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Abstract

Combination therapies that depend on checkpoint inhibitor

antibodies (Abs) such as for PD-1 or its ligand (PD-L1) together

with immune stimulatory agonist Abs like anti-OX40 are being

tested in the clinic to achieve improved antitumor effects.Here,we

studied the potential therapeutic and immune effects of one such

combination: Ab to PD-1 with agonist Ab to OX40/vaccine. We

tested the antitumor effects of different treatment sequencing

of this combination. We report that simultaneous addition of

anti–PD-1 to anti-OX40 negated the antitumor effects of OX40

Ab. Antigen-specific CD8þ T-cell infiltration into the tumor was

diminished, the resultant antitumor response weakened, and

survival reduced. Although we observed an increase in IFNg-

producing E7-specifc CD8þ T cells in the spleens of mice treated

with the combination of PD-1 blockade with anti-OX40/vaccine,

these cells underwent apoptosis both in the periphery and

the tumor. These results indicate that anti–PD-1 added at

the initiation of therapy exhibits a detrimental effect on the

positive outcome of anti-OX40 agonist Ab. These findings

have important implications on the design of combination

immunotherapy for cancer, demonstrating the need to test treat-

ment combination and sequencing before moving to the clinic.

Cancer Immunol Res; 5(9); 755–66. �2017 AACR.

Introduction

Immunotherapy has emerged as an effective treatment modal-

ity for cancer and has improved long-term survival in some

patients. Effective antitumor immunity depends mainly on effec-

tor T cells whose fate is mediated by the interaction of immune

inhibitory and stimulatory receptors or their ligands (1, 2).

Antibodies (Abs) against programmed cell death protein 1

(PD-1) or one of its ligands (i.e., PD-L1) have generated clinical

responses and an increase in survival in many types of cancers

(3–5). However, anti–PD-1/PD-L1 Ab as a single agent is not

sufficient to improve clinical outcome in most patients, empha-

sizing the need to develop combination immunotherapy strate-

gies (4, 5). Combination therapies with two checkpoint inhibitor

Abs, anti–PD-1 and anti-cytotoxic T lymphocyte–associated

protein 4 (CTLA-4), resulted in an increase in the response

rate but severe immune-associated adverse events were also

reported (3, 6).

T-cell costimulation through receptors, such as OX40, GITR, or

4-1BB, provides a potent stimulatory signal that promotes the

expansion and proliferation of killer CD8þ and helper CD4þ T

cells (7). OX40 is a tumor necrosis factor receptor superfamily

member 4 (TNFRSF4) that promotes activation and expansion of

T cells leading to enhanced effector functions, memory genera-

tion, and immune inflammatory antitumor responses (8–11).

Agonist antibody to OX40 alone or in combination with other

immune-modulatory Abs is being tested against various types of

cancers in early phase clinical trials (8). The combination of

checkpoint inhibitor Abs, anti–PD-1 or anti–PD-L1, and anti-

OX40 agonist Ab are candidates for combination immunother-

apy. Few clinical trials have started and others are being planned

to test this combination. However, response results have not yet

been reported (12, 13). Further, the potential immune effect of

such combination and the interaction of the twomolecules on the

downstream immune outcome are not fully clear. Furthermore,

several challenges remain to determine whether the positive

outcome of any of the immune modulator single agents is

positively or negatively affected when combined with another

immune modulating agent. Therefore, there is a need to identify
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ideal partners for combination immunotherapy, and standardize

their dosage and sequencing to achieve maximum treatment

efficacy.

Here, we tested the effect of adding anti–PD-1 on agonist anti-

OX40 activity with a vaccine when combined for therapeutic

intent in the TC-1 tumor model. We found that the concurrent

administration of anti–PD-1 with anti-OX40 agonist Ab and

vaccine inhibits the positive effect of anti-OX40 on the immune

response and suppresses its antitumor therapeutic efficacy. We

further found that simultaneous blocking of PD-1/PD-L1 path-

way with OX40 activation drives T cells into apoptosis in vitro and

in vivo, which leads to abolishing of the therapeutic effect of

agonist OX40 Ab/vaccine. Furthermore, we report that a delayed

treatment schedule of anti–PD-1 did not improve the antitumor

effects of the anti-OX40 and vaccine regimen.

Materials and Methods

Mice

C57BL/6 femalemice 6 to8weeks oldwerepurchased fromThe

Jackson Laboratory and housed under pathogen-free conditions.

In vitro experiments used pMel-1 mice [B6.Cg-Thy1a/Cy Tg

(TcraTcrb)8Rest/J] that carry a rearranged TCR transgene (Vb13)

specific for the mouse homolog (pmel-17) of human gp100 (14).

All procedures were carried out in accordance with approved

Augusta University IACUC animal protocols.

Tumor cell line

TC-1 cells that were derived by stable transfection of mouse

lung epithelial cells with human papillomavirus strain 16

(HPV16) early proteins 6 and 7 (E6 and E7) and activated h-ras

oncogene were obtained from Dr. T-C Wu (Johns Hopkins Uni-

versity; ref. 15). Cells were grown in RPMI 1640 supplemented

with 10%FBS, 2mmol/L L-glutamine, penicillin (100U/mL) and

streptomycin (100 mg/mL) at 37�Cwith 5%CO2 andmaintained

at a confluence of 70% to 80%. These cells were tested routinely

for absence of mycoplasma by using PCR at Georgia Cancer

Center, Augusta University (Augusta, GA). All tests were negative.

