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Abstract

Oral squamous cell carcinoma (OSCC) is preceded by progressive oral premalignant lesions
(OPLs). Therefore, therapeutic strategies that prevent malignant progression of OPLs are expected
to reduce the incidence of OSCC development. Immune checkpoint inhibitors that target the
interaction of programmed death receptor 1 (PD-1) on T cells with the PD-1 ligand PD-L1 on
cancer cells have been shown to extend the survival of patients with advanced OSCC. Here, we
used the 4-Nitroquinoline-1-oxide (4-NQO) mouse model of oral carcinogenesis to test the
hypothesis that PD-1 blockade may control the progression of OPLs. Mice were exposed to 4-
NQO in their drinking water and then randomly assigned to two treatment groups that received
either a blocking antibody for PD-1 or a control 1gG. We found that anti-PD-1 treatment
significantly reduced the number of oral lesions that developed in these mice, and prevented
malignant progression. Low-grade dysplastic lesions responded to PD-1 blockade with a
significant increase in the recruitment of CD8+ and CD4+ T cells and the accumulation of
CTLA-4+ T cells in their microenvironment. Notably, PD-1 inhibition was accompanied by
induction of interferon-y, STAT1 activation and the production of the T cell effector granzyme B
in infiltrating cells, and by the induction of apoptosis in the epithelial cells of the oral lesions,
suggesting that T cell activation mediates the immunopreventive effects of anti-PD-1. These
results support the potential clinical benefit of PD-1 immune checkpoint blockade to prevent
OSCC development and progression and suggest that CTLA-4 inhibitors may enhance the
preventive effects of anti-PD-1.
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Oral cavity squamous cell carcinoma (OSCC) is an aggressive disease, with an overall
survival rate of 50% that has remained unchanged for decades (1). Carcinomas of tongue are
the most common OSCC (25-80%), with lower incidence for tumors that develop on the
floor of the mouth, buccal mucosa, lips and palate (2-6). In addition to the high fatality
rates, OSCC is associated with severe morbidity, and is complicated by the frequent
multifocal tumor development and the high rates of recurrence and second primary tumor
development (7). This field cancerization effect results from the molecular changes that
accumulate in the oral epithelial cells upon exposure to carcinogens (8). Tobacco, alcohol,
and/or betel nut exposure are well-established etiological factors for OSCC. While
interruption of carcinogen exposure clearly reduces the oral cancer incidence, a subset of
lesions may be at high risk of progression even after carcinogen cessation. Therefore, OSCC
is a malignancy that may benefit from effective cancer prevention strategies that block or
reverse the carcinogenesis process prior to malignant transformation (9).

While surgical resection of advanced oral premalignant lesions (OPLs) has become the
standard of care, individuals with OPLs in multiple sites or with those arising in sites that
are not amenable to surgical prevention by removal of at-risk tissues are in need of
alternative prevention strategies, such as chemoprevention, in which medications are
administered with the goal of attenuating or eliminating OPLs or preventing them from
continuing down the multi-step pathway of carcinogenesis to frankly invasive cancers.
Several chemopreventive agents have been tested over the past years for their efficacy in
OSCC prevention (10-14). Despite initial promising results, chemoprevention has not been
consistently reproduced and toxicity has been often a limiting factor. Therefore,
chemoprevention strategies for OSCC are not yet available in the clinic.

Preclinical and clinical evidences have revealed that early transformed cells express antigens
that allow the immune system to recognize them and initiate an immune response (15, 16).
To overcome the antineoplastic effects of the immune system, tumor cells may transmit
immune suppressive signals to the tumor microenvironment that enable cancer progression
(17, 18).

PD-1 is a molecule expressed on several immune cells, including cytotoxic T cells, that
attenuates the immune response after engagement with PD-L1, a PD-1 ligand that is
expressed in the cancer cells. One particularly promising area of immunotherapy has been
the generation of antibodies that can target immune checkpoint signals from tumor cells that
interact with cytotoxic T cells, including the PD-L1/PD-1 axis (19). Blockade of PD-1-
dependent immune checkpoints using monoclonal antibodies directed against PD-1 can
alleviate the local immunosuppression and thereby, augment the T cell response against
tumor cells. Notably, anti-PD-1 antibodies have been shown to be active agents in the
treatment of OSCC (20). A recent report has shown that treatment of patients with platinum-
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refractory recurrent OSCC with the anti-PD-1 antibody, Nivolumab, results in longer
survival than treatment with standard single agent chemotherapy, making this approach a
new standard of care for these patients (21). Based on this exciting progress and the overall
tolerability of the checkpoint inhibitors, we have become interested to know whether this
could be a useful approach to prevent progression of OPLs to invasive OSCC.

