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Abstract

High-risk human papillomavirus (HPV)–associated squa-

mous cell carcinomas of the oropharynx (SCCOP) are

among the fastest growing cancers. After standard-of-care

treatment, however, patients with HPVþ SCCOP have better

overall and disease-specific survival than patients with HPV�

SCCOP, suggesting the importance of HPV-specific immu-

nity. We reasoned that therapeutic vaccination targeting

the HPV-16 E6 and E7 oncogenes could elicit high-affinity,

high-frequency tumor antigen–specific T-cell responses,

which could then be augmented and shielded from suppres-

sion in the tumor microenvironment by immune checkpoint

modulation. In this study, we used a preclinical syngeneic

mouse model of oral cancer comprised of mouse tonsil-

derived epithelial cells stably expressing HPV-16 E6 and E7

genes along with H-ras oncogene (mEER) to identify com-

binations of vaccination and checkpoint antibodies capable

of promoting tumor regression. Intranasal HPV E6/E7 pep-

tide vaccination and single checkpoint antibodies failed to

elicit responses in more than half of animals; however, 4-1BB

agonist antibody along with either CD40 agonist antibody

or CTLA-4 blockade eliminated the majority of established

mEER tumors. The combination of intranasal HPV peptide

vaccine and a4-1BB and aCTLA-4 antibodies produced

curative efficacy and a better safety profile against orally

implanted mEER tumors. Correlates of protective immu-

nity included enhanced intratumoral levels of CD8 T cells

relative to immunosuppressive regulatory T cells and

myeloid-derived suppressor cells. Overall, our results dem-

onstrate combination vaccine-immunotherapy modalities

as novel treatment options for HPVþ SCCOP.

Significance: Combinations of vaccine and checkpoint

modulation are effective and safe treatment options for HPVþ

oral cancers. Cancer Res; 78(18); 5327–39. �2018 AACR.

Introduction

High-risk human papillomavirus (HPV) infection drives the

oncogenesis and progression of a subset of head-and-neck

squamous cell carcinoma, particularly in the oropharynx

(SCCOP). The dramatic increase in many of these cases is

attributable to HPV-16 infection (1). The standard-of-care treat-

ment for SCCOP combines surgery, radiotherapy, and chemo-

therapy that offers 80% recovery, specifically among those

associated with HPV infection (2). Unfortunately, this high rate

of remission is accompanied by poor quality of life and lack of

therapeutic options to successfully treat recurrences (3). In this

setting, more tolerable treatment options with lower rates of

recurrence are sorely needed.

Vaccination and immune checkpointmodulation are themain-

stays of cancer immunotherapy due to their ability to enhance

innate and adaptive immune responses along with the potential

to overcome the immunosuppressive tumor microenvironment

(4). Immune checkpoint antibodies, such as aCTLA-4, aCD40,

aOX40, andaPD-1 enhance antitumor T-cell responses bydiverse

mechanisms that include the inhibition of regulatory T cells

(Treg) andmyeloid-derived suppressor cells (MDSC), in addition

to enhancing antigen presentation and immune effector mechan-

isms (5). Antagonistic monoclonal antibodies for CTLA-4 and

PD-1, themost prevalent inhibitory receptors on activated T cells,

are currently approved by the FDA to treat patients with mela-

noma (6). These antibodies expand effector T-cell populations,

increase T-cell effector function, and decrease the density and/or

suppressive capacity of Tregs (7, 8). Agonistic antibodies to OX40

and 4-1BB, key costimulatory receptors on T cells, enhance T-cell

proliferation, survival, and cytotoxicity while promoting more

efficient IFN-g production and/or cytotoxic effector T cells (9, 10).

Strikingly, a4-1BB has been shown to induce the expression of

the transcription factor Eomesodermin (Eomes), which programs

T cells to acquire enhanced cytotoxic capacity and elevated IFN-g
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and TNF-a production (termed ThEO or TcEO; ref. 11). Although

most of these immune modulatory antibodies predominantly

target T cells, agonistic antibodies to CD40, the costimulatory

molecule on myeloid cells indirectly induce T-cell activation and

antitumor immunity, through enhancing antigen presentation

and costimulatory capacity alongwith increasingM1macrophage

polarization (12).

Recent preclinical and clinical evaluations clearly demonstrat-

ed the potential advantages of the combinations of therapeutic

antibodies, relative to monotherapies to provide superior anti-

tumor efficacy and enhanced overall survival benefits (13). Even

as monotherapies, these immune-modulatory antibodies can

cause dose-limiting immune-related adverse events that can be

substantially worsened in the context of combination therapy

(14). Therefore, careful selection of checkpoint modulating anti-

bodies with acceptable safety profiles and supplementing with

well-designed vaccines are important strategies for efficient clin-

ical cancer care management.

Therapeutic vaccines targeting the E6 and E7 oncoproteins

of HPV have an established capacity to safely elicit tumor

antigen-specific T-cell responses, which can regress premalig-

nant HPVþ lesions in human clinical trials (15). Nevertheless,

HPV vaccines lack the capacity to eradicate established invasive

cancers (16). This is partly due to the abundance of Tregs,

deficiency in antigen presentation, and exhausted effector T-cell

responses within the immunosuppressive tumor microenviron-

ment combined with limited trafficking of T cells to relevant

mucosal tissues, which diminish the therapeutic potential of

the vaccine-induced response (8).

