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Abstract
Regulatory T cells (Tregs) play an important role in maintaining immunological tolerance that is
one of the main obstacles to overcome for improving antitumor immunity. Recently, the Treg has
been shown to constitutively express OX40 (CD134), which is a member of the TNF receptor
family that is transiently expressed on effector T cells after TCR triggering, and through which the
signal enhances effector T cell proliferation and memory T cell development. However, little is
known about the role of OX40 costimulation to Tregs in tumor immunology. Here we show that
OX40 signaling modulates the function of naturally occurring Tregs in vitro and in vivo. Foxp3
expression on Tregs was reduced by OX40 costimulation, but not by IL-2 stimulation. Tregs
suppressed the proliferation of naïve CD4+ CD25− T cells after TCR triggering, in contrast, OX40
costimulated Tregs that reduced Foxp3 expression reversed the suppressive function. In addition,
Tregs inhibited the proliferation of TCR stimulated (primed) CD4+ T cells and naïve CD8+ T cells
after TCR-mediated activation, however, Tregs with OX40 costimulation lost their suppressive
function. Interestingly, Tregs minimally suppressed the proliferation or the cytokine secreting of
Ag-specific CD8+ T cells after Ag-restimulation. Furthermore, Tregs suppressive function to the
antitumor effect was reversed by OX40 costimulation in vivo. Our data indicate that, in addition to
controlling effector T cell function, OX40 costimulation directly controls Treg-mediated
suppression in tumor immunity.
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Introduction
Regulatory T cells (Tregs) negatively modulate immune responses (1–4). Tregs exert
suppressive effects on the inhibition of interleukin-2 (IL-2) production by effector T cells
via an unknown mechanism that requires cell-to-cell contact. They are anergic and do not
make productive responses to T-cell-receptor (TCR) triggering in vitro unless exogenous
IL-2 is supplied (5,6). Their suppressive function on effector T cells plays an important role
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The novelty and impact of this paper: Here we show that the suppressive function of Foxp3+ regulatory T cells (T regs) can be
reversed in vitro and in vivo through OX40 costimulation that is known to be able to durably enhance the function of effector T cells.
These findings suggest that OX40 signaling could modulate the balance between T regs and effector T cells, tipping the balance
towards antitumor immunity.
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in maintaining immune tolerance to prevent autoimmune diseases and allergies (7–11). On
the other hand, immune tolerance to tumor (self)-antigens is one of the most crucial hurdles
to overcome for successful antitumor immunotherapy. In cancer patients, Tregs have been
shown to increase both in peripheral blood and at the tumor site (12). A depletion of
CD4+CD25+ T cells in vivo by means of a antagonistic monoclonal antibody (mAb) to
CD25 (PC61) before tumor challenge has been shown to enhance the ability of the host to
reject several types of immunogenic tumors in different strains of mice (13,14). Therefore,
one of the important strategies to break immunological tolerance might be to modulate the
suppressive function of regulatory T cells against the induction of effector T cells.

There are at least three major types of CD4+ regulatory T cells: Th3, Tr1, and CD4+CD25+

T cells, in which CD4+CD25+ regulatory T cells (Tregs) are the best characterized because a
large number of the cells is easily obtained (15). Tregs express Foxp3, which is an X
chromosome-encoded member of the forkhead winged-helix family of transcription factors.
Recent findings have demonstrated a highly specialized function for Foxp3, a master
regulator, in Tregs and a pivotal function for Tregs in the persistence of immunological
tolerance (16–18). In addition, another recent report has shown that continuous Foxp3
expression is needed to maintain the developmentally established suppressive program in
mature Tregs (19). Thus, manipulation of Foxp3 expression, if it were possible, might be an
approach to modulate the Tregs function and to control immune tolerance.

Tregs have been also revealed to express several costimulatory molecules such as CD28,
CD40 ligand (CD40L), cytotoxic T lymphocyte antigen 4 (CTLA-4), glucocorticoid-induced
TNF receptor (GITR) and OX40 (CD134). CD28 and CD40L are involved in the
maintenance of peripheral Treg homeostasis, whereas CTLA-4 and GITR regulate Treg-
suppressive activity (5). OX40 (CD134) is a member of the TNF receptor family that is
transiently expressed on effector T cells with TCR triggering. OX40 has been shown to
costimulate CD4+ T cell responses and is associated with increased T cell expansion and
effector function (20,21), increased T cell survival (22,23), and enhanced memory cell
development (24,25). We have recently demonstrated that OX40 costimulation when
combined with a GM-CSF-secreting vaccine overcomes established CD8+ T cell tolerance
to an endogenous tumor antigen (26). Recent reports have shown that OX40 signaling on
Tregs can control Treg-mediated suppression of effector CD4+ T cell proliferation, IL-2
gene transcription, and cytokine production (5,27). The role of OX40 costimulation in
Tregs-mediated suppression needs to be more precisely clarified because elucidating the
mechanism behind the regulatory function of Tregs has been a critical area of research,
practical application in the clinical field, and the prevention of immune related diseases and
cancer.

