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Abstract

Human papillomavirus (HPV) has been identified as the primary etiologic factor of cervical
cancer, and subsets of anogenital and oropharyngeal cancers. HPV18 is the second most prevalent
high-risk HPV type after HPV16. Furthermore, HPV18 is responsible for approximately 12% of
cervical squamous cell carcinoma and 37% of cervical adenocarcinoma cases worldwide. In this
study, we aimed to characterize the HPV18-E6-specific epitope and establish an HPV18 animal
tumor model to evaluate the E6-specific immune response induced by our DNA vaccine. We
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vaccinated naive C57BL/6 mice with a prototype DNA vaccine, pcDNA3-HPV18-EB6, via
intramuscular injection followed by electroporation, and analyzed the E6-specific CD8+ T cell
responses by flow cytometry using a reported T cell epitope. We then characterized the MHC
restriction element for the characterized HPV18-E6 epitope. Additionally, we generated an
HPV18-E6-expressing tumor cell line to study the antitumor effect mediated by E6-specific
immunity. We observed a robust HPVV18-E6aa67-75 peptide-specific CD8+ T cell response after
vaccination with pcDNA3-HPV18-E6. Further characterization demonstrated that this epitope was
mainly restricted by H-2KP, but was also weakly presented by HLA-A"0201, as previously
reported. We observed that vaccination with pcDNA3-HPV18-E6 significantly inhibited the
growth of HPV18-E6-expressing tumor cells, TC-1/HPV18-E6, in mice. An antibody depletion
study demonstrated that both CD4+ and CD8+ T cells are necessary for the observed antitumor
immunity. The characterization of HPV18-E6-specific T cell responses and the establishment of
HPV18-E6-expressing tumor cell line provide infrastructures for further development of HPV18-
E6 targeted immunotherapy.
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Introduction

Human papillomavirus (HPV) is an etiological factor for several gynecological and head and
neck malignancies, including cervical, penile, vaginal, anal, vulval and oropharyngeal cancer
[1-4]. Unlike low-risk HPV types, high-risk HPV types, such as types 16 and 18, have high
oncogenic potential and are often correlated with invasive cervical cancer [5, 6]. After
HPV16, HPV18 is the second most carcinogenic HPV type. Together, HPV16 and 18 are
responsible for causing nearly 70% of cervical cancer cases globally [7].

The most common histological type of cervical cancer is squamous cell carcinoma (SCC),
accounting for around 80-90% of cases. Adenocarcinoma (ADC) is a less common cervical
cancer histological type, contributing to around 10-20% of cases; however, ADC cases of
the cervix have been on the rise over the past two decades [8]. Importantly, HPV18 is
responsible for roughly 12% of SCC and 37% of ADC cases [9]. Thus, HPV18 and HPV18-
associated cancers represent a significant global burden, and the development of treatment
methods against HPV18-associated diseases is necessary.

While prophylactic vaccines have efficaciously provided protection against HPV infection in
healthy patients, they are unable to clear pre-existing HPV infections or HPV-associated
lesions [10]. Unlike prophylactic vaccines, therapeutic vaccines enhance the cell-mediated
immune response to target and kill infected cells [11, 12]. Currently, however, no HPV18
tumor models are available to evaluate the efficacy of potential immunotherapies against
HPV18-associated malignancies.

In this study, we developed and investigated the immunogenicity of a prototype therapeutic
HPV18 DNA vaccine targeting HPVV18-E6. We also characterized the HPV18-E6-specific
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CD8+ T cell responses elicited by our DNA vaccine in both wild type and HLA-A"0201
transgenic C57BL/6 mice. In addition, we established an HPV18-E6-expressing tumor cell
line, TC-1/HPV18-E6, and validated the immunogenicity and antitumor effect of our
vaccine against the TC-1/HPV18-E6 tumor model.

Materials and Methods

Mice

5- to 8-week-old female C57BL/6 mice were purchased from Charles River Laboratories
(Frederick, MD). HLA-A"0201/D9 (AAD) transgenic mice under C57BL/6 background
were kindly provided by Professor Victor Engelhard at the University of Virginia Health
Sciences Center. These transgenic mice express chimeric HLA class | molecules comprising
the a-1 and a-2 domains of HLA-A*0201 and the a.-3 domain of H-2D9. All mice were
maintained at the Johns Hopkins University School of Medicine Oncology Animal Facility
under specific pathogen-free conditions. All experimental procedures followed an approved
animal protocol and were in accordance with recommendations for the proper use and care
of laboratory animals.

