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ABSTRACT

Immunotherapeutic treatments in head and neck cancer clinical trials include cancer vaccines targeting
foreign viral antigens or mutational neoantigens derived from cancer-expressed proteins. Anti-tumor
immune responses place cancer cells under selective pressure to lose or downregulate target antigens;
therefore, vaccination against virus- or host- “driver” oncogenes are proposed as a strategy to overcome
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immune escape. Herein, we demonstrate the impact of immunogenic viral antigens on anti-tumor Immune editing;
response and immune editing in MOC2-E6E7, a syngeneic murine oral cancer cell line expressing HPV- immunotherapy;

16 E6 and E7 oncoproteins. Using orthotopic syngeneic models, we observed in vivo tumor growth
kinetics of MOC2-E6E7 is delayed in immunocompetent mice compared to parental MOC2 tumors. In
contrast, tumor growth remained similar in Rag1” mice lacking adaptive immunity. MOC2-E6E7 tumors
demonstrated an “inflamed” or immune-activated tumor microenvironment and greater infiltration of
CD8* T cells compared to MOC2. By real-time PCR, we detected downregulation of £E6 and E7 genes in
MOC2-E6E7 tumors only in immunocompetent mice, suggesting the loss of ectopic viral antigen
expression due to immune editing. We then assessed the efficacy of a biomaterials-based mesoporous
silica rod (MSR) cancer vaccine targeting HPV-16 E7 in our model. Vaccination induced robust infiltration
of antigen-specific CD8* T cells, which led to tumor growth delay and modestly prolonged survival in
MOC2-E6E7 tumors. Increased efficacy was seen in a separate head and neck cancer tumor model, mEER,
which obligately expresses E7 antigen. Collectively, our data highlight the need for both immunogeni-
city and ‘driver’ status of target antigens to be considered in cancer vaccine design.
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Introduction The ability to target immune responses against malignancies
has surged to the forefront of cancer research and treatment in
recent years, demonstrating the potential to generate specific and
durable anti-tumor responses. Significant progress has been made
in cancer immunotherapy, generating encouraging results in the
treatment of cancers such as metastatic melanoma, for which the
5-year overall survival rate has increased from less than 10% to
almost 40%.>” Immune checkpoint inhibitors have been the most
successful cancer immunotherapy approach thus far in solid
tumors and are currently FDA approved as first-line therapy for
several advanced-stage cancers.2'° Nonetheless, HNSCC remains
a challenge since the majority of HNSCC tumors remain resistant
to immune checkpoint blockade, with only 15-20% of the patients
benefiting from this treatment modality. Thus, there is a need to
overcome the challenges and limitations of current immunother-
apeutic strategies used to treat HNSCC." A multitude of

More than 65,000 men and women will develop head and neck
squamous cell carcinoma (HNSCC) this year and currently, it
represents 4% of all cancers in the United States.' The most
common causes of HNSCC include exposure to chemical carcino-
gens such as tobacco and alcohol and viral etiologies such as high-
risk forms of human papillomavirus (HPV). While carcinogen-
and viral-associated HNSCC appear similar histologically, their
demographic profile, anatomic location, mutational landscape,
and response to conventional therapies differ.> Despite advances
in surgery, radiation- and chemotherapy, the 5-year overall survi-
val (OS) has remained at 40-60% for the last 50 years.4 Given the
well-known co-morbidities and recurrence rates associated with
conventional treatments, there is a real need for innovative new
approaches to treating this disease.
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approaches including other immunomodulatory antibodies, chi-
meric antigen receptor (CAR)-T cell therapies, and cancer vac-
cines have been explored.”” Therapeutic cancer vaccines, in
particular, have been used in combination with other immu-
notherapies or as monotherapy.'*

One of the primary determinants of successful cancer immu-
notherapy is the generation of a functional tumor-specific cyto-
toxic lymphocyte pool.'>'* Therapeutic cancer vaccines aim to
activate host T-cells and generate a potent, specific, anti-tumor
response. Dendritic cells (DCs) are critical to this process
because they act as efficient antigen-presenting cells and indu-
cers of T cell immunity."> Current DC vaccination approaches
isolate and activate DCs against tumor antigens ex vivo, and then
re-introduce them to the patient. However, more than 90% of
the transplanted DCs die, few homes to the lymph nodes, and
the ex vivo activated DCs may lose effectiveness after replanta-
tion has occurred.'®

In response to this challenge, we have been investigating
a biomaterial-based cancer vaccine system. Biomaterial platforms
can provide spatiotemporal control over the delivery of multiple
bioactive molecules and/or cells to direct cell behavior and drive
functional tissue formation.'”” With our in situ DC vaccination
approach, the implanted biomaterial scaffold is designed for con-
trolled release of a recruitment factor which promotes the traffick-
ing of immune cells to the implantation site. Once there, recruited
cells such as immature DCs infiltrate the scaffold and are simulta-
neously presented with tumor antigen and pro-inflammatory
“danger signals” in the form of a pattern recognition receptor
(PRR) ligand adjuvant. The mature, antigen-loaded DCs which
are generated then traffic out of the scaffold towards draining
lymph nodes where they can facilitate anti-cancer immunity
through T cell priming and activation.'®** Not only does this
bypass the need for ex vivo DC manipulation and transplantation,
but also allows for the generation of anti-tumor immune cells in
a controlled setting, away from the immunosuppressive milieu of
the tumor microenvironment. Thus, the ability of these engineered
scaffolds to perform in situ cell programming has made them an
attractive technology to improve DC and T cell function in the
context of therapeutic cancer vaccines.'®'**'

The tumor microenvironment and the immunogenic nature
of the tumor cells are critical factors which can affect the efficacy
of biomaterial-based vaccines. Tumor specific-T cell responses
are induced by three classes of antigens: antigens from viral
proteins (e.g. HPV), somatic mutations, and those encoded by
cancer-germline genes.”> Tumor antigens, recognized by, tumor
antigen-specific CD8" T cells induce tumor-specific T-cell
responses because they display a tumor-specific pattern.”* In
viral-associated cancers such as HPV-related HNSCC, antigens
produced within the tumor cells are detected by T cells.
Therefore, vaccines containing long HPV peptides have emerged
as promising therapeutic modalities for HPV-related cancers,
since these long peptides can increase the number and activity of
HPV-16-specific CD4 and CD8 T cells.*>*” Critical for recogni-
tion of tumor antigens by tumor antigen-specific CD8" T cells is
the major histocompatibility complex - Class I (MHC-I) and
antigen processing machinery (APM), which presents processed
tumor antigenic peptides to T lymphocytes.

