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ABSTRACT

Therapeutic vaccination as a treatment option for HPV-induced cancers is actively pursued because the
two HPV proteins E6 and E7 represent ideal targets for immunotherapy, as they are non-self and
expressed in all tumor stages. MHC-humanized mice are valuable tools for the study of therapeutic
cancer vaccines — given the availability of a suitable tumor model. Here, we present for the first time an
HPV16 tumor model suitable for fully MHC-humanized A2.DR1 mice, PAP-A2 cells, which in contrast to
existing HPV16 tumor models allows the exclusive study of HLA-A2- and DR1-mediated immune
responses, without any interfering murine MHC-presented epitopes. We used several HPV16 epitopes
that were shown to be presented on human cervical cancer cells by mass spectrometry for therapeutic
anti-tumor vaccination in the new tumor model. All epitopes were immunogenic when rendered
amphiphilic by incorporation into a molecule containing stearic acids. Prophylactic and therapeutic
vaccination experiments with the epitope E7/11-19 demonstrated that effective immune responses
could be induced with these vaccination approaches in A2.DR1 mice. Interestingly, the combination of
E7/11-19 with other immunogenic HPV16 E6/E7 epitopes caused a reduction of vaccine efficacy,
although all tested combinations resulted in a survival benefit. In summary, we present the first
HPV16 tumor model for exclusive studies of HLA-A2-mediated anti-HPV tumor immune responses and
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show anti-tumor efficacy of minimal epitope vaccines.

Introduction

High-risk types of human papillomavirus (HPV) are respon-
sible for ca. 4.5% of the worldwide new cancer cases every
year.! Cervical cancer is the most prevalent among HPV-
related cancer cases, but HPVs can also cause other genital,
anal and oral cancers." The two high-risk HPV types HPV16
and HPV18 are responsible for 60% and 15% of all HPV-
mediated cancer cases, respectively.” A vaccine preventing the
infection with HPV16 and HPV18 has been brought to the
market in 2006, and a more recent version protecting against
infection with the seven most prevalent HPV high-risk types
in 2014.> However, the available prophylactic vaccines are not
effective against already established HPV infections or HPV-
mediated transformed lesions.* Therefore, people who could
have been or have been exposed to HPV do not represent a
target group for prophylactic vaccination and, thus, are still at
risk to develop HPV-mediated cancers. Additionally, even in
developed countries vaccination efforts are far from reaching
the whole population e.g. only 49.5% of 13-17 year old girls
(boys: 37.5%) in the USA received at least two doses of the
vaccine’ and only 44.6% of 17-year old females (boys: no

vaccination recommendation, very low coverage) in
Germany.® Due to roll-out challenges and the requirement
of a constant cooling chain for the existing prophylactic
vaccines, vaccination coverage in countries outside the devel-
oped world is still lower,” leaving the vast majority of people
worldwide at risk.

Therefore, vaccines that are effective in a therapeutic setting
are being investigated (reviewed in refs. 8, 9). These vaccines
can target premalignant lesions as well as carcinomas. Several
clinical studies for therapeutic cervical cancer vaccines have
been®'? and are currently being conducted with a variety of
vaccine constructs like RNA-based or emulsion-based vaccines
(e.g. NCT03418480, NCT02865135). HPV-induced cancers or
premalignant lesions represent ideal targets for therapeutic
cancer vaccination since the transformation of the infected
cells is caused by the expression of two viral proteins: E6 and
E7. These proteins cause continuous cell divisions and hamper
the induction of apoptosis.” Since the malignant phenotype
relies on the expression of E6 and E7, cancer cells cannot
evade the immune system’s attack by downregulating the
expression of these proteins, which are therefore expressed in
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all malignant cells in all tumor stages.” However, the develop-
ment of a therapeutic vaccine against HPV cancers is challen-
ging since the virus employs several mechanisms to avoid
detection by the immune system (reviewed in ref. 11). These
immune evasion mechanisms for example lead to destruction
of HPV epitopes so that these epitopes are presented only at
very low abundance on the surface of HPV-positive cancer
cells.”?

Mass spectrometry (MS) nowadays allows to verify the
surface presentation of major histocompatibility complex
(MHC)-bound epitopes.”> To verify the presence of HPV
epitopes on the cell surface, we developed a LC-MS® approach
especially tailored to detect low abundant MHC class I
epitopes.'* Our study demonstrated that out of 17 monitored
HPV E6/E7-derived human leukocyte antigen (HLA)-A2-
binders, eleven were found to be presented on the cell surface
of human cervical cancer cells. Knowing the bona fide pre-
sented HPV target epitopes on these cells allowed us to focus
our therapeutic vaccine on these targets to avoid unproductive
immune responses and induce effective anti-tumor responses.

