that tumor-secreted sCD137 prevents co-stimulation of T
lymphocytes. Such an effect results from preventing the interaction of CD137L with the transmembrane
forms of CD137 expressed on T lymphocytes undergoing activation. Indeed, silencing CD137 with shRNA
renders more immunogenic tumor-cell variants upon inoculation to immunocompetent mice but which
readily grafted on immunodeficient or CD8C T-cell-depleted mice. These mechanisms are interpreted as a
molecular strategy deployed by tumors to repress lymphocyte co-stimulation via CD137/CD137L.

Abbreviations: sCD137, soluble CD137; CD137L, CD137 ligand; TM, transmembrane domain; N, Normoxia;
H, Hypoxia
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Introduction

Malignant tissues deploy an array of mechanisms that interfere
with potentially tumoricidal immune responses.1,2 For these pur-
poses, cancer cells exploit the natural mechanisms that prevent
autoimmunity and excessive inflammation in the organism. Some
of the immunosuppressive factors are soluble and reach distant
haematopoietic and lymphoid organs, while others act locally in
themalignant tissue. A link between hypoxia and immunomodula-
tory factors has become apparent over recent years3 with important
implications for cancer immune escape.

Co-stimulation and co-inhibition of T-cell activation4 involves
a set of functions that critically determines the outcome of T-cell-
mediated antitumor responses. Immunomodulation with a thera-
peutic purpose can be achieved by disrupting the function of
co-inhibitory receptors5,6 or by turning on the activity of co-stimu-
latory receptors.7 Gene transfer of a co-stimulatory ligand to tumor
cells renders such a cell line more immunogenic.8-11 On the con-
trary, tumor cells frequently escape cancer by providing ligands for
co-inhibitory receptors.5,12

CD137 (4-1BB, Tnfsfr9) is a co-stimulatory member of the
TNFR family discovered on T cells undergoing activation.13 On
lymphocytes, CD137 ligation contributes to enhance

proliferation and effector functions, while importantly it pre-
vents apoptosis.14 Its expression was also found on activated
NK cells,15 where it enhances antibody-dependent cellular cyto-
toxicity.16-18 Other leukocytes subsets gain CD137 expression
upon activation,19,20 but the functional significance of this find-
ing is as yet unclear. Surprisingly, CD137 is also expressed on
endothelial cells in the microcirculation of tumors21-23 and ath-
erosclerotic lesions24 where it is instigated by hypoxia. Apart
from the membrane attached form of CD137, a soluble form
generated by alternative splicing has been identified.25,26 Circu-
lating sCD137 has been detected by ELISA in the serum and
tumor homogenates of colorectal cancer patients undergoing
surgery. The significance of this finding has not been
established.27

Agonist anti-CD137 antibodies frequentlymediate tumor eradi-
cation in mice28 and are being tested in humans with encouraging
results in phase I/II trials (Clinical trial.gov NCT 01307267, NTC
0147121). Agonist antibodies engineered to be displayed on the
membrane of tumor cells also dramatically enhance the immuno-
genicity of tumors,11,29 as has also been observed with anti-CD137
agonist RNA aptamers targeted to the tumor cell surface.30 The
mechanism of action is mainly and ultimately dependent on the
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enhancement of cytotoxic T lymphocytes that destroy malignant
lesions by direct cytotoxicity28,31,32

Interestingly, CD137 expression is upregulated by hypoxia
through HIF-1a indirectly mediated effects33 and as a result,
CD137 is more prominently expressed on endothelial cells in
tumor vasculature cells21and on tumor-infiltrating T lympho-
cytes.33 While on lymphocytes agonist anti-CD137 mAb provide
co-stimulation, on endothelial cells ligation results in an enhance-
ment of adhesion and chemotactic functions for T-cell homing.21