Most HPV-associated non-cancerous lesions undergo
clearance by HPV-specific circulating CD4" and CD8"

T cells. However, HPV infection occasionally persists, and
the eventual transformation to malignancy is associated with
the viral proteins E5, E6 and E7 which are critical for immune
escape.”®*® Therefore, designing therapies that target these
antigens to enhance clearance of HPV-associated cancer may
be effective.’® For example, vaccination with HPV-E7 linked
to dendritic cells using a fusion protein containing an extra
domain from fibronectin regressed tumor growth and
increased antitumor CD8" T-cell responses in a murine
model of cervical cancer.’® In addition, previous studies
have shown that a biomaterial-based cancer vaccine combin-
ing granulocyte-macrophage colony stimulating factor (GM-
CSF), cytosine-guanine oligonucleotide (CpG-ODN), and
tumor lysates in a mouse melanoma model were able to
increase animal survival by up to 90%.'® More recently,
mesoporous silica rod (MSR)-based biomaterial vaccines
have demonstrated the ability to form structures which pro-
vide a microenvironment that can support and modulate
immune cells in vivo. MSR-based vaccines have also been
shown to confer long-term immunity and protect against
tumor re-challenge in multiple preclinical models*"** and
reviewed in.*>*® These studies illustrate the potential of MSR-
based cancer vaccines to generate a potent anti-tumor effector
T cell response in situ.

Importantly, while targeting clinically relevant antigens such
as HPV E6 or E7 with a vaccine strategy may lead to successfully
targeted immunotherapy against HPV-associated HNSCC, the
host’s anti-tumor immune response can play a role in both
tumor suppression and promotion. The host immune system
shapes tumor fate by “cancer immunoediting”.****

In order to study the effect of vaccine-induced immunologic
targeting on the progression of viral-associated HNSCC, we
utilized MOC2-E6E7, a preclinical model of HNSCC which
expresses a clinically relevant model antigen.”> MOC2-E6E7 is
derived from MOC2, a murine model of carcinogen-associated
HNSCC successfully used as a preclinical tool to study HNSCC,
mimicking several aspects of its human counterpart such as
lymph node metastases and showing cross-species conservation
of its genomic landscape with human HNSCC.>*>® Here we
demonstrate that ectopic expression of the clinically relevant,
tumor-specific antigens HPV-16 E6 and E7 in the MOC2-E6E7
tumor model leads to an initial robust immune response, man-
ifested in an “inflamed tumor” phenotype and delayed tumor
growth. However, the loss of these tumor-specific antigens
through the immunoediting process**** in MOC2-E6E7 tumors
leads to immune escape, contributing to only modest efficacy of
an E7-targeted MSR vaccine. In contrast, we observed enhanced
vaccine efficacy against the HPV-driven mEER tumor model
which requires the presence of HPV oncogenes for continued
growth.*> Given the current widespread interest in neoantigen
identification and therapeutic cancer vaccine development, these
findings suggest that the selection of driver mutations for immu-
nologic targeting may be important.

Results

MOC2-E6E7 tumor growth kinetics

Previous work demonstrated that MOC cell lines have different
growth phenotypes in vivo.”® MOC2 cells showed no difference



in tumor growth when implanted into immunocompromised
RagZ’/ ~ and wild type (WT) mice.”® To determine if MOC2-
E6E7 cells displayed the same growth characteristics as parental
MOC2, they were compared both in vitro and in vivo. Growth
rates of these two cell lines were similar in vitro (Supplemental
Figure 1). However, when MOC2 and MOC2-E6E7 cells were
inoculated in the oral cavity of C57BL/6] WT mice and their
tumor growths compared, we found that MOC2-E6E7 displayed
different tumor growth kinetics from parental MOC2 in these
immunocompetent mice. MOC2-E6E7 tumors showed
a significant growth delay versus MOC2 tumors. Interestingly,
MOC2-E6E7 and MOC2 tumor growth kinetics were similar in
Ragl”" mice, indicating the delay in growth of MOC2-E6E7
tumors in immunocompetent mice is T-cell-mediated (Figure 1).

E6 and E7 mRNA expression in MOC2-E6E7 tumors

To determine if the delay in the growth of MOC2-E6E7 tumors
compared to parental MOC2 tumors was attributed to immune
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surveillance and editing, we assessed E6 and E7 mRNA expression
in MOC2-E6E7 early-stage (6 mm) and late-stage (10 mm) tumors
depleted of CD45" cells in WT and Ragl”" mice (Figure 2). For
controls, E6 and E7 mRNA expression at similar time-points in
CD45 depleted-mEER tumors were determined. As expected, E6
and E7 mRNA expression were maintained in the HPV-driven
mEER tumors. Interestingly, E6 and E7 mRNA expression were
reduced in MOC2-E6E7 tumors (as compared to MOC2-E6E7
cells grown in vitro) while expression of E6 and E7 was consistently
higher in MOC2-E6E7 early- and late-stage tumors grown in
Ragl™ mice. We observed that the levels of E6 and E7 expression
in early-stage MOC2-E6E7 tumors appeared to be low. In vitro E6
and E7 expression was maintained over a period of two weeks
both in the presence/absence of puromycin selection media
(Supplemental Figure 2). Collectively, our data showed reduced
E6 and E7 expression in MOC2-E6E7 tumors when grown
in immunocompetent mice whereas expression remained
unchanged in immunocompromised mice over time, suggesting
that immunoediting was taking place.