Most preclinical studies for the development of a thera-
peutic vaccine targeting HPV16 E6/E7 were performed in
C57BL/6 mice with the TC-1 tumor model (C57BL/6 lung
cells transduced with HPV16 E6/E7 and a constitutively
activated version of H-ras (H-ras V12) to render the cells
tumorigenic)."” This model limits the choice of epitopes to
murine epitopes and therefore cannot be used for testing of
epitopes that are presented on HLA molecules. Nowadays,
the use of HLA-transgenic mice, which were generated to
study vaccination approaches with human epitopes in a
small animal model, allows overcoming this problem.16 The
most commonly used transgenic mouse model to date is the
AAD mouse,'” which - in addition to having all murine
MHCs - carries an HLA-A2 transgene. Two HPV16 tumor
models suitable for AAD mice have been published: TC-1/
A2, which are TC-1 cells transduced with HLA-A2,'® and
HLF16 cells, which are heart fibroblasts from AAD mice that
- like the TC-1 cell line - were transduced with HPV16 E6/
E7 (with E7 lacking the immunodominant murine epitope in
this case) and H-ras V12.'>%° The immunodominant H-2D"-
restricted epitope E7/49-57 was deleted in HLF16 cells since
it has been shown that epitopes restricted to murine MHCs
are preferred over HLA-A2-restricted epitopes in humanized
mice.'® Since no additional H-2D"-restricted HPV16 epi-
topes are known, H-2DP-restricted anti-HPV16 immune
responses can be virtually excluded by this approach.
However, as H-2K-restricted immune responses are not
excluded,?! anti-tumor responses observed in this model
are still not necessarily HLA-A2-restricted. Furthermore,
H-2D- and H-2K"-restricted responses against neoepitopes
derived from mutations can be induced by antigen spreading
and the AAD model does not allow for the study of human
MHC class II epitopes.

In contrast, the A2.DR1 mice used in this studyn"24 were
shown to mount functional CD4" and CD8" T cell responses
against multiple epitopes restricted by HLA-A2 and HLA-
DR1.”> At the same time, they are completely devoid of
murine MHCs and therefore allow the exclusive examination

of HLA-A2 and HLA-DRI-restricted immune responses.
Here, we present the first HPV16 E6'/E7" tumor model for
a MHC-humanized mouse strain that is completely devoid of
murine MHC molecules. We used this new model to examine
vaccinations with several HLA-A2-restricted HPV16 epitopes
that are presented on human cervical cancer cells for their
anti-tumor effects.

Results

Generation of an A2.DR1 compatible, HPV16 E6*/E7"
tumor model

To generate an HPV16 E6'/E7", A2.DRI1 compatible tumor
model, the chemically induced sarcoma cell line 2277NS,*
derived from A2.DR1 mice, was lentivirally transduced with
the E6/E7 oncoproteins of HPV16 (for the vector construct, see
Suppl. Figure 1). Clonal cell lines were established and one
clone was selected for tumorigenicity and E6/E7 expression
(data not shown). This cell line was named PAP-A2 (papilloma
HLA-A2). Western blot analysis proved that the parental
2277NS cell line does not express E6 and E7. The cervical
cancer-derived cell line CaSki expresses HPV16 E6/E7, whereas
PAP-A2 cells express the introduced tagged versions of HPV16
E6/E7, and still do so after having grown as a tumor
(Figure 1A). Interestingly, the expression of E6 is markedly
lower in CaSki cells compared to PAP-A2, while the expression
levels of E7 are much higher in CaSki cells than in PAP-A2
cells. Tumor growth kinetics of the new tumor model were
established by injecting different numbers of PAP-A2 cells into
A2.DRI mice (Figure 1B, C). 1.5x10° cells were chosen as
tumor cell injection number for all subsequent experiments
since this number generated a tumor take rate of approximately
90%, while still producing tumors growing slowly enough to
allow therapeutic interventions.

Selected HPV16 epitopes are immunogenic in A2.DR1
mice and HPV16-epitope specific T cells specifically lyse
PAP-A2 cells