We investigated the therapeutic potential and underlying

immune biology of a vaccine-immunotherapy combination

strategy in a preclinical HPVþ oropharyngeal tumor model

derived from mouse tonsil epithelial cells (mEER; ref. 17). This

cell line has been shown to share some characteristics with

human HPVþ head and neck cancers, such as E6-dependent loss

of p53. Malignant transformation of this cell line requires

H-Ras and E6 or E7 expression (17). Although H-Ras mutations

are rare in HPVþ HNSCC, it is hypothesized that this mutation

is analogous to synergistic activity of HPV oncogenes and

growth factor signaling, which is known to be activated in

head and neck cancers (18, 19). We tested the therapeutic

efficacy of a variety of immune checkpoint modulating anti-

bodies individually or in combination along with an HPV-16

E6 and E7 peptide vaccine developed in our laboratory for the

induction of systemic and mucosal antigen-specific immune

responses after intranasal delivery (20). Our data support

the concept that therapeutic cancer vaccines combined with

immune checkpoint modulation may offer a safe and poten-

tially curative therapy for HPVþ oropharyngeal tumors.

Materials and Methods
Animals

Male C57BL/6 mice (7–10 weeks) were purchased from the

Jackson Laboratory and MD Anderson Cancer Center Experi-

mental Radiation Oncology Department and were maintained

in a pathogen-free environment. Animal studies were approved

and conducted in accordance with University of Texas MD

Anderson Cancer Center Institutional Animal Care and Use

Committee guidelines. Animals were anesthetized with keta-

mine (100 mg/kg) and xylazine (10 mg/kg) mixture adminis-

tered by the intraperitoneal route for immunizations and with

isofluorane for tumor cell injections and blood draws. Animals

were sacrificed according to institutional guidelines.

Cell line

Mouse tonsil epithelial cells expressing HPV-16 E6 and E7

and H-Ras (mEER) were a kind gift from Dr. J. Lee, the creator

of this cell line (Sanford Health, Sioux Falls, South Dakota) who

maintains an authenticated stock (21). On receipt, cells were

frozen in a large single-passage bank to ensure preservation of

the integrity of the line at our site. Cells were tested forMycoplasma

every 6 months. These cells were maintained in complete media

as previously described (21), and subcultured at 80% confluency

the day before tumor induction in mice.

Reagents

The E744–62 peptide, Q19D (QAEPDRAHYNIVTFCCKCD);

E749–57 peptide, R9F (RAHVYNIVTIF); E643–57 peptide, Q15L

(QLLRREVYDFAFRDL); and E649–58 peptide, V10C (VYD-

FAFRDLC) were purchased from Elim Biopharma. The glycolipid

a-galactosylceramide (aGalCer) adjuvant was purchased from

DiagnoCine. APC-labeled H-2Db epitope E749–57 (RAHYNIVTF)-

containing tetramer was procured from the MHC tetramer pro-

duction facility at Baylor College of Medicine (Houston, TX). The

tumor-infiltrating lymphocytes (TIL) were analyzed by multi-

parametric flow cytometry using the antibodies described in the

Supplementary Methods. The following antibodies for immuno-

therapy were purchased from BioXcell and used at the concentra-

tions shown: a4–1BB (LOB12.3 at 350 mg per dose), aCD40

(FGK4.5 at 100 mg per dose),aCTLA-4 (9H10 at 100 mg per dose),

aPD-1 (RMP1-14 at 250 mg per dose), and aOX-40 (OX-86 at

100 mg per dose).

In vivo tumor challenge

Mice were injected with 1 � 106 mEER cells subcutaneously

in 200 mL PBS on the right flank. Tumor growth was measured

using a caliper and mice were sacrificed when the tumor area

reached 200 mm2. For oral HPVþ tumor studies, 4 � 104 mEER

cells in 50 mL PBS were injected into the base of the tongue.

Mice were monitored closely and sacrificed when a necrotic

tumor was observed and/or when the mice lost 20% or more of

their initial weight.

Characterization of TIL was performed as described in Supple-

mentary Methods.

Vaccination and immunotherapy

Between days 5 and 7 after tumor challenge, mice were immu-

nized under anesthesia with the HPV vaccine (100 mg each of the

four peptides with 2 mg of a-GalCer) via the intranasal route

twice at 6-day intervals as described previously (20). Immunized

animals also received intraperitoneal injection of therapeutic

antibodies starting on the day of intranasal immunization

and 2 additional times at 3-day intervals. Control animals were

untreated. For in vivo depletion of CD8þ T cells, we injected

350 mg per mouse of aCD8 mAb (clone 2.43, BioXCell) by the

intraperitoneal route on the day before and the day after tumor

implantation, and every 3 days until mice were sacrificed.

Flow cytometry

For characterization of TILs, mice were sacrificed at day 15

after tumor challenge. Subcutaneous tumors were collected
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and digested as previously described (20). For tongue tumors,

we isolated lymphocytes from the oral mucosa following a

published protocol (22) with some modifications as described

in Supplementary Methods. The gating strategy to identify the

different immune cell populations is depicted in Supplemen-

tary Fig. S1.

Liver function assessment

Blood was collected from anesthetized mice through retro-

orbital plexus at day 14 after tumor challenge for the analysis of

the serum enzymes: aspartate aminotransferase (AST), alanine

aminotransferase (ALT) levels and Alkaline Phosphatase by the

Clinical Pathology Laboratory in the Veterinary Medicine and

Surgery Department at MD Anderson Cancer Center.