The only natural ligand known for CD137 is CD137L (4-1BBL,
Tnfsf9).34 This is expressed on activated dendritic cells, macro-
phages and B cells.35 Upon ligation, it also mediates reverse signal-
ing thus promoting inflammation34 and when it is artificially
expressed on tumor cells it enhances immunogenicity.10,36

In this study, we report that hypoxia upregulates CD137 in a
panel ofmouse and human tumor cell lines. However, the predom-
inant splicing form is soluble and able to bind to CD137L, thereby
blocking its ability to provide co-stimulation to primed T lympho-
cytes. Accordingly, CD137-silenced tumor cells become more
immunogenic upon grafting onto immunocompetent mice. These
results contribute a novel and mischievous immunosuppressive
mechanism cunningly deployed by tumors under hypoxia to coun-
teract a pathway of T-cell co-stimulation.

Results

Retarded growth of CT26 colon cancer-derived tumors in
CD137¡/¡ mice

Reportedly, CD137¡/¡ and CD137L¡/¡ mice show a relative
deficiency in the control of viral infections by CTL
responses.37,38 While performing experiments to examine if
transplantable tumors would progress more aggressively and

rapidly in CD137¡/¡ mice, we noted a tendency toward the
opposite outcome, since growth tended to be delayed several
days and there were cases of spontaneous rejection.

As can be seen in Fig. S1A, the growth of transplanted syngeneic
CT26 cells showed a surprising delay in CD137¡/¡ mice. The sera
of such tumor-bearing mice contained IgG antibodies directed to
native CD137 as detected by indirect immunofluorescence on
CD137-transfected 293T cells (Fig. S1B) and by ELISA on plate-
absorbed recombinant CD137 (Fig. S1C). Since CD137¡/¡ mice
are not immunologically tolerant to CD137, they can be readily
immunized by this antigen. Therefore, we serendipitously reached
the conclusion that CT26 tumor cells had to somehow express
CD137, resulting in tumor growth retardation and induction of
anti-CD137 antibodies in CD137¡/¡ mice. Indeed, transfer of sera
containing CD137 antibodies from these CD137¡/¡ tumor-bear-
ing mice to WT mice grafted with CT26 tumors, retarded tumor
growth and caused some complete rejections (Fig. S2).

Transplantable mouse tumor cell lines express CD137
under hypoxia

In previous studies, we have documented that hypoxia pro-
moted CD137 expression in the case of both T lymphocytes33

and endothelial cells in an HIF-1a-dependent fashion.21 There-
fore, we performed experiments to determine if hypoxia could
induce CD137 on tumor cell lines raised from mouse tumors of
different tissue origins.

Fig. 1 shows that CD137 was upregulated at the mRNA level
not only in CT26 cells, but also in EL-4, RENCA and B16 tumor
cells. In this vein, a similar phenomenon has been observed in
short-term passaged cell lines derived in our laboratory from
spontaneous lung tumors (Azpilikueta A, Agorreta J et al, manu-
script in preparation) indicating a more general trend.

Figure 1. CD137 mRNA expression is upregulated by hypoxia in mouse tumor cell lines. Quantitative RT-PCR assessment of CD137 mRNA expression under 21% and 1%
O2 (hypoxia) in the indicated cell lines cultured under these conditions for 48h. A representative direct immunofluorescence staining for CD137 surface expression ana-
lyzed flow cytometry is presented in a corresponding histogram showing the discrepancy between the mRNA levels and the weak or dim surface protein staining. �p <
0.05, ��p < 0.01.
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However, when analyzing the cell surface for the presence of
CD137 by a sensitive flow cytometry assay, we were surprised by
the weak surface levels detected in the case of CT26 cells and by
the undetectable levels on the other cell lines tested (Fig. 1).