Amphiphilic vaccine constructs have been shown to increase the
immunogenicity of minimal epitopes as well as of synthetic long
peptides.”>*” Therefore, we used this approach to generate
amphiphilic versions (Figure 2A) of three HPV16 HLA-A2-
restricted epitopes found on CaSki human HPV16" cervical
cancer cells: E7/7-15, E7/11-19, E7/82-90."* We also included
the epitope E6/25-33 in our studies as an example of an E6-
derived epitope. These amphiphilic minimal epitope constructs
(= amph-peptides) were injected s.c. with 50 pg poly I.C (pI:C) as
an adjuvant (vaccination schedule: Figure 2B, upper panel). All
amph-peptide vaccines induced CD8" immune responses in A2.
DR1 mice as measured by IFN-y intracellular staining after
stimulation with the respective peptide (Figure 2B, lower panel;
IFN-y mean fluorescence intensity (MFI) values: Suppl. Figure
2). Furthermore, a flow cytometry-based cytotoxicity assay (ref.
28 and Suppl. Figure 3) showed that CD8" T cells isolated from
vaccinated mice and cultured for 7 days in the presence of the
respective peptide were able to specifically kill the cognate
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Figure 1. Characterization of the novel HPV16 E6/E7-expressing A2.DR1 tumor cell line, PAP-A2. (A) PAP-A2 cells were lysed and analyzed for E6 (left) and
E7 (right) expression by Western blot. CaSki: HPV16™ cervical cancer cells, positive control; 2277NS: untransduced parental cell line of PAP-A2, negative control;
PAP-A2: cell line lysate; PAP-A2 tumor: lysate generated from a PAP-A2 tumor having grown in an A2.DR1 mouse. The Western blots shown are representative
of three Western blots. (B) Tumor growth curves of PAP-A2 cell injection number titrations in A2.DR1 mice. Mean * SD are shown. (C) Mouse survival curves
for the experiment shown in B. n = 3 (5x10%) or n = 5 (other groups) mice per group.

epitope-loaded parental cell line 2277NS, but not irrelevant
epitope-loaded 2277NS cells (Suppl. Figure 4). Importantly,
also HPV16 E6'/E7" PAP-A2 tumor cells, but not the untrans-
duced HPV-negative parental 2277NS cells were killed by the
HPV-specific T cells (Figure 2C), proving HLA-A?2 presentation
of the selected epitopes on our tumor model.

In these experiments, vaccination of A2.DR1 mice with the
epitope E7/11-19 induced the highest frequencies of IFN-y*
CD8" T cells and E7/11-19-specific CD8" T cells exhibited a
high capability to kill PAP-A2 cells (Figure 2B, C). Based on
these results, we chose this epitope as the lead epitope for the
subsequent anti-tumor vaccination experiments.
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Figure 2. Induction of anti-HPV16 E6/E7 responses in A2.DR1 mice and specific killing of PAP-A2 tumor cells by vaccination-induced CD8* T cells. (A) Structure and
modular synthesis of amph-peptides, exemplified by amph-E7/11-19. (B) A2.DR1 mice (n = 6 per group) were injected with indicated amph-peptides + 50 pg pl:C
according to the indicated schedule. Splenocytes were isolated and incubated with either an irrelevant HLA-A2-binding peptide or the cognate peptide. After 5 h of
incubation, cells were stained for intracellular IFN-y and analyzed by flow cytometry. Frequencies of IFN-y* cells among CD8" T cells after incubation with the irrelevant
or the cognate peptide are shown. Each dot represents one mouse, mean + SD is indicated. Statistical analysis was performed with Student’s unpaired t test. (C)
Splenocytes of amph-peptide-vaccinated A2.DR1 mice were isolated and cultured 7 days in the presence of the respective indicated cognate peptide. CD8* T cells were
isolated by untouched MACS isolation. CD8" T cells (effector cells) were added to wells containing a 1:1 mixture of specific target cells (PAP-A2, CFSE labeled) and control
target cells (parental 2277NS cells, FR labeled). 48 h after addition of CD8" T cells, cells were analyzed via flow cytometry. “% of specific killing” was calculated from the
ratio of specific to control target cell killing. The experiment was performed once in triplicates; error bars: SD.
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Figure 3. Prophylactic and therapeutic vaccination with amph-E7/11-19 reduces the growth of PAP-A2 tumors. (A, B) A2.DR1 mice (n = 15 per group for amph-E7/
11-19 and vehicle, n = 14 for untreated) were treated with three injections of amph-E7/11-19 or controls and were challenged 7 days after the last vaccination with
1.5x10° PAP-A2 cells. A: Cumulative survival curves of groups, B: Tumor growth curves of individual mice. (C, D) A2.DR1 mice (n = 8 per group) were injected with
1.5x10® PAP-A2 cells and were vaccinated as indicated with amph-E7/11-19, vehicle control or left untreated. C: Cumulative survival curves of groups, D: Tumor
growth curves of individual mice. Statistical analysis for differences in survival was performed with the Gehan-Breslow-Wilcoxon test.