Magnetic resonance imaging

Mice were imaged at day 19 after tumor challenge on the

1T Bruker ICON at the MD Anderson Cancer Center

Small Animal Imaging Facility as described in Supplementary

Methods (23).

Statistical analysis

All statisticswere calculatedusingGraphPadPrismversion6 for

Windows. Statistical significance was determined using one-way

ANOVA to test differences between multiple groups and the

Mantel–Cox analysis for survival. P values less than 0.05 were

considered significant.

Results
Therapeutic HPV vaccination enhances antitumor efficacy of

immune checkpoint therapy

The mEER tumor model has been established as a preclinical

surrogate for HPVþ oropharyngeal cancers (21). We tested a

number of costimulatory agonists and coinhibitory blocking

antibodies along with or without coadministration of an intra-

nasal vaccine comprised of HPV-16 E6 and E7 peptides admixed

with the NKT cell ligand aGalCer as adjuvant for the treatment of

mice subcutaneously implanted with 1 � 106 mEER tumor cells.

The selected antibodies included those that targeted TNF-receptor

family members such as 4-1BB, CD40, and OX40, and others

directed against the inhibitory immune checkpoint molecules

CTLA-4 and PD-1 (4, 24). Separate groups of mice with estab-

lished subcutaneous mEER tumors were injected with these

checkpoint modulating antibodies on days 6, 9, and 12 after

tumor challenge along with or without intranasal HPV peptide

vaccination on days 6 and 12 as described earlier (20), and

monitored for tumor growth (Fig. 1A). Among the different

antibodies tested, treatment with aCD40 and aOX40 resulted

in 23% and 12.5% of mice exhibiting tumor regression, respec-

tively (Fig. 1B). Vaccination when combined with aCD40 treat-

ment further significantly delayed tumor growth, resulting in

more than 40% mice exhibiting tumor regression and extended

survival (Fig. 1C). The combination of HPV peptide vaccination

and a4-1BB treatment was effective to a lesser extent showing

tumor regression in 14% of mice. None of the other checkpoint

antibody treatments along with or without intranasal HPV pep-

tide vaccination yielded any significant therapeutic benefit in this

model. Furthermore, we observed that administration of vaccine

and checkpoint antibodies, a4-1BB, aCD40 or aPD-1 sequen-

tially was not effective, relative to HPV peptide vaccine and

Figure 1.

Intranasal HPV peptide vaccination enhances the therapeutic efficacy of a4-1BB

and aCD40 antibodies. A, Mice were injected subcutaneously with mEER cells

(1 � 106) and when the tumors were palpable, received intranasal HPV peptide

vaccinationondays6and 12alongwith intraperitoneal injectionsofa4-1BB,aCD40,

aCTLA-4, aPD-1, or aOX40 at days 6, 9, and 12. The tumor growth (B) and

survival (C) were monitored over time. The percentage of mice showing tumor

regression is noted for each treatment (B). A Mantel–Cox test was performed to

determine the significance of survival for each of the treatment groups relative

to untreated group; �� , P < 0.005; ��� , P < 0.0005; ���� , P < 0.00005. Results

represent pooled data from multiple experiments (n ¼ 7–27 mice/group).
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immune checkpoint modulation delivered concurrently (Supple-

mentary Fig. S2).

Combinations of immune checkpoint modulating antibodies

along with intranasal HPV peptide vaccination promote mEER

tumor rejection

A potential modality to enhance the efficacy of immuno-

therapy is through the activation of T cells and antigen-pre-

senting cells (APC) at the same time. Agonistic antibodies

against CD40 (on APCs) and 4-1BB (mostly on T cells) target

these two arms of the immune system. Because aCD40 and

a4-1BB as monotherapies demonstrated the highest therapeu-

tic synergy with HPV vaccination, we reasoned that a combi-

nation of all three immune therapies might further enhance

antitumor responses. It has also been demonstrated previously

that costimulatory activation of tumor-specific cells can be

significantly enhanced when they are free from the limitations

of checkpoint inhibition (13). Therefore, we selected a4-1BB

as the activating T-cell antibody and combined it with anti-

bodies that would block T-cell coinhibitory molecules and/or

qualitatively or quantitatively diminish regulatory T cells

(aCTLA-4, aPD-1, and aOX40), all in the presence or absence

of intranasal HPV peptide vaccination.

After establishing subcutaneous mEER tumors, mice were

administered the intranasal HPV vaccine, in conjunction with

intraperitoneal injection of the indicated therapeutic antibody

combinations as per the scheme shown in Fig. 1A. Among the

different antibodies tested, treatment with the combinations of

a4-1BB and aCTLA-4, as well as a4-1BB, and aCD40 signifi-

cantly reduced tumor growth in addition to inducing tumor

regression in 56% and 57% of mice that was further signifi-

cantly enhanced to 88% and 85%, respectively, by coadmin-

istration of the HPV peptide vaccine (Fig. 2A). Vaccine-

mediated enhancement of tumor regression in these groups

of mice also correlated with increases in survival (Fig. 2B). Also,

the mixture of a4-1BB and aOX40 antibodies was effective in

inducing tumor regression in 46% of mice, and the addition of

the HPV peptide vaccine did not further enhance this response

rate. In contrast, the combination of a4-1BB and aPD-1, with

or without the HPV peptide vaccine, was largely ineffective.

