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ABSTRACT

High-risk human papillomavirus (HPV) encoding E6/E7-HPV oncogenes are responsible for a subgroup of
head and neck squamous-cell carcinoma (HNSCC) and thus therapeutic E7-vaccines may be used to
control HPV*HNSCC tumors. Herein we investigated the effects of an optimized nanoparticle-conjugated
E7 long-peptide vaccine adjuvanted with CpG (NP-E7LP) in an orthotopic immunocompetent mouse
model of HPV*HNSCC which is based on injection of HPV16 E6/E7-expressing mEERL95-cells into the
submental space. In absence of surgery, vaccination performed before or after tumor-cell injection
decreased tumor growth or prolonged mice survival only marginally, despite the high numbers of
vaccine-induced circulating E7-specific IFN-y-secreting CD8" T-cells. This contrasts with the high-efficacy
of NP-E7LP-vaccination reported in the genital and subcutaneous HPV16-E6/E7-expressing TC-1 models.
Our data show that in a direct comparison, NP-E7LP-vaccination fully controlled TC-1, but not mEERL95,
tumors subcutaneously growing in the flanks. Immune-cell infiltration was 10-fold higher in TC-1-tumors,
than in mEERL95-tumors, suggesting that vaccine-induced CD8* T-cells can only poorly infiltrate
mEERL95-tumors. Indeed, immunofluorescence staining of orthotopic mEERL95-tumors showed that
CD3* T-cells are preferentially located peritumorally. However, when NP-E7LP-vaccination was performed
after mEERL95-cell injection, but before resection of primary tumors, no postsurgical recurrence was
observed and 100% of the mice survived until the experimental endpoint (day 70) in the NP-E7LP-
vaccinated group. In contrast, we observed a 60% recurrence rate and only 35% survival in PBS-
vaccinated mice. This suggests that removal of the primary tumor modified the tumor microenvironment,
allowing a therapeutic effect of the vaccine-induced anti-tumor response. E7-vaccination combined with
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surgery may thus benefit patients with HPV*HNSCC.

Introduction

About 890,000 new cases of head and neck cancer were
reported in 2018 worldwide in association with 450’000 deaths,
which are largely attributed to the development of recurrent
and/or metastatic disease.”> A distinct subtype of head and
neck squamous cell carcinoma (HNSCC) that expresses
Human Papillomavirus (HPVTHNSCC) is often diagnosed in
younger nonsmoking patients at relatively advanced stages and
with nodal involvement, which is however associated with
a better survival than HPV negative HNSCC.>*
HPV'HNSCC develops from infection of the basal cells of
the stratified epithelium by high-risk HPV types.” Because
expression of E6 and E7 HPV oncogenes in epithelial cells is
required for the maintenance of the cancerous phenotype, they
represent attractive target antigens for therapy.” We recently
showed that conjugation of an HPV16-E7 long peptide to
ultra-small polymeric nanoparticles enhanced the antitumor
efficacy of therapeutic vaccination in subcutaneous and genital
mouse models of HPV" cancers.® Here, we investigated
this therapeutic vaccine in a recently established

immunocompetent  orthotopic =~ mouse  model  of
HPV*YHNSCC, which uses the mEERL95 cell line” that origi-
nates from the HPV16 E6/E7-expressing mEERL cell line
established from mouse oropharyngeal epithelia.® Injection of
mEERL95 cells in the submental space results in the develop-
ment of primary tumors that recapitulate the patterns of
human HPV*HNSCC local invasion and metastatic spread.”
Surgical resection of primary tumors in this model is associated
with the development of local recurrences which mimics the
situation in human patients. Because combination with differ-
ent treatment modalities is clearly necessary for patient benefit,
19 we examined the effect of vaccination alone or in conjunc-
tion with surgery of the primary tumors.

