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Abstract

There is a critical need to understand mechanisms of resistance and develop combinatorial
strategies to improve responses to checkpoint blockade immunotherapy (CBI). Here we uncover a
novel mechanism by which the human papillomavirus (HPV) inhibits the activity of CBI in head
and neck squamous cell carcinoma (HNSCC). Using orthotopic HNSCC models we show that
radiation combined with anti-PD-L1 immunotherapy significantly enhanced local control, CD8*
memory T-cells, and induced preferential T-cell homing via modulation of vascular endothelial
cells. However, the HPV E5 oncoprotein suppressed immune responses by downregulating
expression of MHC and interfering with antigen presentation in murine models and patient tumors.
Furthermore, tumors expressing HPV E5 were rendered entirely resistant to anti-PD-L1
immunotherapy and patients with high expression of HPV16 E5 had worse survival. The anti-viral
E5 inhibitor rimantadine demonstrated remarkable single agent anti-tumor activity. This is the first

Corresponding author: Andrew B. Sharabi, University of California, San Diego Moores Cancer Center, Radiation Medicine and
Applied Sciences, 3855 Health Sciences Drive, MC 0843, La Jolla, CA 92093, Tel: 858-822-6040, Sharabi@ucsd.edu.

Conflict of interest statement

The authors declare competing financial interests: J.S.G reports research funding from Kura Oncology and Mavupharma, and
consultant fees from Oncoceutics Inc and Vividion Therapeutics. E.E.W.C reports research funding from Pfizer, Merck, AstraZeneca,
and Bristol-Myers Squibb outside the submitted work. A.B.S. reports research funding and honoraria from Pfizer and Varian Medical
Systems, consultant fees from Astrazeneca, and other fees from Raysearch and Merck. A.B.S. is the scientific founder and has an
equity interest in Toragen Inc. that could potentially benefit from the research results. The terms of this arrangement have been
reviewed and approved by the University of California, San Diego in accordance with its conflict of interest policies.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Miyauchi et al. Page 2

report that describes HPV E5 as a mediator of resistance to anti-PD-1/PD-L1 immunotherapy and
demonstrates the anti-tumor activity of rimantadine. These results have broad clinical relevance
beyond HNSCC to other HPV-associated malignancies and reveal a powerful mechanism of HPV-
mediated immunosuppression which can be exploited to improve response rates to checkpoint
blockade.

Graphical Abstract

20999099000000000000000 Cell membrane

. Pon

e Lt LoABBOBOOOBO0OSO00O000ASAAAAL || ¢ T POPe.,

o L bttt 00004, O
S 000

Rimantadine

MHC c;am;?\ \/K ﬁ: @
A - &? %’ ® @ Proton pump

E5 Protein

ER =

Nucleus
HPV E5 suppi immune by inhibiting MHC | ion and acidification, which is relieved by

rimantadine treatment.

Keywords

Head and neck squamous cell carcinoma; Radiotherapy; Radiation; Immunotherapy; Checkpoint
blockade; PD-1/PD-L1; Resistance; HPV; HPV E5; MHC; Rimantadine

Introduction

Human papillomavirus (HPV) is associated with 5% of overall cancer worldwide including
cervical cancer and head and neck squamous cell carcinoma (HNSCC), and the percentage
of HPV-associated malignancy has been increasing. In 2016 the FDA approved anti-PD-1
checkpoint blockade immunotherapy (CBI) for recurrent or metastatic HNSCC after
platinum-based chemotherapy (1-3). However, the objective response rate to single agent
CBI in these landmark studies remains low on the order of 15-20% (1,3). Thus, there is a
critical need to develop combinatorial strategies to enhance response rates as well as identify
mechanisms of resistance to CBI in HNSCC. Our group has focused on strategies
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incorporating radiation therapy combined with CBI (4-7). We previously reported that
radiation therapy can synergize with anti-PD-1 immunotherapy by enhancing antigen cross-
presentation and antigen specific anti-tumor immune responses in breast cancer and
melanoma models (5). Preclinical studies support this combination in head and neck cancer
and multiple large Phase I1/Phase Il clinical trials are underway testing this combination (7—
14). In this study, we investigated whether radiation combined with CBI could enhance local
tumor control and immune responses using novel orthotopic and HPV-associated HNSCC
models. We observed that radiation augmented development of memory T-cells in HNSCC
and enhanced T-cell extravasation and infiltration via modulation of tumor endothelial cell
adhesion molecules and chemokines. However, radiation combined with CBI was not able to
completely control tumor growth in all mice. In order to explore mechanisms of resistance to
CBI, we engineered our HNSCC models to express the HPV16 E5, E6, and E7 oncogenes.
The HPV16 genome has undergone intense selective pressure which has resulted in a virus
which is capable of causing malignant transformation by targeting the critical tumor
suppressors p53 and pRb which are effectively the “Achilles heel” of genomic stability
(15,16). However, less is known about how HPV genes help HPV-infected cells evade
immune responses (17). Viruses have developed powerful immunosuppressive mechanisms
including targeting antigen processing and antigen presentation which is required for
effective adaptive immune responses to evade the immune system (17,18). HPV E5 is a
small hydrophobic protein which has been reported to have multiple functions including
regulation of tumor cell differentiation and apoptosis, modulation of H+ ATPase responsible
for acidification of late endosomes, and immune-modulation including direct binding and
downregulation of major histocompatibility complex (MHC) class | and MHC class Il (19—
23). These later two functions of E5 inhibit processes which are required for proper antigen
processing and presentation. Here we report that HPV ES5 is a potent immuno-suppressive
molecule that mediates resistance to CBI and decreases surface expression of MHC on
tumors. HNSCC lines engineered to express HPV16 E5 were rendered entirely resistant to
anti-PD-L1 CBI. In attempting to block the effects of HPV E5, we tested an anti-viral drug
and known HPV E5 inhibitor rimantadine, which is currently FDA approved to treat
influenza. Remarkably we discovered that rimantadine has broad anti-cancer activity in
multiple tumor types tested including HPV E5-expressing HNSCC. This is the first report to
our knowledge demonstrating that HPV E5 impairs the activity of anti-PD-L1
immunotherapy and the first report demonstrating the anti-cancer activity of the drug
rimantadine. These results have broad clinical relevance to HPV-associated malignancies
and elucidate a novel HPV-mediated resistance mechanism whereby HPV E5 targets antigen
presentation and MHC as a potential “Achilles heel” of the immune system.