These results in the preclinical model of HPVþ oropharyngeal

tumors demonstrate the protective efficacy of selected combi-

nations of immune-modulatory antibodies (a4-1BB/aCD40

and a4-1BB/aCTLA-4) and that the addition of HPV peptide

vaccine to these antibody combinations provides a further

therapeutic advantage.

Coactivation of 4-1BB and CD40 with HPV vaccination

induces elevated CD8 T-cell infiltration

We investigated the correlates of protection against HPVþ

mEER tumors afforded by the mixture of a4-1BB and aCD40

antibodies along with and without the HPV peptide vaccine.

We isolated TIL 15 days after tumor implantation when sig-

nificant differences in tumor growth were evident between mice

in the various treatment groups versus in untreated mice. In

general, mice treated with a4-1BB alone or in conjunction with

aCD40 and/or the HPV peptide vaccine showed higher per-

centages, as well as absolute numbers, of total CD8 T cells

relative to control untreated mice (Fig. 3A and B). In parallel,

we also observed higher numbers of E7-specific CD8 T cells in

mice receiving the vaccine alone or in combination with the

mixture of a4-1BB and aCD40 antibodies (Fig. 3C). Further-

more, a4-1BB treatment showed higher percentages and fre-

quencies of CD8 T cells expressing the activation and cytotoxic

markers KLRG1 and Granzyme B (GzmB) relative to untreated

mice (Fig. 3D and E). Another characteristic feature of a4-1BB

treatment is its capacity to upregulate the expression of the

transcription factor Eomes that imparts uniquely enhanced

cytotoxic potential to CD8 T cells (11). Consistent with this

finding, mice treated with a4-1BB in the presence or absence

of the HPV peptide vaccine showed the highest expression of

EomesþKLRG1þ TcEO CD8 T cells (Supplementary Figure S3).

The dependence of triple-combination therapy on the activity

of CD8 T cells was further demonstrated by the complete loss of

protection in the context of CD8 T-cell depletion (Supplemen-

tary Fig. S4). Mice cured of initial tumor challenge following

treatment with the combination of aCD40 and a4-1BB, with

and without HPV vaccination, were rechallenged at 7 weeks and

followed for tumor growth for an additional 30 days. None of

the rechallenged mice developed mEER tumors demonstrating

the capacity of this combination to induce protective immune

memory (Supplementary Fig. S5).

The combination of 4-1BB and CD40 agonist antibodies

increases the intratumoral ratio of CD8 T cells to

immunosuppressive populations

Tregs and MDSC are critical mediators of T-cell immune sup-

pression and tumor immune privilege, which must be overcome

by CD8 T cells for immunotherapy to succeed (25, 26). In

accordance with this, we observed that the treatment comprised

of HPV vaccination along with a4-1BB or aCD40 antibodies

significantly reduced the intratumoral frequency of Tregs

(CD4þFoxP3þ) compared with treatment with either antibody

alone (Fig. 3F and G). When used in combination, a4-1BB and

aCD40 with or without HPV peptide vaccination showed the

highest reduction of intratumoral Tregs and the highest ratio of

CD8 T cells relative to Tregs (Fig. 3H).

Although none of the studied treatments showed a significant

decrease in the frequency of intratumoralMDSC (CD11bþGr1þ;

Fig. 3I and J), we found that the ratio of CD8 T cells relative to

MDSC was the highest in mice treated with the combination of

a4-1BB and aCD40 both with and without HPV vaccination

(Fig. 3K). These results demonstrate that increased ratios of

CD8 T cells to Tregs as well as MDSC are potential correlates

for the observed therapeutic efficacy in mice receiving the

a4-1BB/aCD40 combination in the presence or absence of

HPV peptide vaccine (Fig. 2).

One important feature of the HPV peptide vaccine employed

in this investigation is the unique capacity of the aGalCer

adjuvant to promote antigen-presentation and enhanced

antigen-specific T-cell responses as a downstream outcome of

pro-inflammatory cytokine release from aGalCer-responsive

NKT cells (27, 28). Consistent with this, when we restimulated

splenocytes with a pool of E6 and E7 peptides from the vaccine,

we detected an increase in IFNgþ CD8 T cells from mice

receiving the vaccine along with a4-1BB/aCD40, but not from

those isolated from mice that received the same combination

without the vaccine (Supplementary Fig. S6). These data sup-

port the effectiveness of the HPV peptide vaccine incorporating

the aGalCer adjuvant to promote DC-mediated T-cell activa-

tion in secondary lymphoid organs concurrent with antitumor

efficacy.
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Figure 2.

Combination of the HPV peptide vaccine with

a4-1BB and aCD40 is the most potent treatment for

inducing long-term tumor regression. Mice bearing

subcutaneous mEER tumors and treated with

different combinations of immune modulator

antibodies in the presence or absence of the

intranasal HPV peptide vaccine as described in Fig. 1

legend were monitored for tumor growth (A) and

survival (B) over time. The percentage of mice

showing tumor regression is noted for each

treatment (A). A Mantel–Cox test was performed to

determine the significance of survival for each of the

treatment groups relative to untreated group

(shown on top of the line) and also between the

antibody combinations in the presence or absence

of the HPV peptide vaccination. � , P < 0.05;
���� , P < 0.00005. Results represent pooled data

from multiple experiments (n ¼ 5–20 mice/group).
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Figure 3.