Peptides, Antibodies

Cell Lines

HPV18-E6aa67-75 peptide, KCIDFYSRI, was synthesized by GenScript (Piscataway, NJ).
The peptide’s identity and purity were validated and confirmed via mass spectrometric
analysis and high-performance liquid chromatography, respectively. FITC-conjugated rat
anti-mouse IFN-y (clone XMG1.2) and PE-conjugated anti-mouse CD8a (clone 53.6.7)
antibodies were purchased from BD Pharmingen (San Diego, CA). Purified rat anti-mouse
monoclonal antibodies against CD4 (clone GK1.5) and CD8 (clone 2.43) were purchased
from BioXCell (West Lebanon, NH).

HPV16-E6- and E7-expressing TC-1 [13] and MusPV-E6-expressing TC-1 tumor cells [14]
have been previously described. To generate a tumor cell line that expresses HPV18-E®6,
TC-1 cells were transduced with lentivirus expressing HPV18-E6 and GFP. The cells were
then sorted based on GFP expression (surrogate marker for HPVV18-E6 expression) with a
flow cytometry sorter. The cells were maintained in RPMI medium supplemented with 2
mM glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin, 100 pg/mL streptomycin, and
10% fetal bovine serum. C1R is an Epstein-Barr virus-transformed B-cell cell line that has
lost most of its HLA class | alleles, expressing only Cw0401 and trace amounts of B3503
[15]. The C1R murine MHC class | transfectants C1R/DP (which express H2-DP) and
C1R/KP (which express H2-KP) were kindly provided by Professor Michael Edidin (Johns
Hopkins University, Baltimore, MD). To generate a C1R cell line that expresses HLA-
A*0201/DY (C1IR/AAD), C1R cells were transduced with retroviruses expressing AAD and
sorted based on AAD expression with flow cytometry. These cell lines were cultured in
RPMI-1640 medium supplemented with 2 mM glutamine, 1 mM sodium pyruvate, 100
U/mL penicillin, 100 pg/mL streptomycin, 5x10~° M B-mercaptoethanol, and 10% fetal
bovine serum.
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DNA Vaccine

To generate the DNA vaccine construct, the HPV18-E6 sequence was synthesized by
GenScript and cloned into the pcDNA3 vector to generate the pcDNA3-HPV18-E6 vaccine.
Plasmid construct was confirmed using DNA sequencing and the DNA was prepared using
an endotoxin-free kit (QIAGEN, Valencia, CA).

DNA Vaccination

For intramuscular (IM) injection followed by electroporation, 50 pL of DNA was prepared
and mice were immunized in the leg via IM (biceps femoris muscle) injection followed by
electroporation with an ECM830 Square Wave Electroporation System (BTX Harvard
Apparatus company, Holliston, MA, USA).

Western blot analysis for the detection of HPV18 E6 expression

Intracellular

To generate polyclonal antibodies specific to the HP\VV18-E6 protein, mice were vaccinated
with pcDNA3-HPV18-E6 DNA vaccine. The mice received two more boosts at one-week
intervals. One week after the last vaccination, serum from the vaccinated mice was collected
and stored at —20°C until the assay. Cell lysates were prepared from either TC-1 or TC-1/
HPV18-E6 cells, separated by SDS-PAGE and blotted with the polyclonal antibody against
HPV18-E6. B-actin was used as protein loading control.

Cytokine Staining

To detect HPV18-E6-specific CD8+ T cells, splenocytes (5x10° cells) from each
experimental group were incubated for 20 hours with 1 pg/mL of indicated peptide in the
presence of 1 pl/mL of GolgiPlug (BD Pharmingen, San Diego, CA). To determine the
MHC restriction element for HP\VV18-E6aa67-75 peptide recognized by CD8+ T cells, C1R,
C1R/DP, C1R/KP, or CLR/AAD cells were loaded with HPV18-E6aa67-75 peptide and
irradiated with a y irradiator. After wash, these cells were co-cultured with splenocytes at an
E:T ratio of 10 in the presence of GolgiPlug (1 pl/mL) for 20 hours at 37°C. To determine
whether TC-1/HPV18-E6 cells are able to activate HPV18-E6-specific CD8+ T cells
generated by pcDNA3-HPV18-E6 DNA vaccination, irradiated TC-1/HPV18-E6 cells were
co-cultured with splenocytes at an E:T ratio of 10 in the presence of GolgiPlug (1 pl/mL) for
20 hours at 37°C. After incubation, the stimulated splenocytes were collected, washed with
FACS wash buffer (PBS containing 0.5% BSA), and stained with PE-conjugated anti-mouse
CD8a antibody. The cells were fixed using the Cytofix/Cytoperm kit (BD Pharmingen, San
Diego, CA). Intracellular IFN-y was stained with FITC-conjugated anti-mouse IFN-y
antibody. After wash, the cells were acquired with the FACSCalibur flow cytometer and
analyzed with CELLQuest Pro software (BD Bioscience, Mountain View, CA).