Materials and Methods

Cell lines

HPV16 E7-expressing AT-84 HNSCC cells (AT-84-E7) were kindly provided by Dr. Aldo
Venuti (Regina Elena National Cancer Institute; Italy) on November 2016 (24). B16-OVA
cells were a kind gift from Dr. Hyam Levitsky (Johns Hopkins University). AT-84-E7 and
B16-OVA were grown in RPMI 1640 containing 10% FBS, 1% L-Glutamine, 1% Penicillin/
Streptomycin, 1% Sodium Pyruvate, and 200 pug/ml G418. DC2.4 mouse dendritic cells,
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RAW264.7 macrophages, and HEK293T cells were kindly provided by Dr. Dong-Er Zhang
[University of California, San Diego (UCSD)] on September 2017. B3Z T-cell hybridoma
cells were a kind gift from Dr. Nilabh Shastri (University of California, Berkeley) on
September 2013. MC38 cells were a kind gift from Dr. Mark Smyth (QIMR Berghofer
Medical Research Institute, Melbourne, Australia) on April 2013. 4T1 and B16 cells were
purchased from ATCC (Manassas, VA). DC2.4, RAW?264.7, B3Z, 4T1, B16 and MC38 were
grown in RPMI 1640 containing 10% FBS, 1% L-Glutamine, 1% Penicillin/Streptomycin,
and 1% Sodium Pyruvate. HEK293T was grown in DMEM containing 10% FBS, 1% L-
Glutamine, and 1% Penicillin/Streptomycin. MEER cells were a kind gift from Dr. Judith
Varner (UCSD) on March 2018 and grown in the media previously described (25). MOC2,
4MOSC1, CAL-27, CAL-33, and SCC-47 murine and human head and neck squamous
carcinoma cells were kindly provided by Dr. J. Silvio Gutkind (UCSD) on March 2018.
MOC2 and 4MOSC1 were cultured in the media previously described (26,27). CAL-27,
CAL-33, and SCC-47 were grown in DMEM containing 10% FBS, 1% L-Glutamine, and
1% Penicillin/Streptomycin. Routine monitoring for Mycoplasma contamination was
performed using the MycoAlert PLUS Detection Kit (Lonza, Basel, Switzerland). All cell
lines were used within ten passages after thawing.

Mouse studies

All experimental protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of the UCSD (#S15281). Animal experiments were performed in
specific pathogen-free facilities at Moores Cancer Center accredited by the American
Association for the Accreditation of Laboratory Animal Care (AAALAC). Female 6-to 8-
week-old mice were used for experiments. C3H/HeN mice were purchased from Charles
River (Wilmington, MA). C57BL/6 and BALB/c were purchased from The Jackson
Laboratory (Bar Harbor, ME). OT-1 mice were kindly provided by Dr. Dong-Er Zhang
(UCSD). Mice were injected subcutaneously with 1.0 to 5.0 x 10° AT-84-E7, 1.5 x 10° B16-
OVA, 5.0 x 10° 4T1, or 1,0 x 10° MOC2 cells resuspended in 100 pl of PBS in the right
flank. For orthotopic models, 1.0 x 10° AT-84-E7 or 1.0 x 108 4MOSC1 in 30 ul of PBS
were injected into tongue. Tumor diameter was measured every 2 to 3 days with an
electronic caliper and reported as volume using the formula; tumor volume (mm3) = (length
x width?)/2. Once tumors become palpable, mice were treated with 200 pg of anti-PD-L1
antibody (BioXcell, West Lebanon, NH) via i.p. injection every 3 days for a total of three or
four injections per mouse, or mice were treated with 10 mg/kg body weight of rimantadine
(Sigma, St. Louis, MO) via i.p. injection daily for 7 days. For adoptive transfer experiments,
single-cell suspension of spleen from OT-1 mice were cultured in media containing 10 ng/ml
OVA SIINFEKL peptide (InvivoGen, San Diego, CA) and 2 ng/ml recombinant IL-2
(PeproTech, Rocky Hill, NJ) for 5 days, and then 4.0 x 106 cells were intravenously injected
into B16-OVA-bearing mice.

Mouse Irradiation

Mice received radiation to the tumor site, chest, or abdomen using a JL Shepherd Cs-137
Irradiator (JL Shepherd and Associates, San Fernando, CA). Customized shielding is
manually installed to direct focal radiation. Mice were anesthetized and placed in a custom
jig to immobilize the region receiving focal radiation. Mice received radiation as a single
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fraction (8-12 Gy) or using a Quad-shot regimen (3.7 Gy x 4 fractions given twice daily, at
least 8 hours apart, for 2 consecutive days). The dose rate was 2.53 Gy/min.

Flow cytometry

Single-cell suspensions were prepared from, lung, liver, tumor-draining lymph node, and
tumor by mechanical dissociation and then filtered using a 70 um cell strainer. AT-84-E7 and
MOC?2 tumors were incubated in collagenase D (Roche, Basel, Switzerland) at 37°C for 1
hour prior to mechanical dissociation. Density gradient centrifugation on 40%/80% Percoll
(GE Healthcare, Chicago, IL) gradient was performed for single-cell suspension from
tumors.

After obtaining single-cell suspensions, each sample was incubated with an Fc blocking
reagent (anti-CD16/32 antibody; BioLegend, San Diego, CA). Following Fc blockade, cells
were stained with fluorescent-labeled antibodies [BioLegend, BD Bioscience (San Jose,
CA), or eBiosciences (Thermo Fisher Scientific, Waltham, MA)]. LIVE/DEAD Fixable Cell
Staining Kit (Invitrogen) was used for viability staining. For intracellular staining, cells were
processed with Foxp3/Transcription Factor Fixation/Permeabilization Concentrate and
Diluent (Invitrogen). Cells were analyzed using a BD FACS Aria Il or LSR 1l flow
cytometer (BD). Data was analyzed on FlowJo (FlowJo, LLC, Ashland, OR).

For each antibody, the following clones were used: CD45.2 (104), CD3e (145-2C11), CD4
(RM4-5), CD8a (5H10), CD25 (3C7, PC61), CD44 (IM7), CD62L (MEL-14), IFN-y
(XMG1.2), Foxp3 (MF23), H-2KP (AF6-88.5), H-2KX (36-7-5), H-2KY (SF1-1.1), H-2K/
SIINFEKL (eBi025-D1.16), I-A/I-E (2G9), CD49b (DX5), CD11b (M1/70), FLAG (L5),
CD31 (MEC13.3), NK-T/NK Cell Antigen (U5A2-13), CD102 (3C4 (MIC2/4)), CD62P
(RMP-1), CD105 (MJ7/18), CD106 (429 (MVCAM.A)), and CD162 (2PH1). H-2Kb/
SIINFEKL tetramer was purchased from MBL International (Woburn, MA).

Plasmid construction and HPV16 E5-expressing stable cell line

Codon-optimized HPV16 E5 (from Dr. Frank Suprynowicz, Georgetown University Medical
School) were amplified. Either C-terminal or N-terminal FLAG-tagged full-length HPV16
E5 and deletion mutants were cloned into MIP (MSCV-IRES-Puro) vector (from Dr. Dong-
Er Zhang, UCSD). All the constructs were confirmed by DNA sequencing. For establishing
HPV16 E5-expressing cell line, HEK293T cells were co-transfected with MIP-HPV16 E5
and Ecopac (pIK6.1MCV.ecopac.UTd) using PEI reagent (Sigma). Retroviruses from the
culture medium of these cells were then used to infect AT-84-E7, MEER, MOC2, and
CAL-27 cells, and the infected cells were selected by puromycin.

