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Abstract: Human papillomavirus (HPV)-related malignancies are responsible for almost all
cases of cervical cancer in women, and over 50% of all cases of head and neck carcinoma.
Worldwide, HPV-positive malignancies account for 4.5% of the global cancer burden, or
over 600,000 cases per year. HPV infection is a pressing public health issue, as more than
80% of all individuals have been exposed to HPV by age 50, representing an important target
for vaccine development to reduce the incidence of cancer and the economic cost of HPV-
related health issues. The approval of Gardasil® as a prophylactic vaccine for high-risk HPV
16 and 18 and low-risk HPV6 and 11 for people aged 11-26 in 2006, and of Cervarix® in
2009, revolutionized the field and has since reduced HPV infection in young populations.
Unfortunately, prophylactic vaccination does not induce immunity in those with established
HPV infections or HPV-induced neoplasms, and there are currently no therapeutic HPV
vaccines approved by the US Food and Drug Administration. This comprehensive review
will detail the progress made in the development of therapeutic vaccines against high-risk
HPV types, and potential combinations with other immunotherapeutic agents for more
efficient and rational designs of combination treatments for HPV-associated malignancies.
Keywords: human papillomavirus, HPV, therapeutic vaccine, cervical cancer, head and neck
squamous cell carcinoma, HNSCC, combination immunotherapy

Introduction

Human papillomavirus (HPV)-associated malignancies make up about 4.5% of all
cancers, afflicting more than 600,000 people worldwide each year.! HPV-associated
cancers include carcinomas of the cervix (99.7% HPV-associated, the fourth most
common cancer in women worldwide”), and squamous cell carcinomas of the
oropharynx, anus, rectum, penis, vagina, and vulva.

HPV is a small double-stranded DNA-virus; there are over 200 known types,
most of which confer a low risk of cancer development.>* HPV6 and 11 are two
low-risk types (IrtHPV) that cause genital warts but are not carcinogenic. The high-
risk HPV (hrHPV) types include HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58,
and 59.

All types of HPV encode “early proteins” (E-proteins: E1, E2, E6, E7), and “late
proteins” (L-proteins: L1, L2). Upon HPV infection, HPV virions will bind to the
basal cell heparin sulfate proteoglycan using L1 and L2 proteins.” Once interna-
lized, it is thought that E1 and E2 are responsible for amplification of the viral
episome, and E2 also regulates viral transcription.” The E6 and E7 proteins are
responsible for driving cell proliferation. If the infection persists uncontrolled by
the host’s immune system, the hrHPV viral genome remains in the cell as an
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episome and will result in benign and precancerous
lesions. Integration of the episome into the host genome
results in the development of cervical carcinoma and cer-
1-3.°
Integration of the viral genome, together with dysregula-

vical intraepithelial neoplasia (CIN) grades
tion of early protein 2 (E2), which regulates the oncopro-
teins E6 and E7, results in the overexpression of E6 and
E7. Both of these proteins drive uncontrolled cell growth.”
E6 interacts with and degrades p53 and other host cell
proteins,® while E7 interacts with and degrades Rb
protein,” both of which act as repressors of cellular
proliferation.'” In addition to interfering with the p53
and Rb proteins, E6 and E7 also interfere with mammalian
target of rapamycin (mTOR) signaling and senescence in
the infected cells.'"'?

CIN grade 1 is considered a low-grade squamous
intraepithelial lesion (LSIL), and the rate of spontaneous
regression is 70-80%."* CIN grade 2 and CIN grade 3 are
considered high-grade squamous intraepithelial lesions
(HSIL). CIN 2 will with

a spontaneous regression rate of 15-23% within several

occasionally regress,
years.'*!> CIN 3 is much less likely to spontaneously
regress, and if untreated, 30%'® will progress to
carcinoma.

For invasive cervical cancer, HPV16 is the most pre-
valent type (approximately 60%), HPV18 is the second
(15%), and HPV45 is the third most common type.'” The
use of prophylactic vaccines is predicted to help decrease
these numbers in the future since the vaccines are very
efficient at preventing persistent infection and the devel-
opment of neoplasia. It has been estimated that the cur-
rently available nonavalent prophylactic HPV vaccine
could prevent 90% of cervical cancer cases and 50% of
all other HPV-related cancers (vulvar, penile, vaginal,
anal, oropharyngeal, oral cavity, and laryngeal).'® This
vaccine includes coverage against HPV types 6, 11, 16,
18, 31, 33, 45, 52, and 58. Prophylactic vaccines
(Gardasil® (Merck, Kenilworth, NJ, USA) and Cervarix®
(GlaxoSmithKline, Brentford, UK)) are subunit virus-like
particles (VLPs) that act by stimulating strong neutralizing
antibody responses to the capsid protein L1 on the surface
of the HPV virus particle. Antibodies binding to the virus
hinder it from infecting the epithelial cells, thus preventing
infection.'” It has been shown that high antibody titers
result in an immunoglobulin-coated capsid, which pre-
vents the virus particle from binding to heparin sulfate
proteoglycans on the basal cells, the first step of infection.
This results in the antibody-covered virus being cleared by

neutrophils.?’*! In the presence of low antibody titers, the
virus particles are only partially hindered from binding the
basal cells, and the main mechanism of action is instead
caused by the prevention of the capsid interacting with
the second L1 receptor on the epithelial cell surface. This
results in the virus being lost from the tissue.”’ However,
these vaccines do not clear already established infections
and do not mount the cellular CD4+ and CD8+ T-cell-
based immune responses needed to combat precancerous
or cancerous lesions. Due to sub-optimal prophylactic
HPV vaccination rates worldwide, HPV infections and
subsequent development of HPV-associated malignancies
will continue to be a public health issue in the coming
decades. Therefore, the development of therapeutic HPV
vaccines and other cancer therapies represents a pressing
public health concern.

One unique feature of HPV-associated malignancies is
that the E6 and E7 proteins are constitutively expressed at
high levels in the tumor cells and are not present anywhere
else in the human body.** Furthermore, since they are
necessary for the transformation of malignant cells and
drive the malignant cell phenotype,® it is not likely that
antigen loss would be a viable tumor escape mechanism.
This makes them an ideal target for therapeutic vaccines,
which are designed to generate a specific antitumor
response targeting cells expressing the antigens while
minimizing the risk of accidentally attacking healthy tis-
sues. The immune responses to these proteins have been
well characterized,”* and most therapeutic vaccines to date
have used E6, E7, or a combination of both as the target
antigens. Indeed, a healthy immune system will mount an
immune response against these proteins. One recent study
showed that women with abnormal pap smears who dis-
played HPV16 E6—specific CD4 and CDS8 T-cell responses
had a favorable clinical trend associated with the regres-
sion of lesions, compared with women who did not have
HPV antigen-specific T-cell responses.””*° HPV16 E7-
specific responses were significantly associated with
CD4, but not CDS, T-cell responses in this study.

Several different approaches for vaccine therapy will
be discussed in this report, with examples of vaccines at
different stages of development, as well as potential com-
binations of vaccines with other immunotherapy modal-
ities. Immune checkpoint inhibitors can potentiate an
existing immune response, while other agents can help
increase an immune response by decreasing immune-
suppressive elements in the tumor microenvironment
(TME). Both of these mechanisms may be useful to
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potentiate the efficacy of a therapeutic vaccine. Current
clinical trials for therapeutic HPV vaccines were queried at
the NIH ClinicalTrials.gov database utilizing “HPV
Vaccine” as the search string, yielding 63 studies that
involve therapeutic HPV vaccines as monotherapies or in
combination with other immunotherapeutics. Terminated
and withdrawn clinical studies are excluded in this report,
and the results are summarized in Tables 1-8. Currently,
there is no therapeutic HPV vaccine approved by the US
Food and Drug Administration (FDA).