In vivo tumor protection experiment

To test whether the immune responses induced by pcDNA3-HPV18-E6 DNA vaccination
could protect mice from HPV18-E6-expressing tumor challenge, mice (5 mice/group) were
immunized intramuscularly three times with 50 pg/mouse of pcDNA3-HPV18-E6 or
pcDNAS3 followed by electroporation with one-week intervals. The mice were challenged
subcutaneously with 1x10%/mouse of TC-1/HPV18-E6 cells one week after the last
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vaccination. Tumor growth was monitored by measurement with a digital caliper twice a
week. Survival of the mice was monitored every other day.

In vivo tumor treatment experiment

To test whether the immune responses induced by pcDNA3-HPV18-E6 DNA vaccination
could have therapeutic effects on established HPV18-E6-expressing tumors, mice (5 mice/
group) were challenged subcutaneously with 7.5x10%/mouse of TC-1/HPV-18-E6 cells. On
day 3, the mice were immunized intramuscularly with 50 pg/mouse of pcDNA3-HPV18-E6
or pcDNAZ3 followed by electroporation three times with 4-day intervals. Tumor growth was
monitored by measurement with a digital caliper twice a week. Survival of the mice was
monitored every other day.

In vivo antibody depletion experiment

To determine the role of CD4+ or CD8+ T cell subsets in the protection against TC-1/
HPV-18-E6 tumor cell challenge, mice were divided into 4 groups (10 mice/group). Three
groups of mice were immunized intramuscularly with 50 pg/mouse of pcDNA3-HBV18-E6
followed by electroporation three times at one-week intervals. On the day of the third
vaccination, one group of vaccinated mice was injected with anti-CD4 monoclonal antibody,
and another group of immunized mice was injected with anti-CD8 monoclonal antibody
through intraperitoneal injection (to deplete CD4+ or CD8+ T cell subsets, respectively).
Both groups received injection for 3 days followed by injection once a week. 7 days after the
last vaccination, all the mice were challenged subcutaneously with 1x10%/mouse of TC-1/
HPV18-E6 tumor cells. Tumor growth was monitored by measurement with a digital caliper
twice a week. Survival of the mice was monitored every other day.

Statistical Analysis

Results

Data expressed as mean = standard deviation (SD) are representative of a minimum of two
separate experiments. Comparisons between individual data points were made by two-tailed
student’s ttests. Survival distributions for mice in different groups were compared through
Kaplan-Meier curves and Log-rank tests. A p-value < 0.05 was considered statistically
significant.

Intramuscular administration of pcDNA3-HPV18-E6 DNA vaccine generates HPV18 E6-
specific CD8+ T cell response in naive mice

To evaluate the immunogenicity of the pcDNA3-HPV-18-E6 DNA vaccine, mice were
vaccinated three times with IM pcDNA3-HPV18-E6 DNA or empty pcDNA3 (control)
vector injection followed by electroporation. One week after the last vaccination,
splenocytes were harvested, stimulated with a reported optimal HPV18-E6 epitope, HPV18-
E6aa67-75 peptide [16], stained for surface CD8 and intracellular IFN-y, and analyzed
using flow cytometry (Figure 1A). Mice vaccinated with pcDNA3-HPV18-E6 generated a
significant antigen-specific CD8+ T cell response while mice vaccinated with control vector
did not generate any noticeable HPV18-EG6 responses (Figure 1B-C).
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Characterization of MHC class | restriction of HPV18 E6aa67-75-specific CD8+ T cell
response in C57BL/6 mice

After confirming that HPV18-E6 DNA vaccination generates an E6aa67-75 epitope-specific
CD8+ T cell response in naive mice, we sought to determine the MHC class | restriction of
this epitope. C57BL/6 mice received IM pcDNA3-HPV18-E6 vaccination followed by
electroporation. One week after the last vaccination, splenocytes from mice were harvested,
stimulated with 1) HPV18-E6aa67-75 peptides, or HPV18-E6aa67-75 peptide pulsed,
irradiated 2) C1R/DP or 3) C1R/KP cells, stained for surface CD8 and intracellular IFN-y,
and analyzed using flow cytometry. C1R/KP cells could effectively present HP\V/18-
E6aa67-75 peptide to activate E6-specific CD8+ T cells generated by pcDNA3-HPV18-E6
vaccine (Figure 2). In contrast, CIR/DP cells failed to present this peptide to activate
vaccine-induced CD8+ T cells. These data demonstrated that the HPV18-E6aa67-75 epitope
encoded in pcDNA3-HPV18-E6 vaccine sequence is presented through H2-KP molecule in
C57BL/6 mice.