Immunoprecipitation and immunoblotting

Cells were lysed in RIPA buffer composed of 25 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1
mM EDTA, 0.5% Nonidet P-40, and protease inhibitors (Roche). The cell lysates were
centrifuged (15,000 x g) at 4°C for 5 min. For immunoprecipitation, soluble fractions were
precleared using a Protein G/A-Agarose Suspension (EMD Millopore, Billerica, MA) at

4 °C for 15 min. Precleared cell lysates were immunoprecipitated for 2 hours with anti-
FLAG M2 antibody (Sigma). Immunocomplexes were adsorbed onto the protein G/A-
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Agarose Suspension and washed three times. All samples were denatured in 1x sample
buffer (50 mM Tris-HCI, pH 6.8, 2% SDS, 2-mercaptethanol, 10% glycerol, and 1%
bromophenol blue) for 5 min at 100°C. Proteins were electroblotted onto nitrocellulose
membranes (GE Healthcare, Chicago, IL). HRP-conjugated secondary antibodies (Thermo
Fisher Scientific, Waltham, MA) were used for detection with Western ECL Substrates
(BIO-RAD, Hercules, CA).

Immunofluorescence

HPV16 ES5 constructs were transiently transfected into HEK293T with PEI reagent. After 24
hours, cells were fixed with cold methanol for 10 min and then permeabilized with 0.05%
Triton X-100/PBS for 15 min. Localization of FLAG-tagged E5 was determined by staining
with anti-FLAG antibody (Sigma) followed by Alexa Fluor 568-conjugated secondary
antibody (Invitrogen). For E5-expressing AT-84-E7 cells, FLAG-tagged E5 was stained with
anti-FLAG antibody followed by Alexa Fluor 488-conjugated secondary antibody, and MHC
class | (H-2KK) was stained with Alexa Fluor 647-conjugated anti-H-2KK antibody
(BioLegend). Nuclei were labeled with DAPI. Images were taken using a BZ-X710
fluorescence microscope (Keyence, Osaka, Japan).

Cell cycle and proliferation assays

Cell cycle progression was analyzed on the basis of BrdU incorporation following cell
staining with BrdU-APC and 7-AAD using BD Pharmingen BrdU Flow Kit. (BD, Franklin
Lakes, NJ) according to the manufacture’s protocol. Cells were analyzed using flow
cytometry.

Cell proliferation was assessed by using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide]. First, cells were seeded in 96-well plate and cultured for 2-3
days. Next, culture media was replaced with fresh media containing 0.5 mg/ml of MTT
(Sigma) and the plates were incubated for 4 hours at 37°C. Then, purple formazan crystals
were dissolved in lysis buffer (4 mM HCI and 0.1% NP-40 in isopropanol) and the
absorbance was recorded on a TECAN infinite M200 microplate reader (Tecan, Mannedorf,
Switzerland) at a wavelength of 570 nm with absorbance at 650 nm as reference.

B3Z activation assay

B16-OVA cells were seeded into 96-well plate and treated with 100 uM rimantadine for 24
hours, prior to addition of B3Z cells. After 24 hours of co-culture, medium was removed and
100 pl of lysis buffer [0.155 mM chlorophenol red p-D-galactopyranoside (CPRG) (Roche),
0.125% Nonidet P-40 Alternative (EMD-Calbiochem), and 9 mM MgCls (Sigma) in PBS]
was added. After incubation for 4 hours at 37°C, the absorbance at 570 nm was determined
on a TECAN infinite M200 microplate reader.

Phagocytosis assay

DC2.4 cells were co-cultured with FLAG-tagged E5-expressing AT-84-E7 for 24 hours.
Phagocytosis of E5 was analyzed by using anti-FLAG (L5) and anti-CD11b (M1/70)
antibodies. 7-AAD was used for viability staining. Cells were analyzed on flow cytometer.
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Reverse transcription and quantitative PCR

Total RNA were extracted using TRIzol Reagent (Invitrogen) and reverse transcribed with
gScript cDNA Synthesis Kit (Quanta BioSciences, Beverly, MA) according to the
manufacturer’s instructions. Quantitative PCR analysis were conducted by using KAPA
SYBR FAST (KAPA Biosystems, Wilmington, MA) on the 7900HT Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA).

T-cell proliferation assay

T-cells from spleens and lymph nodes from C57BL/6 mice were labeled in 2 uM CFSE for 8
minutes at 37°C on shaker. CFSE-labeled cells were seeded into 96-well plate coated with
anti-CD3/CD28 antibody (BioLegend) with or without rimantadine. Three days later, cells
were analyzed on flow cytometer.

Clinical Patient Cohorts

HPV-positive OPSCCs from Johns Hopkins University (JHU) patient cohort were analyzed
as previously described (28). Patients were recruited with written informed consent under
protocol approved by the institutional review board of JHU (#NA_00-36235). The data
includes normal (n = 25), E245 high (n = 25), and E67 high (n = 10). HPV status were
classified based on the expression of high-risk HPV 16, 33, and 35. TMN and stage were
classified based on AJCC 8t edition. mMRNA expression was analyzed by RNAseq and
assessed as RSEM.

NanoString mRNA profiling

Biospecimens were collected by the Moores Cancer Center Biorepository from consented
patients under a University of California, San Diego Human Research Protections Program
Institutional Review Board approved protocol (HRPP# 181755). Biorepository subjects
provide a written consent which is maintained in the Biorepository archives. Biospecimens
were processed for RNA using the RNeasy kit (QIAGEN Silicon Valley, Redwood City,
CA). RNA integrity number (RIN) was determined by RNA ScreenTape Analysis (Agilent
Santa Clara, CA). RNA expression values were determined for 572 endogenous genes using
nCounter PanCancer Immune Profiling Panel (Nanostring Technologies, Seattle, WA).
Expression values were normalized using positive controls (geometric means) to eliminate
platform-related variation, negative controls (max) to eliminate background effect, and
housekeeping genes (geometric mean) to remove variation due to sample input. Expression
values from different runs were then quantile normalized and then combined for subsequent
analyses. Linear models for microarray (limma-trend approach, using R-limma package, R
v3.4.1) were built to compare HPV+ vs HPV- groups utilizing log, expression values. The
Benjamini-Hochberg procedure was applied to control the false discovery rate (FDR). If log,
fold change in expression for an HPV+ vs HPV- was greater than 0, it was classified as up-
regulated in HPV+ samples; otherwise, it was classified as being down-regulated. Volcano
plots and heatmaps (data standardized by row) were used to show significantly differentially
expressed genes.
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Statistical analysis

Results

Statistical analysis was performed using Prism 7 (GraphPad Software, La Jolla, CA).
Unpaired two-tailed £test or Ordinary One-way ANOVA multiple comparison test with post
hoc Tukey were conducted. Chi-square test and residual analysis was used for mMRNA
expression analysis. Spearman’s correlation coefficient was used for correlation analysis. ~-
value <0.05 was considered to be statistically significant; £< 0.05 (*), 0.01 (**), 0.001
(***), and 0.0001 (****).