Immune correlates for tumor protection in mice treated with HPV peptide vaccine along with or without a4-1BB and aCD40. Mice bearing subcutaneous mEER

tumors were either untreated or treated with intranasal HPV peptide vaccine, a4-1BB, or aCD40 individually or in combinations as described in Fig. 1 legend.

Tumors were harvested at day 15 and the isolated leukocytes were characterized by flow cytometry after staining for different surface and intracellular markers.

The figure shows percentages of CD8þ T cells (A), frequencies of CD8þ T cells as number of cells per tumor area (B), frequencies of E7-specific CD8þ T cells

(C), percentages of CD8þ T cells expressing GrzB and KLRG1 (D), frequencies of CD8þ GrzBþKLRG1þ cells (E), percentages of CD4þFoxP3þ Tregs (F),

frequencies of CD4þFoxP3þ Tregs (G), CD8þ T cells to Treg ratio (H), the percentages of CD11bþGr1þMDSCs (I), frequencies of CD11bþGr1þMDSCs (J), and the CD8þ

T cells to MDSC ratio after every treatment (K). Data are represented as means � SEM (n ¼ 2–11 mice/group). Results represent pooled data from multiple

experiments. Statistical significance was calculated using one-way ANOVA. � , P < 0.05; �� , P < 0.005; ��� , P < 0.0005; ���� , P < 0.00005.
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Intranasal HPV peptide vaccination combined with a4-1BB

and aCTLA-4 antibodies significantly drive CD8 T-cell

expansion and reduced Treg density

As shown in Fig. 2, in addition to the combination of a4-1BB

and aCD40, we observed significant therapeutic efficacy for

the a4-1BB/aCTLA-4 combination that was further enhanced

by the peptide vaccine. Mice treated with this combination

of HPV vaccine and a4-1BB/aCTLA-4 showed the highest

percentage and frequency of CD8 T cells in the tumor

(Fig. 4A and B). High levels of activated cytotoxic CD8 T cells

(GzmBþKLRG1þ) were observed in the tumors of mice in all

groups that received a4-1BB (Fig. 4C and D). Also, consistent

with the known effectiveness of the aGalCer adjuvant to pro-

mote both mucosal and systemic immunity to coadministered

antigens (27, 28), we observed HPV E7 tetramerþ CD8 T cells

in the blood of mice receiving the intranasal vaccination

(Supplementary Fig. S7).

The most efficacious CTLA-4 antibodies in mice can efficient-

ly deplete intratumoral Tregs (29, 30). Consistent with these

reports, we found reduced levels of intratumoral Tregs in all

groups of mice that received aCTLA-4 treatment (Fig. 4E and F).

Consequently, when combined with the observed high levels of

CD8 T-cell infiltration, mice receiving aCTLA-4 treatment com-

bined with 4-1BB agonist showed the highest ratio of CD8 T

cells relative to Tregs in the tumor (Fig. 4G). The addition of

HPV vaccine to this dual combination significantly increased

this ratio. On the other hand, the frequency of intratumoral

MDSCs in mice treated with the aCTLA-4/a4-1BB combination

in the presence or absence of the HPV peptide vaccine was

higher relative to untreated mice (Fig. 4H and I). Nevertheless,

owing to the high frequencies of infiltrating CD8 T cells from

this combination treatment, the ratios of CD8 T cells to MDSCs

were significantly elevated compared with untreated mice

(Fig. 4J). Interestingly, mice responding to vaccine along

with aCTLA-4/a4-1BB combination showed an enhanced infil-

tration of CD8þ T cells and lower expression of the immuno-

suppressive molecule arginase by MDSCs in their tumors com-

pared with nonresponding and untreated mice (Supplementary

Fig. S8). These results demonstrate that an increased ratio of

CD8 T cells relative to Tregs, and, to a lesser extent, of CD8 T

cells to MDSC, correlates with therapeutic efficacy of the com-

bination treatment of intranasal HPV peptide vaccination with

aCTLA-4/a4-1BB antibodies.

Combination HPV vaccine and a4-1BB/aCTLA-4 therapy cures

oral HPVþ mEER tumors

Although subcutaneous tumor models are a useful tool for

rapid screening of potential interventions and generation of early

mechanistic insights, robust preclinical evaluation of immu-

notherapeutics targeting HPVþ malignancies requires their

implantation in their natural mucosal environment (31, 32). As

nearly half of oropharyngeal squamous cell carcinomas occur in

the tongue (33), we investigated the two most efficacious

Figure 4.

Combination of a4-1BB and aCTLA-4 provides tumor protection by increasing

the ratios of CD8þ T cells to immunosuppressive populations. Mice bearing

subcutaneous mEER tumors were either untreated or treated with intranasal

HPV peptide vaccine, a4-1BB, or aCTLA-4 individually or in combinations as

described in Fig. 1 legend. Tumors were harvested at day 15 and the isolated

leukocytes were characterized by flow cytometry after staining for different

surface and intracellular markers. The figure shows percentages of CD8þT cells

(A), frequencies of CD8þ T cells as number of cells per tumor area (B),

percentages of CD8þ T cells expressing GrzB and KLRG1 (C), frequencies of

CD8þGrzBþKLRG1þ cells (D), percentages of CD4þFoxP3þ Tregs (E),

frequencies of CD4þFoxP3þ Tregs (F), CD8þ T cells to Treg ratio (G),

percentages of CD11bþGr1þ MDSCs (H), frequencies of CD11bþGr1þ MDSCs (I),

and the CD8þ T cells to MDSC ratio (J). Data are represented as means � SEM.