Vaccines

The CTL epitope from HPV16 E749–57 (9 amino acid (aa)

peptide, RAHYNIVTF, 100 mg/mouse) mixed with synthetic T

helper epitope PADRE (13 aa peptide, aK-Cha-VAAWTLKAAa,

where "a" is D alanine and Cha is L-cyclohexylalanine, 20 mg/

mouse; both from Celtek Bioscience) andQuilA adjuvant (20 mg/

mouse; Brenntag) were used as the model vaccine in all experi-

ments (16). Three doses of vaccine were administered subcuta-

neously (s.c.), every seven days (D) in tumor-bearing mice. The

gp10025–33 9-mer peptide (KVPRNQDWL; ANASPEC Inc.) was

used for in vitro activation of magnetically enriched CD8þ T cells

from spleens of pMel-1mice (14). The purity of the enriched cells

was more than 90%.

Abs and reagents

Purified anti-mouse anti–PD-1 (RMP1-14 clone, Rat IgG2a)

was obtained fromBiolegend. Anti-OX40 (cloneOX86, Rat IgG1)

was obtained from MedImmune. Live/Dead Fixable cell stain kit

was obtained from Invitrogen, ThermoFisher Inc. Appropriately

fluorochrome-labeled anti-mouse Abs against CD45, CD3, CD4,

CD8, Annexin, Foxp3, PD-1, PD-L1, and OX40 were obtained

from BD Biosciences for flow cytometric measurements. Intracel-

lular Foxp3 staining kit was obtained from eBiosciences and E7

FITC dextramers were from Immudex. CD8þ enrichment kits

(Miltenyi) were used per manufacturer's instructions.

Tumor implantation, immunization, Ab treatment, and tumor

volume measurement

In the therapeutic experiments, mice were implanted with

70,000 TC-1 cells/mouse s.c. into the right flank at D0. Ten to

twelve days (D10–D12) later, when tumors measured approxi-

mately 6 to 8 mm in diameter, mice from appropriate groups

(5 mice per group) were injected with vaccine (s.c., total 3 doses,

1 week apart). Anti–PD-1 was administered intraperitoneally

(i.p.) twice weekly throughout the experiment at a dose of

1 mg/kg beginning either at the time of first or second (Late; L)

vaccination. Agonist anti-OX40was administered i.p. twice week-

ly throughout the experiment at a dose of 1mg/kg beginning with

the first vaccination (continuous; C). In some experiments, anti-

OX40 administration was stopped after the second vaccination

(Short-term; ST). Tumors were measured every 3 to 4 days using a

digital vernier caliper and the tumor volume was calculated using

the formula: V ¼ L � W2/2, where V is tumor volume, L is the

lengthof tumor (longer diameter) andW is thewidth of the tumor

(shorter diameter). Mice were monitored for tumor growth and

survival. Mice were sacrificed when tumors reached 1.5 cm3 in

volume or tumors became ulcerated or when mice became

moribund.

For immune response experiments, mice were treated follow-

ing the same schedule as for the therapy experiment, except only

two doses of weekly vaccines were given to be able to collect

tissues from control animals before their tumors reach a volume

of 1.5 cm3. Three days after the second vaccination, mice from the

appropriate groups were euthanized to harvest spleens and

tumors, which were further processed using GentleMACS disso-

ciator and the solid tumor homogenization protocol, as suggested

by the manufacturer (Miltenyi Biotec). Each experiment was

repeated at least twice.

Flow cytometric analysis of tumor-infiltrating lymphocytes

One million cells were stained for live and dead staining

(Invitrogen, ThermoFisher Inc.) followed by Foxp3 fixation and

permeabilization, which were done according to the manufac-

turer's (BDPharmingen)protocol. Intracellular staining for Foxp3

was performed using anti–Foxp3-APC monoclonal Ab

(eBioscience). Data acquisition was performed on FACSCalibur

or LSRII (BD Biosciences). Results were analyzed with CellQuest

(BD Biosciences) or FlowJo (TreeStar). Total number of CD3þ,

CD8þ, CD4þ, CD8þE7þ, and CD4þFoxp3þ cells were analyzed

within a CD45þ hematopoietic cell population and represented

in 1 � 106 live cells in tumors.

Enzyme-linked immunosorbent (ELISpot) assay

IFNg production in E7 restimulated (10 mg/mL) splenocyte

cultures from various treatment groups was detected by ELISpot

assay performed as suggested by the manufacturer (BD Bios-

ciences). In brief, splenocytes from variously treated groups were

incubated with ACK lysis buffer for 5 minutes to lyse red blood

cells. Following lysis, cells were washed, filtered, counted, and

0.4 � 106 cells were plated along with E7 peptide in anti-IFNg

coated plates at 37�C/5% CO2 for 24 hours. Plates were washed,

blocked, and further developedwith anti-IFNg detection Ab using
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biotin-streptavidin-HRP complex. Finally, plates were washed

and allowed to dry for spots to develop. Spots were counted and

analyzed using CTL Immunospot Analyzer (Cellular Technolo-

gy), and results were examined for differences of E7-specific IFNg

spots between various treatment groups. One set of samples were

also activated with DMSO as a control.

Analysis of proliferation and apoptosis

For in vitro activation, magnetically enriched (Miltenyi Biotec)