Radiation combined with CBI enhances tumor control, T-cell infiltration and activation in
HPV associated HNSCC

To better understand the effects of radiation combined with PD-L1 blockade in non-HPV-
associated and HPV-associated HNSCC, we utilized the syngeneic 4MOSC1 and AT-84
expressing HPV16 E7 (AT-84-E7) tumor models. Radiotherapy (XRT) combined with anti-
PD-L1 immunotherapy resulted in significantly enhanced local tumor control in both flank
and orthotopic tongue models (Fig 1A and 1B). When analyzing T-cell infiltrates into these
models, we observed that XRT alone resulted in a significant increase in CD4* and CD8* T-
cells which was further enhanced when combined with PD-L1 blockade (Fig 1C and 1D).
Notably we did not observe significant increases in tumor-infiltrating lymphocytes (TIL)
populations with PD-L1 blockade alone (Fig 1C and 1D). We also observed increased
activation of CD8* T-cells in the tumor-draining lymph node (TDLN) and TIL by
intracellular IFN-y staining in the XRT + PD-L1 blockade groups, indicating an increase in
antigen specific adaptive immunity (Fig 1E and Supp Fig 1A). To study the effect of XRT
and CBI on T-cell subsets including memory T-cells and regulatory T-cells (Treg) we used
the markers CD62L, CD44, CD25, and Foxp3 to distinguish CD8*CD62L*CD44 naive,
CD8*CD62L*CD44" central memory, CD8*CD62L-CD44* effector memory, and
CD4*CD25*Foxp3* Treg subsets in the TDLN and TIL of mice 21 days after tumor
inoculation. We identified that XRT and XRT + PD-L1 blockade significantly reduce the
frequency of naive T-cells in the TDLN and increase populations of central and effector
memory subsets (Fig 1F), indicating that XRT is promoting antigen-experienced T-cell
differentiation in the TDLN. XRT alone has been reported to increase the percentage of Treg
in other tumor types and we also observed an increase in Treg in the TDLN using this HPV-
associated tumor model (Fig 1G and Supp Fig 1B). Importantly, the addition of PD-L1
blockade to XRT prevented further increases in Tregs in the TDLN compared to PD-L1
blockade alone (Fig 1G and Supp Fig 1B). We additionally observed that the majority of TIL
possessed an effector phenotype (Supp Fig 1C). Additionally, within the tumor we did not
observe any increase in Treg cells with XRT, suggesting differential effects of radiation in
the tumor microenvironment versus TDLN (Supp Fig 1D).

Radiation upregulates the cell adhesion molecules on vascular endothelial cells

To elucidate the mechanism by which radiation modulates TIL populations we next studied
the tumor vasculature and endothelial cells. T-cell extravasation is a well-orchestrated
process in which endothelial cells become activated by pro-inflammatory cytokines and
chemokines and upregulate intraluminal cell adhesion molecules to permit T-cell
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extravasation (29). To study the effect of radiation on normal vasculature versus tumor
vasculature, we irradiated mouse lung, liver, and tumor with varying radiation doses and
fractionation patterns including a single fraction dose using clinically for palliation (8-10
Gy x 1 fraction) and a multi-fraction dose used clinically for palliation and tumor control in
head and neck cancer (‘Quad-shot regimen’ of 3.7 Gy x 4 fractions). XRT resulted in
significant upregulation of ICAM-1, ICAM-2, VCAM-1, P-Selectin, and Endoglin at 48
hours on CD31" endothelial cells from liver and lung parenchyma (Fig 2A upper and
middle panels). Interestingly XRT single fraction radiation to tumor vascular endothelium
resulted in increases in ICAM-1, VCAM-1, P-Selectin, but a dramatic decrease in ICAM-2
and Endoglin (Fig 2A lower panels), demonstrating differential effects of radiation on
normal parenchymal versus tumor endothelial cells. Quad-shot to tumors also had more
variable effects on these cell adhesion molecules which could be related to the sequencing of
radiation therapy and the induction of overlapping signaling cascades. Next, we evaluated
whether a single fraction of XRT can enhance directional homing and tumor infiltration of
adoptively transferred T-cells to an irradiated site. To study this, we established bilateral
B16-OVA tumors and irradiated one tumor while shielding the contralateral flank. 48 hours
later we injected activated OT-1 T-cells intravenously and then harvested both tumors to
assess for T-cell infiltration. We observed a significant, approximate 2-fold increase in OT-1
T-cells present in TIL and TDLN of the irradiated site compared to the contralateral non-
irradiated tumor site (Fig 2B). This indicates that radiation-induced upregulation of cell
adhesion molecules on tumor-associated endothelial cells can result in preferential homing
of T-cells to irradiated sites, and possibly contribute to local tumor control.

HPV-positive tumors have increased Chemokine expression and radiation therapy
enhances chemokine expression

To examine whether these finding translate into human HNSCC, we performed NanoString
analysis on 17 different head and neck tumors and tissues collected under an Institutional
Biorepository specimen protocol (Fig 2C). This included one patient with recurrent HNSCC
who received stereotactic body radiation therapy (SBRT) to a recurrent level 2 cervical
lymph node metastasis and then underwent salvage neck dissection of the entire level 2-4
cervical lymph node chain (Fig 2D). It has been reported that HPV-positive tumors tend to
have an increased tumor-associated immune cell infiltrate relative to HPV-negative tumors
(30,31). However, the mechanism for these differences is not fully understood. We observed
significantly increased expression of multiple chemokines including CXCL9, CXCL10, and
CXCL11 in HPV-positive tumors compared to HPV-negative tumors and tissues sampled
(Fig 2C). Furthermore, when comparing an irradiated to non-irradiated LN within the same
patient, we observed significant increases in multiple chemokines, chemokine receptors, and
MHC class Il in the irradiated LN (Fig 2D and Supp Fig 1E). These findings taken together
suggest that the increased T-cell infiltrates observed in HPV-positive tumors and after
radiation therapy are likely due to increased expression of specific chemokines and cell
adhesion molecules in the tumor microenvironment.