We examined whether OX40 costimulation could modulate the Treg-mediated suppressive
function in vitro and in vivo. After OX40 costimulation, Tregs reduced Foxp3 expression,
whereas, after IL-2 stimulation, Tregs vigorously expanded, but maintained Foxp3
expression. OX40 costimulation, but not IL-2 stimulation, inhibited the suppressive function
of Tregs, which was correlated with the decreased Foxp3 expression on Tregs. Adoptively
transferred Tregs suppressed antitumor immune effects of a tumor antigen-encoded GM-
CSF-secreting vaccine. In contrast, transferred Tregs from mice that had been given
agonistic anti-OX40 mAb in vivo did not affect the antitumor vaccine effects, indicating that
OX40 signaling abrogated the suppressive function of Tregs in vivo. Our data propose that
in addition to controlling effector T cell function, OX40 costimulation can directly control
Treg-mediated suppression in tumor immunity.
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Materials and Methods
Mice

FVB mice and HER2/neu-transgenic mice (neu-N) were purchased from Jackson River
Farms (USA). Animals were housed under pathogen-free conditions at Shiga University of
Medical Science (Shiga, Japan). All experiments were performed in accordance with
protocols approved by the Animal Care and Use Committee of Shiga University of Medical
Science.

Cell lines and media
The GM-CSF-secreting vaccine cell line 3T3neuGM (expressing HER2/neu) was generated
and grown as previously described (26,28,29). The HER2/neu-expressing NT cells used in
tumor-challenge experiments and T2Dq cells used for targets in T cell assays were also
previously described. (28). T cells for T cell assays were maintained at 37°C and 5% CO2 in
CTL medium [RPMI 1640 supplemented with 10% FBS, 1% L-glutamine, 0.5% penicillin/
streptomycin and 0.1 mM 2-mercaptoethanol (SIGMA)].

Peptides and Abs
RNEU420–429 (PDSLRDLSVF) and NP118–126 (RPQASGVYM) peptides were synthesized
at >95% purity by the Oncology Peptide Synthesis Facility at Johns Hopkins University and
generously provided. An agonist anti-OX40 mAb was produced from OX86 hybridoma cell
lines. Purified rat IgG reagent (SIGMA) was used as a control Ab.

APC anti-mouse CD4, FITC rat anti-mouse CD4, APC anti-mouse CD8a, FITC rat anti-
mouse IFN-γ, purified rat anti-mouse CD3, purified anti-mouse CD134 (OX40 antigen), and
APC labeled goat anti-rat Ig were purchased from BD Pharmingen. Recombinant mouse
IL-2 and anti-murine IL-2 neutralizing antibody were obtained from BD Pharmingen and R
& D Systems, respectively. APC conjugated anti-mouse/rat Foxp3 and an eBioscience
Foxp3 staining buffer set were purchased from e-Bioscience for Foxp3 staining. Intracellular
cytokine staining (ICS) was performed as previously described (30) using murine IFN-g and
a Cytofix/Cytoperm™ Plus (with Golgistop™) kit obtained from BD Biosciences. Flow
cytometric data were collected using a BD FACSCalibur cytometer (BD Biosciences). Data
were analyzed using CellQuest (BD Bioscience) and FlowJo software (Tree Star, Inc.).

Purification of T cell subsets and APCs
CD4+ T cells and CD8+ T cells were isolated from spleens of female mice, 6 to 12 weeks of
age, by negative selection using an EasySep Mouse CD4+ T cell Enrichment Kit and a
Mouse CD8+ T cell Enrichment Kit (StemCell Technologies Inc). The purity of these T cells
was confirmed >90%. CD4+CD25+ T cells (regulatory T cells) and CD4+CD25− T cells
were purified from the spleens of those mice with a CD4+CD25+ regulatory T cell Isolation
Kit (Miltenyi Biotech). The purity of the CD4+CD25+ T cells was confirmed >90%. Primed
CD4+ T cells and primed CD8+ T cells were isolated with EasySep from splenocytes
incubated with an anti-CD3 Ab (0.1μg/ml) for 4 days. APCs were obtained from splenocytes
treated with Red Blood Cell Lysing Buffer (SIGMA) and irradiated with 5,000 rad.

T cell suppression assay in vitro
CD4+ T cells and CD8+ T cells (2.5 ×104 cells/well) isolated from FVB mice were mixed
with Tregs or CD4+CD25− T cells (2.5 ×104 cells/well) which had been stimulated with
plate-bound anti-CD3 (5 μg/ml) in the presence of anti-OX40 mAb (5 μg/ml) or rat IgG (5
μg/ml) for 3 days and washed well, and then plated onto 96-well tissue culture plates.
Primed CD4+ T cells and CD8+ T cells were isolated from splenocytes treated with Red
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Blood Cell Lysing Buffer and incubated with anti-CD3 (0.1μg/ml) for 4 days. Tregs and
CD4+CD25− T cells were irradiated with 3000 rad to prevent proliferation. The cells were
incubated with APCs (2.5 ×105 cells/well) and anti-CD3 (0.1μg/ml) at 37°C for 60 hours.
For the last 10 hours of culture, 1 μCi (0.037 MBq) [methyl-3H]Thymidine/well
(Amersham) was added, and incorporation of [methyl-3H]Thymidine was determined using
a Liquid Scintillation Analyzer (TRI-CARB 3100TR, Packard). Data were collected as the
mean CPM of triplicate assays.