Characterization of MHC class | restriction of HPV18 E6aa67-75-specific CD8+ T cell
response in HLA-A"0201 transgenic C57BL/6 mice

While the MHC class | restriction of HP\VV18-E6aa67-75 epitope in naive C57BL/6 mice has
not been previously explored, an earlier publication evaluated the MHC class I restriction of
this epitope in HLA-A2/KB transgenic mice and determined that this peptide sequence binds
mainly to HLA-A2 [17]. We demonstrated that pcDNA3-HPV-18-E6 vaccination generated
E6aa67-75 epitope-specific CD8+ T cell response in naive C57BL/6 mice (Figure 1). We
also demonstrated that this epitope is presented through the H2-KP molecule in naive
C57BL/6 mice (Figure 2). Thus, we sought to determine whether this epitope is also
presented by HLA-A*0201 molecules. To do so, HLA-A*0201 transgenic C57BL/6 mice
received IM pcDNA3-HPV18-E6 vaccination followed by electroporation. One week after
the last vaccination, splenocytes from mice were harvested, stimulated with 1) HPV18-
E6aa67-75 peptides, or HPV18-E6aa67-75 peptide pulsed, irradiated 2) C1R, 3) CIR/AAD,
4) C1R/DP, or 5) C1R/KP cells, stained for surface CD8 and intracellular IFN-y, and
analyzed through flow cytometry. Splenocytes stimulated with HPV18-E6aa67-75 peptides
or peptide-loaded C1R/KP cells showed a strong E6aa67-75 specific CD8+ T cell response
(Figure 3). Splenocytes stimulated with peptide-loaded CIR/AAD cells also showed a
detectable peptide-specific CD8+ T cell response, while unstimulated splenocytes or
splenocytes stimulated with peptide-loaded C1R or C1R/DP cells showed little to no
detectable peptide-specific CD8+ T cell response.

Establishment of HPV18 E6-expressing tumor model

After demonstrating the ability of pcDNA3-HPV-18-E6 vaccine to generate an antigen-
specific CD8+ T cell response in mice, we sought to determine whether this immune
response could translate into antitumor effects. To evaluate the antitumor efficacy of the
vaccine, we first generated a tumor model that expresses HPV/18-E6 by transducing TC-1
cells with a plasmid encoding GFP and HPV18-E6. The expression of GFP by the
transduced cell was evaluated using flow cytometry analysis as a surrogate marker for
HPV18-E6 expression (Figure 4A). Western blots were then performed to confirm the
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expression of HPV18-E6 proteins by the transduced TC-1 cells (Figure 4B). In addition, we
co-cultured the splenocytes from pcDNA3-HPV18-E6 vaccinated mice (Figure 1A) with
HPV18-E6 or MusPV-E6 transduced TC-1 cells. Only the splenocytes co-cultured with
HPV18-E6-transduced TC-1 cells generated a significant IFN-y+ CD8+ T cell response
(Figure 4C). Thus, we conclude that the HPV18-E6-transduced TC-1 tumor cell is a suitable
model to evaluate the antitumor efficacy of pcDNA3-HPV-18-E6 vaccine.

HPV18-E6 DNA vaccination generates both protective and therapeutic antitumor effects
against HPV18 E6-expressing tumor

Next, we evaluated whether the HPV18-E6-specific CD8+ T cell responses generated by the
pcDNA3-HPV18-E6 vaccine could prevent the growth of HPV-18-E6-expressing tumor.
Mice were immunized with either pcDNA3-HPV18-E6 or control vector via IM injection
followed by electroporation three times separated by one-week intervals. One week after the
last vaccination, the mice were challenged subcutaneously with TC-1/HPV18-E6 tumor
cells. We observed slower tumor growth rate and prolonged survival in mice vaccinated with
pcDNA3-HPV18-E6 compared to those vaccinated with control (Figure 5A-B). To evaluate
the therapeutic efficacy of the vaccine, we challenged mice with TC-1/HPV18-E6 tumor
cells. Three days after tumor challenge, mice were immunized IM with either pcDNA3-
HPV18-E6 or control followed by electroporation. Tumor-bearing mice vaccinated with
pcDNA3-HPV18-E6 experienced a slower tumor growth rate and longer survival time
compared to those vaccinated with control (Figure 5C-D). These results demonstrate the
ability of the pcDNA3-HPV-18-E6 vaccine to generate both protective and therapeutic
antitumor effects in HPV18 tumor-bearing mice.