HPV E5 downregulates expression of MHC

As PD-1/PD-L1 blockade alone has limited activity and XRT + PD-1/PD-L1 blockade was
unable to completely eradicate tumors in our HNSCC models, we wished to explore
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mechanisms of resistance to PD-1/PD-L1 blockade. Given the unique pathogenesis of HPV-
associated HNSCC, we investigated inhibitory properties of HPV viral proteins. While the
functions of HPV E6 and E7 have been studied extensively, the function of HPV E5 protein
is far less understood (19). To study the effect of HPV E5, we generated tagged constructs
and multiple stable cell lines expressing HPV16 E5 and observed that N-terminal FLAG-
tagged E5 had the proper subcellular localization in the endoplasmic reticulum, Golgi
apparatus, and plasma membrane (Fig 3A and Supp Fig 2A). To study the localization of
HPV16 E5 and MHC, we performed immunohistochemistry using anti-FLAG and anti-
MHC antibodies and observed striking co-localization of E5 and MHC (Fig 3B). We then
examined MHC expression in HPV16 E5-expressing MEER and AT-84-E7 stable cell lines
as well as CAL-27 human squamous cell carcinoma. We observed that tumor cells which
expressed HPV16 E5 had significant decreases in cell-surface MHC (Fig 3C). The degree of
downregulation was varied among the cell lines. MEER cells showed much higher level of
downregulation of MHC | compared to AT-84-E7 and CAL-27 lines. Antigen presenting
cells (APCs) including dendritic cells and macrophages phagocytose HPV E5-expressing
tumor cells; however, the effect of E5 on APCs which have phagocytosed cell expressing
HPV E5 is unknown. To test whether HPV E5 is also detectable in non-transformed host
APCs, we setup MHC mismatched co-cultures of APC with tumor cells expressing FLAG-
tagged E5. After co-culture, APC phagocytosed cells expressing FLAG-tagged E5, and
CD11b* APC containing FLAG-tagged E5 were detected (Fig 3D), raising the possibility
that HPV E5 could also impact professional antigen processing and cross-presentation by
APCs. Since MHC class | is required for antigen cross-presentation as well as the activation
and effector function of classical CD8* ap T-cells, HPV E5-mediated downregulation of
MHC is a powerful novel mechanism to inhibit the development and function of adaptive
immune responses.

HPV E5 mediates resistance to anti-PD-L1 immunotherapy

Acquired loss of MHC has been reported as a mechanism of resistance to anti-PD-1/PD-L1
immunotherapy (32). In order to test whether HPV E5 confers resistance to CBI, we
established tumor models in C3H/HeN and C57BL/6 mice. It is well-known that single-
agent PD-1/PD-L1 blockade has modest activity against murine HNSCC models, which we
also observed. However, we observed that expression of HPV16 E5 in AT-84-E7 and MOC?2
lines completely abrogated the activity of anti-PD-L1 immunotherapy in these syngeneic
murine models (Fig 3E and 3F). Interestingly, there are reports that HPV E5 can induce
epithelial-mesenchymal transition and we observed that mice harboring tumors expressing
HPV16 ES5 had an increased frequency of lung metastases (Supp Fig 2B and 2C) (33). The
mechanism for this increased metastatic potential deserves further investigation. When we
analyzed the tumor-associated immune cell infiltrates of these tumors, we did not observe
any significant differences in CD4* or CD8" T-cell or natural killer (NK)-cell infiltrates
(Supp Fig 2D). While NK cells would classically serve to kill cells which have lost MHC
expression, it has been reported that HPV can selectively downregulate certain HLA while
retaining other cell surface molecules to prevent NK cell-mediated cytotoxicity (22). This
data indicates that HPV E5 may confer resistance or decrease the response rate to anti-
PD-1/PD-L1 immunotherapy in patients with HPV-associated HNSCC or other HPV-
associated malignancies.
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HPV E5 expression correlates with decreased HLA expression in HNSCC patients

In humans the major and minor MHC class | subtypes are termed HLA A-C and HLA E-G,
respectively (34). In order to evaluate whether HPV E5 has an effect on HLA expression in
human tumors, we analyzed a prospectively collected RNAseq database of 35 HNSCC
patient tumors and 25 healthy volunteers [Johns Hopkins University (JHU) cohort] (Supp
Table 1). We observed that high expression of E5 correlated with significantly decreased
expression of multiple HLA genes including HLA-B, HLA-C, and HLA-F, and trended
towards decreased HLA-A and HLA-E (Fig 4A). Interestingly we also observed a significant
inverse correlation with E5 expression and Antigen Peptide Transporter 2 (TAP2) which is
critical for antigen processing and MHC loading (Fig 4A). Furthermore, when we analyzed
the expression level of HLA, we observed the lowest levels of HLA-A, HLA-B, and HLA-C
in patient tumors expressing high E2E4E5 compared to normal healthy volunteers or
HNSCC patients expressing high E6GE7 (Fig 4B left, Supp Fig 3A, 3B, and Supp Table 2).
Conversely patients expressing high E6E7 had unchanged or increased relative HLA
expression (Fig 4B right, Supp Fig 3A, 3B, and Supp Table 2). These findings indicate that
HPV E5 has additional regulatory functions outside of direct binding to MHC and inhibition
of antigen processing and loading. Taken together, these findings demonstrate that HPV E5
colocalizes with MHC and downregulates MHC expression in murine and human tumors
expressing HPV E5.

Patients with high expression of HPV E5 and low expression of HLA have worse disease-
free survival

To determine whether expression of HPV E5 impacts HNSCC patient outcomes including
overall survival and disease-free survival, patients in our database were stratified into high
versus low HPV16 E5 expression based upon median expression level (Supp Fig 3C).
HPV16 E5 expression level alone did not independently impact disease-free survival or
overall survival (Fig 4C). However, when we included high versus low expression of HLA,
we observed that patients with high expression of E5 and low expression of HLA had
significantly worse disease-free survival and trended towards diminished overall survival
(Fig 4C). These findings demonstrate that expression levels of HPV E5 and HLA may
impact patient outcomes or potentially responses to therapy.

The anti-viral drug and HPV E5 inhibitor Rimantadine has novel anti-tumor activity

Due to the immunosuppressive activity of HPV E5, we screened compounds that inhibited
HPV E5 to determine if they possess anti-tumor or immuno-modulatory activity.
Rimantadine, FDA approved to treat influenza, was one compound which was identified
though our screen and has been previously reported to inhibit the E5 protein (35,36).
However, there are currently no published reports demonstrating any anti-tumor activity of
rimantadine. Thus, we evaluated the anti-tumor activity of rimantadine in our AT-84-E7/E5
tumor model. Remarkably rimantadine alone had potent anti-tumor activity and significantly
decreased tumor growth (Fig 5A). The anti-tumor effect of rimantadine was decreased in
AT-84-E7 tumors which didn’t express E5 (Supp Fig 4A). Surprisingly we also observed
that rimantadine has significant anti-tumor activity in 4MOSC1 HNSCC models as well as
B16-OVA melanoma and 4T1 breast cancer models (Fig 5A). We next tested the ability of
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rimantadine to upregulate MHC and observed significant increases in surface expression of
MHC in multiple cell lines (Fig 5B, Supp Fig 4B and 4C). Also, cell surface expression of
MHC I on E5-positive AT-84-E7 was restored with rimantadine treatment (Fig 5C). To test
the ability of rimantadine to enhance functional antigen presentation on tumor cells, we used
B16 cells expressing OVA as a model tumor antigen and co-cultured them with B3Z cells
which respond to OVA SIINFEKL peptide presented within MHC as previously described
(5). Treatment of B16-OVA cells with rimantadine resulted in a significant 3-fold increase in
recognition of this model tumor antigen by B3Z cells (Fig 5D). We also observed that
rimantadine combined with anti-PD-L1 immunotherapy resulted in a significant
improvement in survival in mice harboring B16-OVA tumors (Fig 5E). We next tested the
ability for rimantadine to increase expression of MHC on APCs using the RAW264.7 cell
line and observed significant increases in both MHC class | and MHC class Il surface
expression (Fig 5F). These findings demonstrate that rimantadine has novel anti-tumor
activity in multiple pre-clinical tumor models and functions to enhance antigen presentation
by upregulating MHC.