CD8þ T cells (>95% purity) from pMel-1 mice were stimulated

in vitro by gp10025–33 peptide at 0.01 mmol/L concentration

(day 0) for 48 hours. For this CD8þ T cells were cultured in T-cell

mediumcontainingRPMI-1640 (Lonza) supplementedwith 10%

fetal bovine serum (FBS), penicillin (100 U/mL), streptomycin

(100 mg/mL), 0.1% b-mercaptoethanol (Life Technologies, Invi-

trogen), and IL2 (100 U/mL; Peprotech) at 37�C/5% CO2. This

activation stepwas followedbya restingperiodof 24hours during

which activated cells were cultured in IL2-containing T-cell medi-

um. At various time points, samples were collected for analyzing

the expression of PD-1, PD-L1, and OX40 using FACS. Following

the resting period, cells were further cultured with 0.2 mmol/L

gp10025-33 for 96 hours, with or without anti–PD-1 and/or anti-

OX40. In some assays, after resting period, cells were rechallenged

with gp10025-33 peptide for 24 hours in combination with anti–

PD-1 and/or anti-OX40 followed by further incubationwith these

Abs for 48 hours. In all experimental setups, at the end of

incubation, cells were harvested for either FACS or Western blot

analyses. For determination of apoptosis, activated cells were

stained for cell surface markers including fixable live/dead stain-

ing and washed once in 1X PBS, then once in 1X Annexin V

Binding Buffer (eBioscinces). Cells were incubated for 10 to

15 minutes in 100 mL of Annexin V binding buffer containing

3 mL of APC-conjugated Annexin V at room temperature

and protected from light. Moreover, in some assays, cell prolif-

eration was determined by using CellTtrace Violet (CTV) cell

proliferation kit (Invitrogen, ThermoFisher Inc.) using FACS

analysis. Results for cell proliferation were normalized for three

independent experiments. For negative control, non-stimulated

(NS) cells were left in media containing IL2 for duration of

the experiment.

For determination of apoptosis in vivo, CD8þ T cells from

tumors and spleens of variously treated mice were processed into

single-cell suspensions as explained above followed by Annexin

V–positive-APC staining in Annexin V binding buffer and FACS

acquisition as described above.

Western blot analysis

After final restimulation, CD8þ T cells in the various groups

were harvested and treatedwith cell lysis buffer (RIPAbufferþ1%

phosphatase inhibitor þ 1% protease inhibitor) for preparing

the cell lysates. Protein concentrations in the various cell lysates

were determined by Pierce BCA Protein Assay Kit (ThermoFisher

Scientific). Twenty to thirty microgram protein was loaded

onto Novex 4% to 20% Tris-Glycin Mini Gels (ThermoFisher

Scientific) followed by transfer onto nitrocellulose membranes.

Membranes were blocked with 3% BSA in Tris-buffer followed by

overnight probing of the proteins with Abs directed against

mouse-pro–caspase 3, cleaved caspase 3, Bcl-xL, and b-actin. All

Abs were purchased from Cell Signaling Technology. Blots were

developed with rabbit anti-mouse horseradish peroxidase (HRP)

labeled secondary Abs.

T-cell receptor variable b chain sequencing

Three days after second vaccination tumors and spleens were

harvested and single-cell suspensions were prepared as described

above for immune response studies. Cells were then sent to

Adaptive Biotechnologies as frozen samples in freezing medium

(10% DMSO in FBS) for T-cell receptor (TCR) variable b-chain

sequencing. Immunosequencing of the CDR3 regions of mouse

TCRb chains was performed using the ImmunoSEQ Assay (Adap-

tive Biotechnologies). Extracted genomic DNA was amplified in a

bias-controlled multiplex PCR, followed by high-throughput

sequencing. Sequences were collapsed and filtered in order to

identify and quantitate the absolute abundance of each unique

TCRb CDR3 region for further analysis as previously described

(17–19).

Statistical analysis

All statistical parameters (average values, SD, SEM, significant

differences between groups) were calculated using GraphPad

Prism or Excel as appropriate. Statistical significance between

groups was determined by Student t test or one-way ANOVAwith

Tukey's multiple comparison post-test (P � 0.05 was considered

statistically significant). Survival in various groups was compared

usingGraphPad Prism using log-rank (Mantel–Cox) test. SK plots

were generated by internally developed software (https://skyline

plotter.shinyapps.io/SkyLinePlotter/). Contrary to the survival

plot made using GraphPad Prism, the SK plot gives dynamic

simultaneous presentation of tumor volumes andmouse survival

at a specific time point.

For statistical analyses of TCR-b sequencing results, clonality

was defined as 1- Peilou's evenness and was calculated on pro-

ductive rearrangements by 1þ

PN

i

pilog2ðpiÞ

log2ðNÞ where pi is the propor-

tional abundance of rearrangement i andN is the total number of

rearrangements (20). Clonality values range from 0 to 1 and

describe the shape of the frequency distribution: clonality values

approaching 0 indicate a very even distribution of frequencies,

whereas values approaching 1 indicate an increasingly asymmet-

ric distribution in which a few clones are present at high frequen-

cies. To estimate the fraction of T cells in the tissue samples, we

considered 6.5 pg of DNA per diploid cell, which is equal to

approximately 154 productive TCR loci per ng of DNA, and

normalized the total T-cell estimates in each sample to the

amount of input DNA multiplied with the value of 154 produc-

tive TCR loci per ng of input DNA.

Results

Antitumor effects of anti-OX40/vaccine are negated by

anti–PD-1

To evaluate the antitumor therapeutic response of the anti-

OX40 agonist Ab, we used the TC-1 syngeneic mouse model.

Because the TC-1 model requires vaccine to generate an effector

immune response, we first combined the anti-OX40 with an

HPV16 E7 peptide vaccine (Fig. 1A). Both the anti-OX40 and the

vaccine were administered simultaneously on D12 (Fig. 1A).

Although neither E7 vaccine nor anti-OX40 alone affected tumor

growth, OX40 Ab in combination with vaccine led to significant

(P � 0.05) slowdown of tumor progression (Fig. 1B and C)

associated with prolonged survival (Fig. 1D and E). Although

noneof themice survived formore than30days following vaccine

or anti-OX40 treatments, about 80% of the mice were alive at
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day 40 following anti-OX40/vaccine treatment (Fig. 1D and E).

With the intention to further enhance the antitumor effects of

OX40 Ab, tumor-bearing mice were concomitantly treated with

anti–PD-1 together with anti-OX40/vaccine on day 12 (Fig. 1A).

Surprisingly, the antitumor effects observed after simultaneous

treatment of tumor-bearingmice using anti–PD-1 and anti-OX40/

vaccine were significantly less than the effects observed after anti-

OX40/vaccine treatment (P� 0.05; Fig. 1B and C). Although 60%

of themice survived following anti-OX40/vaccine treatment, addi-

tion of anti–PD-1 led to a reduction of survival to only 20% at day

50 (Fig. 1DandE). Accordingly, the addition of anti–PD-1negated

the effect of anti-OX40/vaccine on both tumor-growth inhibition

and survival when administered simultaneously.