Hypoxia induces a soluble CD137 spliced form in tumor
cells

A possible explanation for the absence of membrane staining was a
predominance of the soluble alternative splicing form of CD137.26

To address this issue, combinations of primers detecting the soluble
and transmembrane CD137 isoforms were used (Fig. 2A and B) in
quantitative RT-PCRs performed on themRNA from the cell lines.
Fig. 2B shows that the transmembrane form is clearly in theminor-
ity as is shown by the electrophoresis migration of the amplified
PCR products corresponding to the soluble and transmembrane
forms (Fig. 2C). Our findings in human cell lines derived from
renal, lung, melanoma and hepatocellular
tumors support a similar pattern of
induction of sCD137 by hypoxia, indicat-
ing a mechanism conserved across spe-
cies (Fig. S3).

To ascertain as to whether sCD137
was indeed produced at the protein
level, we set up a quantitative ELISA
assay that clearly shows that the super-
natant of CT26 cells contained higher
concentrations of sCD137 when these
cells were cultured under hypoxic con-
ditions (Fig. 2D).

Furthermore, we investigated if
CD137 expression by tumor cells was
taking place during in vivo tumor
growth, given the fact that these tumors
are hypoxic as we have recently
reported.21,33 Fig. 3A shows that CD137
mRNA is expressed by CT26 cells
grafted as tumors in CD137¡/¡ mice.
Using CD137¡/¡ mice excludes con-
taminating mRNA from infiltrating
lymphocytes or stromal cells. Again,
total CD137 mRNA predominates over
the transmembrane form.

Consistent with these findings, the
sera of immunoglobulin-deficient
Rag2IL2Rg¡/¡ mice grafted with CT26
tumors contained readily detectable
amounts of sCD137 by ELISA, that were
undetectable prior to tumor grafting
(Fig. 3B).

Soluble CD137 produced by tumor
cells binds to CD137L and blocks its
co-stimulatory function

The functional role of sCD137 was
hypothesized to be the blockade of the
interactions of CD137L with mem-
brane-bound co-stimulatory CD137.

Fig. 4A shows that the supernatant of CT26 cells cultured
under hypoxia contained a sCD137 moiety that can be
absorbed onto 293T cells transfected to express CD137L, but
not onto their untransfected counterparts. Moreover, the sera
of Rag2IL2Rg¡/¡ mice grafted with CT26 tumors contained a
sCD137 form that was also able to bind to the CD137L trans-
fectants, whereas it failed to bind to untransfected 293T cells.
The sera from these mice prior to tumor grafting showed no
signs of any such activity (Fig. 4B).

Binding of sCD137 to CD137L could functionally result in its
blockade at the CD137 binding site, giving rise to a reduction in
CD137L co-stimulatory activity. In assays of CD137L-293T cells
co-cultured with primed CD137CCD8C T cells, proliferation was
assessed by Violet-450 dye dilution. In these assays,
OT-1 TCR transgenic CD8C T cells were used to ensure homoge-
neity and permit comparisons with identical TCR-transgenic lym-
phocytes obtained from CD137¡/¡ double-transgenic mice. OT-1

Figure 2. Soluble form of CD137 predominates over membrane-attached forms. (A) Diagram representing the
cDNA with the exons of mouse CD137 and RT-PCR products amplified with the indicated primer pairs. (B) Quanti-
tative RT-PCR analyses using primers that amplify either transmembrane (primer pair 3�4) or total CD137 cDNA
(primer pair 1�2) in corresponding cell lines. (C) RT-PCR products of total CD137 cDNA (primer pair 5�6) amplifi-
cation showing that the soluble CD137 (sCD137) predominates over the transmembrane CD137 (tmCD137) form.
(D) Sandwich ELISA assessment of the concentration of sCD137 in the tissue culture supernatants of the CT26 cell
line. TM: transmembrane domain; MM: molecular weight marker; N: normoxia; H: hypoxia.
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lymphocytes were pre-activated for 48h with agonist anti-CD3e
mAb and then co-cultured with non-transfected and CD137L-
transfected 293T cells. In this setting, the conditioned supernatant
of hypoxia-treated CT26 cells inhibited proliferation while the
supernatant of normoxic CT26 cells failed to inhibit proliferation
(Fig. 5A and B). As a control, it was observed that such an effect
was not detectable when CD137¡/¡ OT-1 lymphocytes were used,
thus excluding CD137 unrelated effects of the supernatants in these
co-cultures. Fig. 5A shows representative histograms showing
the degree of proliferation inhibition induced by conditioning these
co-cultures with culture supernatants of hypoxic tumor cells. These
T-cell proliferation experiments are summarized in Fig. 5B.