The 4-Nitroquinoline-1-oxide (4-NQO) mouse model of oral carcinogenesis is an ideal
model for cancer prevention studies because mice exposed to the carcinogen 4-NQO in their
drinking water develop a range of oral lesions representative of all the stages of oral
carcinogenesis. Several lines of evidence indicate that the histological and molecular
changes induced by 4-NQO are similar to those found in human OPLs and OSCCs (22-25).
The oral carcinogenesis process can be further accelerated by using mice with increased
susceptibility to carcinogens, such as mice deficient for the tumor suppressor gene 7rp53
(p53) (26, 27). Indeed, heterozygous p53 knockout mice (p53*/~) have been extensively used
in chemoprevention studies for several carcinogen-induced malignancies (28).

In the current study, we investigated the preventive properties of a monoclonal anti-PD-1
antibody during 4-NQO—-induced oral carcinogenesis in p53*/~ mice, and we examined how
PD-1 blockade affects the immune infiltrates of the oral lesions. We found that the anti-PD-1
antibody decreased the formation of oral dysplastic lesions, prevented their progression to
SCC and induced specific patterns of expression of immune-modulatory receptors on the T
cell infiltrates of OPLs, indicating that this is a prevention strategy that would be worthwhile
evaluating in patients with OPLs at high risk of progression to oral cancer.

MATERIALS AND METHODS

Experimental animal model and treatments

Heterozygous p53 knockout mice (p53*/7) in a C57BL/6J background (females, 6-8 weeks
old) were purchased from The Jackson Laboratory (Bar Arbor, ME, USA), strain #002101
(29). A stock solution of 4-NQO (50 mg/mL) was prepared by dissolving 4-NQO powder
(Sigma-Aldrich, St Louis, MO, USA) in DMSO, and stored at —20°C until used. To
administer mice with 4-NQO, the stock solution was added to the drinking water
supplemented with 1% sucrose (Fisher Scientific, Pittsburg, PA, USA) at a final
concentration of 100 pg/mL. Twenty-two p53*/~ mice were given a fresh batch of 4-NQO-
containing water every week for 8 weeks. In Vivo mAb anti-mouse PD-1 (RMP1-14,
#BEO0146) and the isotype control 1gG2a (#BE0089) were purchased from BioxCell (West
Lebanon, NH, USA), dissolved in PBS and stored at 4°C until used. Mice were injected
intraperitoneally with anti-PD-1 (250pug/mouse) or 1gG2a (250pug/mouse), twice a week for 4
weeks, as in previous studies (30-32). All animals underwent full oral cavity examination
twice a week and euthanized for tissue retrieval five weeks after initiation of the antibody
injection. All animal studies were carried out according to The University of Texas MD
Anderson Cancer Center Institutional Animal Care and Use Committee (IACUC)-approved
protocols.
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Tissue dissection and sectioning

To harvest oral tissue, the mice were sacrificed following IACUC guidelines. Immediately
after death, the tongues were excised and macroscopic lesions were counted and
photographed. Quantified macroscopic lesions comprised those lesions that were visible,
with a diameter of >1-2 mm, and usually presented with a whitish and papillary appearance.
The tongues were longitudinally bisected, and fixed in 10% neutral-buffered formalin at
room temperature overnight. Then, the tissue was transferred to 70% ethanol and embedded
in paraffin. Twenty 5-um histological sections from each specimen were cut and the 10th
slide was stained with hematoxylin and eosin (H&E) for histopathologic analysis. H&E
sections were screened under the microscope for the presence of microscopic lesions.
Individual lesions were quantified along the entire longitudinal section of the tongue. The
rest of the sections were processed for immunohistochemistry.