Peptide-Based Vaccines

The advantages of peptide vaccines are that they are typi-
cally safe and tolerable for all populations and have the
additional benefit of being inexpensive and easy to
produce.?” Current clinical trials employing therapeutic
peptide vaccines for HPV are summarized in Table 1.
Potential disadvantages of peptide-based vaccines are
that they often need to be combined with immunogenic
adjuvants, or contain agonist epitopes, to elicit a stronger
immune response.”® Short peptide-based vaccines do not
require antigen processing and can bind directly to human
leukocyte antigen (HLA) class I, which induces CD&+
T-cell responses, but does not stimulate CD4+ T-cell
responses to maintain a long-lived effector response.”’ In
addition, short peptide-based (8—10 mer) vaccines have the
limitation of being MHC-specific and need to be matched
with the patient’s MHC type.® One strategy to conquer
this issue is to generate longer peptides that cover several
potential epitopes specific for different MHCs, which
allows for antigen processing by antigen-presenting cells
(APCs), stimulating longer lived CD4+ and CD8+
responses.”’

Synthetic Long Peptide-Based Vaccines

Such synthetic long peptides (SLP) of the HPV16 E6 and
E7 oncoproteins were evaluated in a Phase I trial in
women with end-stage cervical cancer.*® The vaccine con-
sisted of a mix of nine HPV16 E6 and four HPV16 E7
synthetic long peptides, covering the entire sequences of
E6 and E7, in incomplete Freund’s adjuvant (Montanide ™
ISA-51), and was found to be well tolerated and resulted
in a strong HPV-specific T-cell response. The same vac-
cine, ISA101, was also evaluated in women with HPV16-
positive grade 3 vulvar intraepithelial neoplasia (VIN).*'
Patients were vaccinated three or four times, and at the 12-
month follow-up, 15/19 (79%) of patients had clinical
responses; 9/19 had a complete response, and this response

was maintained at 24 months. Antigen-specific T-cell
responses were seen in all patients, and patients who had
a complete response at 3 months displayed stronger and
broader CD4 and CD8 T-cell responses than patients who
did not attain a complete response.’’ A Phase II trial of
ISA101 also showed it to be well tolerated and capable of
inducing a broad interferon gamma (IFNy)-associated
T-cell response in women with advanced or recurrent
HPV16-associated gynecological carcinomas, but no
tumor regression was seen in this advanced setting.’
The ISA101 vaccine has therefore now been investigated
in combination immunotherapy (see the section on combi-
nation therapies below).>> An ongoing clinical trial is
evaluating ISA101 in anal intraepithelial neoplasia (AIN)
in HIV-positive men (NCT01923116).

A second therapeutic vaccine consisting of four syn-
thetic peptides is PepCan, in which the HPV peptides are
mixed with Candin® (Candida albicans skin test reagent)
as an adjuvant.>**> A Phase I trial showed the vaccine to
be safe in patients with CIN 2/3.3*3° The histological
regression rate was 45% overall. Immune responses to
HPV16 E6 were seen in 61% of patients and significantly
increased systemic levels of Tyl cells were observed.
Moreover, in 12 patients where HPV16 was detected
before vaccination, viral load was significantly decreased
in nine patients and undetectable in three patients after
treatment.>> PepCan is currently being investigated in
two Phase I/II trials (NCT03821272, NCT02481414).
A separate mix of four peptides mixed with Candin® has
also been investigated in a Phase I trial (NCT01653249).
Vaccination with the combination of the HPV peptides and
Candin® induced the maturation of Langerhans cells, and
increased T-cell proliferation in humans,>® with the
maturation attributed to the HPV peptides and the prolif-
eration attributed to the Candin®. Additionally, cytokine
profiles of Langerhans cells showed upregulated IL-12p40
mRNA, and increased IL-12p70 in the supernatant, con-
sistent with the induction of a proinflammatory immune

response.
A vaccine called Hespecta, or ISA201 (HPV E-Six
Peptide  Conjugated To  AMPLIVANT®, ISA

Pharmaceuticals B.V., Leiden, The Netherlands), consist-
ing of two HPV16 E6 SLPs conjugated to a synthetic
TLR2 ligand (Amplivant™) is also under investigation.’’
Each peptide covers an immunodominant region of the
HPV16 E6 protein and contains multiple T helper and
cytotoxic lymphocyte epitopes. Preclinical studies have
shown that the addition of the TLR2 adjuvant to the
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Abbreviations: AE, adverse event; AIN, anal intraepithelial neoplasia; CCC, Comprehensive Cancer Center; CIN, cervical intraepithelial neoplasia; CIN|, cervical intraepithelial neoplasia grade |; DLT, dose-limiting toxicity; HNSCC,

head and neck squamous cell carcinoma; HSIL, high-grade squamous intraepithelial lesion; I.D., intradermal; .M. E.P, intramuscular with electroporation; I.L., intralesional; NCI, National Cancer Institute; ORR, objective response rate; pt,

patient; Top, topical (imiquimod); VIN, vulvar intraepithelial neoplasia.

SLPs induces stronger dendritic cell (DC) maturation,
in vivo T-cell priming, and anti-tumor immunity than
SLPs alone or with the addition of a Pam3CSK4
adjuvant.®® A Phase I clinical trial to assess the safety of
Hespecta was expected to be completed by
December 2017, but there are no current updates on clin-
icaltrials.gov (NCT02821494).

Multiple other SLP vaccines are being developed pre-
clinically, often with novel adjuvant strategies to enhance
immunogenicity. Some adjuvant strategies that have been
combined with SLP are CpG and nanoparticles. A novel
synthetic long peptide vaccine adjuvanted with CpG is
currently being investigated preclinically. SLP-CpG>® con-
sists of a synthetic long peptide from HPV16 E7 with
a centrally located MHC I epitope, adjuvanted with the
TLR9 agonist CpG formulated in a squalene-based oil-in-
water emulsion. TLR3, TLR4, and TLR7/8 agonists were
also tested, but the TLR9 CpG agonist induced the most
robust CD8 T-cell responses and inhibited tumor growth in
the TC-1 murine tumor model.>®* Another SLP vaccine,
NP-E7Lp, consisting of an SLP from HPV16 E7 conju-
gated to ultra-small nanoparticles, showed significant
increases in effector T cells upon injection, and an
increased CD8+ T cell to regulatory T cell (T,,) ratio. In
vivo, vaccination with NP-E7LP resulted in TC-1 tumor
regression with complete responses.*’

Short Peptide-Based Vaccines
In terms of vaccines that are based on shorter peptide
sequences, PDS0101 is a short peptide-based, non-MHC-
restricted vaccine adjuvanted with R-DOTAP, a liposomal
carrier that activates TLR7.*"**> PDS0101 was found to be
safe and tolerable in a Phase I dose-escalation trial
(NCT02065973). Vaccination resulted in the regression
of CIN in all patients in a non-MHC-restricted manner.*
Several Phase II trials have been initiated for the combina-
tion of PDS0101 with other immunomodulatory therapeu-
tics, such as a Phase II trial in combination with
pembrolizumab in patients with HPV16+ recurrent or
metastatic head and neck squamous cell carcinoma
(HNSCC) (NCT04260126), and another Phase II trial in
combination with NHS-IL12 (EMD Serono, Billerica,
MA, USA) and bintrafusp alfa (EMD Serono and Pfizer,
New York, NY, USA), started in June 2020 at the National
Cancer Institute (NCT04287868). This trial was initiated
based on a preclinical study.**

A second short peptide-based vaccine, DepoVax adju-
vant emulsified with HPV16 E7 peptide (DPX-E7), is
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Abbreviations: AE, adverse event; ASC-H, atypical squamous cells, cannot exclude a high-grade lesion; ASC-US, atypical squamous cells of undetermined significance; .M., intramuscular; LSIL, low-grade squamous intraepithelial lesion;

NCI, National Cancer Institute; TA-CIN, tissue antigen-cervical intraepithelial neoplasia; Top, topical (imiquimod).

a novel vaccine that is also being developed preclinically
and clinically.*> Tumor-bearing mice immunized with
DPX-E7 displayed fewer T, and myeloid-derived sup-
pressor cells (MDSC) in the tumor, and significantly lower
tumor burden compared to controls.*> DPX-E7 is currently
in a Phase Ib/Il clinical trial for safety and efficacy
(NCT02865135). The DepoVax platform is a modified
water-free version of the previously described VacciMax
platform, which also showed promising results with the
rejection of large HPV16-expressing TC-1/A2 tumors.*¢