- 2
uuul|u|||n|nn‘,||u|
12 13 1.
C. 14
121
€
E10;
8
o 84
S
)
o 6
]
g 4_ @ MOC2
= # MOC2- pBABE-PURO
0l +« MOC2- EGE7

10 15 20 25 30 35 40

0 5
Days Post-Tumor Inoculation

Figure 1. Growth of MOC2-E6E7 in immunocompetent mice is delayed vs. growth of MOC2.
Wild type or Rag1”” C57BL/6J mice were injected with MOC2, MOC2-pBABE-PURO or MOC2-E6E7 cells in the oral cavity and tumor growth monitored. Representative
image of tumor growth in wild type mice injected with MOC2 (left) and MOC2-E6E7 (right) 15 days after oral inoculation (a). Tumor growth was delayed in MOC2-
E6E7 vs. MOC2 in immunocompetent mice (¥, p = 0.0001 vs MOC2 and MOC2-pBABE-PURO), (b) whereas in Rag?’/’ immunocompromised mice tumor growth rates
were similar (c) (n = 10/group, except for Ragl'/' MOC2, n = 9). Error bars, as mean + SEM.
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Figure 2. £6 and E7 expression in early and late MOC2-E6E7 tumors in immunocompetent and immunocompromised mice.

E6 (a) and E7 (b) mRNA expression were determined relative to that of B-actin in CD45-depleted MOC2-E6E7 tumors from C57BL/6J wild type or Rag1” mice. As
controls, E6 and E7 expression in CD45-depleted mEER tumors were determined. E6 and E7 expression are maintained in mEER and MOC2-E6E7 tumors grown in
Rag1”" mice while a loss of £6 and E7 expression is observed in MOC2-E6E7 tumors grown in wild type mice. 2, p < 0.0001 vs. E6 mRNA expression in mEER 6 mm
tumors, ®, p < 0.0001 vs. E6 mRNA expression in mEER 10 mm tumors p = 0.0032; , p < 0.0001 vs. E7 mRNA expression in mEER 6 mm tumors. q p < 0.0001 vs. E7
mRNA expression in mEER 10 mm tumors, ¢, p = 0.0102 vs. E7 mRNA expression in mEER 10 mm tumors, f p = 0.0002 vs. E7 mRNA expression in MOC2-E6E7 10 mm

tumors. Error bars, as mean + SD.

MOC2-E6E7 tumors are characterized by an inflamed
phenotype

In order to determine if the immunophenotype of the MOC2-
E6E7 tumor microenvironment differed from MOC2, we first
comprehensively profiled immune-related gene expression in
MOC2-E6E7 and MOC2 tumors, using cell lines and normal
mouse oral mucosa as controls in nanoString™s PanCancer
Immune Profiling Panel (mouse) (Figure 3(a-d)). Multiplex
gene analysis including 770 genes was performed that
included up to 40 reference genes. Several genes associated
with a T-cell inflamed status such as CD4, CD8, IL-12, Gzmb,
Idol, Prfl, Statl, PD-L1, Pdcdl, Ifng, and Tnf were upregu-
lated in MOC2-E6E7 tumors. CD4 and IL-12 expression
increase were not significant (Figure 3(c)). Collectively, our
data confirms a T-cell inflamed microenvironment in MOC2-
E6E7 tumors, characterized by cytotoxic effector molecules,
antigen presentation functions, IFN-y signaling and T-cell
functions (Figure 3 (b-d)). We then sought to compare the
immune cell infiltrate in the tumor microenvironment, drain-
ing lymph nodes and blood of MOC2 and MOC2-E67 tumor-
bearing mice on day 16 post-tumor inoculation (Figure 4(a-f),
Supplemental Figure 3) by analytical flow cytometry. We
observed a significantly increased quantity of CD8" tumor-
infiltrating lymphocytes (TILs) (12.5%) in the Day 16 MOC2-
E6E7 tumors (Figure 4(a)) compared to MOC2 tumors. CD4"
TILs were similar in both MOC2-E6E7 and MOC2 tumors
(Figure 4(b)). We observed similar differences in proportions
of CD8" and CD4" cells amongst CD45" and CD3" cells
(Figure 4(a,b)). FoxP3 and myeloid-derived suppressor cells
accumulated in both MOC2-E6E7 and MOC2 tumors at
a similar rate (Figure 4(c,d)). An increase in the ratio of
CD8"/regulatory T cells (Treg) was also observed in MOC2-
E6E7 tumors (Figure 4(e)). Collectively, we observed that
MOC2-E6E7 tumors are characterized by an increase in
CD8" TILs using flow cytometry.

Conventional H&E examination of MOC2-E6E7 tumors
showed abundant lymphocyte infiltration (Supplemental
Figure 4). Additional immunophenotyping of the MOC2-E6E7
tumor microenvironment on day 15 was performed using multi-
plex immunohistochemistry staining (Figure 5(a)) and quantifi-
cation (Figure 5(b)). Altogether, our data indicate that MOC2-
E6E7 tumors display an inflamed tumor phenotype with an
increased CD8" T cell infiltrate and markers of cytolytic activity.

