
Review

Novel Antigenic Targets of HPV Therapeutic Vaccines

Ditte Rahbæk Boilesen 1,2 , Karen Nørgaard Nielsen 2 and Peter Johannes Holst 1,2,*

����������
�������

Citation: Boilesen, D.R.; Nielsen,

K.N.; Holst, P.J. Novel Antigenic

Targets of HPV Therapeutic Vaccines.

Vaccines 2021, 9, 1262. https://

doi.org/10.3390/vaccines9111262

Academic Editor: Hans-Peter

Hartung

Received: 6 October 2021

Accepted: 29 October 2021

Published: 1 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Centre for Medical Parasitology, Institute for Immunology, University of Copenhagen,
2200 Copenhagen, Denmark; drb@sund.ku.dk

2 InProTher APS, 2200 Copenhagen, Denmark; knn@inprother.com
* Correspondence: pjh@inprother.com

Abstract: Human papillomavirus (HPV) infection is the cause of the majority of cervical cancers and
head and neck cancers worldwide. Although prophylactic vaccines and cervical cancer screening
programs have shown efficacy in preventing HPV-associated cervical cancer, cervical cancer is still
a major cause of morbidity and mortality, especially in third world countries. Furthermore, head
and neck cancer cases caused by HPV infection and associated mortality are increasing. The need for
better therapy is clear, and therapeutic vaccination generating cytotoxic T cells against HPV proteins
is a promising strategy. This review covers the current scene of HPV therapeutic vaccines in clinical
development and discusses relevant considerations for the design of future HPV therapeutic vaccines
and clinical trials, such as HPV protein expression patterns, immunogenicity, and exhaustion in
relation to the different stages and types of HPV-associated lesions and cancers. Ultimately, while the
majority of the HPV therapeutic vaccines currently in clinical testing target the two HPV oncoproteins
E6 and E7, we suggest that there is a need to include more HPV antigens in future HPV therapeutic
vaccines to increase efficacy and find that especially E1 and E2 could be promising novel targets.
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1. Introduction

Human papilloma virus (HPV) infection is the known cause of the majority of cervical
cancer cases, and is responsible for a growing number of head and neck cancers (head and
neck squamous cell carcinoma, HNSCC, mostly oropharyngeal squamous cell carcinoma,
OPSCC) [1,2], as well as penile, anal and vulvar cancers. In spite of the highly efficacious
prophylactic HPV vaccine, HPV infection was still responsible for 690,000 new cancer
diagnoses in 2018 [3].

HPV-associated cervical cancer accounted for over 300,000 deaths in 2018 [4], making
it the fourth most common cause of cancer mortality in women worldwide and the most
lethal HPV-associated cancer. Approximately 80% of these deaths occur in low and middle
income countries, and the vast majority of the 42 countries where cervical cancer is the
most common cause of cancer mortality are located in Sub-Saharan Africa and South-East
Asia [4].

The current strategies to combat HPV infection are founded on prophylactic vaccina-
tion and routine screening for cervical HPV infection, neoplasia, and cancer. The available
HPV vaccines are highly effective at preventing new HPV infections, but have no proven
therapeutic effect [5]. This stipulates a problem for the millions of people already carrying
a chronic HPV infection. Furthermore, the world-wide vaccine uptake is limited, with only
few countries reaching vaccination coverage of 90% of the adolescent female population,
which is the 2030 goal of the WHO Cervical Cancer Elimination strategy [6].

Routine screening is an efficient method for preventing HPV related cervical cancer
by detecting and treating early cervical lesions. A screening goal is also included in the
WHO Cervical Cancer Elimination strategy, with the aim that 70% of all women world-
wide should receive twice-lifetime cervical screening by 2030 [7]. In a Danish context, for
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example, routine screening was shown to reduce the incidence of cervical cancer with
about 70% [8,9] with a similar reduction in risk of death from cervical cancer for women
who undergo screening, compared to those who do not [8,10]. However, routine screening
for cervical neoplasia poses a logistical challenge for the health systems of many low- and
middle-income countries, which also struggle the most with low vaccine uptake due to
logistics as well as a high unit-price for the prophylactic HPV vaccines.

The current treatment options for cervical dysplasia is conization, follow-up by col-
poscopy and intensified screening, but the physical removal of the lesion is not a permanent
method to eliminate the basal HPV infection, illustrated by frequent recurrence of lesions
in women treated with conization [11]. Early-stage cervical cancers are commonly treated
with surgery or radiation with or without low-dose chemotherapy [12], which cures ap-
proximately 80% of the patients (5-year disease-free survival) [13].

While the toolbox for managing HPV+ cervical cancer has been expanded and proven
efficacious, HNSCC has only recently been linked to HPV infection, and has therefore
historically received much less attention. There has been an overall decrease in HNSCC in
the past decades, but the incidence of HPV+ HNSCC cases have markedly increased, in the
US by 225% from 1988 to 2004 [1], and HPV is now detected in 55–75% of HNSCC [14,15].
Given this growth rate, it is not unlikely that HNSCC may surpass the annual number of
cervical cancer in many high income regions in the near future, as it has already done in
the US [16].

In contrast to cervical cancer, there are no established screening procedures to detect
pre-HNSCC lesions. Oral HPV DNA has been suggested as a biomarker, but recent studies
in cancer patients show a fairly low sensitivity of oral rinses (43–51%) [17], and studies on
the correlation between oral HPV prevalence and risk of HNSCC are lacking [16]. Presence
of serum antibodies against the non-structural HPV protein E6 have shown more promise
as a biomarker for OPSCC, with a sensitivity of 88% [17]. Another possible biomarker the
measurement of circulating HPV DNA in plasma which has been shown to correlate with later
recurrence in patients cured for their primary OPSCC [18]. However, this approach has, to the
best of our knowledge, not yet been assessed as a biomarker for unsuspected HNSCC.