Our interpretation of these results is that under hypoxia tumor
cells produce an sCD137 moiety in order to block CD137L-medi-
ated co-stimulation of primed CD137C T lymphocytes, some of
which are likely to be specific for tumor antigens.

CD137 silencing in hypoxic CT26 tumor cells renders them
more immunogenic

Polyclonal stable transfectants of a CD137 shRNAwere generated
in CT26 tumor cells by lentiviral transfection. Such transfectants
were unable to upregulate surface CD137 in response to 1% O2

(Fig. 6A). More importantly, CD137 RNA including the soluble
form was almost completely silenced (Fig. 6B). To study if CD137

loss results in higher immunogenicity
under 1% O2, hypoxia pre-exposed
shControl and shCD137 transfectants
were inoculated subcutaneously in
BALB/c WT mice and Rag2IL2Rg¡/¡

syngenic mice. As can be seen in Figs. 6C
and D, shCD137 transfectants pro-
gressed at slower pace and three out of
eight mice underwent complete sponta-
neous rejections. By contrast, such
tumors rapidly grafted and progressed in
Rag2IL2Rg¡/¡immunodeficient mice
(Fig. 6E) or in immunocompetent
BALB/c mice in which CD8C T cells
were selectively depleted with a specific
mAb (Fig. 6C and D).

In conclusion, sCD137 expressed by
CT26 tumor cells in response to hypoxia seems to be an impor-
tant adaptive immune escape mechanism, at least in this tumor
model.

Discussion

Tumor exploitation of immune system mechanisms to evade
immune surveillance is currently considered a hallmark of can-
cer.39 Importantly, tumors may induce immune escape mecha-
nisms when undergoing immune attack or stress as previously
described for instance in the case of adaptive acquisition of PD-
L140,41 and IDO (indoleamine 2,3-dioxygenase) expression.42

Tumors in mice and humans consistently show a degree of
hypoxia at least in the core of primary or metastatic lesions. It
is likely that hypoxia would be more pronounced under
immune attack due to vascular disruption by secreted cytokines
such as IFNg and TNFa.43 Evolutionary adaptation of tumors
to cope with immunity ought to target the mechanisms that
enhance the immune response.1 In this study, we show that
tumors can cunningly tamper with the CD137/CD137L co-
stimulatory system which has the potential to elicit potent cyto-
toxic immune responses against cancer,44 as schematized in
Fig. 7.

Our results extend prior findings in the sense that CD137
expression is enhanced by hypoxia on T lymphocytes and

Figure 3. Soluble CD137 is produced by in vivo grafted tumors. (A) CT26 tumors (10£10 mm in diameters)
excised from CD137¡/¡ mice were analyzed by quantitative RT-PCR for mCD137 encoding the transmembrane
and the total CD137 isoforms. (B) The concentration of soluble CD137 (sCD137) assessed by ELISA in the sera of
Rag¡/¡ mice grafted with 5£105 CT26 cells for 21 days.