T cell suppression assay by CFSE
CD4+CD25+ T cells (Tregs) were purified from the spleens of FVB/N mice with a
CD4+CD25+ regulatory T cell Isolation Kit, and stimulated with plate-bound anti-CD3 (5
μg/ml) in the presence of anti-OX40 mAb (5 μg/ml) or rat IgG (5 μg/ml) for 3 days. Naive
CD4+ T cells were isolated from spleens of FVB/N mice by negative selection using an
EasySep Mouse CD4+ T cell Enrichment Kit. Isolated CD4+ T cells were labeled with 5μM
of CFSE (Invitrogen), and the CFSE-labeled CD4+ T cells (2.5 ×104 cells/well) were
incubated with non-irradiated Tregs (2.5 ×104 cells/well), irradiated APCs (2.5 ×105 cells/
well) and anti-CD3 (0.1μg/ml) at 37°C for 4 days. CFSE dilution was determined by flow
cytometry.

Antigen-primed CD8+ T cell suppression assay
To obtain Ag-specific primed CD8+ T cells, NT2 tumor cells (5×106 cells injected s.c. in the
mammary fat pad) were injected on day −3 and 3T3 neu/GM vaccine cells (3×106 total cells
injected s.c. divided equally among two forelimbs and one hind limb) were injected on day 0
to FVB mice. HER2/neu-primed CD8+ T cells were isolated using an EasySep Mouse CD8+

T cell Enrichment Kit on day 10. Tregs and CD4+CD25− T cells were isolated from naïve
FVB mice using a MACS CD4+CD25+ regulatory T cell Isolation Kit on day7, and
stimulated with plate-bound anti-CD3 (5 μg/ml) in the presence of anti-OX40 mAb (5 μg/
ml) or rat IgG (5 μg/ml) for 3 days. On day 10, Ag-primed CD8+ T cells (1×105 cells) and
TCR-stimulated Tregs or TCR-CD4+CD25− T cells (1×105 cells) were cocultured at 37°C
for 2 hours. After that they were incubated for 10 hours with an equal ratio of T2Dq cells
pulsed with either RNEU420–429 or NP118–126. and ICS was performed as previously
described (30).

Adoptive transfer of Tregs
HER2/neu-transgenic mice (neu-N), which have been shown to have an established immune
tolerance to HER2/neu, were intraperitoneally given anti-OX40 mAb or control IgG (300μg
per animal). Two days after administration Tregs were isolated from the spleens of these
treated neu-N mice with a MACS CD4+CD25+ regulatory T cell Isolation Kit. These
pretreated Tregs in donor mice were adoptively transferred into FVB recipient mice (5×105

cells per animal) that had been given HER2/neu-expresing NT tumor cells (5×106 cells/
body) 3 days before transfer (n = 6 per group). Saline was injected into the tail vein of FVB
mice as a control. (n=8). After Tregs transfer, 3T3 neu/GM vaccine cells (3×106 cells) were
given subcutaneously to all the recipient FVB mice. Tumor size (mm2) was recorded by
measuring the tumor diameter along orthogonal axes twice a week.

Statistical analysis
Analyses were performed with the Students t -test.
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Results
Naturally-occurring Tregs express OX40 and Foxp3

To confirm whether the OX40 or Foxp3 expression on Tregs or non-Tregs changed during
activation, we examined the OX40 and Foxp3 expression on CD4+CD25+ naturally-
occurring Tregs or CD4+CD25− non-Tregs in the resting (naïve) or TCR-stimulation
(activated) state. As previously described (31,32), naïve Tregs expressed OX40 and naïve
CD4+CD25− T cells did not (Figure 1A). After stimulation with plate-bound anti-CD3, both
Tregs and non-Tregs expressed OX40 (Figure 1B). Foxp3 expression was constantly
expressed on Tregs, but not non-Tregs even after TCR-stimulation (Figure 1C, 1D). Thus,
naturally-occurring Tregs did not change their OX40 and Foxp3 expression, but CD4+ non-
Tregs never expressed Foxp3 during activation by TCR-stimulation.