Results represent pooled data frommultiple experiments (n¼ 2–11 mice/group).

Statistical significance was calculated using one-way ANOVA. � , P < 0.05;
�� , P < 0.005; ��� , P < 0.0005; ���� , P < 0.00005.
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immunomodulatory antibody combinations from our flank

tumor studies (i.e., a4-1BB/aCD40 and a4-1BB/aCTLA-4) with

or without HPV peptide vaccination against HPVþ mEER tumors

orthotopically implanted in the tongue. Mice received intranasal

peptide vaccinationondays 5 and11and the indicated antibodies

ondays, 5, 8, and11 after tumor challenge. At day 19,weusedMRI

to determine the tumor volume. Relative to untreatedmice, those

receiving the a4-1BB/aCTLA-4 combination, with or without

vaccine, exhibited significantly reduced tumor growth (Fig. 5A

and B) along with significant survival advantage (Fig. 5C). The

combination of a4-1BB and aCD40, with or without vaccine,

which showed significant protective efficacy for treating subcuta-

neous mEER tumors (Fig. 2) was largely ineffective at controlling

the growth of the tumors in the tongue. At day 60, 80% of mice

that received a4-1BB/aCTLA-4 with or without the HPV vaccine

were alive whereas only 36% of mice that received a4-1BB/

aCD40 were alive. These results demonstrate that the combina-

tion of a4-1BB and aCTLA-4 is a superior therapy for orthotopic

HPVþ mEER tumors.

Immune infiltration of orally implanted HPVþ tumors

We analyzed the TIL in tongue tumors to understand the

immune correlates for the observed therapeutic efficacy of the

mixture of a4-1BB and aCD40 antibodies relative to that for

the combination of a4-1BB and aCTLA-4 antibodies, in the

presence or absence of the intranasal HPV peptide vaccine.

Because of the limited size of tumors from the tongue, cells

from 3 to 4 individual tumors in each treatment group were

pooled for the analyses of immune infiltrates and the compar-

ative differences for each treatment group relative to untreated

mice were expressed as fold changes. In two separate experi-

ments (with group sizes of 6–8 mice in each experiment) we

observed the percentage of CD8 T cells to be significantly higher

(over 5-fold) in mice receiving the combination of a4-1BB and

aCTLA-4 versus untreated mice consistent with their reduc-

ed tumor burden and higher survival (Fig. 6A). The enhanced

levels of CD8 T cells within the tumors of mice treated with the

combination of a4-1BB and aCTLA-4 antibodies in the pres-

ence or absence of HPV peptide vaccination also coincided with

relatively lower levels of Tregs (Fig. 6B) and overall improve-

ments in the CD8 T-cell to Treg ratios (Fig. 6C). The wide

variation may be attributed to the pool of responders versus

nonresponder mice. In addition, although we did not observe

any differences in the levels of MDSC in any of the treatment

groups, relative to untreated controls, there was an increase in

the ratio of CD8 T cells to MDSC for the treatment regimen

combining a4-1BB and aCTLA-4 antibodies with and without

the HPV peptide vaccine compared with untreated mice

(Fig. 6D and E). These results support the conclusion that the

combination of a4-1BB and aCTLA-4 antibodies effectively

modulates the tumor microenvironment to enhance antitu-

mor responses while decreasing immunosuppressive Treg and

MDSC in HPVþ oral tumors.

Combination of HPV vaccine, a4-1BB, and aCTLA-4 causes

minimal liver toxicity

Agonist antibodies against 4-1BB have the potential to induce

liver inflammation characterized by an elevation in the serum

levels of liver transaminases (36). To evaluate the safety of our

two most efficacious combination therapies, we tested whether

any regimen involving a4-1BB, which was active against HPVþ

mEER tumors, demonstrated toxicity. Mice treated with the

a4-1BB/aCD40 and a4-1BB/aCTLA-4 combinations, both with

and without HPV peptide vaccine were bled at day 14 (2 days

after last treatment) and their sera were evaluated for AST and ALT

levels. This serum analysis revealed the levels of AST and ALT to

be significantly higher in mice receiving the a4-1BB/aCD40

combination with or without vaccine, compared with untreated

mice (Fig. 7A and B). In contrast, mice receiving a4-1BB/

a-CTLA-4, with or without the HPV vaccine, showed no differ-

ences in AST or ALT levels relative to control untreated mice. On

the basis of a published report (37), these liver enzyme concen-

trations in mice treated with a4-1BB and aCD40 could represent

a serious immune-related adverse event.

Figure 5.

Combination of HPV peptide vaccine,

a4-1BB and aCTLA-4 induces regression

of HPVþ tongue tumors. Mice were

challenged with mEER tumor cells

(40,000) in the tongue and treated with

thedifferent vaccine and immunotherapy

combinations starting on day 5 as

described in Fig. 1. A representative MRI

(T2-weighted sagittal image) of mouse

tongue (A) and tumor volume measured

by MRI (B) at day 19 after tumor

implantation are shown (data shown are

means � SEM; n ¼ 5–12 mice/group).