Figure 4. Soluble CD137 produced by tumor cells binds to CD137 ligand. (A) Binding of sCD137 present in the supernatant of CT26 cells cultured under hypoxia to CD137
ligand (CD137L) transfected to 293T cells. Untransfected 293T were used as a specificity control and supernatants from normoxia and hypoxia cultured CT26 cells were
tested without dilution. Binding was revealed by an anti-CD137 mAb which does not interfere with ligand binding (1D8 clone) (B) Similar experiment as in A performed
with the serum of CT26-bearing Rag2IL2Rg¡/¡ mice as a source of sCD137 or with pre-tumor serum as a control.
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endothelial cells in a HIF-1a-dependent
fashion.33 This feature is not exclusive to
CD137 since it has also been observed
with OX-40 (CD134), a close co-stimula-
tory relative of CD137 in the TNFR fam-
ily, which is also clearly upregulated by
hypoxia.45

Expression of CD137 on grafted
tumor cells is as intense as to be capable
of inducing anti-CD137 antibodies in
CD137¡/¡ mice that do not appear in
tolerized wild-type mice. The induction
of antibodies in CD137¡/¡ mice is so
potent that it is convenient for raising
monoclonal antibodies covering differ-
ent epitopes on the CD137 molecule.

In an attempt to define a role for
sCD137 in the tumor setting, we explored
the possibility that it would block
CD137L mediated co-stimulation.
Indeed, our results clearly demonstrate
the existence of such a mechanism, since
we show that sCD137 produced in hyp-
oxic cultures or by in vivo grafted tumor
cells binds to CD137L and disrupts its co-
stimulatory functions on primed CD8C T
lymphocytes. CD137-CD137L interac-
tions are postulated to be important in
immune synapses between antigen-pre-
senting cells and T lymphocytes46 and
sCD137 may compete and disrupt such
co-stimulatory events. In addition, some
human tumor cell lines have been shown
to weakly express CD137L47 and the local
presence of sCD137 would block its pro-
immune functions.

Our observations have implications
for cancer immunotherapy with anti-
CD137 mAb, since the administered
antibodies, in addition to signaling via
CD137 on T and endothelial cells,
should neutralize the sCD137 moieties
which otherwise would obstruct
CD137L functions. Moreover, such a
mechanism helps to explain why single
chain Fv anti-CD137 antibodies
attached to the plasma membrane of
tumors11,29 are more efficacious than
the natural CD137 ligand10,48,49 expressed at the same location.
The explanation would be that CD137L is amenable to inhibi-
tion by sCD137, whereas agonist anti-CD137 antibodies are
not. This concept could be relevant to refining reported
attempts based on gene therapy with CD137L48 or on the use
of CD137L-Ig fusion proteins.50

Our experiments with CD137-silenced variants of CT26
clearly demonstrate that these mechanisms are involved in
immunoescape. When CT26 tumor cells could not upregulate
CD137 in response to hypoxia, tumors were rejected or slowly

progressed in contrast with control variants. This effect criti-
cally required CD8C T cells.

Consistent with our conclusions and interpretations,
sCD137 is also observed in patients suffering autoimmune con-
ditions such as rheumatoid arthritis.51 In this case, the produc-
tion of sCD137 probably constitutes a negative feedback
mechanism to attenuate damaging self-reactivity through
CD137L blockade. Other possible mechanisms of sCD137
include reverse signaling via CD137L, but these would probably
require sCD137 multimeric forms.34

Figure 5. Soluble CD137 in the supernatant of hypoxia-treated CT26 cells blocks CD137L-mediated T-cell costimu-
lation. Cultures of CD8C-purified OT1 WT or OT1 CD137¡/¡ T cells were stimulated with anti-CD3 mAb for 48h
prior to seeding in co-cultures with 293T transfected or not with CD137L as indicated. T cells were pre-loaded
with Violet 450 fluorescent dye and dilution of the fluorescent dye was used as a surrogate marker of T-cell prolif-
eration. Cultures were conditioned with cell culture supernatants (1/16 diluted) of normoxia- or hypoxia-treated
CT26 cells. (A) Representative flow cytometry histograms showing the extent of inhibition of proliferation by the
sCD137-containing supernatants at 72h of coculture. (B) Pooled data of two independent experiments identically
performed. MFI: mean fluorescence intensity; SN: supernatant.
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Further studies are warranted to rank the relative impor-
tance of this new mechanism among other immunosuppressive
and tolerogenic mechanisms deployed by malignances.5 The
dependency of this immunosuppressive mechanism on hypoxia
is quite intriguing and indicates a common theme,3 according
to which immune subversion can be enhanced when the tumor
senses that it is under hypoxic stress. How splicing for the solu-
ble form of CD137 is favored in the tumoral transcriptional
scenario, or modulated by hypoxia, needs to be defined at the
molecular level.