OX40 costimulation reduced Foxp3 expression on Tregs
Foxp3 has been shown to be a pivotal molecule for the suppressive function in Tregs (19).
However, Foxp3 expression on Tregs during their proliferation remains poorly understood.
We next sought to investigate the change of Foxp3 expression on Tregs through IL-2 or
OX40 costimulation with TCR-stimulation. Tregs were stimulated with plate-bound anti-
CD3 in the presence of anti-OX40 mAb or rat IgG for 3 days. The rat IgG group was
divided into two groups, with or without IL-2 (Figure 2C, B). We examined Foxp3
expression at 3 different time points: before anti-CD3 stimulation (day 0), 1 day after anti-
CD3 stimulation (day 1) and day 3, and evaluated the change of Foxp3 expression by mean
fluorescence intensity (MFI) of positive for Foxp3 expression. As shown in Figure 2A,
Foxp3 was not expressed on CD4+CD25− T cells for 3 days. Foxp3 expression did not
change for 3 days on Tregs with rIgG (Figure 2B, MFI of positive expression on day 0, 1,
and 3 were 335, 340, and 310, respectively.) or on Tregs with rIgG and IL-2 (Figure 2C,
MFI of positive expression on day 0, 1, and 3 were 335, 344, and 320, respectively.). In
contrast, Foxp3 expression on Tregs with anti-OX40 mAb remained unchanged on day 1
(MFI of positive expression on day 0 and 1 were 335 and 348.), but was clearly, though not
uniformly, decreased by day 3 (Figure 2D, MFI of Foxp3+ expression was 208 and ranged
from 70 to 300). Although we saw proliferation of Treg cells after stimulation with anti-
CD3, the proportion of Foxp3− to Foxp3+ T cells did not change regardless of whether or
not OX40 costimulation was provided (On day3 the proportion of Foxp3− to Foxp3+ T cells
was 33.4% to 66.6% in Tregs + rIgG, 30.9% to 69.1% in Tregs + IL-2, 32.8% to 67.2% in
Tregs + anti-OX40). Thus, OX40 costimulation reduces Foxp3 expression on Tregs during
their activation, but IL-2 does not affect Foxp3 expression on Tregs.

OX40 costimulation reduces the suppressive function of Tregs
To evaluate any correlation between reduced Foxp3 expression on Tregs by OX40
costimulation and their suppressive function on T cells, we examined the suppressive
function of Tregs in contrast with Foxp3 expression on these Tregs stimulated with TCR-
triggering and with or without OX40 ligation. Tregs were stimulated with plate-bound anti-
CD3 (5 μg/ml) in the presence of agonistic anti-OX40 mAb (5 μg/ml) or rat IgG (5 μg/ml)
for 3 days. The rat IgG group was divided into two groups, with or without IL-2. The
kinetics of Foxp3 expression on Tregs and their suppressive function on CD4+ CD25−
effector T cells were examined for 3 days. Naïve splenic CD4+CD25− T cells were
incubated with irradiated APCs, anti-CD3 Ab, and irradiated Tregs that had been stimulated
for 0, 1, or 3 days as described above, and Tregs before irradiation were also tested for
Foxp3 expression at the same time (Figure 2). Thereafter incorporation of [methyl-3H]
Thymidine was determined. As shown in Figure 3A, naïve Tregs without TCR-stimulation
suppressed the proliferation of CD4+ CD25− T cells. On day 1, Tregs alone or Tregs with
IL-2 or OX40 expressed Foxp3 (Figure 2) and all of them suppressed the proliferation of
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CD4+CD25− T cells (Figure 3B). On day 3, Foxp3 expression persisted in Tregs alone or
Tregs with IL-2 (Figure 2) and the suppression of CD4+CD25− T cells proliferation was
maintained (Figure 3C). In contrast, Foxp3 expression was reduced in Tregs with OX40
ligation on day 3 (Figure 2). Importantly, the suppressive effect of Foxp3+ Treg cells after
OX40 costimulation was significantly diminished compared to an equal number of Foxp3+

Treg cells after anti-CD3 plus rat IgG or anti-CD3 plus IL-2. Irradiated Tregs with rat IgG,
rat IgG and IL-2, or anti-OX40 mAb did not proliferate (data not shown). These data suggest
that down-regulation of Foxp3 expression on Tregs through OX40 costimulation correlated
with the loss of their suppressive function on CD4+CD25− T cells proliferation.

To confirm these results, Treg suppression assays were performed using non-irradiated
Tregs and CFSE-labeled effector CD4+ T cells. Irradiation was used to prevent the
proliferation of contaminating Foxp3− CD4+ T cells within the Treg cell population;
however the possible effects of irradiation on other functional properties of Tregs have not
been characterized. As shown in Figure 3D, CFSE dilution was seen in CD4+ T cells
stimulated with anti-CD3 in the presence of APC, indicated active proliferation by the
effector CD4+ T cells (Figure 3D, top panel). In contrast, co-incubation of activated CD4+ T
cells with Treg cells significantly inhibited effector T cells proliferation, as indicated by
negligible CFSE dilution (Figure 3D, middle panel). Treg-mediated suppression of effector
CD4+ T cell proliferation was abrogated by costimulation of Treg cells with OX40 (Figure
3D, bottom panel), though effector CD4+ T cell proliferation did not reach levels seen in the
absence of Treg cell coculture (top panel). These findings are consistent with that of the
[methyl-3H] Thymidine incorporation experiments, indicating again that Tregs through
OX40 costimulation correlated with the reduction of their suppressive function on
CD4+CD25− T cells proliferation.