Anti-OX40/vaccine–induced T-cell infiltration into tumors is

reduced by checkpoint blockade

To understand the mechanisms underlying the negative effects

of PD-1 blockade on anti-OX40 treatment, we compared the

infiltration of immune cells in the tumor microenvironment

(TME) following combination treatment. In accordance with the

therapeutic response obtained following agonist anti-OX40 treat-

ment in combination with E7 vaccine, a significant increase in

number of tumor-infiltrating CD3þ T cells was observed com-

pared with monotherapies (vaccine; P� 0.001 or anti-OX40; P�
0.0001; Fig. 2A). Similar results were obtained for CD4þ and

CD4þFoxp3� T cells with maximum increase following anti-

OX40 in combination with the vaccine (Fig. 2B and C). However,

the numbers of tumor-infiltrating CD3þ, CD4þ, and

CD4þFoxp3– T cells were significantly reduced following the

addition of PD-1 blockade to anti-OX40/vaccine combination

(P� 0.05 for each subset of T cells; Fig. 2A–C). This result further

reflects the negative therapeutic effect obtained following the

addition of anti–PD-1 to anti-OX40. We also found that PD-1

blockade significantly reduced the number of tumor-infiltrating

CD8þ (P� 0.01) and antigen-specific E7þCD8þ T cells (P� 0.05)

induced by anti-OX40/vaccine treatment (Fig. 2D and E). Finally,

adding anti–PD-1 to anti-OX40/vaccine did not affect the tumor

infiltration of Foxp3þCD4þ T regulatory cells (Tregs; Fig. 2F),

although the ratio of CD8þ/Treg, a well-established criteria that

correlates with cancer prognosis (21–24), was significantly

reduced due to the decrease in CD8þ T cells tumor infiltration

(P � 0.05; Fig. 2G). Moreover, the E7þCD8þ/Treg ratio that was

significantly increased in mice treated with anti-OX40/vaccine

compared with the control (P� 0.0001) and vaccine groups (P�
0.05) were decreased significantly when anti–PD-1 was added

(P� 0.01; Fig. 2H). These results collectively demonstrate that the

addition of PD-1 blockade to anti-OX40/vaccine treatment

negatively modulates the immune response by decreasing the

number of effector CD8þ T cells in the TME and abrogates

the therapeutic effects obtained following OX40 costimulation

with vaccine.

Anti–PD-1 enhances anti-OX40/vaccine–induced E7-specific

peripheral immune responses

As shown above, combining anti–PD-1 with anti-OX40/

vaccine leads to a decrease in the number of E7-specific

Figure 1.

Effects of agonist OX40 Ab/vaccine and anti–PD-1 on tumor growth and survival. A, Schematic representation of the treatment schedule in TC-1 tumor

model. On day 12 of tumor growth, TC-1 tumor bearing mice were given anti-OX40 or anti–PD-1 (1 mg/kg, i.p., twice weekly) with HPV17 E749-57 peptide vaccine

administered along with PADRE and QuilA s.c., every 7 days for a total of 3 doses. Tumor growth and survival were measured. B, Tumor volume in individual

mice and C, averaged tumor volumes following various treatments (n ¼ 5 per group). D, Percent survival of mice depicted by the Kaplan–Meier plot.

E, SK Plot showing the tumor volume and survival for each mouse at different days. Similar results were obtained from two independent experiments. � , P � 0.05;
�� , P � 0.01; ��� , P � 0.001; ���� , P � 0.0001; �vs. untreated (UT), �vs. vaccine þ anti–PD-1, �vs. vaccine þ anti-OX40þanti–PD-1; i.p., intraperitoneal; s.c.,

subcutaneous.
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CD8þ T cells in the TME. To further define the immune

mechanism underlying this effect, we next evaluated whether

the addition of anti–PD-1 negatively affects the levels of IFNg-

producing antigen-specific CD8þ T cells in spleens harvested

from treated TC-1 tumor bearing mice using a standard ELI-

Spot assay. As expected, vaccine treatment induced significant

levels of IFNg-producing E7-specific CD8þ T cells compared

with controls (P � 0.01; Fig. 3), which was further enhanced

by addition of anti-OX40 (P � 0.05; Fig. 3). A significant

increase in the numbers of IFNg-producing E7-specific CD8þ T

cells was observed when anti–PD-1 was added to the anti-

OX40/vaccine treatment (P � 0.05; Fig. 3). These results

demonstrate that contrary to the decrease in the number of

total and antigen-specific CD8þ T cells in the TME, PD-1

blockade does not suppress the peripheral antigen-specific

immune responses. Consequently, the peripheral effect of the

combination does not explain the decrease in the number of

antigen-specific CD8þ T cells in the TME.

PD-1 blockade with OX40 costimulation induces apoptosis of

CD8þ T cells in vitro

Simultaneous treatmentwith anti–PD-1 and anti-OX40 led to a

decrease in the number of total and antigen-specific CD8þ T cells

in the TME despite enhanced IFNg production in the periphery by

antigen-specific CD8þ T cells. Therefore, we next wanted to

determine the underlyingmechanismof the anti–PD-1–mediated

decrease in CD8þ T cells.

For that purpose, we utilized the pMel-1 mouse model for in

vitro stimulation (25). CD8þ T cells from pMel-1 mice were

activated with cognate gp100 peptide and the expression of

PD-1, PD-L1, and OX40 was analyzed. There was a progressive

increase in the expression of OX40, PD-1, and PD-L1 upon

activation of cells with gp100 peptide for 48 hours compared

with IL2 controls, which remained high even after resting period

of 24 hours in IL2 containingmedium alone (Supplementary Fig.