Vaccination with amph-E7/11-19 mediates anti-PAP-A2
tumor effects in prophylactic and therapeutic settings

For easier observation of any anti-tumor efficacy, we first
tested a prophylactic vaccination setting. Groups of 15 mice
were injected three times with amph-E7/11-19, the amphi-
philic carrier moiety (vehicle control) or left untreated and
challenged with PAP-A2 cells 7 days after the last vaccination
(schedule: Figure 3A, right panel). Vaccination with amph-
E7/11-19 significantly increased the survival compared to the
control mice. The median survival of mice was more than
doubled in the prophylactically vaccinated group (41 days for
amph-E7/11-19-treated mice compared to 17 days for vehi-
cle-treated mice) (Figure 3A, B).

To assess the clinically more relevant therapeutic setting,
three vaccinations with amph-E7/11-19 starting 4 days after
tumor injection were performed (schedule: Figure 3C, right
panel). This treatment increased the survival of tumor-bearing

mice and led to complete tumor rejections in 50% of the
animals (Figure 3C, D). However, the separation of curves
only became apparent after approximately 50 days, thus the
difference in survival between HPV-vaccinated and control
mice is not significant. In addition, also some animals in the
untreated and vehicle control-treated groups rejected their
tumor. This could be explained by the fact that we only
observed a tumor take of approximately 90% with the chosen
number of injected PAP-A2 cells for tumor injections (see
“Generation of tumor model”, Figure 1).

Vaccination with other amphiphilic HPV16 epitopes
shows less therapeutic efficacy than vaccination with
amph-E7/11-19

After the experiments conducted with the lead epitope
E7/11-19, we also tested the other epitopes shown to be
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Figure 4. Therapeutic vaccination with the amphiphilic HPV16 E6/E7 epitopes E7/7-15, E7/82-90 and E6/25-33 only weakly reduces the growth of PAP-A2
tumors. (A, B) A2.DR1 mice (n = 10 per group) were injected with 1.5x10° PAP-A2 cells and were vaccinated as indicated with amph-peptides or the vehicle
control. A: Cumulative survival curves of groups, B: Tumor growth curves of individual mice. Statistical analysis for differences in median survival was
performed with the Gehan-Breslow-Wilcoxon test. All differences were found to be non-significant.

immunogenic in A2.DR1 mice (Figure 2B) for anti-tumor
efficacy. All tested vaccine formulations resulted in a survival
benefit when compared to the vehicle control group in a
therapeutic set-up (Figure 4), however, all observed effects
were less pronounced than the effect observed for the amph-
E7/11-19 vaccine (Figure 3C, D). No significant differences
in survival between the groups could be observed.

Vaccination with combinations of amph-HPV16 E6/E7
epitopes leads to reduced E7/11-19 immune responses
and reduced anti-tumor effects

To assess if the combination of different amph-HPV16 E6/E7
epitopes could induce higher overall frequencies of HPV16
E6/E7-specific CD8" T cells and thus lead to increased anti-
tumor effects, we injected mice with various combinations of
the before established amph-peptides. We observed that upon
combining amph-E7/11-19 with other amph-peptides, CD8"
T cells of most mice still responded to restimulation with E7/
11-19 with the production of IFN-y (Suppl. Figure 5), but the
frequencies of E7/11-19-specific CD8" T cells were highly
reduced (Figure 5) compared to single amph-E7/11-19 vacci-
nation (Figure 2B). Furthermore, also the median frequencies
of E7/7-15 and E6/25-33-specific CD8" T cells were reduced
in the case of combination vaccination (Figure 5).
Interestingly, the response against E7/82-90 was not influ-
enced as strongly by combination vaccination but was similar
in the combination vaccinations to the response in single E7/
82-90 vaccination (Figure 5). We tested if the reduced T cell
frequencies would translate into worse survival in therapeutic
vaccination experiments and found that only the combination
E7/11-19 with E7/82-90 had a significant effect on survival
(Figure 6). However, not even this treatment increased the
rate of complete tumor rejections compared to vehicle con-
trol-treated animals.

Discussion

Many therapeutic anti-HPV16 vaccination approaches have
yielded promising results in preclinical studies. Translational
success, however, has been limited so far. To improve ther-
apeutic efficacy and translatability into a clinical setting, we
consider two aspects to be of special importance: First, the use
of vaccines incorporating epitopes that are bona fide pre-
sented on HPV-transformed tumor cells and second, the use
of a mouse model that allows the exclusive assessment of
human epitopes. All previously established HLA-humanized
mouse models still permit immune responses involving mur-
ine H-2-restricted epitopes.