Therapeutic antitumor effects generated by pcDNA3-HPV18-E6 vaccination are both CD4+
and CD8+ T cells dependent

After demonstrating that pcDNA3-HPV18-E6 vaccination generates significant antigen-
specific antitumor effects in mice, we investigated the role of CD4+ and CD8+ T cell subsets
in post-vaccination antitumor immunity. To do so, mice were vaccinated IM with either
pcDNA3-HPV18-E6 or control followed by electroporation, with or without CD4 or CD8 T
cell depletion. One week after the final vaccination, mice were challenged subcutaneously
with TC-1/HPV18-E6 tumor cells. As shown in Figure 6A, depletion of either CD4+ or
CD8+ T cells abolishes the ability of pcDNA3-HPV18-E6 vaccination to control the growth
of tumor in mice. The inability to control tumor growth in CD4+ or CD8+ T cell-depleted
mice also translated into a worse survival rate, comparable to that of mice receiving empty
vector control (Figure 6B). These data suggest that both CD8+ and CD4+ T cells contribute
to the control of TC-1/HPV18-E6 tumors after pcDNA3-HPV18-E6 vaccination in mice.

Discussion

In our study, we developed and investigated the immunogenicity of a prototype HPV18-E6
DNA vaccine construct in both naive and HLA-A*0201 transgenic C57BL/6 mice. We
showed that pcDNA3-HPV18-E6 vaccination elicited an antigen-specific CD8+ T cell
response against HPV18-E6aa67-75 epitope. Using antigen-presenting cells that express
only one type of MHC molecule, we showed that the HP\VV18-E6aa67-75 epitope is mainly
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presented through H-2KP MHC class | molecules in both naive and HLA-A*0201 transgenic
C57BL/6 mice. We also demonstrated that pcDNA3-HPV18-E6 vaccination generated
antitumor effects against HPV18-E6-expressing TC-1 tumor cells in mice, leading to tumor
control and prolonged survival in a CD4- and CD8-dependent manner.

To date, most studies designing therapeutic HPV vaccine candidates have focused on
HPV16 - the main contributor for HPV-associated cancer cases worldwide [18, 19]. HPV18
is the second most common HPV type found in cervical cancers [2, 18] and several studies
have reported that HPV18 may have an equal or greater prevalence than HPV16 in HPV-
associated oral cancer cases in countries including Brazil [20], the United Arab Emirates
[21], Iran [22], and Taiwan [23]. We have previously generated two prototype therapeutic
HPV DNA vaccines targeting HPV16-E6, the pcDNA3-HPV16-E6 (encoding wild type
HPV16-E6 protein) and the pcDNA3-CRT/HPV16-E6 (encoding a fusion protein of
HPV16-E6 with calreticulin) and evaluated the immunogenicity and antitumor effects of
these vaccines in C57BL/6 mice [24]. In that study, using HPV16-E6 overlapping peptides,
we showed that in vivo vaccination with pcDNA3-CRT/HPV16-E6 resulted in the
generation of CD8+ T cell response specific to HPVV16-E6aa50-57, while vaccination with
pcDNA3-HPV16-E6 did not lead to the generation of noticeable antigen-specific immune
responses. The results of our previous publication suggest that wild type HPV16-E6 protein
is not very immunogenic in C57BL/6 mice, and thus, fusion to ER localizing protein CRT
was necessary in order to generate HPV16-E6-specific antitumor immune effects in TC-1
tumor bearing C57BL/6 mice. In contrast, the prototype therapeutic HPVV18 DNA vaccine
developed in this study, pcDNA3-HPV18-E6 (encoding wild type HPV18-E6 protein), can
generate significant level of HPV18 E6-specific CD8+ T cell response in healthy C57BL/6
mice as well as observable antitumor effects in TC-1/HPV18-E6 tumor-bearing mice
(Figures 1, 5, and 6). Thus, we believe HPV18-E6 is more immunogenic than HPV16-E6 in
C57BL/6 mice. However, because the immunogenicity of an antigen also varies greatly
under different MHC class | setting, it is uncertain whether therapeutic HPV18-E6 vaccines
will have better performance than therapeutic HPV16-E6 vaccines in clinical settings with
diverse MHC class | backgrounds. Nonetheless, demonstrating that HPV18-E6 is
immunogenic in C57BL/6 mice encourages further development and design of therapeutic
vaccines targeting HPV18-E6 as potential treatment options against HPV18+ cancers that do
not express HPV16 antigens.

Of note, the HPV18-E6 antigenic epitope characterized in this study, HPV18-E6aa67-75,
has been evaluated by McCarthy et a/. and was suggested to be presented via HLA-A2 MHC
molecules [17]. In their study, McCarthy ef a/. evaluated the MHC binding specificity of
HPV18-E6aa67-75 by incubating the peptide with cell lines that expresses HLA-A2 or
murine MHC class | molecules and probed the cells for MHC class | upregulation using
HLA-A2- or H-2DP-specific antibodies, suggesting greater expressions of HLA-A2 after
incubation as compared to that of H-2DP. Here, we evaluated the MHC restriction of
HPV18-E6aa67-75 using C1R cells, which lacks intrinsic MHC class | expression,
transduced with AAD, H-2DP, or H-2KP. We were able to observe a weak degree of HP\V/18-
E6 specific CD8+ T cell activation after incubation with CLR/AAD cells, supporting
MccCarthy et al.’s findings (Figure 3B). However, we also observed a significantly stronger
degree of HPV18-E6 specific CD8+ T cell activation after incubation with CLR/KP cells,
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suggesting that HP\V/18-E6aa67-75 is also presented, perhaps more efficiently, by H-2KP
molecules (Figure 2B and 3B).