In our view, the aberrant secretion of sCD137 is clearly a
simple and effective trick used by tumors to tackle a critical

pathway of T-cell activation and memory differentiation.52 In
this sense, production of a blocking molecule for CD137L by
hypoxic tumor cells most likely pursues immune escape.

Material and methods

Mice and cell lines

BALB/c wild-type mice (6�7 weeks old) were purchased form
Harlan Laboratories. OT-1 and Rag2IL2Rg¡/¡ mice were pur-
chased from the Jackson Laboratories and bred in our facilities.
CD137¡/¡ mice in BALB/c background have been previously

Figure 6. CD137 silencing in CT26 tumor cells gives rise to more immunogenic variants. CT26 were stably transfected with lentiviral vectors to express a shRNA targeting
CD137 (shCD137) or a scrambled control (shControl). (A) Transfectants were cultured for 36h in normoxia or 1% O2 and analyzed by flow cytometry to quantitatively
determine the expression of surface CD137. (B) Quantitative RT-PCR analysis of total and transmembrane CD137 mRNA in the indicated transfectants under hypoxic or
normoxic conditions as in A. (C) BALB/c wild type immunocompetent mice were subcutaneously inoculated with 5£105 cells of indicated transfectants and tumor sizes
were individually followed over time. Tumor cells had been pre-exposed in every case to 1% O2 for 36h. The fraction of mice spontaneously rejecting their tumors is given
in each graph. When indicated, BALB/c mice were mAb-depleted of CD8CT cells. (D) mean§SEM and Statistical comparisons of experiments in C whose results are repre-
sentative of two independent experiments. (E) Tumor growth of the indicated transfectants in immunodeficient Rag2IL2Rg¡/¡ mice. Tm: transmembrane.
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described.21 OT1 CD137¡/¡mice were bred in our laboratory by
crossing OT-1mice with CD137¡/¡mice in C57BL/6 background.
All animal procedures were approved and conducted under institu-
tional ethical committee guidelines (study number 137/12).

Mouse CT26 colon carcinoma, RENCA renal carcinoma,
EL-4 thymoma and B16F10 melanoma cell lines were obtained
from American Type Culture Collection (ATCC). AXBI human
melanoma cells were derived at the clinical facility Erlangen
from primary surgical samples and were used at early culture
passages (kindly gift from Dr Kaempgen, Erlangen, Germany).
A549 human lung cancer and HEPG2 hepatocellular carci-
noma cells were obtained from ATCC. RCC10 renal cell carci-
noma was kindly provided by Dr Luis del Peso (CSIC-UAM,
Madrid, Spain).

Mouse cell lines were cultured in RPMI 1640 medium (Gibco)
supplemented with 10% FBS (Sigma-Aldrich), 100IU/mL penicil-
lin and 100ug/mL streptomycin (Gibco) and 5 £ 10¡5 M 2-mer-
captoethanol (Gibco). Human cell lines were cultured in the same
mediumwithout 2-mercaptoethanol. To study hypoxia conditions,
cell lines were cultured for 48h under 1% O2 atmosphere in the
H35Hypoxystation (DonWhitley) incubator.