Tregs can suppress the proliferation of CD8+ T cells and primed CD4+CD25− T cells, and
OX40 costimulation reduces their suppressive function

Tregs are well known to have a suppressive function on the proliferation of CD4+CD25− T
cells. However, suppressive function of Tregs on CD8+ T cells or antigen-primed CD4+ or
CD8+ T cells has not been well clarified. We therefore next sought to determine whether
Tregs suppressed the proliferation of naïve CD8+ T cells with TCR-stimulation or of TCR-
stimulated (primed) CD4+ T cells or primed CD8+ T cells, and whether OX40 costimulation
affected the function of Tregs in these T cells. Naïve CD8+ T cells, primed CD4+ T cells, or
primed CD8+ T cells were cocultured at 37°C for 60 hours with APCs, anti-CD3, and the
Tregs or the CD4+CD25− T cells which had been stimulated with plate-bound anti-CD3 in
the presence of control rat IgG, anti-OX40 mAb, or IL-2 for 3 days, and then the
incorporation of [methyl-3H]Thymidine was determined. Tregs suppressed the proliferation
of naïve CD8+ T cells, primed CD4+ T cells, but not primed CD8+ T cells after TCR-
stimulation (Figure 4A, 4B, 4C). OX40 costimulation protected the proliferation of naïve
CD8+ T cells and primed CD4+ T cells after TCR-stimulation from suppression by Tregs.

We further studies the inability of Tregs to exert their suppressive function on tumor Ag-
primed CD8+ T cells after tumor Ag-restimulation. HER2/neu Ag-primed CD8+ T cells
taken from the FVB mice that had been inoculated with HER2/neu-expressing NT tumor
cells and HER2/neu-expressing and GM-CSF-secreting 3T3/neuGM vaccine cells have been
shown to contain a HER2/neu-specific and high avidity CD8+ T cell repertoire (28). These
Ag-primed CD8+ T cells were cocultured for 2 hours with the Tregs or the CD4+CD25− T
cells that had already been stimulated with plate-bound anti-CD3 Ab in the presence of anti-
OX40 mAb or control IgG for 3 days. T2Dq cells that had been pulsed with either
RNEU420–429, an immunodominant peptide of HER2/neu, or NP118–126. were added into
this cell mixed culture, and cocultured for more for 10 hours. Thereafter, the intra-cellular
IFN-g secretion of the CD8+ T cells response to RNEU420–429 was determined.
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Interestingly, the expansion and IFN-g secretion of tumor Ag-primed CD8+ T cells after Ag-
restimulation were not suppressed by Tregs (Figure 4D). Taken together, these findings
indicate that Tregs can suppress not only the proliferation of naïve CD4+ T cells after TCR-
stimulation, but also the proliferation of naïve CD8+ T cells after TCR-stimulation and
primed CD4+ T cells after TCR-restimulation. However, Tregs cannot fully suppress the
proliferation and the cytokine secretion of Ag-primed CD8+ T cells after Ag-restimulation.
On the other hand, OX40 costimulation inhibits the suppressive function of Tregs, resulting
in the restoration of the proliferation of naïve CD4+ T cells or naïve CD8+ T cells after
TCR-stimulation and primed CD4+ T cells after TCR-restimulation.

Adoptive transferred Tregs with OX40 costimulation lose their suppressive function on the
antitumor effect in vivo

It has shown that elimination of Tregs by an anti-CD25 blocking Ab before tumor challenge
enhances antitumor immune effects (13,33). Administration of an agonistic anti-OX40 mAb
to tumor bearing mice to enhance the Ag-specific effector T cells function has been shown
to improve antitumor immune effects and enhance antitumor vaccine effects (26,34,35).
However, the antitumor effect of OX40 costimulation regarding the modulation of the Tregs
suppressive function in vivo has not yet been clarified. To elucidate whether the modulation
of the suppressive function of Tregs by OX40 costimulation in vitro reflects on antitumor
effects in vivo, we examined the suppressive antitumor effect of Tregs with or without OX40
costimulation in vivo. Tregs separated from the donor mice that had a pretreatment with or
without agonistic anti-OX40 mAb were adoptively transferred into the NT tumor-bearing
recipient mice. The anti-OX40 mAb was not administered into the recipient mice to avoid
OX40 costimulation of their effector T cells. After transfer of Tregs, 3T3 neu/GM vaccine
cells were also administered to the recipient mice, and tumor development was observed.
The tumor size decreased after the 17-post-tumor-challenge-day in the control vaccinated
mice without transfer of Tregs (vaccine alone) (Figure 5). On the other hand, tumor growth
significantly developed beyond 24 days after tumor challenge in the vaccinated mice which
had received Tregs with pretreatment of control rat IgG (vaccine + Tregs treated with rIgG)
compared with the control vaccinated mice (vaccine alone), (55.7±5.2 mm2 vs. 38.0±9.7
mm2 on day 24, p < 0.01) (Figure 5). However, the tumor size was reduced after the 24-
post-tumor-challenge-day in the vaccinated mice which had received Tregs with
pretreatment of OX40 costimulation (vaccine + Tregs treated with OX40), and the tumor
size was not significantly different from that of the control vaccinated mice at any time point
observed (41.8±10.8 mm2 vs. 33.3±8.3 mm2 on day 28, p > 0.12) (Figure 5). Full tumor
regression was seen in mice treated with vaccine alone or vaccine + Tregs treated with
OX40), whereas tumors grew progressively in mice treated with vaccine + Tregs treated
with rIgG. These results indicate that Tregs can suppress antitumor vaccine effects in vivo,
in contrast, the suppressive function of Tregs with OX40 costimulation is abrogated in vivo,
resulting in no diverse antitumor effect generated by the vaccine.