A treatment for localized or locoregional HNSCC is chemoradiotherapy with high
radiation intensity. While this therapy has a relatively high rate of curative success, es-
pecially for HPV+ cancers [1,19,20], the morbidity related to the treatment is substantial.
Furthermore, for the approximately 20% of HPV+ HNSCC patients for whom chemora-
diotherapy fails to cure the primary tumor, or who experience loco-regional relapse or
distant metastases [21], the subsequent treatment options are rather limited. Checkpoint
inhibitors (CPI) is standard treatment in this population, but with only sporadic curative
effect and limited prolongation of survival [22,23], although the effect seem better in HPV+
than in HPV- HNSCC [24]. A similar poor prognosis is seen for incurable, metastatic or
recurrent cervical cancers, where 5-year survival rates are between 5% and 15% [25], and
CPI has shown limited effect, exemplified by an overall response rate of αPD-L1 treatment
in patients with advanced cervical cancer of just 14.3% [26]. The use of CPI in combination
with therapeutic vaccine strategies holds much promise and is reviewed later is this work
(Section 6).

Despite effective prophylactic strategies, there is a major need for new and improved
treatment options for HPV-associated disease. One of the promising strategies is therapeutic
vaccination, capable of inducing immune responses toward relevant HPV proteins with
the aim of removing HPV infection by killing HPV+ cells in a lesion or tumor. In a
murine model, Spanos et al. has shown that one reason why chemoradiotherapy is more
successful in HPV+ rather than HPV− HNSCC, is that it helps induce an immune response
against the HPV+ tumor [27]. This supports the concept of induction of anti-tumor immune
responses in HPV+ cancer patients. Additionally, it was recently shown that decreased local
immune responses against HPV was associated with resistance to chemoradiotherapy and
higher mortality in cervical cancer [28]. Altogether, this highlights the rationale of enhancing the
HPV−specific immune responses to improve clinical outcomes, i.e., by therapeutic vaccination.
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This review aims to provide an assessment of HPV−associated cancer immunobiology,
HPV expression patterns in these cancers and the correlations of these factors with clinical
outcomes. We will relate this to the implications of the choice of antigenic targets for HPV
therapeutic vaccines, as well as to highlight relevant considerations and recent advances in
novel antigens for HPV therapeutic vaccine design against both HPV infection and HPV-
associated cancer. The delivery platforms of HPV antigen in a therapeutic vaccine context
is diverse and highly important but is not the focus of this review. The readers are kindly
referred to other publications and reviews for an overview of the various technologies
applied in therapeutic HPV treatment research [29,30].

2. Expression and Immunogenicity of HPV Antigens in Patients Suggest Multiple
New Antigenic Targets for Therapeutic Vaccines

Selecting the right antigens is an important decision, impacting the potential success
of a therapeutic vaccine against HPV. Upon infection of the basal layer epithelial cells, HPV
initially expresses the non-structural proteins E1 and E2. As infection progresses, and the
cells move through the epithelial layer away from the basement membrane, E4 and E5 are
expressed, followed by the oncogenes E6 and E7. Lastly, the capsid proteins L1 and L2
are expressed. The current prophylactic vaccines target L1, and some novel prophylactic
vaccines in development target the more conserved L2 [31]. As HPV-associated neoplastic
changes only occur following expression of high levels of E6 and E7, the vast majority
of HPV−targeted immunotherapy has concentrated on these two antigens. E6 and E7
are known to be responsible for the malignant progression leading to HPV-associated
cancer; E6 by binding and inhibiting the tumor suppressor p53 and E7 by inhibiting
pRb and thereby allowing uncontrolled progression of cell cycle into S phase [32]. In
the case of HPV+ OPSCC, elevated E6 expression correlated with shorter recurrence-
free survival and higher risk of death [33] making the HPV oncogenes obvious targets
for HPV+ cancer immunotherapy. However, as described later in this review, E6 and
E7 targeted immunotherapy has shown limited success against HPV+ cancers. Further,
E6 and E7 are only modestly expressed in the primary infected epithelial cells lining
the basement membrane as compared to later in epithelial differentiation immediately
preceding viral genome amplification. The persistent viral infection has succeeded in
evading immunity to highly overexpressed E6 and E7 before it may be upregulated in
malignant cells. Accordingly, targeting of these HPV proteins may therefore not be likely
to clear the infection that caused the cancer in the first place. Hence, a broader antigen
targeting strategy may be necessary to treat HPV+ cancers and to clear persistent pre-
malignant infections.

E2 is expressed early upon infection and is important for regulation of transcription
but is also known to suppress expression of E6 and E7 [34]. HPV DNA integration into the
host genome leads to a disruption of the E2 open reading frame [35] resulting in a loss of E2
expression which consequently enables high level expression of E6 and E7 also in stem cells
at the basal membrane [36]. Although integration is classically seen in cancer and advanced
neoplasia (i.e., CIN 3, cervical intraepithelial neoplasia, stage 3, a classification of cervical
lesions based on histopathology [37]), it has been reported in all stages of cervical lesions
with frequencies increasing with increased severity [38,39]. Integration also varies between
HPV types, where integration is more commonly seen for HPV18 than for HPV16 [40].