Generation of stable transfectants

CD137 stable transfectants in 293T cells have been previously
described.53 To generate CD137L transfectants, plasmids

pcDNA3-CD137L, was provided by Dr C. Smerdou (CIMA,
Universidad de Navarra); pEZ-M02-CD137 (purchased from
GeneCopoeia) were transfected using Lipofectamine (Invitro-
gen) into 293T cells cultured in p100 culture dishes (Corning)
at a concentration of 2.5mg/dish. Following a 7-day culture,
CD137LC cells were sorted (FACS Aria II, BD Pharmigen) and
those with the highest stable expression of the transgene were
cloned and further expanded.

pGFP-C-shLenti vectors encoding CD137 and scramble siR-
NAs (purchased from Origene) were transiently transfected
into 293T cell line with the lentiviral packaging plasmids
pCMV-dR8.2 dvpr and pCMV-VSVG. The CT26 cell line was
incubated 72h with the supernatant of packaging 293T contain-
ing lentiviral particles and brightly GFP-expressing cells were
sorted by FACS and expanded in selection media containing
puromycin (5mg/mL).

Tumor growth studies

Female BALB/c, CD137¡/¡ or Rag2IL2Rg¡/¡ mice were inocu-
lated subcutaneously in the flank with 5 £ 105 CT26 wild-type
cells or transfected variants in 50 mL of PBS. For experiments
with shCD137 or shControl CT26, tumor cells were cultured
prior to inoculation for 36h under hypoxic conditions. Mice
and tumor size were monitored twice a week and mice were
sacrificed when tumor areas reached 300mm2. For CD8C

Figure 7. Graphical interpretation of the experimental results. Schematic representation of the postulated mechanism underneath the experimental observations. TM:
transmembrane; sCD137: soluble CD137.
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depletion experiments, 200mg per dose of anti-CD8b mAb
(clone H35-17-2) were given to mice on days �2, 0 and +3
with respect to the day of tumor cell inoculation. Completeness
of depletion was checked by FACS on day +11 on peripheral
blood lymphocytes.

CD137 expression

Total RNAwas extracted from cell lines or tumors using aMaxwell
16LEV simplyRNA tissue kit (Promega). Reverse transcriptions
were performed with M-MLV reverse transcriptase (Invitrogen) in
the presence of RNAse OUT (Invitrogen). Real-time PCR was car-
ried out with iQ SYBR green supermix in a iQ5 real time
PCR detection system (Biorad). PCRs included primers for
mouse CD137 cDNA (fw: 50-AACATCTGCAGAGTGTGTGC-30,
rev: 50-AGACCTTCCGTCTAGAGAGC-30), mouse CD137 trans-
membrane cDNA (fw: 50- AGAAGGACGTGGTGTGTGG-30,
rev: 50-TAAGGACCTGCAAGGAGTGC-30), human CD137
cDNA (fw: 50-CACTCTGTTGCTGGTCCTCA-30, rev: 50-
CACAGGTCCTTTGTCCACCT-30) and human CD137
transmembrane cDNA (fw: 50-GAAGGAGAGGGACGTGGTCT-
30, rev: 50-GCGCAAGAAAGAAGGAGATG-30). Data were nor-
malized by comparison with levels of b-actin (mouse: fw: 50-
CGCGTCCACCCGCGAG-30, rev: 50- CCTGGTGCCTA
GGGCG-30; human: fw: 50-AGCCTCGCCTTTGCCGA-30, rev:
50-CTGGTGCCTGGGGCG-30). The expression of each transcript
was represented according to this formula 2 DCt (Ct b-actin- Ct CD137).

We also carried out a semi-quantitative RT-PCR to amplify in
the same assay the transmembrane and the soluble transcripts of
mouse CD137 (fw: 50-AACATCTGCAGAGTGTGTGC-30, rev:
50-GAGCTGCTCCAGTGGTCTTC-30). The following program
was used for the PCR: 94�C for 5min, then 40 cycles: 94�C for
45sec, Tm 64 �C for 45sec, 72�C 45sec in a 2720 Thermal Cycler
(Applied Biosystems) with BioTaq DNA Polymerase (Bioline).
Transmembrane isoform product length: 504 bp; soluble isoform
product length: 369 bp.