While the current study focused on characterizing the immune response against HPV18-
E6aa67-75 since this epitope has been previously reported to be presented in mice [16, 17],
other studies have reported the observation of HPV18-E6 specific immune response in
human or in human MHC restricted fashion. For example, Chen et al. has previously
identified that HP\V18-E6 epitopes aa54-62 and aa84-92 can bind to HLA-A11 [25]. Nimako
et al. reported the observation of HPV18-specific CTL response in CIN3 patients [26]. Smith
et al. reported the observation of HPV18 E6-specific CTL response in healthy people and
patients with lower genital tract neoplasia [27]. Lastly, Gallagher ef a/. reported the
observation of HP\V/18-E6 epitope that is restricted to HLA-DRB1"15 in healthy young
women [28]. Thus, our prototype therapeutic HPV18-E6 vaccine, which encodes the full
length HPV/18-E6 protein, may be able to present other HPV/18-E6 epitopes under human
MHC class | settings.

Importantly, we showed that the HPV18-E6-specific antitumor immune response elicited by
pcDNA3-HPV18-E6 vaccination is both CD4+ and CD8+ T cell-dependent, as depletion of
either T cell populations abolishes the observed antitumor effects (Figure 6). Previous
studies have reported several immunization strategies that are capable of eliciting antigen-
specific antitumor responses in CD4+ T cell-independent manner, such as supplementing
CD40 signals [29] or introducing genes encoding IFN-B [30] or macrophage-derived
chemokine [31] in the tumor location. Nonetheless, there is increasing evidence that
suggests the need for CD4+ T cells in the generation of effective antitumor immunity, with
potential roles such as maintaining the amount of antigen-specific CD8+ T cells, assisting
cytotoxic T-lymphocyte (CTL) infiltration into tumor, and enhancing the function of tumor-
specific CTLs [32-36]. In our previous study on therapeutic HPVV16 DNA vaccine, we
observed that IM injection of pPNGVL4a-hCRTEGE7L2 DNA vaccine with electroporation
can eliminate HPV16-E6/E7-expressing TC-1 tumors in a CD4-depleted setting; however,
depletion of CD4 resulted in a lower number of antigen-specific CTLs after immunization
[37]. Thus, CD4+ T cells appear to assist the antigen-specific CTL responses in various
magnitudes depending on the target antigen, and the exact role of CD4+ T cells in the
generation of HPV18-E6-specific immune responses requires further research.

It should also be mentioned that since the TC-1/HPV18-E6 tumor cell line used in the
current study also expresses HPVV16-E6 and HPV16-E7 oncoproteins, the expression of
HPV18-E6 is not necessary for the tumor cells to maintain the cancerous characteristics.
Thus, it is possible that the TC-1/HPV18-E6 tumor cells can develop resistance against
pcDNA3-HPV18-E6 vaccination by suppressing the expression of HPV18-E6, thus
explaining our finding in which the vaccination does not fully control and eliminate TC-1/
HPV18-E6 tumor (Figure 5). Nonetheless, we have demonstrated using this model that
pcDNA3-HPV18-E6 vaccination indeed leads to the generation of HPV18-E6-specific
antitumor effects in C57BL/6 mice, which delays the growth of TC-1/HPV18-E6 tumors and
prolongs the survival of tumor-bearing mice in comparison to vaccination with empty
pcDNAS vector (Figure 5). The generation of an improved HPV18 tumor model that relies
on HPV18 E6 and/or E7 oncoproteins for the maintenance of its cancerous phenotypes can
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further strengthen the effort for future development and evaluation therapeutic vaccines
targeting HPV18-E6.

In conclusion, our study demonstrates the capability of inducing immune responses that are
specific for antigens encoded by HPV18, which is responsible for causing a significant
amount of HPV-associated cancers in addition to HPV16. The characterization of HPV18-
E6-specific CTL response and the establishment of HPV18-E6-expressing tumor cell line
will serve as important infrastructures for further development of HPV18-E6 targeted
immunotherapy.
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Highlights

HPV18 E6 DNA vaccination generates E6-specific CTL response against
aa67-75 epitope

HPV18 E6aa67-75 epitope is presented mainly by H-2KP and weakly by
HLA-A"0201

Generation of HPV18-E6 expressing TC-1/HPV18-E6 preclinical tumor
model

Antitumor immune response against TC-1/HPV18-E6 is CD4+ and CD8+ T
cell dependent
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Figure 1. Characterization of HPV18-E6 peptide-specific CD8+ T cell responses after DNA
vaccination