Therapeutic vaccines have also included other
immune-modulating peptides in addition to HPV-
peptides, such as human leukocyte antigen (HLA)-I- and
HLA-II-restricted melanoma antigen E (MAGE-A3) pep-
tides or HIV peptides. A pilot study using MAGE-A3 or
HPV16 peptides linked to a peptide sequence from HIV-
TAT, the Trojan vaccine, supplemented with Montanide™
and granulocyte-macrophage colony-stimulating factor
(GM-CSF), was shown to be safe and immunogenic.47
A Phase I dose escalation study (NCT00257738) in
HNSCC patients showed no dose-limiting toxicity (DLT),
and T-cell and antibody responses to HPV were seen in
patients who received four vaccinations.*®

Other therapeutic vaccines target HPV-positive malig-
nancies, but they do not contain the classic HPV E6 or E7
antigens. A Phase I/Ila study (NCT01462838) uses the pl16
37-63 peptide, from the cyclin-dependent kinase inhibitor
p16(INK4a), adjuvanted with Montanide™** P16(INK4a)
is highly upregulated in HPV-associated malignancies.
Patients with confirmed overexpression of pl6(INK4a) in
their HPV-positive malignancies were given four vaccina-
tions over 6 months. There were no severe toxicities, and
at the end of the trial, nine patients had stable disease, and
five patients developed progressive disease. Another Phase
I study (NCT02526316) combines this peptide vaccine
with chemotherapy in order to modulate the effect of the
vaccine.

Finally, a short peptide vaccine adjuvanted with very
small size proteoliposomes (VSSP) has also been tested
in a small number of humans for safety,’® although this
clinical trial is unregistered at clinicaltrials.gov. CIGB-
228 is an HLA-A2-restricted HPV16 E7 peptide, which
is a known cytotoxic T lymphocyte (CTL) epitope, com-
bined with VSSP, that produces regression of TC-1
tumors, and protects them from re-challenge due to the
production of HPV16 E7-specific memory T-cell
responses. CIGB-228 was tested in seven HLA-A2 posi-
tive patients who had HPV16-positive CIN 2/3 and was
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Radiation

Direct Tumor Cell Killing
Chemotherapy

aPD-1, aPDL1, aCTLA4

Therapeutic HPV-Vaccine
Targeting HPV E6/E7

Effective Treatment of
HPV-associated
Malignancies

Bifunctional Fusion Proteins
Bintrafusp alfa

Checkpoint Inhibitors

Stabilized cytokines
NHS-IL12

ST-TI
CT1I-SHN

5]192- 1 2y199ds
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HDAC Inhibitors
Vorinostat, Entinostat

Alteration of TME

Figure | Current and potential immunotherapeutic combinations for the treatment of HPV-associated malignancies.
Abbreviations: HDAC, histone deacetylase; PD-1, programmed cell death protein-|; PD-LI, programmed cell death protein-| ligand; TME, tumor microenvironment.

administered once weekly subcutaneously. There were
no serious adverse events (AE), and at the end of the
study 57.1% of patients had complete regression and
14.3% of patients had histological downgrading. All
patients also showed an increase in IFNy-producing
cells in peripheral blood mononuclear cells (PBMC).>
The development of short peptide-based vaccines will
become easier in the future due to artificial intelligence
(AI) and advancement in algorithms that can better predict
T-cell epitopes”' for improved immunogenicity for multi-
ple hrHPV types,’>
which will help overcome HLA-restriction.

as well as for many HLA types,>

Protein-Based Vaccines
Protein-based vaccines are processed by antigen-
presenting cells (APCs), resulting in presentation of anti-
gens via HLA class I and class II for the generation of
CD8+ and CD4+ T-cell responses without type restric-

tion. Potential advantages of protein-based vaccines are

that they are typically safe and tolerable, including for
those individuals who are immunocompromised.’
However, a potential disadvantage of protein-based vac-
cines is that they can be poorly immunogenic for the
generation of CD8+ T-cell responses and therefore may
require immunogenic adjuvants to augment the efficacy
and to avoid major histocompatibility complex (MHC) II
processing for antibody-based immunity.>* Clinical stu-
dies employing protein-based vaccines are listed in
Table 2.

Tissue antigen-cervical intraepithelial neoplasia (TA-
CIN) is a fusion protein that consists of HPV16 proteins
L2, E6, and E7.% A Phase I study was recently completed
in CIN for safety and efficacy, as measured by increases in
antigen-specific responses ® (NCT02405221). A Phase 11
trial conducted in the UK in VIN grade 2/3 showed sig-
nificant T-cell infiltration and regression of lesions in the
majority of patients after administration of the vaccine

adjuvanted with imiquimod.®’
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TVGV1 is a fusion protein vaccine candidate that uses
a Pseudomonas aeruginosa exotoxin fusion with HPV16
E7, and a KDEL endoplasmic reticulum retention signal,
adjuvanted with CpG ODN or GPI-0100.°® TVGV1 with
both adjuvants was able to induce multifunctional T-cell
responses that showed efficacy against the C3.43 in vivo
tumor model (HPV16-transformed B6 tumor).”® There is
an ongoing Phase IIA clinical trial in women with high-
grade HPV cervical infection, but the status of this trial is
unclear on clinicaltrials.gov (NCT02576561).

GTLO001 (ProCervix) is a combination of HPV16 and
HPV18 E7 proteins fused to CyaA, a Bordetella pertussis
adenylate cyclase that has had its toxic components
removed, and adjuvanted with imiquimod cream,
a common treatment for HPV-positive genital warts.>”
GTLO01 was evaluated in a Phase II study that enrolled
233 HPV16 and HPV 18 positive patients with both normal
and abnormal cervical cytology (NCT01957878), and in
a second trial, where patients received one dose of vaccine
or placebo adjuvanted with imiquimod. Viral clearance
rates were found to be the same between the vaccine and
placebo groups 2 years later, so the study was terminated
(NCT02689726). Further development of GTL00O1 was
stopped, and a second-generation vaccine, GTL002, has
recently been in preclinical testing for in vivo efficacy in
generating antigen-specific T-cell responses as well as
regression in the TC-1 model.®

SGN-00101 (also known as HSP-E7) is based on the
fusion of HPV16 E7 with recombinant heat shock protein
65 (HSP65) from Mycobacterium bovis.®!
responses to this vaccine have been seen in AIN,*
CIN3,” and cervical HSIL,"* with increases in HPV-
specific CTLs as well as regression of HSIL. Two Phase
II studies have recently been completed (NCT00054041,
NCT00091130).

Other protein vaccines are being investigated preclini-

Clinical

cally, including novel fusion proteins or recombinant lipi-
dated proteins. The fusion protein LALFE7,% now called
CIGB550-E7, has been explored preclinically for its use in
mediating anti-tumor responses in mice bearing TC-1
tumors.®® CIGB550-E7 is a cell-penetrating peptide linked
to an HPV16 E7 mutein, adjuvanted with VSSP.
Vaccination with this CIGB550-E7 fusion protein in mice
generated both anti-tumor responses as well as cell-
mediated immune responses. The recombinant lipidated

7 activates TLR2 and stimulates and

protein rTE6mE7m
upregulates the costimulatory molecules CD40 and CD80

on bone marrow—derived dendritic cells. In vivo, rlipo-

rE6mE7m can activate CTL and inhibit TC-1 tumor
growth.

Viral Vectors

Viral vectors, including both DNA and RNA viruses, are
some of the most well-tested antigen delivery systems to
induce an immune response.®® Viral vectors directly infect
host cells, and induce presentation of class-restricted anti-
gens on the cell surface. They can be engineered to
express any antigen of interest.®” Potential advantages of
these vectors are that they are highly immunogenic and
produce rapid antibody and CD8 T-cell responses to anti-
gens present in the vector.®® Potential disadvantages of this
platform include the development of neutralizing antibody
responses to the vectors, requiring alternative prime-boost
strategies. Clinical trials for therapeutic HPV viral-
vectored vaccines are summarized in Table 3.

DNA Virus-Based Viral Vectors

Some of the most widely used viral vectors are the vacci-
nia virus vectors, which are stable vectors capable of
holding large amounts of transgenic DNA. Attenuated
poxviruses have been used in vaccine regimens for the
eradication of smallpox, and thus have a long history of
safety in humans. Individuals immunized against small-
pox, however, may have neutralizing antibodies against
poxviral vectors.””’" Tipapkinogen Sovacivec (TS) vac-
cine is an attenuated and replication-deficient modified
vaccinia Ankara (MVA) vector, with inserted genes that
code for human IL-2, HPV16 E6, and HPV16 E7. The
Phase II trial (NCT01022346) in CIN 2/3 with a 2Y%-year
follow-up showed reversion of CIN 2/3 in vaccinated
patients regardless of hrHPV type.”?