Survival curves of mice bearing tongue

tumors treated with different

immunotherapy combinations are shown

(C; n ¼ 10 – 23 mice/group). Statistical

significance was calculated using one-

way ANOVA. � , P < 0.05. Results

represent pooled data from multiple

experiments.

Dorta-Estremera et al.

Cancer Res; 78(18) September 15, 2018 Cancer Research5334

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
rre

s
/a

rtic
le

-p
d
f/7

8
/1

8
/5

3
2
7
/2

7
7
0
2
3
9
/5

3
2
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



We also observed that the liver toxicity in mice treated

with the combination of a4-1BB and aCD40 was accompa-

nied by weight loss relative to untreated mice (Fig. 7C). The

onset of weight loss occurred shortly after initiation of

a4-1BB/aCD40 therapy (2 days) and failed to normalize

during the treatment period (Fig. 7D). On the other hand,

no weight loss was observed in mice bearing HPVþ mEER

tumors treated with the combination of a4-1BB and aCTLA-4

in the presence or absence intranasal HPV peptide vaccina-

tion. These results support the conclusion that immunother-

apy combining a4-1BB and aCTLA-4 is a safer treatment,

relative to that combining a4-1BB and aCD40. Thus, the

therapeutic efficacy in the absence of signs of liver toxicity

for the combination treatment using a4-1BB and aCTLA-4

with and without the HPV peptide indicates a favorable

therapeutic index (Fig. 7E).

Figure 6.

Immune correlates for vaccine

immunotherapy of HPVþ tongue

tumors. TILs isolated at day 15 after

tongue tumor challenge and different

immunotherapies were analyzed by

flow cytometry. The fold changes of

CD8þ T-cell percentages (A),

CD4þFoxP3þ Treg percentages (B),

CD8þ T cells to Treg ratios (C),

CD11bþGr1þ MDSCs (D), and CD8þ T

cells to MDSC ratios (E) in the

different treatment groups compared

with untreated mice were calculated.

Data for individual mice are shown

along with mean � SEM. Individual

data points represent pools of 3 to

4 tumors in two separate experiments

(n ¼ 6–8 mice/group). Statistical

significance was calculated using one-

way ANOVA. � , P < 0.05; �� , P < 0.005.
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Discussion

The use of immune checkpoint modulation to enhance anti-

tumor efficacy, through promoting antitumor responses and

minimizing immunosuppressive populations within tumors,

has proven to be highly successful for the treatment of many

cancers. However, many of the checkpoint antibodies also exhibit

systemic toxicity, which limits their clinical application as mono-

therapies and makes some potentially efficacious combinations

untenable in practice. Using a preclinical model of HPVþ oro-

pharyngeal cancer (mEER), we present evidence in support of a

combination treatment comprised of the mixture of 4-1BB ago-

nist antibody and CTLA-4 antagonist antibody supplemented

with intranasal HPV peptide vaccination as a safe and highly

effective therapeutic strategy for inducing sustained regression of

HPVþ tumors implanted subcutaneously or in the tongue of

C57BL/6 mice. This vaccine-checkpoint antibody combination

Figure 7.

Combination treatment consisting of a4-1BB and aCTLA-4 in the presence and absence of HPV peptide vaccine does not exhibit liver toxicities. Serum

samples from mice treated with different vaccine and immunotherapy combinations were collected at day 14 after tumor challenge and analyzed for

AST (A; n ¼ 5–16 mice/group) and ALT levels (B). C, The weight of mice was monitored before and after tumor challenge and throughout treatment

(n ¼ 5–15). D, The percentage of weight loss was calculated at day 7 after tumor challenge. E, The therapeutic index for the different treatments was

calculated by dividing the percentage regression of mice observed per group and the average AST number and multiplying this by 100. Results represent

pooled data from multiple experiments. Data for individual mice are shown along with mean � SEM. Statistical significance was calculated using

one-way ANOVA. � , P < 0.05; ��� , P < 0.005; ���� , P < 0.0005.
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induced infiltration into and activation of CD8 T cells inside the

tumor while reducing Treg density. In addition, we identified the

combination of HPV peptide vaccine and agonistic antibodies

targeting 4-1BB and CD40 to be effective for treating subcutane-

ous, but not orally implanted, HPVþ mEER tumors. Despite its

efficacy, the translational potential of this combination might be

limited by the significant elevation of liver enzymes coupled with

weight loss, which it evoked in treated mice.

Intriguingly, aPD-1 therapy was not effective at treating HPVþ

subcutaneous tumors. We hypothesize that PD-1 expression on

CD8þ T cells may be at a threshold lower than that needed for

aPD-1 therapy to be effective in this model, as it has been

observed in patients with cancer (38, 39). This hypothesis is

currently being tested in our laboratory.

Combining vaccination with immune checkpoint modulation

creates a synergistic boost to antitumor immunity where the

vaccine-induced T cells provide an on-target substrate that can

then be amplified and protected from attenuation in the tumor

microenvironment by the antibodies. The HPV-16 E6 and E7

peptide vaccine incorporating the aGalCer adjuvant, we devel-

oped is efficient at inducing systemic as well as mucosal HPV-

specific CD4 and CD8 T-cell responses that effectively traffic to

mucosal tissues after intranasal delivery (28). Data from this

investigation demonstrated that the intranasal HPV-16 peptide

vaccine significantly enhanced the therapeutic efficacy of the

combinations of immune checkpoint antibodies against subcu-

taneous HPVþ mEER tumors, but its additive effect was only

modest against tongue-implanted tumors. It has been reported

that sublingual and buccal mucosa contain a small repertoire of

immune cells, but tongue-infiltrating lymphocytes have not been

clearly studied after vaccination (40, 41). Therefore, the lack of

increased efficacy of the added intranasal HPV peptide vaccine

overwhatwasobservedwith the checkpointmodulating antibody

mixtures to treat HPVþmEER tumors in the tonguemay be due to

limited trafficking of antigen-specific T cells to this location.