Integration with loss of E2 or other means of diminished E2 expression has been
presumed necessary for oncogenic transition [41]. Consequently, E2 has been deemed
irrelevant for therapeutic vaccines against HPV related cancers. E2 may therefore not be
the ideal target for cervical cancers, but the expression pattern actually suggests that it
would be highly beneficial to include E2 in a therapeutic vaccine given to patients with pre-
cancerous HPV+ cervical lesions where E2 is typically intact. While integration and loss of
E2 has been presumed to be prevalent in cervical cancers, around two-thirds of all HNSCC
remain E2 positive [40,42], although the rates are highly various between studies, site of
cancer and integration-detection-methods. Furthermore, the literature, although there are
large variations between studies, suggests that far from all cervical cancers have disrupted
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E2 [38,40,43], reinstating the potential of including E2 in cancer vaccine designs. Intact E2
has been correlated with better survival and lower risk of recurrence in HNSCC, and intact
E2 is more often seen for OPSCC than for other non-oropharyngeal HNSCCs [44].

E1 is crucial for viral replication and is continuously expressed in the HPV infected
basal epithelial cells, considered stem cells [45]. Recently, it has been suggested that E1
plays a role in carcinogenesis [46]. E1 is the largest of the HPV proteins (649 amino acids),
making the number of potential T cell epitopes across HLA alleles much larger compared
to the smaller E6 and E7 proteins (154 and 98 amino acids, respectively). Hence, the size
and continuous expression of E1 would make it an attractive target for therapeutic HPV
vaccination. However, E1 has suffered the same fate as E2 and been surpassed by E6 and E7
as the main antigens of interest. One reason may be that E1 protein expression has not been
reported in cervical HPV+ lesions. We have been unable to find studies reporting detection
of E1 protein expression, but one study shows a lack of E1 specific antibody responses
in patients with early HPV+ lesion and cervical cancer, suggesting low or minimal past
presence of E1 protein [47]. This may be consistent with the immunobiology of papilloma
virus infection, as studies on bovine papilloma virus show that E1 is an unstable protein
that is ubiquitinylated and rapidly degraded in papillomavirus infected cells [48,49]. It
is still unverified that the same occurs in HPV infection, but as depicted in Figure 1,
rapid degradation of E1 could explain why no antibody responses are raised against
E1, despite E1 expression being needed for HPV replication. Crucially important, rapid
degradation of E1 does not mean that E1 is a poor target for cytotoxic T cell mediated
immune responses. Degradation of protein through the proteasome is a prerequisite for
epitope-presentation on MHC-I on the surface of infected cells. This is exemplified by
the fact that targeting of proteins for proteasomal degradation by ubiquitinylation has
been used as an adjuvant technology in a therapeutic vaccine against the cotton-tail rabbit
papillomavirus (CRPV) E6 [50]. The T cell adjuvant Invariant Chain was also shown
to increase CD8 T cell responses by enhancing the proteasomal degradation of vaccine
antigens through increased ubiquitinylation [51]. In agreement with the suggestion that E1
may be an interesting T cell target, Ma et al. recently showed that E1 specific T cells could
be detected in 59% in a cohort of cervical cancer patients, and importantly, these responses
correlated with improved progression free survival and overall survival [52].

While it is reasonable to use expression patterns as a starting-point for selection of
relevant target antigens, expression alone may be insufficient for determining optimal
antigens. Another approach to antigen identification has been to look at the specificities of
the T cell responses induced by natural HPV infection, and how these responses correlate
with clinical outcome. The vast majority of past studies on immune responses in HPV
patients have focused on E6 and E7 responses in cervical cancer patients. Nakagawa
et al. reported that cytotoxic T cells targeting E6 have shown to correlate with clearance of
chronic HPV infection [53] and T cells specific to E6 and E7, especially if infiltrating the
tumor, have shown to correlate with reduced risk of metastasis [54]. Lately, more attention
has been given to the increasing number of OPSCC patients, where CD8 T cell responses
against E7 have been correlated with longer disease-free survival [55].

However, more recent studies have investigated immune responses of other specificities
than E6 and E7. In a study of patients with low-grade squamous intraepithelial lesion (LSIL; a
classification of cervical lesions based on cytology [37]), Woo et al. showed that E6 responses
correlated with persistence of lesion (in seeming contrast to Nakagawa et al. cited above),
while E2 specific T cell responses were associated with lack of progression into high-grade
squamous intraepithelial lesion (HSIL) [56]. Similarly, Dillon et al. showed that patients who
had recently resolved their cervical dysplasia had higher E2 specific T cell responses than
patients with persistent or progressive disease [5], supporting the role for E2 in immunotherapy
of pre-cancerous cervical lesions. The conflicting reports linking E6 responses to progression
and clearance respectively in European and Asian populations underscores that population
genetics at the HLA level could be more important than the cellular function of the protein with
respect to immune recognition and association with prognosis.
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In contrast to cervical disease, E1 antibody responses have been detected in HPV+
OPSCC patients [57], suggesting that there may be other fundamental differences in HPV
behavior in different infection sites than just integration and subsequent loss of E2. In
general, the profile of immune response specificities seems broader for OPSCC. Andersson
et al. repeatedly found E1, E2 and E4–7 antibody responses in OPSCC patients [57–59], and
the presence of antibodies against E1, E2 and E6 correlated with better clinical outcomes [59].
Bhatt et al. detected CD4 and CD8 T cell responses against E1, E2, E4, E5, E6, E7 and L1
proteins in OPSCC patients, in a hierarchy favoring E1 and E2 responses over E6 and E7,
especially after chemoradiotherapy [60]. Keeping in mind that HPV presence enhances the
sensitivity of chemoradiotherapy due to increased T cell immune responses against HPV
antigens (only E6/E7 investigated) [27], it is likely that E1 and E2 responses also have a
role to play in the clearance of HPV+ OPSCC or that such responses predict the presence of
intact HPV genomes that in turn predicts response to therapy.