While rimantadine may function to enhance immune responses via MHC upregulation, /n
vitro assays indicate an additional direct cytotoxic mechanism. Rimantadine alone resulted
in significant increases in GO/G1 cell cycle arrest and significant decreases in S phase in
both AT-84-E7 and B16-OVA models (Fig 6A). Suppression of cell proliferation was also
observed (Supp Fig 5A). Proliferation assays using CFSE-labeled T-cells in the presence or
absence of rimantadine did not demonstrate a significant effect on T cells (Supp Fig 5B). We
screened for changes in gene expression of cell cycle proteins using RT-gPCR and identified
significant decreases in microtubule and cell cycle regulatory molecule Stathmin after
rimantadine treatment (Fig 6B), and also observed decreases in microtubule associated
molecule 7au (Supp Fig 5C). To confirm rimantadine has activity against human HNSCC
lines, we performed BrdU incorporation assays and proliferation assays. We observed
significant cell cycle arrest and decreased proliferation with rimantadine alone in human
CAL-27, CAL-33, and SCC-47 HNSCC lines (Fig 6C). Finally, rimantadine induced cell
cycle arrest in murine and human cell lines expressing HPV16 E5 (Fig 6D), indicating that
rimantadine was able to functionally reverse effects of HPV E5. This is the first report
demonstrating anti-tumor activity of the drug rimantadine and these data support clinical
trials repurposing this generic drug to treat HNSCC.

Discussion

Radiation therapy and radiation combined with concurrent chemotherapy are effective
curative treatment options and part of the standard of care for management of head and neck
cancers. While radiation kills cancer cells primarily through DNA damage, the role that the
host immune system plays in radiation tumor control has been underappreciated. Indeed,
initial studies in preclinical models of HNSCC reported that the ability for radiation to
control tumors was dependent on CD4* and CD8* T-cells (14,37,38). There is now an
established body of literature that radiation can modulate immune responses and the tumor
microenvironment in both beneficial as well as potentially detrimental ways (39-45).
Multiple groups have shown that radiation can have immunogenic effects of increasing
CD8™" T-cell infiltration, upregulating MHC and FAS on tumor cell surface and activating
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antigen presenting cells and inducing antigen cross-presentation (5,39-41,46). On the other
hand, radiation can have potentially detrimental or immunosuppressive effects causing
upregulation of PD-L1 on tumor cells or antigen presenting cells and increasing in
CD4*Foxp3* T-regulatory cell populations in the tumor microenvironment (47-50). A better
understanding of these diverse effects would facilitate strategies to enhance or harness the
immunostimulatory effects of radiation while actively blocking the immunosuppressive
effects to ultimately enhance the efficacy of radiation and loco-regional control rates in
HNSCC. To this end we used novel orthotopic HNSCC models to better understand the
effects of radiation and radiation combined with CBI. We observed significant increases in
CD4" and CD8™ T-cell infiltration after radiation therapy and significantly improved local
control when combining radiation with CBI (Fig 1A-D). We also observed significantly
enhanced CD8* T-cell memory responses after RT or RT + CBI (Fig 1F). As a potentially
detrimental effect we did observe an increase in CD4+*CD25*Foxp3* T-regulatory cells after
radiation therapy alone; however, addition of anti-PD-L1 mitigated this increase, perhaps
due to an increased influx or proliferation of cytotoxic effector CD8" T-cells and alteration
of the immunosuppressive tumor microenvironment with CBI.

The mechanism by which radiation induces robust immune cell infiltrates is not fully
understood. Here we identified that radiation therapy can modulate tumor vascular
endothelial cells to enhance expression of cell adhesion molecules and chemokines and
induce preferential T-cell homing and infiltration to irradiated sites (Fig 2). Importantly this
immuno-modulatory effect is entirely independent of any potential synergistic activity of
radiation and CBI. When comparing fractionation patterns, we observed that Quad-shot
regimen resulted in a more robust upregulation of ICAM-1, VCAM-1, and P-Selectin in
tumors (Fig 2). In order for endogenous T-cells or adoptively transferred T-cells to be able to
eradicate a tumor, they must be able to infiltrate or invade into that tumor. Thus, our findings
that radiation can cause preferential homing to irradiated sites could have implications for
enhancing the activity of cellular therapies for cancer. For example, a strategy of using a
single fraction of radiation 48—72 hours prior to adoptive T-cell transfer could potentially
help improve the activity of cellular therapy for solid tumors. Additionally, after irradiation
damaged tumor cells upregulate MHC and FAS rendering them more sensitive and
susceptible to killing by cytotoxic T-cells (39). One limitation of our studies is the use of
OVA model and transgenic OT-1 T-cells which are artificially engineered and may not
recapitulate the function of endogenous effector T-cells. These findings deserve further
investigation in therapeutic adoptive transfer models and could help to guide strategies
incorporating radiation in clinical trials prior to adoptive T-cell transfer.

While checkpoint blockade immunotherapy has revolutionized oncology, the objective
response rate in unselected patients with HNSCC treated with single agent anti-PD-1/PD-L1
immunotherapy remains as low as 13-14% (1-3). Thus, there is a critical need to identify
mechanisms of resistance and combinatorial strategies to improve response rates to CBI. The
presence of foreign HPV antigens would otherwise be expected to elicit robust anti-tumor
immune responses, yet it is interesting to note that response rates to CBI are not drastically
different between HPV-positive and HPV-negative patients (1-3). HPV-positive tumors are
known to have decreased tumor mutational burden compared to HPV-negative tumors, which
may be one reason why objective responses are similar. Moreover, while prior studies have
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suggested that HPV may subvert or inhibit antigen presentation as a mechanism of immune
evasion (51), the ability for HPV proteins to directly inhibit the activity of anti-PD-1/PD-L1
has not been clearly described. Here we identify that the HPV protein E5 is a novel and
potent inhibitor of the activity of anti-PD-L1 immunotherapy and alters of antigen
processing and MHC expression. Future studies could investigate whether HPV E5 blocks
the activity of other CBI such as CTLA-4. Interestingly, loss of B2 microglobulin and MHC
expression due to mutation has been described as a mechanism of acquired resistance to
anti-PD-1 immunotherapy (32), but active MHC downregulation and inhibition of antigen
loading by HPV oncogenes has not been previously described as a mechanism of resistance
to CBI to our knowledge. These findings may have important implications for other HPV-
associated diseases including cervical cancer, anal cancer, and other genitourinary cancers.