Discussion
The role of OX40 in the enhancement of the effector T cell function is well characterized.
OX40 costimulation is known to increase CD4+ T cell proliferation and effector
function(20,21), enhance the development of the CD4+ T cell memory pool (22,23), and can
prevent or reverse CD4+ T cell tolerance (36). OX40 costimulation also enhances the CD8+

effector T cell function, and can overcome established CD8+ T cell tolerance to an
endogenous tumor antigen in vivo when combined with a GM-CSF tumor antigen-encoded
vaccine (26). CD4+CD25+ naturally occurring regulatory T cells are known to be important
to the induction of self-tolerance and acquired tolerance (37,38) as deficiency of this cell
type leads to the development of autoimmunity and the failure to establish acquired
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tolerance (18,39). Recently it has been shown that the elimination of CD4+CD25+ Tregs
through low-dose cyclophosphamide permits the activation of tumor antigen-specific CD8+

T cells in established immune tolerant mice (neu-N) (30). These findings suggest that
breaking CD4+ or CD8+ T cell tolerance through OX40 costimulation may be associated
with attenuating T cell suppression by Tregs (31). Recently, it has been shown that naïve
Tregs express several costimulatory molecules including OX40, and OX40 signaling has
been shown to control their suppressive function against effector CD4+ T cells (5,27). It is
important to clarify whether OX40 costimulation can modulate Tregs function and could
lead to overcoming immune tolerance against tumor antigens.

Our results highlight two important findings regarding the role of OX40 costimulation in
Treg-mediated suppression of antitumor immunity. First, OX40 signaling reduces Foxp3
expression on Tregs, which correlates with inhibition of Treg suppressive function and
results in the proliferation of effector CD4+ T cells after TCR-stimulation. Second,
costimulation of Treg cells with OX40 abrogates the Treg-mediated suppression of both
CD4+ and CD8+ T cell effector function, which correlates with an enhanced in vivo
response to antitumor vaccination.

A key question in cancer immunotherapy is how to deplete or reverse the Tregs-mediated
suppressive function. Approaches based on CD25+ Treg cell depletion have shown some
promise (13,33,40); however, in the tumor treatment setting this approach might eliminate
both Tregs and activated effector T cells because the CD25 marker is expressed both these T
cell populations (40,41). Studies have also shown that a natural ligand for human TLR8
directly reverses the suppressive function of Tregs (42,43) and that activation of TLR2 with
its ligand directly increases the proliferation of murine Tregs and temporally reverses their
suppressive function (44,45). Other approaches to reverse the Tregs-mediated suppression
include signaling through GITR, CTLA-4, and OX40. However, compared with the signals
mediated by other such surface molecules on Tregs, OX40 costimulation has some unique
features in regulating the function of Tregs that may make OX40 a better clinical target for
immune modulation. For example, whereas CTLA-4-deficient mice develop autoimmunity
in multiple organs and die soon (46), OX40-deficient mice are healthy and do not have any
autoimmune diseases (47).

OX40 signaling has been shown to directly inhibit Foxp3 gene transcripts in Tregs (27).
Tregs expressing Foxp3, a master regulator of Treg suppressor function, play a crucial role
in preventing autoimmune diseases and allergies. On the other hand, immune tolerance is an
important hurdle to overcome to enhance antitumor immune effects. Therefore, Foxp3
expression may be a critical control point for breaking immune tolerance and building potent
antitumor. Vu et al. have recently shown that OX40 costimulation inhibits Foxp3 gene
expression in naturally arising Foxp3+ Tregs (27). In the present study we have shown that
OX40 costimulation likewise reduces Foxp3 protein expression on Tregs and, moreover,
that reduced Foxp3 expression correlates with the abrogation of Tregs-mediated suppression
of antitumor immunity. Although several signals might be associated with the Tregs-
mediated function, it is important to clarify what are the pathways upstream of Foxp3
signaling that mainly control the function of Tregs.