MSR-vaccines generate a tumor-specific cytotoxic
T-lymphocyte response in MOC2-E6E7 tumor-bearing
mice

Previous work from the Mooney laboratory has investigated
the potential of MSR-based vaccines to induce adaptive
immune responses and building tumor immunity.”’ We first
sought to characterize MSRs in our laboratory (Supplemental
Figure 5) and formulated injectable MSR vaccines
(Supplemental Figure 6) for a therapeutic vaccination study
in MOC2-E6E7 tumor-bearing mice. Prior to the efficacy
study, we sought to examine if injectable MSR-vaccines were
able to generate an E7-specific response in MOC2-E6E7
tumor-bearing mice treated with PBS alone or vaccinated
with the E7 peptide-loaded MSR vaccine (Figure 6(a-g), See
supplemental Figure 7). Blood, tumors, spleen, inguinal and
cervical lymph nodes were harvested from both groups on day
13 post-tumor inoculation and processed by flow cytometry
to investigate antigen-specific T-cell responses. While both
PBS-treated and MSR vaccine-treated MOC2-E6E7-bearing
mice showed comparable TILs, Tregs, MDSCs and other
inflammatory myeloid cell infiltration in the tumor microen-
vironment and other harvested tissues, E7-tetramer-positive
CD8" lymphocytes (2%) were only observed in the tumors of
the MSR-vaccinated group (Figure 6(a-e)). Collectively, this
data indicates that treatment with an E7 peptide-loaded MSR-
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Figure 3. Differential gene expression analysis and pathway activity of MOC2-E6E7 tumors show the inflamed phenotype.

Multiplex gene expression analysis using nanoString™'s Pan Cancer Immune Profiling panel revealed that MOC2-E6E7 tumors show greater upregulation of immune-
related genes compared to MOC2 tumors. Heat map representation of gene clustering of MOC2, MOC2-E6E7 cell line and tumors in replicates with blue indicating
gene downregulation and orange indicating upregulation (a). Heat map representation of genes from the different groups clustered according to pathway activity
(b). Volcano plots showing differential gene expression (c) and pathway activity (d) show the inflamed phenotype of MOC2-E6E7 tumors in comparison with MOC2

tumors.

vaccine was able to generate an E7-specific CD8 + T cell
response that could result in anti-tumor immunity.

MSR-vaccines prolong survival and delay tumor growth
in MOC2-E6E7 and mEER tumors

We next determined the efficacy of E7 peptide-loaded MSR-
vaccines targeted against MOC2-E6E7 tumors. MSRs loaded
with E7 antigen in addition to GM-CSF and CpG-ODN promoted
a statistically significant prolongation of survival in MOC2-E6E7
tumor-bearing mice (Figure 7(a)) when compared with PBS con-
trol treated groups. Tumor growth curves for the MSR vaccine-
treated group showed a delay in tumor growth kinetics as well
(Figure 7(b)). Interestingly, HPV-driven mEER tumor-bearing
mice that were treated with the E7 peptide-loaded MSR vaccine
showed even more robust prolongation of survival versus mice
treated with PBS controls (Figure 7(d)). mEER tumor growth

kinetics were also significantly slowed in vaccine-treated animals
(Figure 7(e)). In mEER flank-tumor bearing mice, we also
observed similar effects (Supplemental Figure 8). Collectively, we
determined that MSR-based vaccines loaded with E7 in combina-
tion with GM-CSF and CpG-ODN enabled a modest prolongation
of survival and delayed tumor growth in carcinogen-driven
MOC2-E6E7 tumor-bearing mice, with improved efficacy seen
in HPV-driven mEER tumor-bearing mice (Figure 7(g)).

Discussion

Despite the encouraging efficacy of immunotherapy in several
types of cancer, the treatment of HNSCC with this modality
remains a challenge. Survival rates of HNSCC patients receiving
conventional multi-modality treatment have been relatively
stagnant for decades and even those treated with FDA-
approved immunotherapies such as checkpoint inhibition



e1568809-6 N. DHARMARAJ ET AL.

®
B

CD8+ cells

N

8
[ moc2

[J Moc2
0 moc:
[ moc2-E6E7

2-E6E7

0O moc2
[ moc2-E6E7

S0P
IS 3
»

CDB8+ as % of CD45+ cells

CDB8+ as % of CD3+ cells
CD4+ as % of CD45+ cells

CD4+ cells £,
80

. [ moc2
. og | . MOC2 MOG2-E6E7

:v 60
-: E |:| 1% 12.5%

S a0

é cbs

cD4

oo
==z

[J moc2

0c2
I0C2-E6E7
O mMoc2-E6E7

@

»
MDSC+ as % of CD45+ cells

E .

HE

[0 moc2
O moc2-E6E7

N
N
g
X

CDB8:Treg ratio

cD11b

Figure 4. MOC2-E6E7 tumors have increased T-cell immune infiltrate.

Tumors, lymph nodes and blood from MOC2 and MOC2-E6E7 tumor-bearing mice were harvested at day 16 post-tumor inoculation and analyzed by flow cytometry
(n = 10 mice/group). Increased CD8" cells were observed in MOC2-E6E7 generated tumors. Quantification for CD8" and CD4* cells was done among CD45" and CD3*
cells (a and b). Quantification of TILs (a-e) and representative flow cytometry dot plots are shown (f). ****, p < 0.0001; *, p = 0.0342. Error bars, as mean + SEM.
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Figure 5. Multiplex fluorescent immunohistochemistry of MOC2-E6E7 tumors at day 15 shows T-cell infiltration.

Representative image after multispectral imaging for CD8, CD4, FoxP3, cytokeratin-8/18 together with a nuclear marker, DAPI in MOC2-E6E7 tumor at Day 15 (a).
Tumor sections from day 15 were sequentially stained using Opal fluorophores for Ck8 (yellow), FoxP3 (white), CD8 (red), CD4 (green) and DAPI (blue). Images were
taken on the Vectra platform and analyzed using InForm for quantitation of immune cells. The median value is represented by the line drawn at the center. The
above and below whiskers show the maximum and minimum values, respectively (b).