S1A–S1C). After confirming the expression for these markers, we

activated pMel-1 CD8þ T cells with gp100 in the presence or

Figure 2.

Effects of the combination therapy of anti-OX40 and anti–PD-1 with tumor vaccine on tumor infiltration of effector T cells, immunosuppressive Tregs, and

therapeutic ratios. C57BL/6 mice (n ¼ 5 per group) were treated as in Fig. 1, except 3 days after the second vaccination, mice were sacrificed and

tumors were harvested for immune response study. The absolute numbers of tumor infiltrated A, CD3þ; B, CD4þ; C, CD4þFoxp3�; D, CD8þ; E, E7þCD8þ; F,

CD4þFoxp3þ cells standardized per 1 � 106 of total live tumor cells were measured by flow cytometry. Therapeutic ratios of G, CD8þ/Tregs and

H, E7þCD8þ/Tregs are shown. Results are shown from an average of two independent experiments. � , P � 0.05; �� , P � 0.01; ��� , P � 0.001; ���� , P � 0.0001.
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absence of anti-OX40 and anti–PD-1 as outlined in Fig. 4A. We

observed that under specific antigen stimulation, simultaneous

addition of anti–PD-1 and anti-OX40 increased cell proliferation

(Fig. 4B) compared with gp100 group (Supplementary Fig. S1D–

S1F). However, this increased cell proliferation was associated

with a significant increase in CD8þ T-cell apoptosis (P� 0.01) as

shown by increased numbers of Annexin V–positive CD8þ T cells

(Fig. 4C and D). Several studies have shown that OX40 enhances

Bcl-xL and Bcl-2 expression and T-cell survival while suppressing

apoptosis (10, 26). Therefore, we investigated the effects of

different treatments on the expression of the anti-apoptotic pro-

tein, Bcl-xL. Consistentwith the increase in number of AnnexinV–

positive apoptotic cells, we found reduced expression of pro–

caspase-3 with a corresponding increase in expression of cleaved

caspase-3 and decrease in Bcl-xL following addition of anti–PD-1

to the anti-OX40/vaccine (Fig. 4E). These results suggest that

simultaneous blocking of PD-1/PD-L1 signaling with OX40 cost-

imulation leads to induction of T-cell apoptosis.

We further tested in vivo if enhanced apoptosis is responsible for

theobserved decrease in thenumber ofCD8þ and antigen-specific

CD8þ T cells in the TME following addition of PD-1 blockade to

anti-OX40/vaccine treatment. We treated mice with the same

concurrent treatment schedule as outlined above for Figs. 1 and 2

and tested antigen-specific CD8þ T cells for apoptosis by analyz-

ing Annexin V–positive E7þCD8þ T cells in both spleen and

tumor samples. A significant increase in the percentage of Annexin

V–positive E7þCD8þ T cells out of the total number of CD8þ T

cells was found in the spleen ofmice when treatedwith anti–PD-1

in combination with anti-OX40/vaccine, compared with vaccine/

anti–PD-1 and anti-OX40/vaccine treatments (P � 0.05 for

both; Fig. 4F). These results suggest that PD-1 blockade when

combined with OX40 costimulation leads to increased prolifer-

ation and activation of antigen-specific T cells resulting in their

apoptosis. A significant increase in the percentage of Annexin V–

positive E7þCD8þ T cells was also observed in tumor samples

obtained from mice treated with anti-OX40/vaccine combined

with anti–PD-1 compared with anti–PD-1/vaccine (P � 0.0001)

and anti-OX40/vaccine (P � 0.001) treatments (Fig. 4G). These

results indicate that despite the enhancement of frequency of

IFNg-producing E7-specific CD8þ T cells by adding anti–PD-1 to

anti-OX40 in the periphery, these actively proliferating cells

are rapidly undergoing apoptosis both in the periphery and in

the TME.

To further explore the abovefindings,CD8þT cells frompMel-1

mice were treated with different sequencing of anti–PD-1 and

anti-OX40 with simultaneous activation using gp100-peptide

(Fig. 4H) and the effects on proliferation and apoptosis were

determined. We found that only when anti–PD-1 was added

to the culture concurrently with anti-OX40 (schedules 5 and 6)

did proliferation (P� 0.001; Fig. 4I) and apoptosis (MFI: P� 0.01

and % Annexin V–positive: P � 0.001; Fig. 4J and K) increase

significantly compared with the gp100þanti-OX40 group (sched-

ule 2) and other groups where anti–PD-1 was not added concur-

rently (Supplementary Fig. S1G–S1I). This increase in prolifera-

tion and apoptosis was induced regardless of the follow-up

costimulation with OX40 tested (schedules 5 and 6). This was

further confirmed by demonstrating a reduction in expression of

pro–caspase-3 (and increase in cleaved caspase-3) and Bcl-xL by

Western analysis (schedule 2 versus 5 and 6; Fig. 4L). No signif-

icant changes in proliferation or apoptosis or expression of

apoptosis-related proteins were observed when anti–PD-1 was

added24hours after stimulationwith gp100þanti-OX40aloneor

in combination with continuous anti-OX40 costimulation (sche-

dules 3 and 4) compared with gp100þanti-OX40 (schedule 2;

Fig. 4H–L).

These results suggest that PD-1 blockade simultaneously with

OX40 costimulation concurrent to TCR engagement with cognate

antigen leads to not only increased proliferation but also signif-

icant induction of apoptosis of CD8þ T cells. On the other hand,

PD-1 blockade after induction of OX40 costimulation does not

result in enhanced apoptosis.

PD-1 blockade post anti-OX40/vaccine treatment does not alter

the antitumor effects

Our in vitro data suggested that, in contrast to simultaneous

treatment, sequential treatment of gp100-activated CD8þ T cells

with anti-OX40 followed by anti–PD-1 treatment did not induce

significant apoptosis or enhance proliferation of CD8þ T cells

Figure 3.