Surface levels of CD137 in the cell lines were determined by
direct immunofluorescence and flow cytometry. In every case, pos-
itive staining of activated T cells or a CD137 stable transfectant was
used as a positive control. Antibodies used included anti-mouse
CD137 PE and biotinylated (clone 17B5, Biolegend) and anti-
human CD137 PE (clone 4B4-1, Biolegend), and Syrian Hamster
IgG PE and biotinylated (Biolegend) and mouse IgG1 PE
(Biolegend) as isotype-matched negative controls.

ELISA quantitation of soluble CD137

Protein levels of sCD137 were measured by employing a home-
made sandwich ELISA. As capture antibody, plates were coated
overnight with a monoclonal rat anti-mCD137 antibody (clone
2A, kindly provided by Dr Lieping Chen, Yale University New
Haven, CT) at a concentration of 10mg/mL. After blocking
with PBS supplemented with 10% FBS, samples were incubated
for 2h at RT and plates were extensively washed with PBS 1%
Tween. As detection antibody, a biotinylated monoclonal ham-
ster anti-mCD137 (clone 17B5, Biolegend) was incubated at a
concentration of 0.5mg/mL for 1h before washing and adding
streptavidin-HRPO (at 1/250 dilution, DB Biosciences). Serial

dilutions of mouse recombinant 4-1BB-Fc chimeric protein
(R&D Systems) were used for the standard curve.

sCD137binding assays to CD137L

mCD137L stable transfectants in 293T cells were incubated
with the serum of CT26-bearing Rag2IL2Rg¡/¡ mice or the
culture supernatants of the indicated cell lines treated under
hypoxia or normoxia conditions. The binding of the sCD137
present in the samples was detected on the cell surface by
FACS analysis using an anti-CD137 monoclonal antibody that
does not compete for the CD137L binding site (anti-CD137 PE
clone 17B5, Biolegend).

Quantitation of anti-CD137 antibodies

Serial dilutions of the serum of CT26-bearing CD137¡/¡ mice
were incubated in ELISA plates coated with mouse recombi-
nant 4-1BB-Fc chimeric protein (R&D Systems) and the anti-
bodies against CD137 were detected and tittered using a goat
anti-mouse IgG-HRP (Santa Cruz Biotechnology) according to
the manufacturer’s instructions.

These sera were also incubated with mouse CD137-293T
transfectants and an anti-mouse IgG FITC secondary antibody
(DakoCytomation) was employed to detect IgG antibodies cap-
tured at the cell surface CD137. Non-transfected 293T cells and
pre-immune sera were used as controls for these indirect
immunofluorescence assays developed by FACS.

Co-stimulation assays

CD8C T lymphocytes were isolated from spleen of OT-1 and
OT-1 CD137¡/¡transgenic mice using a magnetic isolation kit
(mouse CD8C T cells isolation kit, Miltenyi). CD8C T cells
were loaded with 0.5mM of Violet 450 fluorescent dye (Violate
proliferation dye 450, BD Horizon) and activated with plate-
bound anti-CD3e (clone 145-2C11, Biolegend) for 48h. For co-
culture assays, 1 £ 105 irradiated (30000 Rads) mCD137L-
293T or non-transfected 293T cells were cultured in 96 well
plates with 2 £ 105 pre-activated CD8C OT-1 T cells for 72h
adding tissue culture supernatants from the indicated cell lines
as a source of tumor-derived sCD137. Relative fluorescence to
assess fluorescent dye dilution resulting from proliferative
activity was analyzed by FACS.

Statistics

Prism software (GraphPad Software) was used to analyze IgG
titter, CD137 mRNA and protein expression by applying
unpaired Mann Whitney test. For tumor growth studies, mean
diameters of tumors over time were fitted using the following

model: yD A£ e t−t0ð Þ

1C e
t−t0ð Þ
B

: �p < 0.05, ��p < 0.01, ���p < 0.001.
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