Several reports have shown that Tregs have an ability to suppress the proliferation of
CD4+CD25− effector T cells that were stimulated through TCR ligation. However, it is still
unclear whether or not Tregs also suppress the activation of CD8+ T cells and the
proliferation of Ag-primed CD4+ or Ag-primed CD8+ T cells upon Ag-restimulation. Our
data show that Treg-mediated suppression of naïve and previously-activated CD4+CD25− T
cell proliferation is abrogated when Tregs received OX40 costimulation. These findings
suggest that OX40 costimulation of Tregs may contribute to the restoration of tumor-
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targeted CD4+ helper T cell activation and memory CD4+ T cell function in a tumor-bearing
host. These results are consistent with those of Bansal-Pakala et al., who reported that
OX40-mediated costimulation can prevent and even overcome established peptide-specific
CD4+ T cell tolerance in vitro and in vivo (36).

Our data extend investigations OX40 costimulation and Treg suppressive action to include
the effects OX40 costimulation on Treg-mediated suppression of CD8+ T cell effector
function. The proliferation of naïve CD8+ T cells or previously activated CD8+ T cells were
suppressed by Tregs, though not to the same extent as CD4+ T cells. As with CD4+ T cell
effector function, OX40 costimulation of Treg cells abrogated their suppressive effects on
CD8+ T cell proliferation. Interestingly, Treg cells did not suppress the proliferation and the
IFN-g production of tumor Ag-primed CD8+ T cells, though our studies did not address
CD8+ T cell lytic function. Many studies have shown that OX40 costimulation enhances
CD4+ or CD8+ T cells effector function (20,21), memory development (24,25) and survival
(22,23), resulting in enhancement of antitumor immune effects in vivo (26). Recent studies
show that OX40-mediated abrogation of Treg cell function boosts adaptive immune
response and intratumor injection of anti-OX40 mAb increases tumor rejection (48). This
dual functionality of OX40 signaling, namely enhancing the function of effector T cells and
inhibiting the suppressive function of Tregs, may contribute to improving antitumor
immunity and overcoming tumor immune tolerance.