Material and methods
Mice treatments

Seven to ten-week-old female C57BL/6 wild-type mice
(Charles River and Envigo) were used and all experiments
were performed in accordance with Swiss law and with
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approval of the Cantonal Veterinary Office of Canton de Vaud,
Switzerland. The mEERL95 cell line was derived from a tumor
explant of the original mEERL cell line® (obtained from Prof.
John H. Lee, Sanford Research, Sioux Falls, South Dakota,
USA) implanted in a C57BL/6 female mouse.”The TC-1 cell
line (C57BL/6 primary lung epithelial cells transduced with
retroviral vectors expressing HPV16 E6/E7 and activated c-Ha-
ras)'" was kindly provided by Prof. T.-C. Wu (Johns Hopkins
Medical Institutions, Baltimore, USA). Subcutaneous vaccina-
tion was performed with NP-E7LP (15 pg of synthetic E7,3 5,
peptide, chemically synthesized by the Protein and Peptide
Chemistry Facility of the Institute of Biochemistry, UNIL,
Switzerland, conjugated in nanoparticle (NP) as detailed in°
and 40 pg of CpG: CpG-B 1826 oligonucleotide 5'-
TCCATGAGCTTCCTGACGTT-3' as phosphorothioated
DNA bases, purchased from Microsynth). Briefly, NPs were
synthesized, functionalized, and characterized and then incu-
bated for 12 hours in endotoxin-free water and guanidine
hydrochloride with E7,3 7, dissolved in DMSO. E7 NP were
purified by size-exclusion chromatography using CL-6B matrix
(Sigma Merck KGaA), eluted, and stored in PBS at room
temperature, 40 pg of CpG were added before vaccination (NP-
E7LP vaccine). Control vaccinations were also performed with
PBS or CpG (40 pg) alone.

Tumor implantation and surgery

For orthotopic tumors, 100’000 mEERL95 cells were injected
into the cervical subcutaneous tissue (the submental space) as
previously ~described.”'*"> For flank tumors, 100’000
mEERL95 and 100000 TC-1 cells were subcutaneously
implanted on each flank of the mice. Tumor growth was
monitored with a Vernier caliper, and tumor volume was
calculated as V = (L x W?)/2. Procedure for surgery at the
neck region were previously detailed.”'* Briefly, with the help
of a stereomicroscope, tumors were dissected and wounds were
closed with a suture. At the time of surgery, tumor invasion of
the bone and muscle were recorded.

Tissues preparation

Mice were sacrificed by CO2 inhalation to collect the tumor
tissues. Single-cell suspensions were obtained by mincing in
DL-dithiothreitol (Sigma Merck KGaA) and digesting with
1 mg/mL collagenase/dispase (Roche, Basel, Switzerland) and
0.1 mg/ml DNAse I (Sigma Merck KGaA) with 20% Fetal Calf
Serum (Gibco, MA, USA). Whole blood was collected in tubes
containing heparin-Na 25000 LE. (Braun, Sempach,
Switzerland) from tail vein. Red blood cells were lysed using
ammonium-chloride-potassium. PBMC were prepared from
tail-blood."” The recovered cells were used for immunostaining
and/or for IFN-y ELISPOT assay.

Immunostaining and flow cytometry analysis

The monoclonal anti-mouse antibodies used were Anti-CD45
-FITC (30-F115), Anti-CD3-PerCP/Cy5.5 (17A2), Anti-
CD11b-AF700 or eF450 (M1/70) and Anti-CD4-eF450
(GK1.5), (eBioscience, Thermo Fisher Scientific, MA, USA),

Anti-CD8-APC-Cy7 (53-6.7), Anti-Ly6C-AF700 (HK1.4)
and Anti-Ly6G-Pe-Cy7 (1A8) (Biolegend, CA, USA). PE-
conjugated E7,9 5,-H-2 DP-restricted tetramers (tetE7) were
from Ludwig Institute for Cancer Research tetramer produc-
tion facility, Lausanne, Switzerland. Dead cells were excluded
by a live/dead fixable aqua dead cell stain kit (Invitrogen
Thermo Fisher Scientific, MA, USA). Cell acquisition and
analysis were performed using Gallios Flow Cytometer
(Beckman Coulter, Nyon, Switzerland) and FlowJo software
(Tree Star, Ashland, OR), respectively.