As HPV E6 and E7 have been studied more extensively, it has previously reported that these
proteins suppress expression of inflammatory cytokines and chemokines, such as IL-8,
IL-18, CCL2, and CCL20. In addition to transcriptional regulation, E6 and E7 can modulate
immune responses at the post-translational level, including inhibition of type I and |1
interferon signaling and STING pathway. Moreover, there is evidence that E7 and E5 may
work in concert to impair immune responses. Ultimately in order to integrate, replicate, and
spread, HPV likely utilizes multiple complex mechanisms to evade the immune system.
Much less is known about HPV E5 proteins compared to HPV E6 and E7. HPV ES5 has
diverse effects, including downregulation of MHC class | and inhibition of acidification of
endosome, which directly impairs host immune responses. Specifically, the N-terminal
transmembrane domain of E5 interacts to MHC class | heavy chain and retains them in the
Golgi apparatus to prevent them from trafficking to the cell surface (21,52,53). Additionally
E5 perturbs expression and stability of MHC class Il, by blocking peptide loading and
subsequent transport of MHC class 11 to the cell surface (54). By directly binding MHC,
blocking trafficking of MHC to the plasma membrane, HPV E5 may severely impair antigen
processing and presentation and help HPV evade the immune system. Because MHC is
required for activation and engagement of classical CD8* af T-cells, MHC or HLA may
represent an ‘Achilles heel’ of the immune system which HPV targets similar to targeting
p53 and pRb as the “‘Achilles heel” of genomic stability. However, a more subtle
modification of antigen presentation may be taking place whereby HPV E5-mediated
inhibition of endosome acidification (55) may prevent proper protein degradation, peptide
formation, and antigen loading into MHC complexes. Thus, even if cytotoxic T-cells are
generated against HPV antigens these CD8* T-cells would be rendered largely ineffective
due to loss of MHC or lack of HPV antigens being presenting on MHC. This novel HPV E5-
mediated mechanism of action may have developed to suppress development of adaptive
immune responses and permit viral latency while avoiding natural killer cells, which would
otherwise detect and kill cells which have completely lost expression of MHC. Quite
interestingly, HPV-infected cells have been reported to leave alternative forms of HLA on
the cell surface to likely prevent NK-cell mediated cell death (22). We also detected the
presence of E5 within APCs which phagocytosed HPV E5-expressing tumor cells, raising
the question of whether HPV E5 remains active in APCs to inhibit professional antigen
presentation. Overall, the ability for viruses to block immune responses to prolong their
lifecycle and proliferation is not a new concept. However, in the era of immunotherapy the
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immunosuppressive activity of viruses is of paramount importance as these mechanisms
likely serve to impair the activity of immunotherapy and reduce patient survival.

Our RNA sequencing data demonstrated an inverse correlation of E5 and multiple HLAs.
Interestingly, we were also able to see an inverse correlation between E5 and TAP, which is
essential for transporting peptides from the cytoplasm into the lumen of the endoplasmic
reticulum to be loaded on MHC molecules. These findings indicate that HPV E5 may
modulate antigen processing and presentation via transcriptional regulation in addition to
direct post-translational regulation of MHC 1. It is likely that this transcriptional regulation is
occurring indirectly through HPV E5-mediated modulation of transcription factors, although
this mechanism requires further investigation. Additionally, Gamerio et al. reported lower
expression of MHC in HPV-positive HNSCC patients, although stratification by HPV
oncogenes was not performed (56). Prospective studies using technologies to further
characterize the specific cell populations in the tumor microenvironment that are modulated
by HPV oncogenes are warranted. In addition to these effects, E5 also has other reported
functions, including upregulation of EGFR and its downstream signaling (57-60),
impairment of cell differentiation (61), and inhibition of apoptosis induced by Fas ligand
(FasL) and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) (62), which can
influence host immune responses. Within our HPV-positive cohort we did not observe that
E5 expression level alone significantly impacted patient survival (Fig 4C), suggesting that
E5 may work in concert with other HPV proteins including E6 and E7. However, when
combined with expression level of HLA, there were significant differences in survival (Fig
4C). Clearly, further investigation is deserved into the function and molecular pathways
disrupted by HPV E5 and the impact of HPV E5 on patient outcomes.

As HPV E5-expressing tumors were resistant to anti-PD-1/PD-L1 immunotherapy, we
screened and tested reported HPV E5 inhibitors including rimantadine. Rimantadine has
been reported to inhibit the channel forming ability of HPV E5 (35,36), although the anti-
cancer activity of rimantadine has not been previously reported in tumor models.
Rimantadine had single agent anti-tumor activity and functionally increased MHC
expression in our HPV E5-expressing tumor models and non-transformed APCs.
Mechanistically, rimantadine has pleiotropic activity as we also observed direct cytotoxic
activity and inhibition of cell cycling and cell cycle proteins in multiple murine and human
cell lines. This is the first report demonstrating the anti-tumor and immune-modulating
activity of rimantadine and supports clinical studies repurposing it as an anti-cancer and
immuno-modulatory drug. Due to the robust anti-tumor activity of radiation and PD-L1
blockade we did not observe synergistic anti-tumor activity when adding rimantadine to
radiation and PD-L1 blockade in our murine models. Nevertheless, further evaluation may
be needed in scenarios involving patient tumors which are resistant or refractory to radiation
therapy.

In summary, we have identified that radiation therapy combined with checkpoint blockade
enhances CD8* memory T-cell formation in HNSCC and that T-cells preferentially home to
irradiated sites. We have identified HPV E5 as a novel mediator of resistance to PD-L1
checkpoint blockade which downregulates MHC expression in mouse and human HNSCC
tumors. Lastly, we report novel anti-tumor activity of the drug rimantadine, supporting
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clinical trials repurposing this drug in head and neck cancers. These findings have broad
relevance to other HPV-associated malignancies and furthers our understanding of the
mechanisms of viral mediated immunosuppression and mechanisms of resistance to
checkpoint blockade immunotherapy which may be exploited to improve outcomes for
HNSCC patients.
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Significance