TG4001 is another MVA-vectored HPV16 E6, E7,
and IL-2 expressing vaccine that has shown positive
results in Phase Ib/Il. It was shown to be safe and
resulted in regression of CIN in patients receiving the
vaccine.”> TG4001 is currently being evaluated in com-
bination with avelumab (anti-programmed cell death pro-
(PD-L1) Merck KGaA,
Darmstadt, Germany, and Pfizer) in a Phase Ib/II trial in

tein-1  ligand antibody,
HPV16-positive recurrent or metastatic cancers including
oropharyngeal HNSCC (NCT03260023). Current data
from the Phase Ib portion of this trial have shown
a partial response in 3/9 patients with oropharyngeal,
anal, cervical, and vaginal refractory or metastatic cancer,
with no DLTs or serious AEs.”* TA-HPV is a live recom-

binant MVA vector that expresses HPV16/18 E6 and E7
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proteins, which has been evaluated in patients
(NCTO00002916) and is currently in combination trials
with DNA vaccines. It was shown to be safe and immu-
nogenic, and generated HPV-specific CTL responses in
a non-HLA-restricted manner in four patients, and HPV-
specific serological responses in eight other patients.”’

Human adenoviruses, another widely used viral vector,
have been used for gene therapy and can transduce large
amounts of foreign DNA. They have tropism for a variety
of cell types and can transduce both quiescent and actively
dividing cells, making them an ideal vector for therapeutic
vaccines.”” Immunity to human adenoviruses is common,
as they are a widely circulating subset of human viruses.
Immunity to Ad5, one of the most commonly used ther-
apeutic adenoviruses, approaches 60% in North America
and Europe, and up to 90% in sub-Saharan Africa.®® Thus,
rare human adenoviruses such as Ad26 and Ad35 have
recently been investigated as potential vectors for HPV
antigens, encoding E2, E6, and E7 fusion proteins for
HPV16 and HPV 18 positive malignancies.”® This vaccine
showed efficacy in the murine TC-1 model and elicited
robust T-cell immunity. An additional recent paper
described the use of an intramuscular prime and an intra-
vaginal boost regimen using adenovirus types 26 and 35
expressing a fusion of HPV16 E6 and E7 oncoproteins.’’
The authors found induction of HPV-specific CD8 T cells
producing IFNy and tumor necrosis factor (TNF)a in the
cervicovaginal tract of treated mice and concluded that this
diverse prime-boost regimen is a promising strategy for
persistent HPV infection and CIN.

In order to take advantage of the safety of both human
MVA
prime-boost

adenoviruses  and vectored viruses and

a heterologous strategy, a trial using
a combination of the two viruses has been initiated
(NCT03610581). This will be
a combination of priming Ad26 vector expressing
HPV16 or HPVIS, and a boost of MVA expressing
HPV16/18. Indeed, this heterologous prime-boost of
Ad26 and MVA has recently been used to elicit anti-
Ebola glycoprotein responses, and was well tolerated”®
(NCTO02376426).

Non-human primate adenoviruses are an attractive

trial investigating

alternative to human adenovirus vectors, as there is no pre-
existing immunity in human populations, and they retain
close homology with human adenoviruses. Currently, there
are two non-human primate vectors in development. One
is a chimpanzee adenovirus vector, which was built with
a synthetic gene designed by selecting conserved regions

from each of six early proteins to represent five hrHPV
genotypes.’® In preclinical studies, this gene was delivered
by three different methods in prime-boost regimens: plas-
mid DNA, chimpanzee adenovirus (ChAdOx1), and MVA
vectors. The combination of ChAdOx1 and MVA vectors
led to the strongest and most durable HPV-specific T-cell
responses. Vaccine-induced T cells were polyfunctional
and trafficked to the cervix following administration.”’
A clinical observational study (16/SW/0331) in humans
showed antigen-specific responses by IFNy ELISpot in
women who had been vaccinated and had current or past
hrHPV infections. Another non-human primate vector is
a novel gorilla adenovirus currently being explored for
multiple therapeutic modalities including infectious dis-
ease and cancer.® Preclinical studies have used gorilla
adenovirus vectors for the treatment of malaria and
respiratory syncytial virus (RSV),*'*? as well as for HPV-
positive malignancies in preclinical models (unpublished
data). A Phase I clinical trial in HNSCC is planned at the
National Cancer Institute (NCT04432597).

RNA Virus-Based Viral Vectors

RNA virus-based vectors have been emerging for thera-
peutic use and are typically alphaviruses or arenaviruses.
RNA replicon vaccines insert RNA sequences encoding
target antigens into non-replicating viral vectors, which
can be used with multiple administrations for sustained
antigen expression without risk of cellular transformation
or chromosomal integration.** Compared to DNA viruses,
RNA viral vectors are relatively labor-intensive and
unstable, and  have  dose-limiting  toxicities.®
Additionally, human safety data for these vectors are not
well established. Only one RNA viral vector, Semliki
Forest virus (SFV) replicons encoding E6 and E7, known
as Vvax001, is entering a Phase I trial for safety and
efficacy in humans (NCT03141463), having induced HPV-
specific cytotoxic T-cell responses and reduced tumor bur-
den in mice.?**

Additional RNA viral vectors are currently being
investigated in animal models. An arenavirus-based vec-
tor, HB-201, is a lymphocytic choriomeningitis virus
(LCMV)-based vector that increased HPV-specific CTL
and cleared TC-1 tumors in vivo.*® HB-201 is currently in
a Phase I/II trial (NCT04180215), using HB-201 alone or
in combination with nivolumab. The Venezuelan equine
encephalitis virus (VEE)-based viral vector, E7-VRP,
eliminated established C3 tumors in the majority of mice,

and protected mice from tumor re-challenge.’” Another
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group developing VEE-based vaccines also showed pro-
mising results in C3 and TC-1 tumors in mice.*® The
Sindbis virus—based vector, VP22-E7, has been used in
preclinical studies with similar effects, resulting in tumor
of HPV-specific T-cell

regression and generation

responses.89

Bacterial Vectors

Bacterial vectors have been explored as potential live
vectors because of their ability to produce robust innate
and adaptive immune responses.”® Bacterial vectors act
similarly to viral vehicles in that they can be engineered
to express the antigen of interest, therefore generating
immune responses against the specific target.*” Potential
advantages are that bacteria are “natural” adjuvants due to
their wide range of pathogen-associated molecular pattern
molecules (PAMPs) and damage-associated molecular pat-
tern molecules (DAMPs), which activate toll-like recep-
tors (TLRs) 2, 4, 5, 7, 8, and 9 and other innate immune
mechanisms.”’ Adaptive immune responses induced by
bacterial vectors are equally powerful, due to the host of
inflammatory cytokines bacterial infections produce.
Potential disadvantages of this platform include the poten-
tial for toxicity due to the robust immune response.
Current clinical trials employing bacterial vectors are sum-
marized in Table 4.