Immunofluorescence staining was performed on OCT fro-
zen sections using hamster mCD3e antibody (BD 550277) and
rabbit E-cadherin antibody (Cell Signaling 3195). Briefly, sec-
tions were fixed 10 minutes at RT with 4% PFA, permeabilized
10 minutes at RT with 0.1% Triton X-100 then blocked 30 min-
utes in PBS 0.5% BSA containing 1% goat and 1% donkey
serum before incubation for 2 hours at RT with a 1/100 dilu-
tion of mCD3e antibody and a 1/400 dilution of E-cadherin
antibody in 0.5% BSA/PBS. After incubating 1 hour at RT with
donkey anti-rabbit-647 (Life Technologies A-31573) and goat
anti-hamster-568 (Life Technologies A-21112) antibodies
diluted 1/500 in 0.5% BSA/PBS, sections were mounted in
ProLong Gold antifade reagent with DAPI (Life technologies
P-36931) and digitalized on an Axio Scan.Z1 (Zeiss). Fiji soft-
ware was used to quantify immunofluorescence signals using
custom scripts.

IFN-y ELISPOT assay

IFN-y ELISPOT assay were performed as described in detail
in." Briefly, 100’000 PBMC/well were loaded with 1 pug/ml of
E749.5; peptide (synthetized by the Protein and Peptide
Chemistry Facility, UNIL, Lausanne, Switzerland) or medium
alone (control wells). After 16 to 24 h. E7-specific responses
were defined for each individual mouse as the number of IFN-y
spots/10” cells in the E7-stimulated wells minus the number of
IFN-y spots/10° cells in the control wells.

Statistics

Statistical analyses were performed using Prism 7.00 for
Windows (GraphPad software). Single comparisons were per-
formed using Student t-test or Chi-square contingency test.
Multiple comparisons were performed using one-way ANOVA
and Tukey’s post-test or log-rank test as indicated in the figure
legends.

Results and discussion

NP-E7LP vaccination decreased orthotopic mEERL95
tumor growth and prolonged mice survival only slightly

We first examined the effect of the optimized HPV16-E7 long-
peptide vaccine conjugated to ultra-small polymeric nanoparti-
cles and adjuvanted with CpG (NP-E7LP®) in the orthotopic
mEERL95 model in the absence of surgery. Groups of mice
were vaccinated at days 5 and 15 after tumor cell injection with
NP-E7LP (n = 16), CpG alone (n = 9) or PBS (n = 10)
(Figure 1la). Both NP-E7LP and the CpG adjuvant alone
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Figure 1. Growth of orthotopic mEERL95 tumors and mice survival upon
therapeutic or prophylactic vaccination.a-c: In a therapeutic setting, mice with
orthotopic mEERL95 tumors were vaccinated at day 5 and 15 (black arrow in b/c)
with PBS (n = 10), CpG alone (n = 9) or NP-E7LP (n = 16). d-f: In a prophylactic
setting, mice were vaccinated 1 week before cell injection with CpG alone (n = 8)
or NP-E7LP (n = 8). Mean + SEM tumor growth (b/e) and mice survival (c/f) are
shown. Significant differences (area under the curve, a/c) are shown following
Student t-test or (mice survival, c¢/f) after an adjusted log-rank test:
were = < 0001; ** = p < 01.