Histopathological analysis of tongue lesions

H&E-stained sections obtained from the tongues of 4-NQO-exposed mice were examined by
a pathologist blinded to treatment groups. Dysplasia was defined as loss of polarity in the
epithelial cells, nuclear pleomorphism and hyperchromasia, hyperkeratosis and
parakeratosis, and increased or abnormal mitoses. Lesions with alterations limited to the
lower one third or two thirds of the epithelium thickness were classified as mild or moderate
dysplasia, respectively, and considered as low-grade lesions. Lesions in which these changes
involved over two thirds of the epithelium were graded as severe dysplasia, and those that
involved the full-thickness epithelium were classified as carcinoma in situ (CIS) (33).
Invasive carcinoma was defined as a lesion with invasion through the membrane basement
into the subepithelial tissues. Severe dysplasias and carcinomas were considered high-grade
lesions (33).

Immunohistochemistry

Immunohistochemical analyses (IHC) were carried out on unstained sections adjacent to
those used for pathological assessment of the lesions. The anti-PD-1antibody (#135202) was
obtained from BioLegend (San Diego, CA, USA). Antibodies for CD4 (#14-0042-85) and
Foxp3 (#14-5773) were from eBioscience (Santa Clara, CA, USA). Anti-CD8a (#361003)
was from Synaptic Systems (Gottingen, Germany). The anti-PD-L1 antibody (#17952-1-AP)
was obtained from Proteintech Group (Chicago, IL, USA). The anti-4-1BB (#ab203391) and
anti-OX40 (#ab203220) were from Abcam Inc. (Cambridge, MA, USA). The anti-CTLA-4
(#orb253158) was obtained from Biorbyt Ltd. (San Francisco, CA, USA). The anti-
interferon-y antibody (# AF-585-NA) was from R&D Systems (Minneapolis, MN, USA).
The pSTAT1 antibody (# 14994) was obtained from Cell Signaling (Danvers, MA, USA) and
the Anti-Granzyme B antibody (#14-8822-80) was from ThermoFisher Scientific (Waltham,
MA, USA). IHC was performed using the Leica Bond Max automated stainer (Leica
Biosystems Buffalo Grove, IL, USA) in the Division of Surgery Histology Laboratory (MD
Anderson Cancer Center). All slides were stained using previously optimized conditions
with appropriate positive and negative controls. Images were captured on a DMLA
microscope equipped with a DFC310 FX camera (Leica Microsystems, Buffalo Grove, IL,
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USA). Staining for CD4, CD8, FOXP3, PD-1, PD-L1, OX40, CTLA-4, and 4-1BB was
scored as density of cells, defined as the number of positive cells per mm2.

TUNEL Assay with K14 immunofluorescent double staining

For detection of apoptosis in the oral lesions, the terminal deoxynucleotidyl transferase
dUTP nick end-labeling (TUNEL) assay was performed. To identify apoptosis in the
epithelial component of the oral lesions we performed double staining for TUNEL and
Keratin 14 (K14), an intermediate filament protein expressed in stratified epithelia (34). The
assay was carried out according the manufacturer’s manual (Promega, #G3250), slightly
modified for the double staining. Briefly, histological sections from paraffin-embedded
tissue were deparaffinized with xylene and rehydrated with alcohol series. The samples were
fixed in a Methanol/acetone (3/1) solution, permeabilized with Triton X-100, and incubated
with the Terminal Deoxynucleotidyl Transferase (TdT) and a nucleotide mix containing
fluorescein-12-dUTP. The slides were then incubated with a rabbit anti-mouse-K14 antibody
(Covance, #PRB-155P) and a polyclonal secondary antibody to mouse 1gG labeled with
Alexa Fluor® 594 (# A-21207, Thermofisher Scientific). The samples were mounted and
counterstained with Vectashield mounting medium containing DAPI (#H-1500, Vector
Laboratories, Burlingame, CA). The slides were examined on an Olympus IX71
fluorescence microscope (Olympus, Center Valley, PA, USA), and images were captured
using a Hamamatsu ORCA-ER camera (Hamamatsu, Shizuoka, Japan). Positive cells were
counted from 3 randomly selected high power fields (x40) from each section and the density
of TUNEL was defined as the number of positive cells per mm2.