In this study, we used A2.DRI mice to find a vaccination
approach eliciting robust immune responses against minimal
HPV16-derived, HLA-A2-restricted peptides. Using amph-
peptides as vaccination constructs, we tested the immuno-
genicity of three HPV16 E7 epitopes found to be presented
on human cervical cancer cells."* To this selection, we added
one example of an E6 epitope. The modular synthesis of the
amph-peptides allows the use of virtually every minimal
epitope or also synthetic long peptides.”” We also chose
this vaccine formulation because it has been shown that
vaccines based on commonly used oil-emulsions like incom-
plete Freund’s adjuvant can retain effector T cells at the site
of vaccine injection and render them dysfunctional.***
Therefore, it is important to use non-persistent vaccine for-
mulations like the amph-peptides used in this study to
achieve maximal anti-tumor effects. These molecules attach
to albumin and are thus transported to the lymph nodes
where they are taken up by antigen presenting cells, thus
efficiently priming immune responses.”” Indeed, we could
show that all four tested HPV16 E6/E7-derived HLA-A2-
restricted epitopes are immunogenic in A2.DR1 mice when
rendered amphiphilic. Two of these epitopes (E7/11-19, E6/
25-33) have never been tested for their immunogenicity in
humanized mice before. All E7 epitopes are also known to be
immunogenic in humans since CD8" T cells against these
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Figure 5. Vaccination with combinations of amphiphilic HPV16 E6/E7 epitopes leads to reduced frequencies of E7/7-15, E7/11-19 and E6/25-33-specific CD8" cells
compared to single vaccination. A2.DR1 mice (n = 5 per group) were vaccinated as indicated in Figure 2B with the combinations of amph-peptides shown in the
respective graph’s title. Splenocytes were isolated and incubated with either an irrelevant HLA-A2-binding peptide, the cognate peptide or a combination of all
cognate peptides. After 5 h of incubation, cells were stained for intracellular IFN-y and analyzed by flow cytometry. Frequencies of IFN-y* cells among CD8" T cells
after incubation with the indicated peptide are shown. The last group in each graph shows the mathematical sum of the frequencies of all HPV16 E6/E7 epitopes
used in this treatment group. Each dot represents one mouse, mean + SD is indicated. Vaccination with amph-peptides is abbreviated as follows: 11 = amph-E7/11-
19, 7 = amph-E7/7-15, 82 = amph-E7/82-90, 25 = amph-E6/25-33.

epitopes could be found in peripheral blood of healthy Since there was no HPV16 E6*/E7* tumor model suitable
donors.'* Taken together, these findings strengthen our for A2.DRI mice available, we here established the first trans-

concept that A2.DR1 mice are a suitable model to assess plantable HPV16 tumor model suitable for this fully MHC-
HLA-A2-restricted immune responses in vivo. humanized mouse strain. We generated the cell line PAP-A2



e1524694-8 S. KRUSE ET AL.

A 100 '
9 —— vehicle control
‘:u‘ 80 p=0.026 7+11
2 — 11+82
S 60 11425
[
S 40
£
g 20
3
9 o I
0ttt 40 60 80 100

days after tumor challenge

B 100+
:\: —— vehicle control
S s 711425
s —— 11+82+25
>
5 601 —— 7+11+82+25
7]
2 a0
5
g 20
3
L [
ottt 40 60 80 100

days after tumor challenge

Figure 6. Therapeutic vaccination with combinations of amphiphilic HPV16 E6/E7 epitopes leads to reduced anti-tumor effects compared to amph-E7/11-19 single
vaccination. A2.DR1 mice (n = 10 per group) were injected with 1.5x10° PAP-A2 cells and were vaccinated as indicated in the group’s title and in Figures 3C and 4A with
amph-peptides or the vehicle control. Cumulative survival curves of groups are shown. Vaccination with amph-peptides is abbreviated as follows: 11 = amph-E7/11-19,
7 = amph-E7/7-15, 82 = amph-E7/82-90, 25 = amph-E6/25-33. Statistical analysis for differences in survival was performed with the Gehan-Breslow-Wilcoxon test.