Additional routes of vaccine administration may enhance

immune cell trafficking to this immune-privileged site and this

is an area of current investigation in our laboratory. Alternatively,

mEER tumorsmay not be truly dependent on E7 andmay contain

strong neoantigens that are immunologically dominant in the

tongue limiting the benefits of augmenting the antigen-specific T-

cell repertoire through immunizationwith the E6 and E7peptides

included in the vaccine (17). Future studies will attempt to

investigate this possibility

It has been reported that immune modulatory antibodies can

induce epitope spreading of tumor antigens, which broadens the

repertoire of tumor-specific T cells (42). Thus, the limited vaccine-

induced infiltration of HPVþ T cells into the tongue-implanted

mEER tumors could have been offset by additional T-cell specifi-

cities enriched from the combinations ofa4-1BB/aCD40 anda4-

1BB/aCTLA-4 antibodies. The generation of a broader repertoire

of T cells, in addition to HPV specificity, is potentially advanta-

geous, and the identification of T-cell receptor specificities of T

cells driving antitumor responses resulting from the combination

of these immune checkpoint antibodies is a promising area for

further investigation.

We previously reported that agonistic 4-1BB antibody treat-

ment along with administration of the intranasal HPV peptide

vaccine, used in this article, produced durable regression of

vaginal HPVþ TC-1 tumors, through its ability to generate highly

cytotoxic TcEO cells11, (20). Consistent with these properties of

a4-1BB antibody treatment, we observed that in mice harboring

HPVþ mEER tumors treatments incorporating a4-1BB antibody

induced high levels of cytotoxic CD8 T cells and efficient

antitumor responses. However, a4-1BB therapy with or with-

out HPV peptide vaccination was largely ineffective at rejecting

HPVþ mEER tumors. The phenotype of the two tumor models,

as well as the vaginal versus oral sites for the tumor growth,

could potentially be the reasons for the differential efficacies of

a4-1BB antibody treatment. In this regard, an RNA-seq analysis

of HPVþ tumors from patients with cancer revealed differential

gene-expression profiles between oropharynx and other sites,

and some of the significant differences were associated with

regulators of cell cycle and T-cell infiltration (43). We also

observed that the combination of HPV vaccine with a4-1BB

and aCD40 was highly effective for treating mEER tumors

implanted subcutaneously but had limited efficacy against

tongue tumors. The tumor microenvironment at these two

locations may be comprised of distinct spectrums of immune

cells and danger signals that may also affect the trafficking as

well as functioning of immune cells (31, 32).

Immunemodulatory antibodies, although effective for treating

different types of cancers, also exhibit a wide range of toxicities,

such as hepatotoxicity resulting from infiltration of proinflam-

matory myeloid cells in the liver noted for the CD40 agonist

antibody in clinical trials (44–47). Similarly, 4-1BB agonist anti-

body induces liver toxicities due to myeloid activation

and subsequent infiltration of activated T cells into the liver

(48, 36). Consistent with these reports we observed an increase

in serum transaminases in mice treated with these two agonistic

antibodies together, despite their strong antitumor efficacy

(Fig. 7). Gene therapy approaches locally delivering recombinant

ligand constructs could potentially harness the therapeutic effi-

cacy of targeting these costimulatory molecules without inducing

toxicity basedon reports showing that intratumoral CD40L and4-

1BBL gene delivery caused minor toxicities while inducing effec-

tive tumor-specific immunity in clinical and preclinical studies of

urinary bladder cancer and melanoma (49–51).

The combination of a4-1BB and aCTLA-4 treatment of HPVþ

mEER tumors in our studies showed significant antitumor efficacy

and a significant survival advantage while inducing negligible

levels of the liver enzymes ALT and AST. This combination has

also been reported to be effective in preclinical models of mel-

anoma and colon adenocarcinoma (26, 52). Importantly, mul-

tiple studies have demonstrated that combining a4-1BB and

aCTLA-4 ameliorated the side effects of each monotherapy

(36, 52). Although a Phase I trial of Ipilimumab and Urelumab

was withdrawn before opening enrollment due to liver toxicity

observed in the 4-1BB monotherapy trial (20), careful testing of

the combination of a4-1BB and aCTLA-4 antibodies could prove

beneficial for the clinical management of patients with HPVþ

oropharyngeal cancer.

Current therapies for SCCOP, such as chemotherapeutic agents,

radiation, and surgical resection, although useful in reducing

tumor burden and extending survival of patients, often cause

significant local and systemic toxicities, resulting in poor quality

of life. Systematic assessment of the combination of cancer

vaccines and immunotherapies promises the identification of

safe and effective treatment options forHPVþ tumors.Wepropose

that a therapeutic HPV peptide vaccine delivered along with the

combination of 4-1BB agonist and CTLA-4 antagonist antibodies

could offer a novel treatment option for HPVþ SCCOP.
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