Statistical analysis

RESULTS

Data analysis was performed with GraphPad Prism version 6 for Windows (San Diego, CA,
USA). Two-tailed, unpaired t test was used to analyze differences in multiplicity of the oral
lesions and analysis of the expression of biomarkers. The incidence of oral lesions was
evaluated with the Chi-square test. P value of less than 0.05 were considered statistically

*kKk

significant, defined as A<0.05", A< 0.01™, A< 0.001™"",

A monoclonal anti-PD-1 antibody significantly inhibits malignant progression of 4-NQO-
induced oral lesions

To assess the preventive potential of PD-1 immune checkpoint blockade in oral cancer
development, we exposed 22 p53*/~ mice to 4-NQO (100 pg/mL) in their drinking water for
8 weeks. One week after completion of the 4-NQO treatment all of the mice showed white
patches on their tongues, indicating the appearance of hyperkeratotic and/or dysplastic
lesions. Initiation of PD-1 antibody treatment was chosen at this time point because it
mimics the clinical setting for preventive therapy. The mice were randomly distributed into
treatment (12 mice) and control groups (10 mice), and they were injected with anti-PD-1
antibody (250ug/mouse) or an equal volume of an isotype control 1gG2a (250ug/mouse)
respectively, twice a week for 4 weeks. The mice were sacrificed one week later and their
tongues were processed to compare the incidence of both low-grade and high-grade lesions
in the control and anti-PD-1 antibody treated groups.
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We observed that mice treated with anti-PD-1 had developed a significantly lower number of
visible oral tongue lesions than control mice, suggesting that the PD-1 blockade prevented
the growth of the early lesions that had developed in these mice (Fig. 1A and B). Similarly,
we noted that anti-PD-1 treatment reduced the number of microscopic lesions compared
with control mice (Fig. 1C and D; Table 1, A<0.05). Blinded histopathological assessment
by two independent reviewers revealed that all of the mice in control and treatment groups
had developed low-grade lesions, consisting of mild and/or moderate dysplasia (Fig. 1C and
Table 1). In addition, 60% (6/10) of the mice in the control group were found to have lesions
that are considered high-grade disease (severe dysplasia or carcinoma), whereas only 16.7%
(2/12) of the anti-PD-1 treated mice had such lesions (Fig. 1E, Table 1, A<0.05). Of those,
severe dysplasia was found in 50% (5/10) of the mice in the control group, compared to only
8.3% (1/12) of the mice treated with anti-PD-1 (Table 1, A<0.05). A similar trend was
observed for carcinomas (CIS or invasive SCCs), which were observed on the tongues of
40% (4/10) of the control mice, but only in 8.3% (1/12) of the anti-PD-1 group, although
this difference did not reach significance (Table 1, P=0.077). Overall, these observations
represented a 43.3% decrease in high-grade lesions noted with the anti-PD-1 antibody
treatment and suggest that anti-PD-1 treatment can prevent the malignant progression of
OPLs.

PD-1 blockade promotes T cell infiltration in 4-NQO-induced OPLs

To determine whether anti-PD-1 treatment altered T cell infiltration in oral lesions induced
by 4-NQO in mice we conducted an immunohistochemical analysis with specific antibodies
for T cell markers. We observed a significant increase in CD8+ T cell infiltration in low-
grade dysplastic lesions from mice that had been treated with the anti-PD-1 antibody,
compared with those in the control group (Fig. 2A and B, £< 0.001). There was also a
significant increase in the number of CD4+ and Foxp3+ cells in low-grade dysplastic
samples in the PD-1 antibody treatment group, compared with the control group. (Fig. 2A
and B, £<0.001). However, in high-grade lesions, there were no significant differences in
CD8+ and CD4+ staining between samples from control and anti-PD-1-treated mice (Fig.
2C). Interestingly, the number of Foxp3+ cells was higher in high-grade lesions from mice
treated with anti-PD-1 than in those from control mice (Fig. 2C, £< 0.05). These findings
suggest that recruitment of CD8+ and CD4+ T cells in response to PD-1 blockade may
contribute to prevent progression and/or eliminate low-grade lesions. The accumulation of
Foxp3+ both in low and high-grade suggests that regulatory T cells (Tregs) may allow
immune escape.