to be able to study anti-tumor effects of our vaccination
approach in vivo. This new model offers clear advantages
over existing models'®'? because it not only allows the exclu-
sive study of HLA-A2 mediated immune responses but also
permits the use of HLA-DRI-restricted epitopes in future
studies. In this first study with the new tumor model, we
deliberately limited our experiments to the use of mass spec-
trometry (MS)-verified HLA-A2-restricted epitopes, but we
plan to conduct studies with HLA-DRI-restricted HPV16
epitopes once their MS verification has been achieved. The
subcutaneous injection of 1.5x10° PAP-A2 cells induced a
tumor take of approximately 90%, which poses a limitation
of this cell line as a tumor model since mouse numbers have
to be adjusted to this fact. Inoculation with 1.5x10° PAP-A2
cells was followed by aggressive growth leading to large
tumors within 2-3 weeks. We found this cell number to be
the best compromise between a high tumor take-rate and
tumor growth slow enough to allow for treatment interven-
tion. Despite the aggressive growth displayed by PAP-A2
tumor cells, vaccination with the E7/11-19 epitope in a pro-
phylactic setting was able to induce protective immunity
against a challenge with PAP-A2 cells. Additionally, vaccina-
tion experiments conducted in a therapeutic setting demon-
strated that vaccination with E7/11-19 led to the rejection of
tumors in 50% of tumor bearing mice. In previous studies,
vaccination with amph-peptides in the TC-1 model in C57BL/
6 mice often resulted in higher tumor rejection rates.”>*” One
factor likely limiting the CD8" T cell-mediated anti-tumor
response in A2.DRI mice is that these mice have only one
third of the CD8" T cells that can be found in the PBMCs of a
C57BL/6 WT mouse. Furthermore, TC-1 tumors present the
extremely immunogenic H-2DP-restricted E7/49-57 epitope.
This could represent a reason for the limited translatability of
the favorable results of therapeutic vaccinations obtained in
C57BL/6 mouse studies so far: HLA-A2-restricted E6/E7 epi-
topes are not as immunogenic as this immunodominant epi-
tope. The direct comparison of our results to results obtained
in AAD mice is also not possible, because AAD mice still
allow for H-2-mediated immune responses and the results
were obtained with different cell lines (TC-1/A2, HLF16),
which could have different susceptibility to T cell lysis, and
with different vaccine formulations and schedules.'®*%!
Interestingly, E7/11-19 was the epitope against which the

highest T cell responses could be observed, both in vaccinated
A2.DRI mice in the present study, as well as in a previous
study in healthy donors with CD8" T cell responses against
HPV16."* Extrapolating from this observation, our new tumor
model could give more realistic expectations about results that
can be achieved in patients.

However, it has to be mentioned that none of the tested
vaccination regimens could induce tumor rejection in all
tested mice, although all mice used in vaccination-only
experiments (Figure 2) had CD8" T cells specific for the
respective epitope. Combination of our non-persistent vaccine
with checkpoint inhibitors®>* and other immune modulators
like IL-2 or anti-tumor antibodies®>*® in future experiments
could improve the immune response leading to a higher
proportion of tumor rejection. Also treatment regimens com-
mencing later than four days after tumor inoculation were not
successful (data not shown), most likely because the tumor
mass had already grown too large and the tumor microenvir-
onment had become too immunosuppressive. This situation
of a microenvironment that is not conducive for immu-
notherapeutic intervention also occurs in the clinical setting’’
and represents a challenge for therapeutic vaccination
approaches. Therefore, we consider it best to treat low stage
cancers or, with even better chances for success, precancerous
lesions (e.g. CIN-I or CIN-II in the cervix) that express
HPV16 E6/E7 but have not yet established a strongly immu-
nosuppressive microenvironment. Since the potential side
effects of HPV-targeted therapeutic vaccination should be
very limited, this treatment option could be a true alternative
to surgery. Surgery of cancer precursor lesions comes with
side effects like the risk of premature deliveries after the
conization of cervical precursor lesions or severe loss in qual-
ity of life after surgery to remove anal or oral HPV lesions.
Treatment of HPV-positive precursor lesions or low stage
cancers with immunotherapeutic approaches could also be
promising for a different reason: It has been shown that
with increasing cancer stage the cellular amount of the immu-
nopeptidase ERAP1 also increases, leading to the potential
destruction of immunogenic epitopes.”® According to this
finding, precancerous lesions would represent better targets
for therapeutic vaccinations since the presentation of immu-
nogenic HPV epitopes should be higher than in late stage
cancers.



Encouraged by the positive results of our therapeutic vac-
cinations with E7/11-19, we reasoned that the inclusion of
several epitopes into the vaccine would give rise to higher
overall numbers of potentially tumor-reactive CD8" T cells
and thus yield even better anti-tumor effects. Remarkably, the
vaccination of A2.DRI mice with combinations of amph-
peptides strongly decreased the frequency of E7/11-19-
specific as well as of E7/7-15 and E6/25-33-specific CD8" T
cells. This decrease was correlated with a decrease in overall
survival in therapeutic tumor experiments. Since we observed
that the single vaccination with E7/11-19 gave rise to sub-
stantial survival benefits, it is likely that the worse survival in
the combination treatments is mainly based on the decreased
frequencies of E7/11-19-specific CD8" T cells. The general
opinion that vaccines which include more than one epitope
yield better anti-tumor responses® could therefore not be
justified by our results. Interestingly, the decreased frequen-
cies of eg. E7/11-19-specific CD8" T cells cannot be
explained by a simple immunodominance mechanism since
e.g. in the case of the 7 + 11 treatment group, frequencies of
both E7/7-15 and E7/11-19-specific CD8" T cells were
decreased compared to the respective single vaccinations.
This finding could explain the limited success of clinical trials
with therapeutic vaccines for HPV-induced malignancies
since most previous studies used whole antigen, combinations
of long peptides or DNA/RNA encoding for several epitopes.-
$19 Our results suggest that it is important to hand-pick
epitopes for therapeutic HPV vaccines for two reasons. First,
as shown in this study, the inclusion of several epitopes in the
vaccine can decrease the overall numbers of tumor-reactive
CD8" T cells and lead to a decrease in the magnitude of the
most effective immune responses (as in our case the response
against E7/11-19). Second, not all possible virus-derived epi-
topes are presented on the cell surface making it important to
focus the immune response on the presented epitopes. The
reason for this lies in the special characteristics of HPV-
transformed cells, in which several immune evasion mechan-
isms decrease the visibility of these HPV-infected host cells to
the immune system.*” Thus, if using formats other than
selected minimal epitopes for vaccination, one could induce
immune responses against epitopes that might be immuno-
dominant, but are not actually presented on the target cell -
und therefore not effective.