This study identifies a novel mechanism of resistance to anti-PD-1/PD-L1
immunotherapy mediated by HPV E5 which can be exploited using the HPV E5 inhibitor
Rimantadine to improve outcomes for head and neck cancer patients.
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Figure 1:
Radiation combined with anti-PD-L1 immunotherapy increases local tumor control, T-cell

infiltration, and T-cell memory formation in an orthotopic head and neck cancer model. A)
Tumor volume of mice inoculated with 5 x 10° AT-84-E7 cells into the flank of C3H mice.
On Day 10, mice were irradiated (1 x 12 Gy) and/or treated with anti-PD-L1 antibodies
given every 3 days for a total of 3 injections (n = 57 per group). B) Photograph
demonstrating the orthotopic HNSCC model. Mice were inoculated 1 x 10° cells 4AMOSC1
into the tongue of C57BL/6 mice and irradiated (1 x 8 Gy) on Day 7 and/or treated with
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anti-PD-L1 antibodies for a total of 3 injections. Tumor volume on Day 21 was shown (n =5
per group). C, D) Representative dot plots (C) and bar graphs (D) of CD4* and CD8" TIL
from AT-84-E7-bearing mice on Day 21. E) Percentage of IFN-y™* cells in CD8* T-cells in
the TDLN from an AT-84-E7 flank model (left) or orthotopic model (right). F)
Representative dot plots demonstrating memory subsets of CD8* T-cells in the TDLN from
an AT-84-E7 flank model. G) Frequency of CD25"Foxp3* regulatory T-cells within CD4* T-
cells in the TDLN from an AT-84-E7 flank model. Data are shown as mean + S.E.M.
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Figure 2:

Radiation modulates endothelial cell adhesion molecules and chemokines to enhance T-cell
migration and preferential homing to irradiated sites. A) Percentage of cell adhesion
molecules in CD45-CD31" endothelial cells. (upper and middle) Naive C57BL/6 mice
received chest/abdominal irradiation (4 x 3.7 Gy or 1 x 12 Gy), and then the liver and lung
were harvested 48 hours after the last irradiation. (lower) AT-84-E7 tumors in the flank were
irradiated (4 x 3.7 Gy or 1 x 10 Gy) on Day 18, and tumors were harvested 48 hours after
the last irradiation. Experiments repeated 3 times with similar results. B) Antigen-specific
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CD8* T-cells in TDLN (upper) or TIL (lower) were detected by H-2KP/SIINFEKL tetramer.
Mice were inoculated with 1.5 x 10° B16-OVA into unilateral or bilateral flank, and tumors
on one side were irradiated (12 Gy) on Day 14. After 48 hours, 4 x 10° T-cells from OT-1
mice were injected intravenously. Antigen-specific T-cells from both the irradiated tumor
and contralateral tumor were analyzed 3 days after adoptive transfer. Data are shown as
mean = S.E.M. C) Differently expressed genes in 17 patient-derived HNSCC tissue samples
comparing HPV-positive patients to HPV-negative patients analyzed using NanoString
technology. D) Expression changes in mRNA detected by NanoString comparing an
irradiated level 2 LN to a non-irradiated level 4 LN from the same patient. (Top) Heat map
of the log, value comparison between irradiated LN and non-irradiated LN mRNA. <5
(blue) shows low expression and =15 (red) showing high expression. (Bottom) Log, fold
changes of MRNA expression comparing an irradiated level 2 LN to a non-irradiated level 4
LN. mRNA Expression fold changes of =1.5 or <-1.5 are shown.
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Figure 3:
HPV16 E5 downregulates MHC surface expression and mediates resistance to anti-PD-L1

immunotherapy. A) (left) Expression of FLAG-tagged E5 in AT-84-E7 was confirmed by
western blot after immunoprecipitation with anti-FLAG antibody. (right) Localization of
FLAG-tagged E5 in AT-84-E7 was determined by staining with anti-FLAG antibody
followed by Alexa Fluor 568-conjugated secondary antibody (red). Nuclei were labeled with
DAPI (blue). B) Immunofluorescence of AT-84-E7-expressing empty vector or N-terminal
FLAG-tagged E5 (N-FLAG E5). FLAG-tagged E5 was stained with anti-FLAG antibody
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followed by Alexa Fluor 488-conjugated secondary antibody (green). MHC I (H-2KK) was
stained with AF647-conjugated anti-H-2KX (purple). Nuclei were labeled with DAPI (blue).
C) MHC 1 cell surface expression on control or E5-expressing cell line was analyzed by
flow cytometry. D) DC2.4 was co-cultured with FLAG-tagged E5-expressing AT-84-E7 for
24 hours. Phagocytosis of E5 by DC2.4 was then analyzed by flow cytometry. E, F) 5 x 10°
AT-84-E7 (E) or 1 x 10° MOC2 (F) cells expressing empty vector or FLAG-tagged E5 were
subcutaneously injected and treated with anti-PD-L1 for a total of 4 injections; n = 6 in each
group. Data are shown as mean + S.E.M.
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Figure 4:

Patients with high expression of HPVV16 E5 have decreased HLA expression associated with
worse disease-free survival. A, B) mRNA expression analyzed by RNAseq in HNSCC from
normal, E245 high, and E67 high patients in Johns Hopkins University (JHU) cohort.
(Normal; n = 25, E245 high: n = 26, E67 high: n = 10) (A) Correlation analysis of HPV16
E5 expression and HLA-subtype or TAP expression (n = 36, Spearman’s correlation
coefficient) (B) Patients were assigned to 3 groups based on the mRNA expression level of
HLA (low, average, and high). Patients with low and high expression of HLA are shown.
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(Chi-square test and residual analysis) C) Disease-free survival and overall survival of

patients in JHU cohort. Patients were assigned to groups based on E5 and HLA expression
level.
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Rimantadine has novel anti-tumor activity and enhances MHC expression on tumor cells and
antigen presenting cells. A) Tumor growth of AT-84-E7/E5, B16-OVA, and 4T1 (flank), and
4MOSC1 (tongue); n = 6 in each group. B, C) MHC | expression and antigen-presentation
(H-2KP/SIINFEKL) were analyzed by flow cytometry after rimantadine treatment (100 uM,
48 hours). D) Antigen-specific T-cell activation was analyzed by using B3Z after
rimantadine treatment (48 hours). E) Survival curve of B16-OVA-bearing mice treated with
rimantadine and/or anti-PD-L1 antibody; n = 6 in each group. F) Cell surface expression of
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MHC | (H-2K%) and MHC 11 (I-A/I-E) on rimantadine-treated RAW264.7 48 hours after
treatment. Data are shown as mean + S.E.M.
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Figure6:
Rimantadine causes cell cycle arrest in HPV E5-expressing human head and neck cancer

cell lines and inhibits cell cycle regulatory proteins. A) BrdU cell cycle was analyzed 24
hours following treatment with rimantadine. B) Stathmin mRNA expression was analyzed
24 hours following treatment with rimantadine. C) Effect of rimantadine on human HNSCC
lines. BrdU cell cycle analysis (upper) and MTT proliferation assay (lower). Cells were
treated with rimantadine for 24 or 48 hours for BrdU assay or MTT assay, respectively. D)
Cell cycle and proliferation assay of E5-expressing cell lines. Cells were treated with
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rimantadine for 24 hours for BrdU assay and qPCR analysis, or for 48 hours for MTT assay
at the concentration as indicated. Data are shown as mean + S.E.M.
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