E4 and E5 have historically not been given much attention, and given their size
(smaller than E6 and E7), they are less likely to contain more potential epitopes than E1
and E2. E4 expression has been detected in the middle and upper parts of HPV infected
epithelia and is not expressed during early HPV infection or during cancer. The function
of E4 is not clear, but it is suggested to have cause disruption of the keratin network and
thereby play a role in viral release, and to be involved in cell cycle arrest [61]. E5 function
is also poorly understood, but it has been shown to down-regulate surface MHC-I [62] and
could thereby help to mediate the immune evasion of HPV infection and HPV+ cancer,
making it a putative oncogene. The expression patterns of E5 are equally unclear, but
it is sometimes lost during integration together with E2 [63] and in contrast to the two
other oncogenes, E6 and E7, E5 is far from always expressed in HPV+ cancers (cervical
lesions [64] and HNSCC [65]).

A study on a small population of women with cervical dysplasia showed that, while
there were detectable CD8 T cell responses toward E6 and E7, none of the women had
responses toward E4 [66]. Bhatt et al. also found E4 to be the least immunogenic HPV
antigen in their cohort of OPSCC patients, while E5 T cell responses, especially CD8, were
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more frequent [60]. In terms of relevance for patient outcomes, we have been unable to
find studies correlating E4 expression or cellular immune responses to clinical outcome.

A study of patients with HPV+ tonsillar cancer showed E5 expression in a fairly large
proportion of patients, but no correlation between E5 expression and clinical outcome [67].
On the contrary, a study in OPSCC patients showed correlation between E5 expression and
recurrence-free survival [65], but this correlation could potentially also be due to a higher
level multicopy episomal HPV vs. integrated HPV DNA (where E5 is often disrupted),
as is often seen for OPSCC, causing a higher level of general HPV antigen expression
and thereby better clinical outcome. Additionally, a recently published study found that
tumors from HPV+ HNSCC patients contained specific CD8 T cells specific for E5, as
well as E2 and E6, and the authors argue that other HPV antigens than just E6 and E7
should be included as vaccine antigens to maximize the breadth and thereby the efficacy of
therapeutic vaccines [68]. Studies correlating E5-directed CD8 T cell responses and clinical
outcome could be highly informative.

3. Challenges and Opportunities of HPV Therapeutic Vaccines

Until recently, there has been no standard monitoring or detection of non-malignant
HPV infections, and therefore little incentive to develop therapies against pre-CIN HPV
infection. However, studies have shown that HPV status is a better predictor than pap
stains for risk of cervical cancer [69,70], causing a shift in the guidelines for cervical
cancer screening programs toward HPV detection [71,72]. The Netherlands, Australia [73],
Norway [74] and New Zealand [75] have implemented this in the national cervical cancer
screening, or are in the process of doing so, and health authorities in the US [72], UK [76],
Sweden [77] and Denmark [78] have recommended to follow suit.

The current guidelines for management of HPV− positive low-grade abnormalities
remain conization and increased monitoring [71], but the detection of more HPV infections
creates an opportunity for a more targeted HPV− specific therapeutic approach as an
alternative to just waiting for higher-grade abnormalities to occur and trigger subsequent
invasive treatment. Furthermore, conization and monitoring does not clear the HPV
infection and does therefore not remove the risk of recurrence of abnormalities [11]. A
therapeutic vaccine effectively removing any HPV infection would be highly beneficial in
the context of modern screening programs.

A challenge for vaccines targeting persistent HPV infection and pre-cancerous stages
of CIN is the availability of animal models to study vaccine efficacy. The most common
animal model for therapeutic effect is the TC-1 tumor cell line in C57BL/6 mice, which
expresses HPV16 E6 and E7. Another common, but less frequently used model, is the C3
tumor cell line, also allogenic to C57BL/6, which expresses the full HPV16 genome [79].

Besides being a tumor model and not a model for infection, the nature of an inbred
mouse model also poses a translational barrier. The H-2Db restricted E7(49–57) epitope
may account for most of the therapeutic effect seen in these models, especially in TC-1,
which constitutes an obvious challenge in translating therapeutic effect from mouse studies
into an HLA-diverse human population. An example of another recently developed model,
is the mouse tonsil-derived epithelial expressing HPV16 E6 and E7 genes [80]. Although
this model could have advantages in terms of better translation toward human HNSCC, it
still suffers from the same issues of being specific for the inbred C57BL/6 strain, and of not
being suitable for studies on pre-malignant chronic infections. Another potential animal
model employs cotton-tail rabbit PV. Here, it was found that any of the E1, E2, E6 or E7
encoding DNA vaccines could elicit therapeutic efficacy [50]. An alternative to mouse or
rabbit models is the Macaca fascicularis monkey model of prevalent or persistent genital
infection, but it is likely that better animal models would increase our ability to evaluate
the therapeutic potential of vaccine candidates prior to clinical trials [81].
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4. Clinical Attempts at Treating Early Cervical Dysplasia (CIN1–3) by Targeting E6
and/or E7

Although the translation of therapeutic HPV vaccines from animals to humans is
challenging, increased numbers of candidates have been tested in clinical trials over the
past years. Table 1 provides an overview of the clinical responses achieved by the more
promising therapeutic HPV vaccines tested in the clinic over the past years.