In conclusion, our new model represents an opportunity to
test the efficacy of therapeutic anti-HPV16 vaccines with
human epitopes in a fully MHC-humanized HPV16 tumor
model, and thus could help to increase the translatability of
preclinical studies into the clinical setting.

Methods
Mice

A2.DR1 mice, which are transgenic for HLA-A*0201 and
HLA-DRB1*0101 and are engineered to lack all murine
MHC molecules,”*** were used in this study. The absence
of murine MHC molecules is induced by a knockout of p,m,
H-2D" and of the whole MHC class II locus. The mice were
provided by the Institut Pasteur (Paris, France) and bred in-
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house under specific pathogen-free conditions. All national
and institutional guidelines were followed and experiments
were approved by governmental authorities. For experiments,
female mice aged 8-16 weeks were used in age-matched
groups.

Tumor cells

The cervical cancer cell line CaSki was cultured in DMEM
(#D5671, Sigma) supplemented with 10% fetal bovine serum
(FBS) (#10270, Gibco). 2277NS A2.DR1 sarcoma cells®® were
transduced with a lentiviral pWPI vector encoding for tagged
versions of full-length HPV16 E6 and E7 (E6-3xflag, E7-
2xstrep) and a puromycin resistance cassette (vector map
shown in Suppl. Figure 1). Clonal cell lines were established
and screened for E6/E7 expression by Western blot analysis
(see below). One clonal E6/E7-expressing cell line was found
to be tumorigenic in in vivo experiments. The resulting tumor
was reisolated, the tumor cells expanded in vitro and used as
PAP-A2 cells in subsequent experiments. PAP-A2 cells were
cultured in DMEM supplemented with 10% FBS, 10 mM
HEPES buffer (#15630080, Gibco), 50 uM B-mercaptoethanol
(#11528926, Gibco), 2 mM L-glutamine (#MT25005CI,
Corning), 1 mM sodium pyruvate (#MT25000CI, Corning)
and 2 pg/ml puromycin (P9620-10ML, Sigma).

Tumor inoculation

For tumor cell inoculation, PAP-A2 cells were harvested,
washed several times with sterile PBS and 1.5x10° tumor
cells were taken up in 50 ul sterile PBS. 50 pl of matrigel
(#734-0270, Becton Dickinson (BD)) were added and the
100 wl resulting solution were injected subcutaneously in the
flank of A2.DR1 mice. Tumors were measured using digital
calipers two times a week and tumor volume was calculated
using the formula v = 0.6 x length x width®>. Mice were

sacrificed when the tumor volume exceeded 1000 mm?>.

Cell extracts and Western blot analysis

Cell extracts were prepared from cultured tumor cells and
excised murine tumors. Cultured tumor cells were
detached, washed and lysed using lysis buffer (10 mM
Tris-HCl pH 7.5, 50 mM KCI, 2 mM MgCl,, 1% Triton
X-100). Excised tumors were homogenized in lysis buffer.
Lysates cleared of debris via centrifugation (10 min, 13,000
rpm in centrifuge #5407, Eppendorf, Hamburg, Germany)
were mixed with 4x Laemmli buffer (222mM Tris pH 6.8,
3.5% SDS, 35% glycerol (#G5516-500ML, Sigma), 0.016%
bromophenol blue (#A512.2, Roth), 10% B-mercaptoethanol
(#4227.1, Roth)) and boiled for 5 min at 95 °C. SDS-PAGE
and Western blotting was performed according to standard
protocols with antibodies against E6 (clone E6-6F4,
Euromedex) and E7 (clone NM2, kindly supplied by M.
Miiller, DKFZ) and suitable horseradish-peroxidase coupled
secondary antibodies.
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Peptides

Peptides derived from the HPVI16 reference sequence
(NC_001526) E7/7-15 (TLHEYMLDL), E7/11-19 (YMLD
LQPET), E7/82-90 (LLMGTLGIV), E6/25-33 (ELQTT
IHDI) were synthesized by the DKFZ peptide production
facility with a purity > 95% and dissolved in dimethyl
sulfoxide (DMSO, #D8418, Sigma) at a concentration of
50 mM. All peptides were also synthesized with an
N-terminal cysteine for subsequent coupling to (1,2-
distearoyl-3-sn-phosphatidylethanolamine)-PEG-maleimide
(#DSPE-PEG;0go-maleimide, Laysan Bio Inc.) or for use as
control peptides in in vitro assays.