show an overall survival rate of only about 20%. This under-
scores a need for innovative approaches to treat this
disease.**** In particular, biomaterials-based cancer immu-
notherapy platforms have arisen as a way for investigators to
enhance conventional immunotherapeutic strategies.”'>>*7*
The parallel development of immunocompetent preclinical
models of HNSCC has also been important. Uppaluri and
colleagues®™*® previously established a syngeneic murine
model of HNSCC that displays high fidelity with human
HNSCC™ and identified key immune components to delineate
therapeutic targets in immunocompetent C57BL/6] mice.*
While these MOC tumor models have shown utility both in
modeling the “inflamed” tumor microenvironment’*” and use
as a testbed for various immunotherapeutic strategies,””***’ the
absence of a clearly defined tumor-specific antigen makes it
a challenge to study therapeutic cancer vaccines, the generation

of specific anti-tumor immune responses, and immunoediting.
High-risk HPV 16 and 18 are well-known etiologies of
HNSCC>*" and the immunogenic nature of their E6 and E7
oncoproteins identify them as ideal tumor-specific antigens for
immunotherapeutic targeting. We, therefore, generated MOC2-
E6E7, a syngeneic murine model of HNSCC which allowed us
to study the in vivo effects of expressing clinically relevant
model antigens (HPV-16 E6 and E7) on a previously immuno-
logically “cold” MOC2 tumor, while simultaneously giving us
the ability to target a tumor-specific antigen with
a biomaterials-based cancer vaccine.

Although there were no differences in the in vitro growth
kinetics of parental MOC2 and MOC2-E6E7, MOC2-E6E7
had a delayed growth phenotype in vivo in immunocompetent
C57BL/6] mice. The reverse was observed in Ragl”" immu-
nocompromised mice with tumor growth rates similar to
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Figure 6. Mesoporous silica rod (MSR)-based vaccine formulations induces a tumor antigen-specific-CD8* T-cell response in MOC2-E6E7 tumors.

Tumors, blood, spleen, inguinal and cervical lymph nodes from PBS (MOC2-E6E7-PBS) and MSR-vaccinated (MOC2-E6E7-VAX) MOC2-E6E7 tumor-bearing mice were
harvested at day 13 post-tumor inoculation and analyzed by flow cytometry (n = 10 mice/group). Increased E7-specific CD8" cells were observed in MOC2-E6E7
generated tumors (¥, p = 0.034). Quantification for CD8* and CD4" cells was done among CD45" and CD3* cells (a and b). Quantification of data (a-f) and

representative flow cytometry dot plots are shown (g). Error bars, as mean + SEM.

MOC2 and MOC2-E6E7 in vivo. Our investigations revealed
that the in vitro expression levels of the target antigens, E6
and E7 is maintained at low levels. However, in vivo examina-
tion of E6 and E7 expression at early and later time-points of
tumor growth in wild type and immunodeficient mice dif-
fered. Interestingly, tumors depleted of immune cells (CD45
depletion) after harvest had reduced E6 and E7 expression
levels in immunocompetent mice whereas levels of E6 and E7
expression were maintained in Ragl 7~ immunocompromised
mice emphasizing that the loss of expression is not a ‘dilution’
effect due to the presence of immune cells. Reduced levels of
E6 and E7 expression in MOC2-E6E7 bearing tumors resulted
from ‘cancer immunoediting’. In this paradigm, the host
immune system plays a protective role by destroying tumor
cells in the elimination phase, and if all tumor cells are
destroyed, then the endpoint of the immunoediting process
is reached. However, rare tumor cell mutants may escape
elimination and subsequently enter an equilibrium phase
where overall tumor growth is controlled, but the immuno-
genicity of the tumor is being actively sculpted (and reduced)
by host immune cells. As the “fittest” residual tumor cells with
low antigenicity and MHC-I expression survive, eventually
the tumor cell population acquires the most immunoevasive
mutations and escapes immune control, leading to tumor
growth. Similar to an earlier study, it seems that cancer
immunoediting is a T-cell dependent immune-selection pro-
cess leading to the growth of tumor cells lacking immunodo-
minant rejection antigens (in this case ectopically-expressed
E6 and E7 antigens) that display weak immunogenicity.”> The
delayed, but eventual growth of MOC2-E6E7 tumors in

immunocompetent mice is best this
phenomenon.

Multiplex gene expression analyses and flow cytometric
analyses of MOC2 and MOC2-E6E7-generated tumors estab-
lished that MOC2-E6E7 displays an inflamed tumor pheno-
type. By nanoString™ analyses, we observed increases in
expression of genes involved in T cell functions (CD8"
T cells), MHC functions, antigen-processing machinery, and
interferon regulatory genes in MOC2-E6E7 tumors when
compared to MOC2 tumors. Flow cytometry analyses revealed
the presence of Treg cells, MDSCs and other inflammatory
myeloid cells in MOC2-E6E7 bearing tumors. The percentage
of CD8" T cells was higher than that of the Tregs. Multiplex
immunohistochemical staining of MOC2-E6E7 tumors also
confirmed the presence of a robust — CD8" T cell infiltrate.
The presence of both CD8" T cells and Tregs was similar to
results obtained from flow cytometry and gene analysis. The
efficacy of immunotherapy has been shown to be dependent
upon the cancer being an immunogenic ‘hot’ tumor and not
a hypoimmunogenic ‘cold” tumor.> Given our flow cytometry
results, gene analysis and multiplex immunohistochemistry,
we defined that the presence of the model antigens in MOC2-
E6E7 altered the immunophenotype typically seen in the
parental MOC2 tumor microenvironment. MOC2-derived
tumors have a less inflamed phenotype and display aggressive
and rapid tumor growth kinetics.”® Indeed, we observed
increased CD8" T cell infiltration into the tumor microenvir-
onment in MOC2-E6E7 tumors.

Having established that MOC2-E6E7 tumors display an
inflamed tumor phenotype with evidence of robust anti-

described by
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Figure 7. MSR-based vaccine prolongs survival and delays growth of MOC2-E6E7 tumors.