ISA101 is based on long synthetic peptides covering the entire HPV16 E6 and E7. The
vaccine produced rather promising results in a phase I/II study on patients with high-grade
vulvar or vaginal intraepithelial neoplastic lesions with or without co-treatment with the
immune modulator imiquimod, commonly used for genital warts (imiquimod did not affect
the outcome of ISA101 treatment). Here, vaccine-induced clinical responses were observed
in 53–60% of patients at 3 months and in 52–79% patients at 12 months, of whom 53–60%
displayed a complete histologic response at 12 months after the last vaccination [82,83].
Importantly, the magnitude of vaccine-induced T cell responses correlated with complete
regression, and viral clearance occurred in all but one of the patients with complete
histological clearance. ISA101 has, to the best of our knowledge, not been tested in a
placebo-controlled clinical trial.

Another protein-based vaccine, GTL001, encodes HPV16 and 18 E7 proteins fused to
inactive Bordetella pertussis adenylate cyclase as vaccine vector, to enable direct targeting
of CD11b+ cells (dendritic cells), has previously shown clearance of HPV16+ tumors in
mice [84]. A placebo-controlled phase II trial in women with HPV16 and/or 18 infection and
normal cytology or LSIL, showed a reduction of viral load with GTL001 in combination
with imiquimod [85], but unfortunately, no clinical difference was observed between
therapy and placebo groups [86]. This study emphasizes the importance of placebo control
when investigating therapeutic vaccines targeting pre-malignant HPV infections and CIN,
as these infections and neoplasia are likely to spontaneously resolve.

A range of DNA–vectored HPV therapeutic vaccines have also been tested against CIN2/3.
Most often these encode E6 and E7 from HPV16 and 18, either alone as for VGX-3100, or
in sequence with genetic or molecular adjuvants. VB10-16 encodes the human chemokine
MIP-1alpha, which enables direct targeting of APCs, and GX-188 encodes the Fms-like tyrosine
kinase-3 ligand together with the HPV antigens. VGX-3100 showed histological regression in
49.5% (53/107) of treated CIN 2/3 patients compared to 30.6% (11/36) in the placebo group at
week 36 in a phase IIb trial [87]. In total, 91% of the women who had experienced regression
and avoided excision had no detectable HPV DNA or HSIL recurrence after 18 months [88].
GX-188 showed histological regression in 67% (35/52) of CIN3 patients after 18 months, of
which 77% (27/35) cleared their HPV infection (phase II) [89]. Similarly, 8 out of 14 patients
treated with VB10-16 showed regression to CIN1/0, while 12 out of 14 patients showed overall
reduction in lesion size 12 months after treatment initiation, and encouragingly, HPV16-specific
T cell responses correlated with lesion regression in a phase I/II study [90,91]. However, neither
of these two therapeutic vaccine candidates have been evaluated against placebo yet.

In the field of viral vectored therapeutic vaccines, we find TG4001, an MVA encoding
HPV16 E6 and E7 together with IL-2, and TA-HPV, a vaccinia encoding HPV16 and 18 E6 and
E7 which is used as a booster after HPV16 E7 DNA prime. TG4001 was tested in a placebo-
controlled phase II trial on patients with CIN2/3 and showed 18.2% complete histological
clearance in HPV16+ mono-infected patients after 6 months, compared to only 4% in the placebo
group. Furthermore, the TG4001 vaccine provided significantly higher rates of complete viral
DNA clearance compared to placebo after 30 months (43% (55/127) vs. 32% (20/62)) [92].
Importantly, this study also showed that it is harder to achieve complete regression in CIN3
than CIN2 patients, supporting the strategy to treat HPV disease early. A small phase I study
of the DNAE7+TA-HPV prime boost strategy gave complete histological regression in 5/12
HPV16+ CIN2/3 patients. This study also showed increased vaccine-specific immune responses
and CD8 T cell infiltration in lesion, but no clear correlation between immune responses and
lesion regression [93]. Overall, the sum of studies suggests the potential of eliciting a therapeutic
effect, but consistent efficacy is still imminent.
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Table 1. Summary of recent clinical trials of HPV therapeutic vaccines against cervical dysplasia (CIN1–3).

Vaccine Antigen(s) Delivery Method and
Adjuvants Co-Treatment Patient Population Clinical Phase Conclusion(s) Trial ID References

VB10.16
Full length HPV16 E6
and E7 coupled to
MIP-1α

DNA
Encoding HPV antigen
linked to human
chemokine
MIP-1alpha-targets
APCs directly

CIN2/3 I/II

In total, 12 out of 14 patients showed a
reduction in the lesion size 12 months after
treatment initiation. Histopathological
regression to low grade neoplasia (CIN1) or no
disease was seen in 8 patients. Of the 6 patients
that has not regressed to CIN1 or less at 12
months, 5 patients showed upregulation of
PD-L1 in the lesions, and three of these
patients had also persistent co-infection with
other high-risk HPV strains. 16/17 patients
had increased HPV16 T cell responses post
vaccination.

NCT02529930 [90,91]

GX-188E HPV16 and 18 E6 and
E7

DNA
Encoding HPV
antigens and Fms-like
tyrosine kinase-3 ligand

CIN3 II
Histologic regression in 67% of patients. 73%
of patients with regression showed HPV
clearance.