Listeria-Based Vectors

Listeria monocytogenes, in particular, has been extensively
developed into a potential therapeutic vaccine. Listeria is
a facultatively intracellular Gram-negative bacteria, and
upon infection of the host, induces phagocytosis in respond-
ing macrophages. Once engulfed into the phagolysosome,
Listeria uses the protein listeriolysin-O (LLO) to escape the
phagosome and live freely in the cytosol of host cells.”>**
Because of its intracellular niche, Listeria can activate both
CD8+ and CD4+ T cells through the MHC I and MHC 11
pathways. Listeria induces significant increases in the pro-
duction of IFNy, IFNa, IFNB, and a variety of chemokines,
and is a potent activator of TLRs 2 and 5, resulting in further
cytokine and chemokine production to control infection. Due
to the pro-inflammatory properties and direct antigen proces-
sing inherent in Listeria infections, it has been explored as
a therapeutic vector for multiple cancer types, including
colon, prostate, and breast (NCT03265080, NCT02386501,
NCT02325557). More recently, Listeria has been used as
a therapeutic vaccine vector for HPV-positive malignancies.
The most developed Listeria monocytogenes bacterial

vectored HPV vaccine is ADXS11-001.> ADXS11-001 is
composed of Listeria monocytogenes with an HPV16 E7
protein fused to LLO, or Lm-LLO-E7. Preclinically,
ADXS11-001 resulted in the regression of TC-1 tumors in
C57BL/6 mouse models and induced memory as well as
antigen-specific T cells. ADXS11-001 first moved into clin-
ical trials for cervical cancer in 2009, showing an acceptable
safety profile, and inducing mixed antigen-specific
responses.” Adverse events were reported, including pyr-
exia and fatigue. A Phase II study showed increased survival
in advanced cervical cancer patients compared to historical
controls,”® with a median overall survival (OS) of 8.3 months
vs. 4.7 months. This study also included an ADXS11-001
plus cisplatin arm and reported a median OS of 8.8 months.”®
Currently, a Phase III trial is ongoing for advanced cervical
cancer (NCT02653604). Patients with cervical carcinoma
will be given an infusion of ADXS11-001 every 3 weeks
for three doses, then every 8 weeks for five doses. The results
are expected in October 2024. Additional Phase I/I1 trials are
also ongoing for a variety of indications, including orophar-
yngeal carcinoma, anal carcinoma, and persistent or recurrent
cervical cancer (NCT02002182, NCT02399813, NCT0126
6460). Preliminary data indicate expanded T-cell receptor
(TCR) clones post-vaccination with ADXS11-001 in patients
with oropharyngeal cancer,”” and additional preliminary data
indicate that ADXS11-001 can be administered with standard
chemotherapy for anal cancer.”® One clinical trial for
ADXS11-001 was terminated when a patient developed sys-
temic listeriosis;99 however, this is the only known case
found in the use of this agent.

Lactobacillus-Based Vectors
Other bacteria investigated as live vectors include the
Lactobacillus species, including L. lactis, L. casei, and
L. plantarum. These bacteria have been used for 30 years
for therapeutic heterologous gene expression. They are
administered non-invasively, typically orally or intrana-
sally, and are considered relatively safe due to their lack
of endotoxin. A Phase I/Ila dose-escalation study has been
conducted using L. casei expressing HPV16 E7
(GLBL101c) in 10 patients with CIN3.'® No patient
experienced AEs, and 70% of the participants receiving
the optimized dose had their CIN3 downgraded to CIN2.
The presence of cervical E7-specific lymphocytes directly
correlated to pathological downgrade.

Lactobacillus lactis is an additional lactobacterium
vector being explored preclinically and in early clinical
studies. An engineered L. lactis expressing HPV16 E6 was
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administered orally to TC-1-bearing C57BL/6 mice,
resulting in reduced tumor burden as well as increased
survival compared to controls.'”" This oral vaccine
(NZ8123-HPV-16-0ptiE6) was moved to a Phase I study
with 46 healthy volunteers for dose-escalation, tolerability,
and safety.'”> No significant AEs were reported, and
a dose-dependence was observed for humoral and persis-
tent cell-mediated responses. Lactobacillus casei has been
used for early in vivo work using L. casei expressing
HPV16 E7, and another strain of L. casei expressing
HPV16 E6.'°*'% Immunization with L. casei expressing
E6 or E7 led to an increase in E6- or E7-specific IFNy
positive T cells, and a decrease in TC-1 tumor burden in
C57BL/6 mice. Other

105196 Iy addition, L. plantarum expressing

groups have seen similar
results.
HPV16 E7 has been used similarly, yielding serum anti-

bodies and antigen-specific T cells.'®’

Cell-Based Vaccines

A wide variety of cell-based vaccines are being explored
as options for advanced HPV-associated malignancies in
clinical trials, summarized in Table 5. This platform
involves the patient’s APCs being directly loaded with
HPV antigens infused back
A potential advantage of this platform is that antigen-

and into the patient.
specific cells are introduced directly to the patient, elim-
inating the trial and error associated with generating anti-
gen-specific cells within the tumor microenvironment via
vaccine. This approach, however, may be hampered by
HLA restriction or by long amounts of time necessary to
generate personalized cell-based therapies, as well as pro-
hibitive costs for large-scale treatment of patients.
Several of these studies consist of PBMC transplanta-
tion plus HPV peptide (NCT00003977, NCT00019110).
Study NCT00019110 focused on harvesting PBMC from
patients with advanced or recurrent cervical, vaginal, anal,
or oropharyngeal HPV-positive cancer, treating the PBMC
with granulocyte-macrophage colony-stimulating factor
(GM-CSF), then pulsing the PBMC with HPV16 E6 and
E7 proteins. Study NCT00003977 uses a similar metho-
dology in patients with advanced cervical cancer and
pulses the PBMC with lipidated HPV16 E7. DC-based
therapies currently in clinical trials are being used for
recurrent cervical cancer (NCT00155766) and for CIN 1/
2 (NCTO03870113). In study NCT03870113, autologous
DC are loaded with HPV16/18 E6/E7 peptides and are
injected back into the patient’s adjacent lymph node six

times per week. Data from these studies have not yet been
released.

BVAC-C consists of B cells and monocytes utilized as
APCs, loaded with HPV16/18 E6/E7 peptides, and trans-
fused back into patients with recurring or metastatic cer-
vical cancer (NCT02866006). Data from the Phase
I trial'®® showed that BVAC injection resulted in mild
AEs, and no DLTs in patients with platinum-resistant
recurrent cervical cancer. The overall response rate was
11%, and the median progression-free survival was 6.8
months. Patients also exhibited increased activation of
natural killer T (NKT) cells, NK cells, and HPV-specific

T cells post-vaccination.'®®

DNA-Based Vaccines

DNA-based vaccines are a rapidly expanding area of vac-
cine research because they are safe and tolerable for all
patient populations and easy to produce, and multiple
plasmids encoding different antigens can be added without
compromising safety or efficacy.'” ' DNA-based vec-
tors act as shuttle systems to deliver and express antigens
directly into target cells.”” The addition of a variety of
sequences and codon optimization within the DNA shuttle
helps increase transcription efficiency, expression of the
antigen of interest, and targeting to the endoplasmic reti-
culum for downstream generation of humoral and adaptive
immune responses.®” The disadvantages of DNA vaccines,
however, are low transfection efficiency and immunogeni-
city; this modality requires specialized equipment for vac-
cination and additional adjuvants for improved immune
responses.''* DNA vaccines can be administered by sub-
dermal injection, but this delivers subpar uptake by dermal
DC, stimulation of which is required for efficient antigen
presentation and enhanced immune responses. Multiple
studies are ongoing using DNA vaccines in the therapeutic
treatment of HPV-positive malignancies. The clinical trials
employing DNA and RNA vaccines are summarized in
Table 6.

HPV DNA-Based Vaccines
The DNA-based vaccine VGX3100 is
a variety of clinical trials and trial formats, as both

undergoing

a monotherapy and in combination with various TME-
modulating immunotherapeutics. VGX-3100 is a DNA
vaccine containing a mixture of two plasmids that encode
optimized consensus E6 and E7 genes of HPV16 and
18."'* In the Phase I trial in women with CIN 2/3, the
vaccine was given three times intramuscularly, followed
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by electroporation.''*!'"> VGX-3100 was shown to be
safe, tolerable, and to induce HPV-specific CD8 T cells
expressing granzyme B and perforin and exhibiting full
cytolytic functionality. The randomized double-blind pla-
cebo-controlled Phase IIb trial in patients with CIN 2/3
showed efficacy against HPV16/18—induced CIN."'®
VGX-3100 was administered to 125 patients, and 42
patients were given placebo. Histopathological regression
was seen in 49.5% of vaccine-treated patients, compared
to 30.6% of controls. Furthermore, when 13/18 patients
from the Phase I trial were given an additional boost of
VGX-3100 vaccine after 9 months’ follow-up on the ori-
ginal trial, both cellular and humoral immune responses
were augmented, including IFNy, TNFa, CD8 T-cell acti-
vation and lytic proteins.''> TCR sequencing also showed
localization of HPV-specific T-cell clones to the cervical
mucosa, which may suggest the mechanism of lesion
regression and HPV16 and 18 elimination observed in
the clinical trials. Currently, VGX-3100 is in a Phase III
clinical trial (REVEAL 1, NCT03185013) in 198 patients
with confirmed HPV16/18 positive CIN 2/3. VGX-3100 is
also being evaluated in multiple additional clinical trials
for other HPV-positive malignancies, including in HIV-
positive  patients  with  high-grade anal lesions
(NCT03603808), CIN grade 2 or 3 (NCT01304524), cer-
vical HSIL (NCT03721978), and a Phase II trial in vulvar
HSIL (NCT03180684). INO-3112 (now MEDI0457) has
also been developed as a combination of VGX-3100 and
INO9012, which is a plasmid encoding human IL-12 to
enhance the pro-inflammatory response to the HPV anti-
gens encoded in VGX-3100.""" The Phase I trial showed
safety and elevated antigen-specific T-cell activity in 18/21
evaluable patients. The increased T-cell activity was
observed out to 1 year post-therapy. It is currently being
investigated in clinical trials in cervical cancer
(NCT02172911) and HNSCC (NCT02163057), as well
as in combination with the checkpoint inhibitor durvalu-
mab (NCT03162224, NCT03439085).