Effects of the combination therapy of anti-OX40 and anti–PD-1 with tumor vaccine on tumor-specific immune response. C57BL/6 mice were treated as

in Fig. 1. Antigen-specific IFNg production was tested by ELISpot assay after restimulation of splenocytes isolated 3 days after the second vaccination

from different groups with E7-specific peptide (10 mg/mL). Spots were counted using CTL Immunospot Analyzer. A, Representative pictures of spots

obtained for three mice from each treatment group. B, IFNg production was analyzed in single-cell suspensions obtained from spleens. Values representing

the number of spots from E7-restimulated cultures minus that from DMSO restimulated cultures are shown. Results are shown from an average of two

independent experiments. � , P � 0.05; ��, P � 0.01.

Shrimali et al.

Cancer Immunol Res; 5(9) September 2017 Cancer Immunology Research760

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rim

m
u
n
o
lre

s
/a

rtic
le

-p
d
f/5

/9
/7

5
5
/2

3
5
2
2
6
5
/7

5
5
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



(Fig. 4). Hence, we next evaluated the effects of PD-1 blockade

in vivo where anti–PD-1 was delayed after the administration of

anti-OX40 to determine if different sequencing of treatments

could enhance the antitumor efficacy. Mice were implanted with

TC-1 cells on day 0 and agonist OX40 Ab was administered with

the peptide vaccine starting on day 12 and either continued

throughout the experiment (aOX40-C; Fig. 5A) or given for

short-term until day 19 and then discontinued (aOX40-

ST; Fig. 5E). Anti–PD-1was administered at the time of the second

vaccination (day 19;aPD1-L; Fig. 5A and E). Similar to the in vitro

results, PD-1 blockade following anti-OX40 and vaccine treat-

ment was not detrimental to anti-OX40 treatment, but did not

show any additive or negative effects on tumor growth and

survival compared with the anti-OX40/vaccine treatment with

(Fig. 5B–D) or without (Fig. 5F–H) continuation of OX40

costimulation.

These results are consistent with the in vitro stimulation experi-

ments outlined above and demonstrate that adding anti–PD-1

after administration of anti-OX40/vaccine treatment does not

result in inhibition of the effect of anti-OX40/vaccine treatment.

Anti-OX40/vaccine effects on T-cell clonality and tumor

infiltration are negated by anti–PD-1

To further examine the effects of adding anti–PD-1 to anti-

OX40/vaccine treatment, we performed high-throughput immu-

noSequencing on the b chain locus of T cells from tumor and

spleen samples in mice treated with each therapy alone or in

combination. We sequenced an average of 157,836 (range:

28,160–457,940) and 48,821 (range: 3,530–307,535) TCRs in

spleen and tumor, respectively, providing a quantitative snapshot

of the relative abundance of each T-cell in a sample. The shape of

this T-cell frequency distribution, summarized by the clonality

Figure 4.

Evaluation of proliferation and apoptosis in CD8þ T cells in vitro and in vivo. A, Scheme of CD8þ T-cell activation with gp10025-33 peptide and treatment

with anti–PD-1 and/or anti-OX40. Experiment was repeated twice in triplicates for each treatment schedule. B, Cell proliferation determined by CTV dilution.

C and D, Cellular apoptosis in live-gated CD8þ T-cell populations isolated from different culture conditions was analyzed by detecting Annexin V–positive

cells using flow cytometry. E, Expression of pro–caspase-3, cleaved caspase-3, and Bcl-xL in activated CD8þ T cells determined by Western blot analysis.

Expression of b-actin is shown as a control. F and G, Estimation of apoptosis in live-gated CD8þ T cells from spleen (F) or tumors (G) of treated mice

using concurrent schedule as outlined in Fig. 1 by flow cytometry. Spleen and tumor samples were collected 3 days after second vaccination. One

outlier was removed from each of the three groups in the tumor samples. The data is shown as percentage of Annexin V-positive cells in CD8þ T-cell population.

H, Scheme for sequential cell activationwith gp10025-33 peptide and treatmentwith anti–PD-1 and/or anti-OX40. I, Proliferation in activated CD8þ T cells determined

by CTV dilution. J and K, Apoptosis in CD8þ T cells analyzed using Annexin V staining. L, Expression of pro–caspase-3, cleaved caspase-3, and Bcl-xL in

activated CD8þ T cells determined by Western blot analysis. Expression of b-actin is shown as a control. � , P < 0.05; �� , P < 0.01; ���, P < 0.001; ����, P < 0.0001.
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metric, correlated with treatment outcome in an immunotherapy

setting (27),where a highly skewed repertoire andhigher clonality

indicate mono- or oligo-clonal expansion of T cells responding to

therapy. In both spleen and tumor, we observed significantly

greater clonality in the anti-OX40/vaccine group compared with

mice in the untreated control (P � 0.01), anti-OX40 (P � 0.05),

and anti–PD-1 (P� 0.01) groups (Fig. 6A). T-cell infiltration was

also significantly greater following anti-OX40/vaccine treatment

in tumors but not in spleen compared with untreated control,

anti-OX40, anti–PD-1 (P � 0.0001 for each), and the vaccine

group (P � 0.001; Fig. 6B). Further, we observed a significant

decrease in clonality (P � 0.05 for tumor and spleen) and T-cell

fraction (P � 0.001 in tumor) following addition of PD-1 block-

ade to anti-OX40/vaccine treatment compared with the anti-

OX40/vaccine group (Fig. 6A and B). Clonality and T-cell fraction

were also correlated across tumors (Supplementary Fig. S2A)

Figure 5.