significantly decreased tumor growth rate (Figure 1b) and pro-
longed mice survival, as compared to PBS-injected mice
(Figure 1c). As expected, NP-E7LP induced significantly higher
numbers of E7-specific IFN-y secreting CD8 T-cells in periph-
eral blood mononuclear cells (PBMC) after the first or second
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immunization than in mice that had received CpG alone or PBS
(supplementary Figure 1s). These results confirm that the CpG
adjuvant alone has immunotherapeutic properties that can con-
fer some tumor protection, '® but also question the importance
of the vaccine-induced E7-specific CD8" T-cells in this setting.
When vaccination with NP-E7LP was performed 1 week before
orthotopic tumor cell injection (Figure 1d), there was
a significant decrease in tumor growth, as compared to CpG
alone (Figure le). This confirmed that the E7-expressing
mEERL95 tumors are sensitive to the vaccine-induced E7-
specific CD8" T-cells, in agreement with previous findings
with the parental cell line mEER'”'® though with no benefit
on mice survival (figure 1f). These results contrast with the
previously reported efficacy of subcutaneous (s.c.) vaccination
with NP-E7LP to control tumors in the E7-expressing TC-1 s.c.
and genital models .>'° This may be due to vaccine-specific
CD8" T-cells not efficiently homing to the tumor site (in this
case the floor of the mouth) and/or the presence of a higher
immunosuppressive tumor microenvironment in the orthotopic
mEERL95 tumors. To test these possibilities, we directly com-
pared groups of mice which were s.c. implanted on each flank
with TC-1 or mEERL95 cells and vaccinated s.c. 1 week later
with NP-E7LP or CpG alone (Figure 2a). In this setting, TC-1
tumors, in the NP-E7LP vaccination group, fully regressed
at day 30 (Figure 2b), while mEERL95 tumor growth was only
slightly decreased, as compared to CpG alone (Figure 2c); this
despite the presence of a high number of circulating E7-specific
IFN-y secreting CD8" T-cells (Figure 2d). This suggests that it is
not the localization of the mEERL95 tumors that interfered with
vaccine efficacy. Interestingly, flow-cytometry analysis of flank
mEERL95 and TC-1 tumors (see gating strategy in
Supplementary Figure 2), showed a significantly lower
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Figure 2. Growth and immune responses of flank TC-1 and mEERL95 tumors upon therapeutic vaccination.a: TC-1 and mEERL95 tumors were subcutaneously
established on each flank of the mice (n = 18) and vaccination was performed 7 days later (black arrow in b/c) with the NP-E7LP (n = 9) or CpG alone n = 9), mice
bleeding was performed at day 15. Growth curves (mean + SEM tumor volumes) of TC-1 (b) and mEERL95 (c) tumors are shown separately. d: Number IFN-y E7-specific
(D8 T-cells were measured in PMBC, 7 days after vaccination. e-g: Numbers of tumor-infiltrating immune cells/mg of tumor were determined in mice sacrificed at day 19
(n = 4) by flow cytometry for CD45 (e) CD3 (f) and CD11b (g). Significant differences (area under the curve for b/c) are shown following Student t-test, **** = p <.0001.

*** =p <.001,* =p<.01and * =p < .05.
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Figure 3. CD3 cells are mainly located peritumorally in the orthotopic
mEERL95 tumors. a: Example of the algorithmic detection of CD3 and
E-cadherin immunostaining signal on frozen sections from orthotopic mEERL95
tumors. The epithelial-specific E-cadherin and nuclear DAPI signals are used to
accurately define the peritumoral and intratumoral areas of the sample. b:
Overview of a whole tumor section showing that CD3 T-cells are preferentially
found in the peritumoral area. (inset): Quantification of the ratio between CD3
T-cells detected in the peritumoral area versus CD3 T-cells detected in the
intratumoral area in PBS treated mice (n = 4).

infiltration of CD45" immune cells (Figure 2e), particularly
affecting the CD3" T-cells (50-fold decrease, p < .001, figure
2f) and to a lesser extent the CD11b" myeloid cells (fivefold
decrease, p = .06, Figure 2g), in mEERL95 tumors, as compared
to TC-1 tumors. Both CD4" and CD8" T-cells similarly

decreased in mEERL95 tumors, with Tetramer E7* CDS8*
T-cells only detected in the TC-1 tumors (supplementary
Figure 3s A, B, C), while among the myeloid cells, only the
Ly6C" CD11b" cells (a phenotype of monocyte-derived sup-
pressor cells) were significantly decreased in the mEERL95
tumors (supplementary Figure 3s D/E). These data suggest
that lack of efficacy of circulating vaccine-induced E7-specific
CD8" T-cells may be associated with a poor immune cell
infiltration in the mEERL95 tumors, irrespective of their locali-
zation. Indeed, quantitative digital analysis of immunostained
lateral cross-sections obtained from orthotopic mEERL95
tumors (Figure 3a) revealed a spatially confined infiltration of
the E-cadherin-positive tumor areas by CD3" T-cells, which
were preferentially enriched around the tumors and in the
stromal invaginations (Figure 3b) resulting in a mean peritu-
moral/intratumoral infiltration ratio of 1.5 (Figure 3b, inset). Of
note, the mEERL95 tumor model is characterized by the pre-
sence of a desmoplastic stroma rich in cancer-associated fibro-
blasts (CAFs), 7 which were shown to interfere with T-cell
infiltration and be a barrier to vaccination.'” Whether CAFs
are responsible for the low immune cell infiltration in the
mEERL95 model deserves further investigations.