Vaccine efficacy study using injectable MSRs loaded with GM-CSF, CpG-ODN and antigen (E7 synthetic long peptide) in MOC2-E6E7 (a-c) and mEER (d-f) tumors,
administered 3 days after tumor inoculation. Kaplan-Meier survival curves of tumor-bearing mice given E7-loaded MSR vaccines and PBS controls (a) and (d). Log-
rank test was employed to measure significance (***, p = 0.0002 for MOC2-E6E7; ***, p = 0.0001 for mEER). Individual tumor growth curves in PBS controls and MSR
vaccine-treated groups (n = 20 mice for PBS; n = 13 for vaccine group for MOC2-E6E7 and n = 9 for mEER challenged-tumors) (c) and (f). Comparison of tumor
growth rates show delayed MOC2-E6E7 (b) and mEER (e) tumor growth in MSR vaccine-treated mice versus PBS controls. Prolongation of survival is enhanced in
vaccine-treated mEER tumors as compared to MOC2-E6E7 tumors (**, p = 0.0039) (g).

tumor immunity, we subsequently investigated whether the
efficacy of an MSR-E7 peptide cancer vaccine would be
affected by targeting a non-essential model antigen in the
context of tumor immunoediting. Treatment with the bioma-
terials-based vaccine generated an E7-specific CD8" T cell
response within the tumor microenvironment, although the
mean percentage of CD8" cells, Tregs, MDSCs and other
inflammatory myeloid cells did not differ between treated
and untreated tumors. Furthermore, Li et al. demonstrated
that CD8" T-cell depletion using anti-CD8a monoclonal anti-
body abrogates the effectiveness of the MSR vaccine system,
indicating the anti-tumor effect of this biomaterial-based vac-
cine approach is mediated by CD8" T cells.”” These findings
suggest that injectable MSR-based biomaterials may serve as
a multifunctional vaccine platform to modulate host immune
cell function and provoke tumor-specific adaptive immune
responses.”!

Not surprisingly, the loss of E7 antigen via immunoediting in
MOC2-E6E7 affected the efficacy of the MSR-based vaccine.
Treatments with the E7-loaded MSR-vaccine resulted in
improved survival and reduction of MOC2-E6E7 tumor growth
rate compared to treatments with PBS alone. Seeing that

treatment of MOC2-E6E7 tumors with the MSR-based E7 vaccine
had only modest survival benefit (increase in median survival
from 30 days to 37 days), we next tested the same vaccination
approach in mEER tumors, which represent an HPV-driven
HNSCC model (as opposed to MOC2-E6E7 whose model anti-
gens are merely passengers in the carcinogen-induced, mutation-
driven MOC2 model). Previous work has shown that mEER
tumors require both E6 and E7 to maintain their
tumorigenicity43 and continued E6 and E7 antigen expression
within mEER tumors over time was also verified. The MSR-
based E7 vaccine was capable of evoking better efficacy in
mEER tumor-bearing mice with prolonged survival and
a decrease in tumor growth rate as compared to MOC2-E6E7
tumor-bearing mice. Thus, while an inflamed tumor phenotype
has traditionally been seen as a favorable prognostic marker for
immunotherapy approaches, our findings suggest that this para-
digm may be dependent on the modality of immunotherapy
chosen, ie., checkpoint inhibitors vs. vaccination approaches.
This data has general implications for cancer vaccine design,
whereby investigators should not only consider the immunogeni-
city of a tumor-specific antigen, but also whether the target is
a “driver” mutation essential to tumor survival or merely an



immunogenic “passenger” that can be eliminated without signifi-
cant implications for the tumor cell population.

Modifications to MSR surfaces have been reported to regulate
immune cell infiltration.”* Results from the Mooney lab utilizing
the MSR-polyethylenemine (PEI)-based vaccine approach using
E7 peptide elicited a higher vaccine efficacy in TC-1 tumors.”
The differences in our present study include methods employed
for MSR formulations (i.e. without PEI), type of tumor (a highly
immunoedited challenging oral tumor model), site of tumor
inoculation (orthotopic inoculation) and the distance from the
vaccine site (flank) to the tumor site (oral cavity). In addition, the
MSR-vaccine formulation differed by using double the dose and
then dividing into two flank sites unlike previously reported.*">*
Nevertheless, our results exhibit a delay in tumor growth in the
challenging syngeneic MOC2-E6E7 tumor model.

In summary, we have described a syngeneic model of HNSCC,
MOC2-E6E7 that expresses well-defined tumor-specific antigens
and allows for the study of immunoediting and the downstream
implications on targeting these ectopic immunogens in the con-
text of therapeutic cancer vaccines. While the initial expression of
the model antigens E6 and E7 led to a robust immune response
resulting in an inflamed tumor phenotype and delayed tumor
growth, the eventual loss of these targets via immunoediting
rendered these tumors resistant to cancer vaccines targeting
these epitopes. In contrast, the mEER model of HNSCC which
is HPV-driven, appeared to be more amenable to E7-vaccine
treatment, implying both immunogenicity and the “driver” status
of targets should be given consideration in cancer vaccine design.

Materials and methods
Materials

All chemicals used were reagent grade or better. All reagents
used for the experiments were purchased from VWR (Radnor,
PA), Fisher Scientific (Pittsburgh, PA) or Sigma Aldrich
(St. Louis, MO) unless otherwise indicated.

Plasmids

pBABE-puro was a gift from Hartmut Land & Jay
Morgenstern & Bob Weinberg (Addgene plasmid # 1764).>
p1321 HPV-16 E6/E7 was a gift from Peter Howley (Addgene
plasmid # 8641).>°

Animals

For tumor experiments, 6-8-week old wild-type C57BL/6] or
Ragl”" female mice were obtained from Jackson Laboratory.
Mice were maintained in standard housing conditions for the
duration of the study. All protocols were in accordance with the
guidelines for humane treatment of laboratory animals by the
National Institutes of Health, the Animal Welfare Committee and
the Center for Laboratory Animal Medicine and Care (CLAMC)
at the University of Texas Health Science Center at Houston.
mEER flank tumor experiments in 6-8 week old male C57BL/6]
mice and animal care procedures were approved by the Baylor
College of Medicine Institutional Animal Care and Use
Committee and were conducted at Baylor College of Medicine.
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Murine tumor cell lines