Effects of delayed scheduling of anti–PD-1 on tumor growth and survival. A, Schematic representation of the treatment schedule in TC-1 mouse tumor

model. On day 12 of tumor growth, TC-1 tumor-bearing mice were given anti-OX40 (1 mg/kg, i.p., twice weekly) throughout the experiment (aOX40-C) along

with HPV17 E749-57 peptide vaccine (s.c., every 7 days for a total of 3 doses). Administration of anti–PD-1 was delayed (aPD-1-L) beginning from day 19. Tumor

growth and survival were measured. B, Averaged tumor volumes following various treatments (n ¼ 5 per group). C, Percent survival of mice depicted by

the Kaplan–Meier plot. D, SK plot showing the tumor volume and survival for each mouse at different days. E, Schematic representation of the treatment schedule

where tumor-bearing mice were treated similarly as described in A except anti-OX40 was administered only until D19 (aOX40-ST). F, Averaged tumor

volumes following various treatments (n ¼ 5 per group). G, Percent survival of mice depicted by Kaplan–Meier plot. H, SK plot showing the tumor volume

and survival for each mouse at different days. Similar results were obtained from two independent experiments. �, P � 0.05; �� , P � 0.01; ��� , P � 0.001;
���� , P� 0.0001; �vs. UT, �vs. vaccine, �vs. anti-OX40, �vs. anti–PD-1, �vs. anti-OX40þ anti–PD-1, �vs. vaccineþ anti-OX40; i.p., intraperitoneal; s.c., subcutaneous.
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suggesting that the antitumor response in these mice consisted

mainly of the expansion of a small number of specific T cells. In

order to assess the possibility of common TCRs being generated

against the tumor in anti-OX40Ab/vaccine-treated mice, we com-

pared CDR3 amino acid sequences across different mice. We

defined 41 public T cells that may be responding to treatment

as CDR3 amino acid sequences that were present in the top 500

most frequent tumor T-cell clones of at least twomice treatedwith

anti-OX40/vaccine, but not present in any of the untreated mice

(Fig. 6C). We found that these T cells were present at lower

frequencies in the tumors of mice treated with anti–PD-1 or

anti-OX40þanti-PD-1 (P � 0.05). In spleen, these patterns held

true for the anti–PD-1 and anti-OX40 groups, although we also

saw a significant decrease in clone frequencies in the mice treated

with anti–PD-1/vaccine or vaccineþanti-OX40þanti–PD-1

groups (P � 0.05; Fig. 6C). For comparison, we also identified

clones using the same criteria for the vaccineþanti-OX40þanti–

PD-1 treatment group and another set of clones present in the

top 500 of at least two untreated mice (Supplementary Fig. S2B

and S2C). Both of these groups show different patterns of

frequency across mice. For instance, the anti–PD-1/vaccine

group had higher frequencies of the clones associated with

the vaccineþanti-OX40þanti–PD-1 treatment group than the

anti-OX40/vaccine group. These data indicate that the T-cell

response induced by the anti-OX40/vaccine treatment is dis-

tinct from that induced in the untreated controls or the vacci-

neþanti-OX40þanti–PD-1 treatment group. Together, these

data obtained through immunoSequencing are consistent with

immune cell infiltration in the TME (Fig. 2), demonstrating that

concurrent addition of PD-1 blockade attenuates the antitumor

effects of anti-OX40/vaccine treatment and that these effects may

be mediated through apoptosis of antigen-specific T cells.

Discussion

The use of checkpoint-inhibitor Abs against PD-1/PD-L1 has

led to improvement in the survival of cancer patients, although

only in <40% of the cases and in a few types of cancers (3–5).

The generation of a strong immune response is essential to

enhance the effects of immunotherapy. Several agonist costi-

mulatory Abs have been utilized both in preclinical and clinical

studies for this purpose (7–10). Accordingly, development of

Figure 6.

Effects of the combination therapy

of anti-OX40 and anti–PD-1 with

tumor vaccine on spleen and tumor

T-cell infiltration and clonality.

ImmunoSequencing of the TCRb

locus was performed on spleen and

tumor tissues collected 3 days after

second vaccination (from 5 mice/

group). An average of 157,836 and

48,821 T-cell receptors in spleen and

tumor, respectively, were sequenced

and A, T-cell clonality, and B, T-cell

infiltration were characterized. C,

The frequency of vaccine þ anti-

OX40 treatment-associated clones

identified in the tumor.
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combination strategies utilizing different immune modulators,

including agonist costimulatory Abs and checkpoint inhibitor

Abs, is needed (3–6). Because anti-OX40 agonist Ab, already in

early phase clinical trials (8), generates strong immune

responses (8–10), the combination of anti–PD-1/PD-L1 Ab

and anti-OX40 is an obvious choice for combination immu-

notherapy. A few clinical trials have already started; others are

in the planning stage to test this combination (12, 13). How-

ever, the immune effect of such a combination and the inter-

action of the two molecules on the downstream immune

outcome remain unclear.

Here, we discovered that addition of anti–PD-1 exhibits a

detrimental effect on the anti-OX40 agonist Ab-mediated tumor

response when combined in a therapeutic approach. As expected,

anti-OX40 significantly increased E7-specific CD8þ T cells

induced by the HPV E7 vaccine, leading to an antitumor response

and prolonged survival of tumor bearing mice. We hypothesized

that combining the PD-1 blockade with anti-OX40 treatment

could improve the antitumor immune response, leading to a

better therapeutic outcome. However, we found that, despite the

fact that the addition of PD-1 blockade concurrently with anti-

OX40 enhanced the antigen-specific peripheral immune

response, it negated the antitumor effects mediated by OX40

costimulation. Addition of anti–PD-1 abrogated the increase in

the numbers of infiltrated CD4þ, CD8þ, and E7-specific CD8þ T

cells in the TME induced by anti-OX40/vaccine and resulted in

decreased therapeutic ratios of CD8þ/Tregs and E7þCD8þ/Tregs.