GX-188e is a DNA vaccine containing plasmid DNA
encoding E6 and E7 proteins of HPV16 and HPV18.""® In
a Phase I study, women with CIN3 were immunized with
GX-188e. In seven of nine patients, there was complete
regression and viral clearance by 36 weeks post-
immunization.''® A Phase II study in a larger population
with HPV16/18 positive CIN3 was conducted to test the
efficacy by histopathological results of cervical biopsy and
to determine the optimal dose. They found that 52% of the
72 patients enrolled had histopathologic regression of

CIN3 by 20 weeks after the first injection, and 67% of
the patients showed regression by 36 weeks after the first
injection.'®™ An additional Phase II trial is registered
online (NCT02596243), but the status is unknown.

HPV DNA- and Immunogenic

Protein-Based DNA Vaccines

VB10.16 (Vaccibody AS, Oslo, Norway) is another novel
DNA vaccine that encodes the HPV16 E6/E7 protein,
a dimerization entity, and a protein that specifically binds to
APCs. An exploratory open-label Phase I/Ila trial
(NCT02529930) was presented at the 2019 American

19 and

Association for Cancer Research annual meeting,
showed strongly encouraging safety, tolerability, and immu-
nogenicity results. The study also found upregulation of PD-
which that

a combination with checkpoint inhibitors may be beneficial.

L1 expression after therapy, suggests

Several DNA vaccines in clinical trials are based on
variations of the plasmid pNGVLa encoding sequences for
HPV16 E7. Two studies have been previously completed:
pNGVL4a-CRT/E7, the pNGVL4a plasmid expressing
HPV16 E7 linked to calreticulin (CRT), was administered
to patients with HPV16-positive CIN 2/3 three times over 8
weeks, and histologic regression to CIN1 occurred in 30% of
patients (NCT00988559). Sixty-nine percent of the patients
experienced minor AEs associated with vaccination.'?
pNGVL4a-Sig/E7(detox)Hsp70, the pNGVL4a plasmid
expressing HPV16 E7 linked to SigE7(detox)-heat shock
protein 70, was administered three times to patients with
HPV16 CIN 2/3, and patients were assessed at week 15
(NCT00121173). Increases in HPV E7-specific T cells were
minor, though complete regression of CIN occurred in 33%
of patients.'”! A Phase I study using pNGVLa expressing
HPV16 E6, E7, and L2 proteins linked to CRT has been
registered but is not yet recruiting (NCT04131413). These
vaccines are also currently being investigated in combination
with protein-based therapeutic HPV vaccines as well (see the
multi-platform vaccine section).

Another DNA vaccine (SP-SA-E7-1BBL) encoding
SA-4-1BBL fused to HPV16 E7 antigen has shown pro-
mising results in preclinical studies.'** SA-4-1BBL is an
oligomeric form of the ligand 4-1BB receptor of the TNF
superfamily, which has been shown to have pro-
inflammatory effects when it is engaged. The fusion of
SA-4-1BBL to HPV16 E7, administered via gene gun,

showed increased anti-tumor efficacy in the TC-1 model
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compared to controls, and also increased IFNy-producing
E7-specific T cells.

RNA-Based Vaccines

RNA-based vaccines have been pioneered in other malig-
nancies, but few are available for HPV-positive malignan-
cies. The synthetic mRNA technology is new, but recent
studies have shown that it is relatively safe due to its non-
integrating nature.'*® Potential advantages of this technol-
ogy are that encoded antigens are delivered in a non-HLA-
restricted manner, synthetic mRNA is inexpensive and fast
to produce, and mRNA is rapidly degraded and cleared.
Additionally, mRNA is a natural TLR7/8 ligand.'*
Potential disadvantages are that since this technology is
new, delivery systems in vivo are still being tested and
optimized. Additionally, there is potential for mRNA vac-
cines to cause toxicity due to the inherent inflammatory
activity of mRNA.'* RNA-based vaccines are often
paired with other agents, like liposomes, for increased
stabilization and additional adjuvant effects, and are able
to transit directly into the cytosol to the cell translation
machinery that creates the antigen it encodes.®™'*> The
clinical trials employing RNA-based vaccines are summar-
ized in Table 6.

HPV16 RNA-LPX is a novel synthetic RNA-based
vaccine for HPV-positive malignancies. Preclinical studies
in mouse models of this mRNA encapsulated in RNA-
lipoplex showed that it was selectively taken up by DC
in lymphoid compartments.'*® Vaccination resulted in
complete regression of two HPV-positive murine tumor
models (TC-1 and C3) and protection from re-challenge,
and showed a combinatorial effect when administered with
a checkpoint inhibitor.'*” The Phase I HARE-40 trial
(NCT03418480) is evaluating the HPV16 mRNA LPX
vaccine with and without anti-CD40.

An E7-Trimix RNA vaccine is currently being investi-
gated preclinically.'?® The vaccine consists of an mRNA-
based vaccine encoding for CD40L, constitutively active
TLR4 (caTLR4), and CD70 (Trimix), which was adminis-
tered together with mRNA encoding HPV16 E7. When
injected in the subiliac lymph nodes of C57BL6 mice
bearing TC-1 tumors, it decreased tumor burden and
increased CD8 T-cell infiltration.

Multi-Platform Vaccines

Other vaccines include fusions of two diverse vaccine plat-
forms, such as utilizing both viral-vectored vaccines and
peptide-based vaccines, as well as an endogenously

engineered  exosome-based vaccine.  Multi-platform
approaches combine the benefits of diverse avenues of
immunization while overcoming some of the hurdles that
individual platforms may present when used alone.
Accordingly, multiple ongoing clinical trials are using
a DNA vaccine prime of HPV16 E7, and an HPV peptide
vaccine boost (NCT00788164, NCTO03913117,
NCT03911076). Preclinical studies for pNGVL4a-sig/E7
(detox)/HSP70 DNA HPV vaccine with TA-HPV boost,
a vaccinia vectored HPV16 E6/E7, showed potent antigen-
specific T-cell responses.'?*'**!3% Another DNA vaccine,
pNGVL4aCRTE6E7L2, with TA-CIN boost, a fusion protein
of HPV16 E6, E7, and L2 linked together (a vaccine combi-
nation known as PVX-6), showed similar antigen-specific
responses. Other heterologous prime-boost strategies include
a viral vector prime with a protein vaccine boost, or vice
versa. TA-CIN, a protein-based vector, was boosted with TA-
HPV, a vaccinia-based vector in patients with AIN;131:132
however, the levels of antigen-specific T cells were not sig-
nificantly increased compared to TA-HPV alone. In another
study, TA-HPV was injected first, then boosted with TA-CIN
in patients with VIN.>® Patients showed increased HPV-
specific T cells; however, there was no correlation between
these responses and clinical regression of VIN. Clinical trials
for multi-platform vaccine strategies are listed in Table 7.