The murine oral cancer cell line, MOC2 was generously
provided by Dr. Ravindra Uppaluri (Dana-Farber Cancer
Institute, Harvard University, Boston) and maintained as pre-
viously described.’® The MOC2-E6E7 cell line was generated
by retroviral transduction of HPV-16 E6 and E7 in parental
MOC2 cells. Briefly, the E6 and E7 coding region was cloned
from p1321 HPV-16/E6/E7 and inserted between the BamHI
and Sall sites of pBABE-puro and confirmed by sequencing.
The vector was sequenced to confirm the presence of the
transgenes and then used to produce VSV-G pseudotyped
retrovirus using the Retro-X™ Universal Packaging System
(Clontech, 631530). Parental MOC2 cells were treated with
a retrovirus in the presence of 8 pg/ml polybrene (EMD
Millipore, TR-1003-G) overnight. After culturing for two
days, the cells were selected for transgene expression by cul-
turing in medium containing 4 pg/mL puromycin dihy-
drochloride (Sigma, P8833) for 7 days. MOC2-E6E7 cells
were maintained in medium in the presence of 4 ug/mL
puromycin. The MOC2-pBABE-puro (empty vector) cell line
was generated using a similar protocol. Both MOC2 and
MOC2-E6E7 cell lines were routinely tested for mycoplasma.
E6 and E7 expression in the MOC2-E6E7 cell line was con-
firmed by qRT-PCR (Supplemental Figure 2). Cells were
harvested in log-phase growth before injection into mice.
The HPV-driven mEER murine HNSCC cell line was main-
tained and provided by Dr. Andrew Sikora (BCM).**"7

In vitro growth rate

MOC2, MOC2-pBABE-PURO and MOC2-E6E7 cells were
seeded in 6-well plates at 10,000 cells/well in medium free of
puromycin. Cells were harvested at days 3, 4 and 5 post-
seeding. Cell count and viability was performed and analyzed
using a Muse® Cell Analyzer Muse® Cell Analyzer
(MilliporeSigma, 0500-3115) (Supplemental Figure 1).

In vivo tumor growth rate

MOC2, MOC2-pBABE-PURO, and MOC2-E6E7 tumors were
established by injecting 30,000 cells into the maxillary vesti-
bule of the left oral cavity in C57BL/6] or Ragl”” mice. mEER
tumors were established by injecting 500,000 cells into the
maxillary vestibule of the left oral cavity in C57BL/6] mice.
Tumor size measurements (in diameter) were taken two to
three times per week to monitor tumor growth using digital
calipers to measure the longest dimension (single dimension).

Characterization of mesoporous silica rods, preparation
of vaccine and subcutaneous injection

Mesoporous silica rods (MSRs) were synthesized as previously
described.*' Tmaging was performed at the NanoCharacterization
Core at Baylor College of Medicine. Scanning electron microscopy
(SEM) characterization of MSRs was performed with a Hitachi
FE-SEM SU8230. The low magnification image was taken by
sprinkling MSRs on carbon tape and imaging at 5.0 kV with
600X magnification. The high-resolution image utilized
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a scanning transmission electron microscopy (STEM) detector, by
dipping a 200-mesh carbon TEM grid with Cu support. The
image was taken at high resolution with a low accelerated voltage
of 1.0 kV at 220,000X magnification (Supplemental Figure 5).
Preparation of the MSR vaccine was done as previously
described.”" Briefly, 5 mg of MSRs loaded with bioactive reagents
including 1 pg recombinant murine GM-CSF (Peprotech, 315-
03) + 50 ug CpG-ODN (Invivogen vac-1826-1) + 50 ug E7
synthetic long peptide (Peptide2.0, GQAEPDRAHYNIVTFCC
KCDSTLRLCVQSTHVDIR), suspended in cold PBS (150 pl)
were injected subcutaneously in the bilateral flanks of mice
using an 18-gauge needle (Supplemental Figure 6).

Tissue processing, cell separation and flow cytometry

Blood, tumors, spleen, cervical and inguinal lymph nodes
were harvested from tumor-bearing mice for flow cytometric
analysis. Preparation of single-cell suspensions from harvested
tissues and blood was performed according to a standard
protocol (see supplementary material and methods for
details). To enrich these suspensions for tumor-infiltrating
lymphocytes (TIL), the digested tumor single cell suspensions
were first enriched for lymphocytes using Lymphoprep™
(Stemcell, 07801), prior to staining. A lymphoid staining
panel of antibodies was then utilized including: CD45-PE-Cy
7 (Clone30-F11, 60-0451-U100), CD19-FITC (clone 1D3, 35-
0193-U100), CD3e-PE (clone 145-2C11, 50-0031-U100),
CD4-PerCP-Cy5.5 (clone RM4-5, 65-0042-U100), CD8-APC
(clone 53-6.7, 20-0081-U100), all from Tonbo Biosciences. E7
tetramer-BV421 was obtained from the NIH Tetramer Core
Facility, Emory University (H-2D” RAHYNIVTE). For detec-
tion of myeloid and Treg cell subsets, an antibody panel
including CD45-PE-Cy7, Gr-1-FITC (Clone RB-6-8C5;
ThermoFisher, 50-133-29); CDI11b-PE (Clone M1/70;
ThermoFisher, 12-0112-81), CD4-PerCP-Cy5.5, CD25-BV
421 (Clone 3C7; BD, Biosciences, 566228), and FoxP3-APC
(Clone FJK-16s; ThermoFisher, 17-5773-80) was used. Dead
cells were excluded via Near IR live/dead staining
(ThermoFisher, L10119). Specific staining was validated
using the ‘fluorescence minus one’ method as a control.
Data were acquired on a LSRFortessa X-20 Cell Analyzer
using FACSDiva software (BD Biosciences) and analyzed on
FlowJo software vX10.0.7r2. See Supplemental Figures 9 and
10 for flow gating strategy.