As addition of the PD-1 blockade to anti-OX40/vaccine treatment

resulted in reduction ofCD8þ and antigen-specificCD8þT cells in

the TME, we asked whether numbers of IFNg-producing antigen-

specific CD8þ T cells were reduced following concurrent treat-

ment of anti-OX40 and anti–PD-1. We found that the combina-

tion of anti-OX40 and anti–PD-1 actually enhanced antigen-

specific T-cell activation and IFNg production in the periphery

compared with anti-OX40.

In a plasmodium-infected rodent model, OX40-mediated sig-

naling enhanced helper CD4þ T-cell activity, humoral immunity

and parasite clearance (28). This effect was abrogated following

simultaneous PD-1 blockade because the combination resulted in

excessive induction of IFNg secretion that impaired T helper cell-

mediated humoral immunity and parasite control (28). Over-

expression of IFNg leads to activation-induced cell death of

lymphocytes (29–31). Further, PD-1 blockade can reverse T-cell

suppression and exhaustion (32, 33). As we found that the

concomitant treatment with anti-OX40 and anti–PD-1 enhances

IFNg production, we hypothesized that the combination of these

Abs will lead to apoptosis of CD8þ T cells. Indeed, our results

demonstrate that blocking PD-1/PD-L1 signaling concomitantly

with initiation of antigen stimulation and OX40 costimulation

leads to an increase in apoptosis of antigen-specificCD8þT cells in

vitro. We also observed a reduction in the expression of pro–

caspase-3 and anti-apoptotic Bcl-xL proteins in treated cells.

Concomitant treatment with anti–PD-1 at the time of initiation

of anti-OX40 treatment with vaccine resulted in apoptosis of

E7þCD8þ T cells in both tumors and spleens in vivo. These

findings indicate that PD-1 signaling is required during early T-

cell activation and proliferation mediated by anti-OX40. These

data also suggest that simultaneous OX40 costimulation and PD-

1 pathway blockade lead to increased activation and proliferation

of T cells, resulting in their apoptosis both in the periphery and in

the TME.

ImmunoSequencing and analysis of the tumor and spleen

T-cell repertoires returned analyses consistent with increased

apoptosis after addition of PD-1 blockade. Analyses of T-cell

infiltration revealed a significant reduction in the T-cell fraction

in the TME following addition of PD-1 blockade to anti-OX40/

vaccine treatment. The clonality of the T-cell repertoire in a TME

quantitates the expansion of clones that may be responding

to antigens. Increases in clonality in the TME post- anti–PD-1/

anti-CTLA-4 therapy have correlated with response (34) and

clonality in the pretreatment TME is a predictive biomarker of

response to anti–PD-1 treatment (27). Here, we observed a trend

toward decreased clonality when PD-1 blockade was added to

anti-OX40/vaccine treatment, suggesting that antigen-specific T

cells are at lower frequencies in these mice. Upon identifying a set

of T cells thatmay be antigen-specific in themice treatedwith anti-

OX40/vaccine, we found that these T-cell clones trended toward a

lower frequency after the addition of PD-1 blockade. In the future,

sequencing of antigen (E7)-specific T cells may provide corrob-

orating evidence for this hypothesis.

Our results demonstrate that addition of PD-1 blockade is

detrimental for therapeutic outcomes when combined with

anti-OX40 and vaccine at the initiation of therapy. However,

addition of anti–PD-1 in a delayed schedule, whether sequential

or overlapping, did not exhibit the same negative effect on anti-

OX40. Our in vitro data were consistent with our in vivo findings.

In vitro pMel-1 CD8þ T-cell stimulation experiments show that

contrary to when anti–PD-1 and anti-OX40 were added simul-

taneously, addition of anti–PD-1 after the initial costimulation

with anti-OX40 and antigen does not lead to apoptosis of CD8þ T

cells. Similarly, we found that the delayed administration of anti–

PD-1 did not result in a therapeutic benefit.

Several mechanisms may underlie the effect of treatment sche-

dules on therapeutic outcome. For example, PD-1–induced TCR-

mediated signaling alters dynamics of contact interactions

between T cells and antigen-bearing dendritic cells (DCs; ref. 35).

It is possible that a different sequencing of PD-1 blockade or

addition of PD-1 blockade to other therapies modulate the

interaction of T cells with the DCs so the T cells remain migratory

and become anergic. PD-1 signaling is also involved in altering T-

cell metabolism. Activated T cells receiving signals from PD-1

have amore oxidative environment, leading to PD-1–mediated T-

cell dysfunction during chronic infections and cancer (35). PD-L1

expression is also associated with cancer cell-intrinsic signaling

through the PI3K/Akt/mTOR pathway, leading to enhanced gly-

colytic metabolism in cancer cells (35). The scheduling of PD-1

blockade before, during, and after vaccine or anti-OX40may alter

these signaling events leading to modulation of metabolism and

the effector function of T cells.

Our resultsmay not be applicable to other checkpoint inhibitor

combinations with anti-OX40. A combination of anti-OX40 and

anti-CTLA-4 Abs with peptide vaccine induces expansion of

tumor-specific pMel-1 CD8þ T cells (36). And, in a spontaneous

tumormodelwhere a combinationof anti-OX40andanti-CTLA-4

Abs induced T-cell anergy, addition of vaccine overcomes T-cell

anergy, promotes expansion of effector T cells, and augments Th1

cytokine-producing CD8þ T cells (36). However, that study did

not report the effects of combination of vaccine and anti-OX40on

tumor growth, survival or immune response making the com-

parison with our results problematic.

We show that simultaneous blockade of PD-1 and costimula-

tion of OX40 has an adverse effect on the antitumor activity of
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OX40 costimulation. Our data has important implications for

cancer immunotherapy, particularly the combination of anti–PD-

1 and anti-OX40. Based on these results, the identification of

optimum sequencing for targeting immune checkpoint modula-

tors in combination immunotherapy of cancer is critical to

achieve a maximum, long-lasting response, and clinical success.
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