A. Schema of the experiment. Briefly, 5~8 weeks old female C57BL/6 mice (3 mice/group)
were vaccinated with 50 pg/mouse of pcDNA3-HPV18-E6 or empty pcDNA3 vector DNA
through IM injection followed by electroporation. The mice were boosted twice with the
same regimen with 4-day intervals. 7 days after the last vaccination, splenocytes were
harvested from the mice, stimulated with HPV18 E6aa67-75 peptide (1 pg/ml) at the
presence of GolgiPlug (1 ul/ml) overnight at 37°C. The cells were then harvested, washed
with PBS+0.5% BSA, surface stained with PE-conjugated anti-mouse CD8a antibody. After
wash, the cells were then permeabilized, fixed and intracellularly stained with FITC-
conjugated anti-mouse IFN-y antibody. The cells were acquired with FACSCalibur flow
cytometer and analyzed with CellQuest software. B. Representative flow cytometry data. C.
Bar graph summary of the flow cytometry data. Data are represented as mean + SD. p-values
were calculated by 2-tailed Student’s ¢test. * = p<0.05.

Vaccine. Author manuscript; available in PMC 2018 July 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ma et al.

Page 15

E6aab7-75 No peptide
M| S

2500 *k

10° 10" 107 107 104

g

109 10" 107 107 10

P g g R *k

C1R-D*+E6aab7-75 C1R-D*

g

£

£
R
13 x 10% splenocytes

» C1RK"+E6aab7-75 C1RK*
741

174

10° %' 107 107 10

cD8
<|o“w‘w‘m’ 0! &
l - , g
0% 10" 107 107 104 109 10" 102 107 10
Number of HPV18 E6-specific CD8* T cells
e
‘b)
Ca
%,
)) l
%
(N
>
g/
.

1 0! 102 0% 10! w0 w0' s0? w0® w0t

IFN-y § €
<

Figure 2. Characterization of MHC class | restriction element for HPV18 E6aa67-75 peptide
recognized by CD8+ T cells after DNA vaccination in C57BL/6 mouse

5~8 weeks old female C57BL/6 mice were vaccinated with 30 pg/mouse of pcDNA3-
HPV18-E6 DNA through IM injection followed by electroporation. The mice were boosted
with the same regimen three times with 1-week interval. 7 days after the last vaccination,
splenocytes were harvested from the mice, stimulated with either HP\VV18 E6aa67-75 peptide
(1 pg/ml), or irradiated HPV18 E6aa67-75 peptide loaded C1R-DP, or C1R-KP cells at the
presence of GolgiPlug (1 pl/ml) overnight at 37°C. The cells were then collected, washed
with PBS+0.5% BSA, surface stained with PE-conjugated anti-mouse CD8a antibody. After
wash, the cells were then permeabilized, fixed and intracellularly stained with FITC-
conjugated anti-mouse IFN-y antibody. The cells were acquired with FACSCalibur flow
cytometer and analyzed with CellQuest software. A. Representative flow cytometry data. B.
Bar graph summary of the flow cytometry data. p-values were calculated by 2-tailed
Student’s ttest. ** = p<0.01.
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Figure 3. Characterization of MHC class | restriction element for HPV18 E6aa67-75 peptide
recognized by CD8+ T cells after DNA vaccination in HLA-A*0201 transgenic C57BL/6 mouse

5~8 weeks old female HLA-A*0201 transgenic C57BL/6 mice were vaccinated with 50 pg/
mouse of pcDNA3-HPV18-E6 DNA through IM injection followed by electroporation. The
mice were boosted with the same regimen three times with 4-day interval. 7 days after the
last vaccination, splenocytes were harvested from the mice, stimulated with either HPV18
E6aa67-75 peptide (1 ug/ml), or irradiated HPV18 E6aa67-75 peptide loaded C1R, or C1R-
AAD, or C1R-DP, or C1R-KP cells at the presence of GolgiPlug (1 pl/ml) overnight at 37°C.
The cells were then collected, washed with PBS+0.5% BSA, surface stained with PE-
conjugated anti-mouse CD8a antibody. After wash, the cells were then permeabilized, fixed
and intracellularly stained with FITC-conjugated anti-mouse IFN-y antibody. The cells were
acquired with FACSCalibur flow cytometer and analyzed with CellQuest software. A.
Representative flow cytometry data. B. Bar graph summary of the flow cytometry data. Data
are represented as mean £ SD. p-values were calculated by 2-tailed Student’s #test. * =
p<0.05; ** = p<0.01.
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Figure 4. Establishment of HPV18-E6-expressing tumor cell line
HPV16-E6/E7-expressing murine tumor cell line, TC-1 was transduced with lentivirus