NP-E7LP vaccination performed before surgical resection
of primary tumors prevents local recurrence

Because NP-E7LP vaccination alone was poorly efficient in our
model, we then exploited the possibility to surgically remove the
primary orthotopic mEERL95 tumors to test a combination
treatment. Groups of mice injected with mEERL95 cells were
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Figure 4. Growth and local recurrence of orthotopic mEERL95 tumors upon combined NP-E7LP vaccination and surgery. Groups of female mice bearing
orthotopic mEERL95 tumors were vaccinated with NP-E7LP (n = 15), CpG alone (n = 13) or PBS (n = 8) before resection of the primary tumors as outlined in a. Tumors
volumes (b) and percentage of muscle and/or bone invasive tumors (c) at surgery are shown. After surgery, percentage of mice with postsurgical recurrence (d) and
mice survival (e) are shown. Significant differences following one-way ANOVA +Tukey's posttest (b), contingency Chi-square test (c-d) or log-rank test (d) are shown:

*=p<.05*=p<.01,**=p<.001.
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T-cells are induced. However, these cells cannot infiltrate the tumor which continues to grow. b: After resection of primary tumors, residual tumor cells can regrow
resulting in tumor recurrence. ¢: Primary tumor resection performed after E7 vaccination allows circulating E7-specific CD8" T-cell to infiltrate the residual tumor cells

and efficiently control the tumor, thus impeding tumor recurrence.

vaccinated 8 days later with NP-E7LP (n = 15), CpG alone
(n = 13) or PBS (n = 8) and, 12-14 days after implantation,
primary tumors were surgically removed and mice were fol-
lowed for tumor recurrence (Figure 4a). Tumor volumes at the
time of surgery were similar (Figure 4b), but visual inspection
showed that muscle and/or bone invasion was less frequent after
NP-E7LP vaccination (33%, p = .058, as compared to CpG) than
in controls (ca. 70% for either PBS or CpG, Figure 4c). This
suggests that the modest effect on tumor growth by NP-E7LP
vaccination or CpG alone which is only evident at later time
points in absence of surgery (see Figure 1b), may only be partly
associated with a lesser propensity of the tumor to invade.
Notably, no postsurgical tumor recurrence was observed in NP-
E7LP-vaccinated mice (0/15), as opposed to a significant recur-
rence rate (3/13 and 5/8) in the CpG and PBS controls, respec-
tively (Figure 4d). This resulted in 100% mice survival at the
endpoint (day 70) for the NP-E7LP-vaccinated mice which was
significantly better than for CpG or PBS controls (70% and 37%
mice survival, respectively, Figure 4e). This suggests that the
vaccine-induced E7-specific IFN-y secreting cells effectively con-
trolled local recurrence after resection of primary tumor (Figure
5). We may speculate that removing most of the tumor, includ-
ing CAFs, has exposed residual tumor cells to the preexisting
vaccine-induced T-cells allowing their effect before the burden of
dysfunctional immune responses often associated with surgery.*’

Conclusion

Although the implementation of prophylactic HPV-vaccines may
decrease the occurrence of HPVTHNSCC in the future, 2! their
incidence is still rising in several countries.”>** In addition, despite
HPVHNSCC generally better responds to treatment than cancers
unrelated to HPV, a subgroup still shows recurrence with a poor

survival prognosis, >* which deserves optimized treatment strate-
gies. Using the orthotopic mEERL95 tumor model that mimic
such a situation, our data show that an E7-vaccine can beneficially
be included in the therapy of aggressive HPVTHNSCC, when
administered before the resection of the primary tumor.
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