Immune checkpoint alterations in response to PD-1 blockade

To assess the impact of PD-1 blockade on the expression of immune checkpoint proteins, we
stained the oral lesions induced by 4-NQO with antibodies for PD-1, PD-L1 and CTLA-4.
We found that PD-1+ T cell infiltration was similar in low-grade lesions from mice that had
been exposed to the anti-PD-1 antibody and in control mice (Fig. 3A). Notably, the number
of PD-1+ infiltrating cells was significantly lower in high-grade lesions that developed in
mice treated with anti-PD-1 than in those form control mice (Fig. 3A). The expression of the
PD-1 ligand PD-L1 did not change by the anti-PD-1 treatment, although a trend toward
lower expression in high-grade lesions from mice treated with anti-PD-1 was observed (Fig.
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3A). Of note, we observed that in control mice the number of both PD-1+ and PD-L1 + cells
increased in high-grade lesions compared to low-grade dysplastic, whereas this trend was
not observed in mice treated with the anti-PD-1 antibody, which may be explained by the
lower levels of PD-1/PD-L1 in high—grade lesions from mice treated with anti-PD-1
(Supplementary Fig. S1A and S1B).

We noted increased CTLA-4+ T cell infiltration in low-grade dysplasia from mice treated
with anti-PD-1, compared to those from control mice (Fig. 3A), indicating that PD-1
checkpoint blockade was associated with the accumulation of CTLA-4+ T cells in early
stage OPLs. On the other hand, high-grade lesions from control and PD-1-treated mice had
similar levels of CTLA-4+ cells (Fig. 3A). Interestingly, high-grade dysplastic lesions
showed significantly lower density of infiltrating CTLA-4+ T cells compared to that seen in
low-grade dysplasia in control group, and a similar trend was observed in the anti-PD-1
treated mice (Supplementary Fig. S1C).

Lastly, we also analyzed the expression of the OX40 and 4-1BB, co-stimulatory molecules
that promote T cell activation, and for which agonistic antibodies have shown strong anti-
tumor effects in preclinical studies (35-37). We found that treatment with PD-1 antibody did
not induce a significant change in the number of OX40+ or 4-1BB+ infiltrates in either low-
or high-grade oral lesions (Fig. 3B), suggesting that these co-stimulatory molecules were not
involved in the response to PD-1-blockade. The OX40+ staining of T cells significantly
increased during progression of low-grade to high-grade lesions in the control and anti-PD-1
groups (Supplementary Fig. S2A). On the other hand, the number of 4-1BB+ cells remained
unchanged during progression form low- to high-grade lesion in both experimental groups
(Supplementary Fig. S2B).

PD-1 blockade promotes T cell activation and induction of apoptosis in oral lesions

To determine whether the immunoprevention effects elicited by the anti-PD-1 treatment
during oral carcinogenesis involved T cell activities, we analyzed the expression of
interferon-y (IFN7y), a cytokine produced by activated T cells that has been found to be
upregulated in response to PD-1 blockade (38). We observed a significant increase in the
number of infiltrating T cells expressing IFNy in both low- and high-grade lesions from
anti-PD-1-treated mice compared to their respective controls (Fig. 4A). The IFNvy activity in
these lesions was further supported by the higher levels of pSTAT1, an immediate
downstream mediator of IFNvy signaling (Fig. 4A) (39). Additionally, higher levels of the
effector protease granzyme B were detected in low- and high-grade oral lesions from mice
treated with the anti-PD-1 antibody compared to those from mice treated with control I1gG,
suggesting an increased cytotoxic T cell activity in response to anti-PD-1 treatment (Fig.
4A). The levels of IFNy, pSTAT1 and granzyme B were similar in low- and high-grade
lesions, for control and anti-PD-1 groups (Supplementary Fig. S3A-C).