NCT02139267 [89]

VGX-3100 HPV16 and 18 E6 and
E7 DNA CIN2/3 (placebo

controlled) IIb

Histological regression in 49.5% of treated vs
30.6% of placebo after 36 weeks. 91% of the
women who had experienced regression and
avoided excision had no detectable HPV DNA
or HSIL recurrence after 18 months.

NCT01304524/EudraCT
2012-001334-33 [87,88]

TA-HPV +
DNAE7

HPV16 and 18 E6 and
E7

HPV16 E7 (DNAE7) at
study weeks 0 and 4,
followed by a
recombinant vaccinia
boost expressing
HPV16 and HPV18 E6
and E7 (rVacE6E7;
TA-HPV) at study week
8

HPV16+ CIN2/3 I

In total, 7/12 patients generated vaccine
specific immune responses, and 5/12 patients
showed complete histological
regression-however no correlation between
responses and regression reported. Increased
CD8 T cell infiltration in lesion after
vaccination.

NCT00788164 [93]

ISA101
synthetic long peptides
covering the entire
HPV16 E6 and E7

Peptide
Freunds incomplete
adjuvant

+/- 5% imiquimod
cream

High-grade vulvar or
vaginal
intraepithelial
neoplastic lesions

I/II

Vaccine-induced clinical responses were
observed in 53–60% of patients at 3 months
and in 52–79% of patients, of whom 53–60%
displayed a complete histologic response at 12
months after the last vaccination.
Vaccine-induced T cell responses were
significantly stronger in patients with complete
responses. Importantly, viral clearance
occurred in all but one of the patients with
complete histologic clearance.

NL21215.000.08 [82,83]
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Table 1. Cont.

Vaccine Antigen(s) Delivery Method and
Adjuvants Co-Treatment Patient Population Clinical Phase Conclusion(s) Trial ID References

GTL001 HPV16 and 18 E7

Proteins fused to
inactive Bordetella
pertussis adenylate
cyclase as vaccine
vector (direct targeting
of CD11b+ cells)

5% imiquimod cream

Women With Normal
Cytology or
ASCUS/LSIL. Aimed
at clearance of
HPV616/18
infections (placebo
controlled)

II No clinical difference observed between
therapy and placebo group.

NCT02689726/EudraCT
2013-003358-25 [84–86]

TG4001 full length HPV16 E6
and E7

MVA
Encoding HPV
antigens and IL-2

CIN2/3 (placebo
controlled), 13
different hrHPV
types

II

Histologic complete resolution of CIN2/3 in
18% of HPV16+ patients after 6 months (4% for
placebo).
Viral clearance in 43% (55/127) of CIN2/3
patients after 30 months (32%, 20/62 for
placebo group).

NCT01022346/EudraCT
2008–006946-24 [92]

VTP-200

conserved elements of
E1, E2, E4, E5, E6 and
E7 proteins
representing HPV
genotypes 16, 18, 31, 52
and 58

Encoded into ChAdOx1
and MVA

low grade cervical
lesions (placebo
controlled)

I/II No results available yet. NCT04607850
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5. Pre-Clinical and Clinical Attempts at Treating HPV Infection and Early Cervical
Dysplasia by Targeting Other Antigens Than E6/E7

As outlined previously, E1 and E2 are expressed from early infection up until malig-
nant transformation, making them relevant target-antigen candidates for pre-malignant
therapy. More importantly, E1 and E2 are expressed in the primary infected cells at the
basal membrane which are the stem cells maintaining the infection. Failure to remove infec-
tion from these cells may therefore result in an overall failure at removing the underlying
infection that led to the neoplastic changes, thereby increasing the risk of recurrence of
neoplastic changes.

An intriguing approach is a broadly reactive therapeutic vaccine, capable of targeting
and clearing the infection from multiple different HPV types. This has been attempted
by Hancock et al., by encoding conserved elements of E1, E2, E4, E5, E6 and E7 proteins
representing HPV genotypes 16, 18, 31, 52 and 58 into a viral-vectored vaccine. The vaccine
was immunogenic in mice, and CD8 T cell immune responses against the vaccine antigens
were detectable in a number of patients with hrHPV infection. It will be interesting to see
indications of the coverage and the therapeutic effect on early lesions in the current phase
1b/2 trial (under the name VTP-200) [94,95].

A previous study in our group used a different approach to achieve broad coverage
by creating a common ancestor sequence of E1 and E2 covering a wide range of HPV
genotypes. The therapeutic potential of the vaccine was tested in papillomavirus infected
Macaca fascicularis monkeys, but the vaccine only succeeded in inducing multi-genotype
protection in less than half of the animals. However, a few animals acquired CD8 T cells
toward a specific genotype of papillomavirus infection and these were cured of their
infection [96].

Although a therapy with broad coverage across HPV types has obvious advantages, it
might be at a cost of cross-HLA coverage and efficacy against any specific type, as, every-
thing else being equal, a type-specific vaccine would always be expected to outcompete
cross-reactive vaccines for their designed target. In a follow-up study, our group systemati-
cally investigated vaccine induced CD8 T cell cross-reactivity in outbred CD1 mice and
found that the vaccine-antigen and the HPV antigen could have up to 10% diversity to the
immunogen without losing antigenicity, but cross-reactivity dropped dramatically when
diversity increased further [97]. The relatively low sequence similarity between various
hrHPV types poses a challenge for this strategy, as cross-reactive vaccines would need
to bridge close to 30% sequence diversity. Therapeutic vaccines encoding fractions of
multiple HPV genotypes should have an advantage of cross-type coverage but may not be
efficacious in all patients. Furthermore, the inclusion of HPV− detection and HPV− typing
in cervical cancer screening programs, will lead to more women getting diagnosed with an
identified genotype of pre-CIN HPV infection. This stipulates a window of opportunity for
type-specific therapeutic vaccines.