Finally, a new type of vaccine is being tested for its
potential as an HPV therapeutic. This endogenously engi-
neered exosome-based vaccine is administered by intramus-
cular inoculation, and consists of a DNA vector expressing
Nef fused to HPV16 E7,'** which results in a continuous
source of endogenously engineered exosomes. These exo-
somes are engineered to deliver HPV16 E7 protein upon
fusion with Nef exosome-anchoring protein and elicit
a strong HPV16 E7 T-cell response.'** This platform resulted
in potent antitumor T-cell responses and a reduction in tumor
burden in the TC-1 murine model. To our knowledge, this
vaccine has not yet been in clinical trials.

Combination Therapies

Rationale for Combining HPV
Therapeutic Vaccines with Other
Treatment Modalities

Therapeutic vaccines against HPV-associated malignan-
cies commonly target the oncoproteins E6 and E7 to elicit
a T-cell response against these proteins. To effectively
create a response, the vaccine must deliver the antigens
to APCs and activate an HPV antigen-specific response in
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either CD8+ T cells and/or CD4+ T cells. While there are
many different methods for the delivery of antigens to
APCs, the response is dependent upon the quality of the
antigen-specific T cells produced. If the delivery of the
vaccine to the APCs is successful, there are still several
factors present either on the tumor itself or in the TME
that can act to attenuate the anti-tumor response.
Overcoming inhibitory signals in the TME is important
to create a robust anti-tumor response, and the combina-
tion of therapeutic vaccines with other treatment modal-
ities may augment the efficacy of therapeutic vaccination
(Figure 1). Ongoing combination trials are listed in
Table 8.

Therapeutic HPV Vaccines in
Combination with PD-1/PD-L| Axis

Inhibitors

Multiple preclinical studies have been published that
investigate the effect of combining checkpoint inhibitors
with HPV therapeutic vaccination. One of the major inhi-
bitory pathways T cells encounter in the TME is the
programmed cell death protein-1 (PD-1)/programmed cell
death protein-1 ligand (PD-L1) axis. PD-1 is expressed on
the surface of T cells and when ligated by PD-L1 results in
an immunosuppressive response leading to reduced activ-
ity of those T cells. Multiple monoclonal antibodies (mAb)
have been developed and FDA-approved for therapeutic
targeting of the PD-1/PD-L1 axis in cancer.

Additionally, HPV E6/7 expression has been correlated
with PD-L1 expression. Overexpression of E7 in trans-
fected PC3 (prostate cancer, HPVNES) cells led to
a corresponding overexpression of PD-L1. Conversely,
when HPV E7 expression was silenced in the CaSki (cer-
vical cancer, HPV16") cell line, PD-L1 expression was
reduced.'*® Increased expression of PD-L1 has been cor-
related with immune escape and evasion of
immunosurveillance,'*® and increased expression of PD-
L1 in HNSCC has been found to independently correlate
with decreased OS."*” Several preclinical studies have
evaluated the effect of combining therapeutic HPV vacci-
nation with anti-PD-L1: Treatment of mice harboring PD-
1/PD-L1 checkpoint resistant C3 and TC-1 tumors with
RNA-LPX E7 vaccination plus anti-PD-L1 led to com-
plete remission in 10 of 15 mice and improved survival by
40% compared to RNA-LPX E7 monotherapy.'?” Another
study used a DC-targeting fusion protein containing

HPV16 E7 in combination with anti-PD-L1 therapy. It

showed similar results with a significant decrease in
tumor volume and increased survival, with 20% of mice
surviving at least 120 days.'*® These preclinical studies
have provided a strong rationale for combining anti-PD-L1
and anti-PD-1 therapies with HPV therapeutic vaccines.

Clinical Studies

The ISA101 vaccine was recently evaluated in a Phase II
study in combination with the anti-PD1 checkpoint inhi-
bitor nivolumab (Bristol-Myers Squibb Co., New York,
NY, USA) (NCT02426892).>* The overall response rate
was 33%, with a median duration of response of 10.3
months. The ISA101 vaccine alone had shown promising
results in CIN but failed to induce responses in patients
with advanced cervical cancer. Similarly, nivolumab alone
had previously shown a response rate of only 20% in
a similar patient population. Recent data from a clinical
trial (NCT03444376) using GX188E and pembrolizumab
(anti-PD1, Merck) also showed increases in efficacy using
the combination versus the checkpoint inhibitor alone.'*
There are multiple clinical trials investigating the combi-
nation of vaccine and checkpoint inhibition of the PD-1/
PD-L1 axis (NCT03439085, NCT03946358, NCT03618
953, NCT04001413, NCT04084951, NCT04260126, NCT
02291055, NCT03260023, NTC03669718, NCT04369
937).

Anecdotally, one patient (out of 22), who was enrolled
on a Phase Ib/Il trial investigating the efficacy of
MEDI0457, a DNA vaccine targeting HPV16/18 E6/E7
with an IL-12 encoding plasmid (NCT02163057), had
a complete response (CR) by radiography, with robust
induction of antigen-specific PD-1+ CD8+ T cells follow-
ing four cycles of MEDI0457 treatment. After the patient
progressed, nivolumab was added to the therapy, which led
to a rapid and durable CR."'” This suggests that before
nivolumab treatment the antigen-specific T cells may have
been inhibited by the PD-1/PD-L1 axis, and the check-
point inhibitor allowed these T cells to efficiently eliminate
the tumor.

Therapeutic HPV Vaccines in
Combination with Other Checkpoint
Inhibitors

Another major inhibitory pathway for T cells is caused by
ligation of CTLA-4 with B7. This ligation prevents CD28
from interacting with B7, thereby disrupting costimulation.
CTLA-4 is upregulated on the plasma membrane of T cells
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after their activation.'*® A counterpart to the co-inhibitory
nature of CTLA-4 is 4-1BB, a costimulatory receptor that
can activate both T cells and APCs. 4-1BB is a tumor
necrosis factor receptor (TNFR) involved in survival sig-
naling in T cells, and activation of the 4-1BB pathway has
been shown to promote the production of the inflammatory
cytokines IL-12 and IL-6.'*

Much like with PD-L1 expression, CTLA-4 expression
has been linked with HPV E7 expression. Transfection of
the keratinocyte cell line HaCaT with HPV11 E7 resulted in
increased CTLA-4 expression in microarray, RT-PCR, and
Western blot analyses.'*! These results were also reproduced
in both SiHa and HeL a cells overexpressing both HPV16 E7
and HPV18 E7. The mechanism of action for E7 control of
CTLA-4 expression was determined to be through the reduc-
tion of JHDMIB, a histone demethylase that led to reduced
H3K36me2 enrichment in the CTLA-4 promoter. Targeting
of CTLA-4 in HPV+ tumors may provide additional benefit
when combined with HPV therapeutic vaccination.

In addition to classical T-cell activation, a novel subset
of highly cytotoxic CD4+ and CD8+ T cells, named ThEO
and TcEO, respectively, has been shown to be induced by
4-1BB stimulation.'** A study by Bartkowiak et al com-
bined an E6/E7 peptide vaccine with either 4-1BB agonist
or anti-CTLA-4. In the combination of vaccine plus anti-
CTLA-4, the TC-1 tumors in two of 10 C57BL/6 mice
regressed, but the response was not durable. However, the
combination treatment of vaccine plus 4-1BB agonist
resulted in tumor regression in all mice, with complete
regression in five of eight mice. This anti-tumor effect was
driven by an increase in CD8 T cells compared to Tyeg
(17:1 CD8 to T, ratio for 4-1BB agonist treatment versus
6.5:1 with vaccine alone).'** Additionally, a conjugated E7
vaccine plus 4—1BBL was able to improve the 90-day
survival rate by 50% in mice bearing TC-1 tumors after
a single treatment.'** The conjugation of biotinylated E7
to streptavidin-4-1BBL (SA-4-1BBL) also significantly
increased the intratumoral CD8+ T effector to T, ratio,
and near-complete eradication of lung tumors was seen in
the TC-1 lung metastasis model. The addition of a TLR4
agonist, monophosphoryl lipid A (MPL), produced an
even stronger 90-day survival benefit in the TC-1 model.
All mice receiving E7 protein plus SA-4-1BBL/MPL
achieved complete eradication of tumors during the 90-
day watch period after a single treatment.'* Treatment
was well tolerated with no increase in autoimmunity,

tested by antibodies to single-stranded (ss) DNA, changes

in liver enzymes (ALT and AST), or kidney function
(BUN and creatinine).