New strategies that simultaneously stimulate effector T cells while inhibiting or depleting
Tregs are needed to improve the outcome of cancer immunotherapy. In the current study, we
demonstrate that the suppressive function of Tregs can be reversed through OX40
costimulation that is known to be able to durably enhance the function of effector T cells.
These findings suggest that OX40 signaling could modulate the balance between Tregs and
effector T cells, resulting in tipping the balance towards antitumor immunity.
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Figure 1.
OX40 and Foxp3 expression on Tregs or CD4+CD25− T cells.
Tregs and CD4+CD25− T cells were isolated from the spleens of FVB mice and stained for
OX40 with purified rat anti-mouse CD134 (OX40 antigen) and APC labeled goat anti-rat Ig
(A, B). We also stained them for Foxp3 with APC conjugated anti-mouse/rat Foxp3 (C, D).
They were analyzed by flow cytometry. (A) OX40 expression on naïve Tregs and
CD4+CD25− T cells. (B) OX40 expression on Tregs and CD4+CD25− T cells stimulated
with plate-bound anti-CD3. (C) Foxp3 expression on naïve Tregs and CD4+CD25− T cells.
(D) Foxp3 expression on Tregs and CD4+CD25− T cells stimulated with plate-bound anti-
CD3.
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Figure 2.
Foxp3 expression on Tregs through OX40 costimulation Tregs were stimulated with plate-
bound anti-CD3 (5 μg/ml) in the presence of anti-OX40 mAb (5 μg/ml) or rat IgG (5 μg/ml)
for 3 days. The rat IgG group was divided into two groups, with or without IL-2 (10 ng/ml).
CD4+CD25− T cells were also stimulated with plate-bound anti-CD3 in the presence of rat
IgG (A). (B) Tregs stimulated with rat IgG. (C) Tregs stimulated with rat IgG and IL-2. (D)
Tregs stimulated with anti-OX40 mAb. We examined the change of Foxp3 expression at 3
different time points: before anti-CD3 stimulation, 1 and 3 days after anti-CD3 stimulation
(day 1 and day 3, respectively). In these figures, “OX40” indicates the agonistic anti-OX40
mAb. The data shown are representative data of 3 individual experiments. The black bar
indicates the positive range of Foxp3 expression.
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Figure 3. Down-regulation of Foxp3 expression on Tregs through OX40 costimulation and their
suppressive function
Tregs were stimulated with plate-bound anti-CD3 (5 μg/ml) in the presence of anti-OX40
mAb (5 μg/ml) or rat IgG (5 μg/ml) for 3 days.
A, B, C: the rat IgG group was divided into two groups, with or without IL-2 (10 ng/ml).
Naive CD4+ T cells (2.5 ×104 cells/well) were mixed with or without those Tregs which had
been stimulated with rIgG or anti-OX40 mAb by the same method (2.5 × 104 cells/well) and
plated into 96-well tissue culture plates. The cells were incubated with irradiated APCs (2.5
×105 cells/well) and anti-CD3 (0.25μg/ml) at 37°C for 60 hours. For the last 10 hours of
culture, 1 μCi [methyl-3H]Thymidine/well was added, and incorporation of thymidine was
determined.
We examined the change of the suppressive function at 3 different time points: (A) before
anti-CD3 stimulation, (B) day 1 and (C) day 3. “Control” indicates naïve CD4+ T cells
proliferation without Tregs. In these figures, “OX40” indicates the agonistic anti-OX40
mAb. Results are from 1 representative out of 2 independent experiments. The significance
of the data was evaluated with the Student’s t -test (*, p<0.05; **, p<0.01).
D: Tregs were stimulated with plate-bound anti-CD3 (5 μg/ml) in the presence of anti-OX40
mAb (5 μg/ml) or rat IgG (5 μg/ml) for 3 days. CD4+ T cells were isolated from spleens of
FVB/N mice and labeled by 5μM of CFSE. CFSE-labeled CD4+ T cells (2.5 ×104 cells/
well) were incubated with irradiated APCs (2.5 ×105 cells/well), with anti-CD3 (0.1μg/ml),
and with or without non-irradiated Tregs (2.5 ×104 cells/well), at 37°C for 4 days.
Thereafter, dilution of CFSE gated by CD4+ T cells was visualized by flow cytometry.
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Figure 4.
Decrease of the suppressive function of Tregs through OX40 costimulation. CTR-stimulated
(primed) CD4+ T cells and naïve CD8+ T cells (2.5 ×104 cells/well) were mixed with Tregs
or CD4+CD25− T cells (2.5 ×104 cells/well) which had been stimulated with plate-bound
anti-CD3 (5 μg/ml) in the presence of anti-OX40 mAb (5 μg/ml) or IL-2 (10 ng/ml) or rat
IgG (5 μg/ml) for 3 days, and then plated onto 96-well tissue culture plates. The cells were
incubated with irradiated APCs (2.5 ×105 cells/well) and anti-CD3 (0.25μg/ml) at 37°C for
60 hours. For the last 10 hours of culture, 1 μCi [methyl-3H]Thymidine/well was added, and
incorporation of thymidine was determined. (A) naïve CD8+ T cells proliferation cocultured
with CD4+CD25− T cells with rIgG, Tregs with rIgG, or Tregs with anti-OX40 mAb. (B)
primed CD4+ T cells proliferation cocultured with CD4+CD25− T cells with rIgG, Tregs
with rIgG, Tregs with IL-2, or Tregs with anti-OX40 mAb. (C) IFN-g production of tumor
antigen-specific primed CD8+ T cells. CD8+ T cells (1×105 cells) primed with NT2 tumor
cells and 3T3 neu/GM vaccine cells were cocultured for 2 hours with Tregs or CD4+CD25−
T cells (1×105 cells) which had been stimulated with plate-bound anti-CD3 in the presence
of anti-OX40 mAb (5 μg/ml) or rat IgG (5 μg/ml). They were incubated for 12 hours with
T2Dq cells (1×105 cells) that had been pulsed with either RNEU420–429 (named T2p50) or
NP118–126. (named T2NP) and then intracellular cytokine staining (ICS) was performed. In
this figure, “NP” indicates primed CD8+ T cells that were stimulated with T2NP cells as a
negative control. In other groups, primed CD8+ T cells were stimulated with T2p50. In these
figures, “OX40” indicates the agonistic anti-OX40 mAb. Results are from 1 representative
out of 3 independent experiments. The significance of the data was evaluated with the
Student’s t -test (*, p<0.05).
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Figure 5.
Decrease of the suppressive function of Tregs on antitumor effect through OX40
costimulation in vivo. NT2 tumor cells (5×106 cells per animal) were inoculated on day −3
to FVB mice (n=20). Anti-OX40 mAb or rat IgG (300μg per animal injected i.p.) was
injected on day −2 to neu-N mice (n=6 per group). On day 0, Tregs were isolated from the
spleens of the injected neu-N mice using a MACS CD4+CD25+ regulatory T cell Isolation
Kit. The Tregs (5×105 cells/body) were adoptively transferred to the NT tumor inoculated
FVB mice (n=6 per group) via their tail veins. As a control saline was injected into tail veins
of FVB mice instead of adoptive transfer (n=8). 3T3 neu/GM vaccine cells (3×106 total
cells) were also given on day 0 to all the tumor inoculated FVB mice. Tumor size (mm2)
was determined by measuring the tumor diameter along orthogonal axes. The mean tumor
size is reported. “vaccine alone” indicates the tumor inoculated and vaccinated mice with
saline injection. “vaccine + Tregs treated with rIgG” indicates the tumor inoculated and
vaccinated mice which underwent adoptive transfer of Tregs with pretreatment of rIgG, and
“vaccine + Tregs treated with OX40” indicates the tumor inoculated and vaccinated mice
that underwent adoptive transfer of Tregs with pretreatment of OX40 costimulation.
Statistical analysis was performed with the Students t -test.
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