To assess whether the increased T cell activity was associated with induction of cell death,
we performed double staining for TUNEL, to detect apoptosis, and for Keratin 14 (K14) to
highlight the epithelial component of the oral lesions. Remarkably, we observed a
significantly higher number of apoptotic cells in the oral lesions that developed in mice that
had been treated with the anti-PD-1 antibody than in control lesions, for both low- and high-
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grade lesions (Fig. 4B). The K14 staining confirmed that the apoptotic cells were located in
the epithelial component of the lesions. In addition, we observed that the number of
apoptotic cells remained similar in low- and high-grade lesions from mice treated with anti-
PD-1, suggesting a comparable sensitivity to apoptosis induced in response to anti-PD-1
(Supplementary Fig. S3D). In the control group, however, increased levels of apoptosis were
found in high-grade lesions, which may reflect an increased cell turnover in high-grade
lesions (Supplementary Fig. S3D). Overall, these observations suggests that PD-1 blockade
resulted in T cell activation and the induction of apoptosis in the oral lesions induced by 4-
NQO.

DISCUSSION

The recent clinical success of immune checkpoint blockade in the treatment of advanced
OSCC is changing the standard of care of this malignancy (21). The efficacy of
immunotherapies in a prevention setting, however, has not been well explored. The current
study examined a monoclonal antibody for the immune checkpoint molecule PD-1 as a
potential preventive therapy in OSCC development, using the 4-NQO maodel or oral
carcinogenesis. Our data demonstrated a 43.3% decrease in high-grade lesions (carcinomas
or severe dysplasia) in mice treated with the anti-PD-1 antibody, strongly supporting the
concept of immunoprevention as a novel strategy to prevent malignant progression of oral
premalignant lesions. As a prevention approach that involves the administration of
medications, safety is a major concern to allow implementation in patients that have not yet
developed malignant lesions (40). Although more data are necessary to evaluate the extent of
the side effects in largely healthy patients, as those that can benefit from preventive
interventions, concerns about secondary effects may be offset by the potential benefits in
high risk populations, such as those with OPLs that exhibit LOH (14, 41). As the
immunotherapy field is rapidly evolving, new more specific drugs are being designed, with
expected lower side effects.

This study was designed to analyze the immediate impact of PD-1 immune checkpoint
blockade in preventing progression of OPLs. For this reason, we terminated the study one
week after completion of the anti-PD-1 treatment. We found that at the completion of the
study, 14 weeks after initiation of 4-NQO treatment, all the mice had developed low-grade
dysplasias. In addition to those, 60% of the control mice had developed high-grade lesions,
compared to only 16.7% of the mice that had been treated with the anti-PD-1 antibody.
These observations support the immunoprevention potential of PD-1 blockage in containing
progression or OPLs. While the long-term benefits of this treatment could not be assessed in
this study, accumulating evidence suggest that immunotherapies such as anti-PD-1 produce
sustained responses in a variety of malignancies, including OSCC (42-44). Future studies
will explore the long-term effects of preventive treatment with anti-PD-1 antibodies for
OPLs.

The increased density of CD8+ and CD4+ immune infiltrates in low-grade dysplasia from
mice that had been treated with anti-PD-1 antibody suggested that PD-1 blockade may
prevent OPL progression by activating effector T cells, such as CD8+ and CD4+ T cells, to
eliminate premalignant or malignant oral epithelial cells, a mechanism that has also been
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observed in cancer patients treated with immune checkpoint inhibitors (30, 45). Indeed, we
detected increased T cell activation in oral lesions from mice that were treated with anti-
PD-1, including the production of granzyme B which may contribute to the induction of
apoptosis in the epithelial cells of the oral lesions.

Although we observed a positive response to PD-1 blockade, a subset of lesions continued to
progress even after anti-PD-1 treatment. Interestingly, we found significantly lower levels of
PD-1+ cells in high-grade lesions from mice that had received anti-PD-1 treatment
compared to controls, suggesting that progression of OPLs with low levels of PD-1+ cells
may not be blocked by the anti-PD-1 treatment. This is consistent with the increase levels of
PD-1/PD-L1 found in melanoma patients that responded to PD-1 blockade, compared with
non-responders (39, 45). Of note, the number of CD8+ and CD4+ infiltrating cells in high-
grade lesions was similar in control and PD-1-treated mice, suggesting that the lower
expression of PD-1 did not result from a general decrease in T cell infiltration. This
observation, together with increased CD8+ and CDA4+ infiltration in low-grade lesions from
PD-1-treated mice, in the absence of PD-1 upregulation, suggests that PD-1 and CD8/CD4
are independently regulated in response to PD-1 blockade.