A principally promising example of such a vaccine is a modified vaccinia Ankara
(MVA) vector encoding full length HPV16 E2. This was tested in a phase III clinical trial
on women with CIN1-3. 89.3% showed complete elimination of CIN, and HPV DNA was
undetectable in in 83% of patients [98]. However, the vaccine was administered locally
(i.e., in uterus, urethra or anus) with weekly administration for 6 weeks. Accordingly, it is
possible, that the effect was not due to vaccine-induced immune responses, but rather due
to E2 mediated suppression of E6/E7 expression by the vaccine encoded E2 protein. As it
is unclear what the long-term results for this patient cohort is, this unanswered mechanistic
question might hold the answer to why this therapeutic vaccine strategy has not been taken
further in clinical development since 2014.

To the best of our knowledge, no other therapeutic vaccines targeting antigens other
than E6 and E7 have been published for therapeutic effect in a clinical setting.
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6. Clinical Attempts at Treating HPV+ Cancers by Targeting E6 and/or E7

Traditionally, cervical cancer has been the main focus for research on HPV-associated
disease and development of prophylaxis and therapy against such. However, as already
outlined, HPV− associated HNSCC is on the rise and have received increasing interest as
targets for HPV− directed anti-cancer therapy. Table 2 summarizes the most recent clinical
trials using therapeutic vaccines to target HPV+ cancers.

ISA101, the synthetic long peptides of HPV16 E6 and E7 described above, was tested
both in patients with cervical cancer and HNSCC as well as other HPV+ cancers. One
phase I/II trial investigated the therapeutic effect of ISA101 in 77 patients with advanced,
metastatic, or recurrent cervical cancer as an add-on to chemotherapy. The treatment
resulted in regression in 43% and stable disease in 43% of the patients, and importantly,
vaccine-specific T cell responses correlated with increased probability of survival. The
patients with higher than median vaccine-induced immune responses had a median overall
survival of 16.2 months, compared to 11.2 months for patients with lower than median
responses [99]. In comparison, the overall survival for similar patients receiving chemother-
apy alone is in other studies reported to be 10–12.9 months [100].

In many cases, patients with advanced, metastatic, or recurrent HPV+ HNSCC cancer
are treated with immune checkpoint inhibition (CPI). As HPV+ cancers express non-self-
antigens, as T cell responses against these have shown prognostic benefit, and as checkpoint
molecules are expressed within cancers, the rationale for unleashing these responses by
CPI treatment is clear [24], in particular in combination with a therapeutic vaccine further
enhancing the HPV− specific responses [101]. ISA101 was tested in combination with
αPD1 in a phase II trial in patients with incurable HPV16-positive cancer, mostly OPSCC
with an overall response rate of 33% and a median overall survival of 17.5 months [102].
Response rates in similar patients are 16–22% with αPD1 treatment alone [22,103]. Notably,
the response rate was higher in patients with PD-L1 positive than PD-L1 negative tumors.
In contrast to what was seen for ISA101 with chemotherapy but not CPI described above,
anti-vaccine T cell responses did not correlate with therapeutic efficacy, pointing toward
tumor micro-environmental factors as being crucial for vaccine effect.

Another peptide-based vaccine in clinical testing is PDS0101 where HPV16 E6 and
E7 peptides are delivered in liposomal nanoparticles. This vaccine is currently being
tested in a phase II trial in a triad-combination with Bintrafusp alfa (a TGF-β and PD-L1
inhibitor) and IL-12 treatment on patients with advanced HPV− associated malignancies
who have already failed chemotherapy. Preliminary results show an overall response rate
of 55.6%, and tumor reduction in 66.7% of patients after a median of 8 months follow-
up [104]. CPI naïve patients show a higher response rate, potentially because these patients
have not already benefitted from the effect of CPI prior to the trial. However, among the
12 patients who had previously failed CPI treatment, the overall response rate was 42%
compared to 5–12% at current standard of care for this patient population. Furthermore,
10 out of the 12 patients were still alive at 8 months, which is promising when keeping
in mind that the median survival for this type of patients is typically 3–4 months [105]. It
will be exciting to follow the future reports from this study, and the two other ongoing
phase II studies on PDS0101 in combination with αPD-L1 against recurrent or metastatic
HNSCC (NCT04260126) and with chemo-radiotherapy against advanced local cervical
cancer (NCT04580771).

Two of the DNA-based vaccines tested in CIN patients, VB10-16 and GX-188, are also
evaluated in patients with advanced HPV+ cervical cancer. While the VB10.16 phase I/II
trial is currently ongoing with no reports on preliminary results [106], GX-188 together with
αPD1 showed lesion regression in 42% of patients after 24 weeks, with partial response in
seven and complete response in four of 26 patients [107].

An emerging strategy in the field of immunotherapy is personalized approaches
by manipulation of immune cells from the individual patient. Such strategies have also
found their way to HPV therapy, with SQZ-PBMC-HPV-101 in clinical testing. SQZ-PBMC-
HPV-101 is based on their cell-squeeze technology where HPV16 E6 and E7 antigens



Vaccines 2021, 9, 1262 12 of 22

are delivered to the cytosol of patient APCs ex vivo by temporarily disrupting the cell
membrane by mechanical squeezing through a chip at high speed [108]. 12 patients with
incurable HPV16+ cancer were treated with SQZ-PBMC-HPV-101 and 4 patients achieved
stable disease [109].