Synthesis of amphiphilic peptides

For coupling to DSPE-PEG-maleimide,” the peptides were
dissolved in a 2:1 (v/v) mixture of phosphate-buffered saline
(PBS) (pH 5.5) and acetonitrile. DSPE-PEG-maleimide was
dissolved in a 1:1 (v/v) mixture of DMSO/PBS (pH 5.5). The
DSPE-PEG-maleimide solution was mixed with the peptide
solution in the stoichiometric ratio of 1:2 (DSPE-PEG-malei-
mide:peptide). The reaction was stirred overnight. Afterwards,
the mixture was lyophilized on an Alpha 2-4 LD plus freeze
dryer (Christ, Osterode, Germany). Constructs were purified
by preparative high performance liquid chromatography
(HPLC) and the purified product was analyzed by HPLC
and HPLC-MS. Amph-peptides were dissolved in DMSO to
a concentration of 25 mM.

Vaccination

Mice were injected with 50 nmol amph-peptide or 50 nmol of
DSPE-PEG-maleimide without peptide as a vehicle control or
left untreated with treatment regimens as displayed in the
figures. In the therapeutic setting, vaccinations were given in
5 day intervals (instead of the 7 day intervals used in the
prophylactic setting) to be able to vaccinate three times before
tumors reached the termination criterion of 1000 mm”. 50 pg
of high-molecular weight poly I:C (#vac-pic, Invivogen) per
mouse were used as an adjuvant in all treated groups. The
final injection volume was adjusted to 100 pl with sterile PBS
and the solution was injected subcutaneously in the flank of
A2 DRI mice (contralateral flank in tumor-bearing mice). In
combination vaccinations, only one amph-peptide was
injected per vaccination site with the 50 pg poly I:C distrib-
uted equally to all administered amph-peptide solutions.

IFN-y intracellular staining

Spleens of vaccinated mice were aseptically removed, minced
with a scalpel and pressed through a 70 um cell strainer. After
red blood cell removal via ACK (ammonium-chloride-potas-
sium) lysis and several washing steps, cells were incubated
with peptides in the presence of GolgiStop (#554724, BD) and
GolgiPlug (#555029, BD) in U-bottom 96 well plates. After
5 h of incubation at 37 °C, cells were stained with anti-mouse
CD3-PE/Cy7, CD4-FITC, CD8-PE, IFN-y-APC (BD), and
Zombie Aqua (#423101, Biolegend) for dead cell exclusion.

Samples were analyzed via flow cytometry on a FACS Canto II
(BD, Franklin Lakes, USA). Data were analyzed with the
FlowJo10 software (Treestar, Ashland, USA).

VitalFR cytotoxicity assay

Specific cytotoxicity was determined with a flow cytometry-based
assay as previously described in ref. 28 and Suppl. Figure 3. In
brief, splenocytes of amph-peptide-vaccinated A2.DR1 mice were
isolated and cultured seven days in the presence of their cognate
peptide. CD8" T cells were isolated by untouched MACS isolation
(#130-104-075, Miltenyi Biotech, Bergisch Gladbach, Germany).
CD8" T cells (effector cells) were added to wells containing a 1:1
mixture of specific target cells (carboxyfluorescein succinimidyl
ester (CFSE) (#C1157, Invitrogen) -labeled) and control target
cells (CellTrace Far Red (FR) (#C34564, Invitrogen) -labeled).
After 48 h of incubation, cells were trypsinized, fixed and ana-
lyzed via flow cytometry on a FACS Canto II (BD). Data were
analyzed with the FlowJo10 software. Specific killing was calcu-
lated with the formula 100-((% specific target cells with T cells/%
control target cells with T cells)/(% specific target cells without
T cells/% control target cells without T cells)x100.

Statistics

Mouse experiments were conducted once with the number of
mice indicated in the respective figure legend. For statistical
analyses, GraphPad PRISM5° (GraphPad Software, La Jolla,
USA) was used. The specific statistical parameters and tests
performed are indicated in the respective figure legends.

Abbreviations

HPV human papillomavirus

HLA human leukocyte antigen;
amph amphiphilic
IFN-y  interferon-y
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