E6 and E7 expression by qRT-PCR

Freshly dissected MOC2-E6E7 tumors (6 mm, early time
point or 10 mm, late time-point) from C57BL/6] or Ragl'/ )
mice or mEER (6 mm or 10 mm) tumors from C57BL/6] were
processed into single-cell suspensions by mincing and chemi-
cal dissociation (Tumor Dissociation Kit, Miltenyi Biotec,
130-096-730) as per the manufacturer’s protocol. Isolated
cell suspensions were filtered through 70 puM filters and
enrichment of the tumor cell population was performed on
an AutoMACS Pro (Miltenyi Biotec) separator using murine
anti-CD45 microbeads (Miltenyi Biotec, 130-052-301) to
deplete leukocytes. The enriched tumor cell population was
spun down and resuspended in TRIzol™ (ThermoFisher,

15596026) for RNA extraction. cDNA was synthesized using
qScript™ ¢DNA SuperMix (QuantaBio, 95048-100). Gene
expression was determined relative to B-actin using the indi-
cated primers (IDT) on a CFX iCycler (Bio-rad).

Immune profile expression

Differences in the immune profile expression between MOC2
and MOC2-E6E7 tumors at day 14 were determined by per-
forming multiplex gene expression analysis with the nCounter
PanCancer Immune Profiling Panel (nanoString™, Seattle,
Washington). Raw read counts from the nanoString™
PanCancer Immune Profiling Panel were normalized by
nanoString™ nSolver (version 3.0) following the manufac-
turer’s instructions. Briefly, the normalization subtracted the
background measured by a negative control probe set, and the
geometric mean of a set of housekeeping genes was then used
as the normalization factor to scale the read count for each
sample. The normalized read counts were log2-transformed
and used for differential gene expression analysis by the
R package “limma”.>® We defined genes as differentially
expressed if they displayed a fold change larger than 2 and
an adjusted P value (Benjamini-Hochberg procedure) less
than 0.05 in a pairwise comparison. To calculate the com-
bined activity for a functional gene group, we downloaded the
gene set annotation from nanoString™

(https://www.nanostring.com/download_file/view/436/
3808). (Note that like all pathway databases, such gene sets are
subjected to some arbitrary definition. Nonetheless, the
majority of the gene sets are consistent with our understand-
ing in cancer immunology and are unbiased from our per-
spective). We then used the single sample GSEA algorithm
(ssGSEA)*’ to project the gene expression into pathway activ-
ity scores. The ssGSEA we used was implemented in the
R package “GSVA”.%° Pairwise activity scores were compared
with the “limma” R package and an adjusted P value
(Benjamini-Hochberg procedure) less than 0.05 was set to
define differential activated pathways in the comparison. All
differential analysis was performed under the R computation
environment (3.4.0).

Multiplex immunohistochemistry

Day 15 tumors were collected, frozen in Tissue Tek Optimal
Cutting Temperature (Sakura Finetechnical, 6255001) and pre-
served at -20°C until cryosectioning for multiplex immunohis-
tochemistry. 5 pm tumor sections were prepared on a Leica
CM3050 S Cryostat (Leica Microsystems Inc.) mounted on
Superfrost blue slides (Fisher Scientific) and tumor histology
was confirmed by H&E staining. Multiparametric immune pro-
filing was performed with certain modifications to protocols as
mentioned in references®** and the Opal™Assay Development
guide (PerkinElmer). Sections were sequentially stained for four
different antigens. Each staining step involved blocking with
bovine serum albumin (BSA), application of primary antibody
and corresponding secondary horseradish peroxidase-
conjugated polymer antibodies, followed by the covalent binding
of a different fluorophore using tyramide signal amplification.
Briefly, frozen sections were allowed to dry for 30 min at room
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temperature (RT), fixed in 10% neutral buffered formalin
(ThermoScientific) for 15 min at RT, rinsed in distilled water
for 2 min, followed by rehydration in 1X TBS-T for 2 min.
Antigen retrieval was performed with AR6 or AR9 buffers
(PerkinElmer, AR600250ML; AR900250ML) in an EZ-
Retriever System (Biogenex, MW014-MO), at 95°C for 15 min.
Slides were allowed to cool before processing for staining using
the Opal™ 5-color fIHC kits (PerkinElmer, NEL795001KT).
Antibodies were used in the following order to detect cytokeratin
8/18 (TROMA-1, TROMA-I was deposited to the
Developmental Studies Hybridoma Bank, the University of
Iowa by Brulet, P./Kemler, R), Technology), FoxP3 (clone FJK-
16s, ThermoFisher, 14-5773-80), CD8a (clone D4W2Z, Cell
Signaling  Technology, 98941), CD4 (clone 4SM95,
ThermoFisher, 14-9766-80). TSA-Opal 520, TSA-Opal 540,
TSA-Opal 620 and TSA-Opal 690 were applied to each antibody
in the order stated. All staining from blocking to TSA-signal
amplification was performed on an inteliPATH FLX automated
slide stainer (Biocare Medical, IPS0001). Sections were then
counterstained  with  Spectral DAPI  (PerkinElmer,
NEL795001KT) and mounted with Fluoromount-G™ (Electron
Microscopy Services, 17984-25), manually. Slides were imaged
using the PerkinElmer Vectra platform and analyzed using
inForm image analysis software at the University of Texas MD
Anderson Cancer Center North Campus Flow Cytometry and
Cellular Imaging Core Facility (Houston, TX).

Statistical analysis

Growth spline modeling analysis was performed to test
significances for tumor growth kinetics. Tests of signifi-
cance between pairs of data are reported as p-values,
derived using a student’s t-test with a two-tailed distribu-
tion and calculated at 95% confidence. Comparison of
multiple sets of data was achieved with an analysis of
variance with Tukey’s multiple comparisons. Survival ana-
lysis was determined by Log-Rank (Mantel-Cox) analysis.
All error bars indicate standard error of measurement
unless indicated otherwise. The analysis was performed
using GraphPad Prism v7 or SPSS statistical analysis
software.
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