expressing HPV18-E6 and GFP. The cells were then sorted based on GFP expression
(surrogate marker for HPVV18-E6 expression) with a flow cytometry sorter. A. Flow
cytometry analysis of GFP expression by TC-1/HPV18-E6 tumor cells. B. Western blot
analysis of HPVV18-E6 protein expression by TC-1/HPV18-E6 tumor cells. Polyclonal
antibody against HPV18-E6 was generated by vaccinated female C57BL/6 mice with
pcDNA3-HPV18-E6 twice with 1-week interval. 7 days after the last vaccination, serum was
collected from the immunized mice. Cell lysates were prepared from either TC-1 or TC-1/
HPV18-E6 cells and separated by SDS-PAGE electrophoresis and blotted with the
polyclonal antibody against HP\VV18-E6. B-actin was used as protein loading control. C.
Characterization of HPVV18-E6 CD8+ T cell-specific peptide presentation by TC-1/HPV18-
E6 tumor cells. Splenocytes from the experiment described in Figure 1 were stimulated with
irradiated TC-1/HPV18-E6, or TC-1/MusHPV-E6 at the presence of GolgiPlug (1 pl/ml)
overnight at 37°C. The cells were then collected, washed with PBS+0.5% BSA, surface
stained with PE-conjugated anti-mouse CD8a antibody followed by intracellular staining of
IFN-y. The cells were acquired with FACSCalibur flow cytometer and analyzed with
CellQuest software.
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Figure 5. Characterization of antitumor immunity generated by pcDNA3-HPV18-E6 DNA
vaccine

(A-B) To test whether the immune responses generated by pcDNA3-HPV18-E6 DNA
vaccine could prevent TC-1/HPV18-E6 tumor growth, 5 ~ 8 weeks old female C57BL/6
mice (5 mice/group) were immunized with either 50 pg/mouse of pcDNA3-HBV18-E6 or
empty pcDNAS3 vector control through IM injection followed by electroporation three times
with 1-week interval. The mice were challenged subcutaneously with 1 x 10%/mouse of
TC-1/HPV18-E6 cells one week after the last vaccination. Tumor growth was monitored by
measurement with a digital caliper twice a week. Survival of the mice was monitored every
other day. A. Line graph showing TC-1/HPV18-E6 tumor growth curve. B. Survival curve of
TC-1/HPV18-E6 tumor-bearing mice. (C-D) To test whether the immune responses
generated by pcDNA3-HPV18-E6 DNA vaccine could demonstrate therapeutic effect in
TC-1/HPV18-E6 tumor-bearing mice, 5 ~ 8 weeks old female C57BL/6 mice (5 mice/group)
were challenged subcutaneously with 7.5 x 104/mouse of TC-1/HPV18-E6 tumor cells. On
day 3, the mice were immunized with either 50 pg/mouse of pcDNA3-HPV18-E6, or
pcDNAS through IM injection followed by electroporation three times with 4-day interval.
Tumor growth was monitored by measurement with a digital caliper twice a week. Survival
of the mice was monitored every other day. C. Line graph showing TC-1/HPV18-E6 tumor
growth curve. D. Survival curve of TC-1/HPV18-E6 tumor-bearing mice. Data are
represented as mean + SD. p-values were calculated by 2-tailed Student’s ftest or log rank
test. * = p<0.05; *** = p<0.001.
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Figure 6. Characterization of the role of T cell subset in the antitumor immunity generated by
pcDNA3-HPV18-E6 DNA vaccine

To determine the role of T cell subset, specifically the role of CD4+ or CD8+ T cells in the
antitumor immunity generated by pcDNA3-HPV18-E6 DNA vaccine, forty 5~8 weeks old
female C57BL/6 mice were divided into 4 groups (10 mice/group). Three groups of mice
were immunized with 50 pg/mouse of pcDNA3-HPV18-E6 through IM injection followed
by electroporation three times with 1-week interval. On the day of the third vaccination, one
group of vaccinated mice was injected with anti-CD4 monoclonal antibody, and another
group of immunized mice was injected with anti-CD8 monoclonal antibody through
intraperitoneal injection for 3 days followed by once a week injection. 7 days after the last
vaccination, all the mice were challenged subcutaneously with 1x10%/mouse of TC-1/
HPV18-E6 tumor cells. Tumor growth was monitored by measurement with a digital caliper
twice a week. Survival of the mice was monitored every other day. A. TC-1/HPV18-E6
tumor growth curve. B. Survival curve of TC-1/HPV18-E6 tumor-bearing mice. Data are
represented as mean + SD. p-values were calculated by 2-tailed Student’s #test or log rank
test. * = p<0.05; *** = p<(0.001.
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