Anti-4-1BB mAD treatment in combination with recom-
binant IL-2 (rIL-2) and pE7 DNA vaccine resulted in a cure
rate of 67% in mice bearing TC-1 tumors compared to 27%
in mice treated with control antibody plus rIL-2 and pE7
DNA vaccine."*® The triple combination significantly
increased antigen-specific CTL lytic activity and IFNy pro-
duction in isolated CD8+ spleen cells. An ongoing clinical
trial is investigating the effects of combining ISA101b with
utomilumab, which binds to 4-1BB, in advanced orophar-
yngeal cancer patients (NCT03258008).

Therapeutic HPV Vaccines in
Combination with HDAC Inhibitors

The HPV oncoprotein E6 is a known epigenetic regulator
through its actions either directly or indirectly on histone
acetyltransferases (HATs).'*” Thus, targeting HATSs
through histone deacetylase inhibitors (HDACi) may
prove to be a useful therapeutic strategy for HPV-
associated malignancies. Vorinostat (Merck KGaA), an
FDA-approved pan-HDACI, has been shown to inhibit
HPV18 DNA amplification by up to 98.7% in a dose-
dependent manner.'*® The mechanism of action was deter-
mined to be through both the inhibition of S-phase entry,
as measured by BrdU incorporation, and by increased Bim
expression resulting in increased apoptosis. Increased Bim
expression was driven by decreasing EZH2 expression.
HDAC-3/4 are also known regulators of Bim expression
in a non-EZH2-dependent manner.'* Classically, HPV
infection also results in reduced p53 protein via increased
ubiquitination and subsequent degradation.'*® Independent
of HPV, HDACIi have also been shown to increase MHC
class I and II, and CD40 expression, and to enhance DNA
vaccination immune responses.'>"'3> HDACs have also
been shown to downregulate p53 function and lead to
reduced potential to activate the BAX promotor.'>’
A combination of vaccine plus HDACi could therefore
potentially have a strong synergistic effect by targeting
multiple pathways in HPV-positive malignancies.

AR-42 (Arno Therapeutics, Flemington, NJ, USA),
another pan-HDACI, was shown to significantly increase
survival and reduce tumor growth in mice bearing TC-1
tumors when combined with an HPV E7 DNA vaccine.'>*
Mice treated with the combination of vaccine plus AR-42
had increased CD8+ E7-specific T cells in PBMC (17.78%)
compared to DNA vaccine alone (7.89%) and AR-42 alone
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(0.83%). This result was mirrored in the spleen with more
IFNy+ E7-specific T cells in the combination-treated mice
compared to the control-treated mice. In vitro, AR-42—treated
TC-1 cells were lysed at a greater rate by CD8+ HPV16 E7-
specific T cells and had increased MHC-I expression. Taken
together, these studies provide a strong justification for com-

bining therapeutic HPV vaccination with HDAC inhibitors.

Therapeutic HPV Vaccines in
Combination with Other Therapeutic
Modalities

The combination of a therapeutic vaccine with multiple
immunotherapeutic agents is currently being investigated
in a trial (NCT04287868) with PDS0101, bintrafusp alfa
(EMD Serono and Pfizer), and NHS-IL12 (EMD Serono).
This Phase II trial is based on a preclinical study showing
additive anti-tumor efficacy when the vaccine was com-
bined with the tumor targeting immunocytokine NHS-
IL12 and the dual anti-PD-L1 and TGFp-trapping agent
bintrafusp alfa.**

Current standard of care (carboplatin, paclitaxel, with
or without bevacizumab) was combined with ISA101/
ISA101b in patients with advanced or recurrent cervical
cancer (NCT02128126). Patients were given three doses of
vaccine 2 weeks after each dose of standard chemotherapy,
and T-cell responses were assessed by IFNy ELISpot.'>
A strong correlation was found between the strength of the
immune response and overall survival, highlighting the
importance of combining therapeutic HPV vaccines with
standard of care, at minimum, to increase survival in
patient populations with advanced malignancies.

A recently published study investigated the safety and
tolerability of fimaporfin in combination with HPV E7
peptides in  healthy  volunteers (NCT02947854).
Fimaporfin (TPCS2a, PCI Biotech, Oslo, Norway) is
a photosensitizer drug being designed to enhance the
effects of other drugs in a site-specific, light-directed man-
ner. The combination includes Hiltonol® (Oncovir, Inc.,
Washington, DC), which is a TLR3 agonist poly-ICLC.
The clinical trial found the combination to be safe, and it
enhanced the T-cell response to HPV antigens.'>
A recently completed Phase I study (NCT02526316) com-
bined the peptide vaccine P6_37-63 with chemotherapy in
order to modulate the effect of the vaccine. The results
have not yet been presented.

Conclusions

The increase in prophylactic HPV vaccination in young
populations will likely decrease the incidence and fre-
quency of HPV-associated malignancies in future decades,
especially in HPV16 and HPV18, which were the first
types of hrHPV targeted for prophylactic vaccination.
Ongoing observational clinical trials are underway to get
a more complete picture of how prophylactic HPV vacci-
nation against HPV16/18 using Gardasil® (Merck) and
Cervarix® (GlaxoSmithKline) (both directed against
hrHPV 16/18) is changing the landscape of HPV types
currently  causing  infection and  malignancies
(NCT02937155). Prophylactic vaccination across certain
populations in developed countries, however, has been
uneven due to resistance to vaccination. As of 2016,
49.5% of female and 37.5% of male adolescents aged
13-17 were up to date with the HPV wvaccination
series.'>” Additionally, access to prophylactic vaccination
is unequal in developing countries due to prohibitive cost
and distribution difficulties. Thus, there will still be a need
for therapeutic HPV vaccination as the burden of HPV
malignancies will remain high for years to come.
Furthermore, recent studies have found HPV expression
in non-small cell lung cancer (NSCLC), and the virus
appears to play a carcinogenic role for this disease.'>®
HPV infection was also shown to correlate with higher
PD-L1 expression and better clinical response to immune
checkpoint inhibition in a metastatic lung adenocarcinoma
study presented at the 2020 American Society of Clinical
Oncology annual meeting.'*® Further clinical studies are
needed to evaluate if therapeutic HPV vaccines may be of
additional benefit for this patient population.

Therapeutic vaccines for HPV-associated malignancies
are a rapidly evolving field with many candidates in clin-
ical trials, and additional candidates in promising preclini-
cal studies. Apparent across the wide variety of ongoing
clinical trials is the abundance of treatment methods,
doses, types of malignancy being treated, and outcomes
used to measure the efficacy of each treatment, thus mak-
ing comparisons between treatment modalities difficult.
Any treatment that is approved for use would be a great
advancement to the field; however, more research must be
done on potential biomarkers for additional standards by
which to measure the outcome. Additional shortcomings
such as anti-vector immunity, HLA-restriction of peptides,
ease of production, and ease of delivery are all inherent in
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one or more platforms. The variety of platforms, however,
remains important for multiple options for patient care, as
each case is treated individually. The development of
multiple platforms for simultaneous use is important for
addressing the limitations of the respective platforms; for
example, peptide-based vaccines can be used as a boost for

viral-based vaccines to avoid anti-vector immunity
(NCT03911076).
Furthermore, utilizing combination strategies for

advanced cases of HPV-positive malignancy has resulted
in the proliferation of clinical trials using multiple immu-
notherapeutics in the past several years. Many clinical
trials are now exploring the contribution of checkpoint
inhibitor therapy, and the combination of therapeutic
HPV vaccine and anti-PD1 therapy has so far been
shown to be a potent combination.®® In this study, the
overall response rate was 33%, and the median duration
of response was 10.3 months. ISA101 alone showed pro-
mise for CIN, but did not induce any responses in patients
with advanced cervical cancer. Similarly, nivolumab alone
was previously shown to have a response rate of only 20%
in a similar patient population.®> Other combinations of
vaccines and checkpoint inhibitors have shown similar
results, such as recent data from the combination of GX-
188¢ and pembrolizumab.'*® Thus, combination therapy
may address some of the potential shortcomings of ther-
apeutic vaccines, by decreasing the inhibition of antigen-
specific T cells, modulating the immunosuppressive TME,
and increasing pro-inflammatory cytokines provided by
immunocytokines.
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