Additional mechanism of resistance to PD-1 blockade involve the upregulation of alternative
immune checkpoints. We identified a potential compensatory mechanism that involves
CTLA-4, another immune checkpoint protein that blocks the immune response in human
tumors (46). Blocking anti-CTLA-4 antibodies have been shown to generate strong
therapeutic response and extended overall survival in melanoma patients, as a single agent or
in combination with PD-1 inhibitors (47-49). In our study, we found that low-grade
dysplastic lesions from mice that had been treated with anti-PD-1 contained significantly
higher levels of CTLA-4+ cells than those from control mice, suggesting that CTLA-4-
dependent immune checkpoints induced in response to PD-1 blockade may compensate for
PD-1 inhibition. These observations predict a potential benefit of combinatorial therapies
with PD-1 and anti-CTLA-4 inhibitors to prevent progression of early stage OPLs.

In addition to immune checkpoint blockade, the anti-tumor immune response may be
enhanced upon engagement of co-stimulatory receptors such as OX40 and 4-1BB (35-37,
50). We found that the anti-PD-1 treatment did not alter the infiltration of cells expressing
0OX40 and 4-1BB in OPLs, suggesting that these molecules are regulated by mechanisms
independent of the PD-1/PD-L1 axis and may not contribute to the immune preventive
effects of PD-1 blockade.

Overall, in this study we provide evidence for the potential clinical benefit of anti-PD-1
antibodies to prevent malignant progression of OPLs. The data strongly suggests that
progression of emerging OPLs can be contained with PD-1 immune checkpoint inhibitors.
Upregulation of CTLA-4 in response to PD-1 blockade suggests that combining PD-1 and
CTLA-4 inhibitors may improve the outcomes. The preclinical data obtained with this
experimental model or oral carcinogenesis provide knowledge that will help us to design
effective trials for prevention treatment of patients considered at high risk of developing
OSCCs.
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Figurel.

PD-1 blockade prevents oral cancer development. (A) Representative images of the gross
appearance of the oral lesions that developed in mice exposed to 4-NQO. The top left panel
shows the normal appearance of an untreated tongue and the rest of the panels show visible
oral lesions induced by 4-NQO. (B) Quantification of the macroscopic lesions observed in
control (1gG) and anti-PD-1 groups, at the completion of the study, 14 weeks after initiation
of the 4-NQO treatment. (C) H&E staining of 4-NQO-induced oral lesions representative of
different stages of carcinogenesis. (D) Number of microscopic lesions scored by counting
the individual lesions detected in each mouse. (E) Incidence rate for low grade oral lesions
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(mild and moderate dysplasia) and high grade lesions (severe dysplasia and carcinoma) that
developed in control and PD-1-treated mice. *P<0.05, **P<0.01.
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Figure2.

Recruitment of CD8+, CD4+ and Foxp3+ cells into oral lesions in response to anti-PD-1
treatment. (A) Immunohistochemical staining for CD8, CD4 and Foxp3 in low-grade oral
lesions induced by 4-NQO in control and anti-PD-1-treated mice. (B—C) Quantification of
the number of positive cells for the indicated markers in (B) low-grade and (C) high-grade
lesions. *P<0.05, ***P<0.001.
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Expression of immune checkpoint and costimulatory molecules in the immune infiltrates of
oral lesions induced by 4-NQO. (A) Immunohistochemical images for the immune
checkpoint molecules PD-1, PD-L1 and CTLA-4 in low-grade oral lesions, and the
corresponding quantification in low-grade and high-grade lesions from control and anti-
PD-1 groups. (B) Immunochistochemical analysis for the costimulatory molecules OX40 and
4-1BB in the indicated oral lesions. *P<0.05, **P<0.01.
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T ?:ell activation and induction of apoptosis in epithelial cells of oral lesions induced by 4-
NQO. (A) Immunohistochemical images for IFN-y, pSTAT1 and Granzyme B in low-grade
oral lesions, and the corresponding quantification in low-grade and high-grade lesions from
control and anti-PD-1 groups. (B) Double staining for TUNEL and K14 and quantification
of apoptosis in oral lesions from control and anti-PD-1 groups. *P<0.05, **P<0.01,
***pP<0.001, ***P<0.0001.
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