TG4001, the MVA vector encoding HPV16 E6, E7 and human IL-2, is currently being
tested in combination with αPD-L1 on patients with a range of recurrent or metastatic HPV+
cancers in a phase Ib/II trial where preliminary results report 23.5% clinical response rate
after 12 weeks (1/34 had complete clinical response, 7/34 had partial response). More than
half of the patients showed no disease progression at 12 weeks compared to an expected
mean progression-free survival of 8 weeks in this population with current treatment. An
important note from the preliminary study is that clinical responses correlates with CD3+
and CD8 cell infiltration into the tumor, stressing the unsurprising although important
notion that the effect of therapeutic vaccines depend on the CD8 T cells infiltrating the
lesion [110,111]. The use of therapy induced CD8+ T cell infiltration could be considered a
useful early surrogate for efficacy non-placebo-controlled early clinical studies.

ADXS11-001 is a Listeria monocytogene bacteria engineered to secrete a truncated
listeriolysin O fused to HPV16 E7, to target the HPV16 E7 for phagocytosis by APCs.
ADXS11-001 has been tested in a range of phase I and II trials in various HPV+ patient
populations, summarized in a mini-review by Galicia-Carmona et al. [112]. Most recently,
a phase II study in patients with recurrent cervical cancer, who were already on chemo-
radiotherapy, showed a 12-months overall survival of 30.9–38.9% and a mean progression-
free survival of approximately 6 months independent of whether ADXS11-011 was given
as monotherapy or co-administered with cisplatin [113]. A phase III trial of ADXS11-011 in
patients with advanced cervical cancer is currently ongoing (NCT02853604) and results are
expected in 2021.

Another viral-vectored vaccine that has recently been clinically evaluated is the HB-
201/202 combination, where and HPV16 E6/E7 fusion protein is encoded into lymphocytic
choriomeningitis virus (HB-201) or Pichinde virus (HB-202) enabling a heterologous are-
navirus vectored prime-boost regimen. The phase I study investigated a single-dose
(HB-201) or a prime-boost regimen in heavily pretreated HPV+ cancer patients. The ma-
jority of patients had OPSCC and an average of three prior lines of therapy, including
CPI for most patients and the majority did not receive CPI during the study. When fully
implemented the treatment generated an impressive level of circulating HPV16 E6/E7
specific CD8 T cells of up to 40% of circulating CD8 T cells in one case and in most cases
around 1000 spots/million in ELISPOT assays, although in the early analysis there was a
high number of patients not available for follow-up analysis. With such a promising im-
mune response, the clinical outcomes were however sobering. The overall response rate in
HNSCC patients was 18.2% and the mean progression free survival was 3.5 months, which
does not differ much from the survival rates with current standard of care [114]. It remains
to be understood how the regimen could expand large numbers of T cells that were fully
functional directly ex vivo, yet only exerted moderate anti-tumor efficacy. Explanations for
this underwhelming result could be that the tumors were relatively immunogenic them-
selves or that they were advanced. Another possibility could be that they were targeted
after progression on CPI, as it has been shown that prior treatment with CPI in patients with
a low or insufficient anti-tumor T cell response may hamper the efficacy of a subsequent
therapeutic vaccination [115]. In this regard it will be interesting to see the HB-200 regimen
applied to earlier disease states. Notably, the specificity and anti-tumor efficacy of the
additional CD8 T cells induced are unknown and it should be considered that the amazing
epitope breadth and response potency [116] which can be elicited by non-invasive strains of
arenavirus, may elicit responses that have poor relevance for cancer control. The relevance
of massively augmented T cell frequencies can also be questioned, as in pre-clinical models,
the Lymphocytic Choriomeningitis Virus (LCMV) was no more effective than an adenoviral
vaccine engineered for effective and broad epitope presentation in control LCMV epitope
positive melanomas [117].
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Table 2. Summary of recent clinical trials of HPV therapeutic vaccines against HPV+ cancer.

Vaccine Antigen(s) Delivery Method
and Adjuvants Co-Treatment Patient Population Clinical Phase Conclusion(s) Trial ID References

VB10.16
Full length HPV16
E6 and E7 coupled to
MIP-1α

DNA
Encoding HPV
antigen linked to
human chemokine
MIP-1alpha-targets
APCs directly

aPDL-1
Advanced,
non-resectable
cervical cancer

I/II Trial ongoing NCT04405349 [106]

ISA101

synthetic long
peptides covering
the entire HPV16 E6
and E7

Peptide
Freunds incomplete
adjuvant

Carboplatin/paclitaxel
Advanced, recurrent,
or metastatic cervical
cancer

I/II

Tumor regression on 43% of patients.
HPV T cell responses were mounted after
vaccination, and higher responses
correlated with longer survival

NCT02128126 and
EudraCT
2013-1804-12

[99]

aPD1

Incurable
HPV16-positive
cancer (mostly
OPSCC)

II

Overall response rate was 33%, and
overall survival was 17.5 months. Seems
promising compared to aPD1 alone, but a
randomized clinical trial to confirm the
contribution of ISA101 is needed

NCT02426892 [102]

ADXS11-
001 HPV16 E7 Listeria

monocytogenes Cisplatin Advanced cervical
cancer

II (phase III
ongoing)

Median overall survival was about 8.5
months with or without cisplatin, with a
12-months overall survival of 30.9–38.9%.
Median progression-free survival was 6
months, and the overall response rate was
14.7–17.1%

CTRI/2010/091/
001232 (phase II trial)
NCT02853604 (phase
II trial)

[112,113]

TG4001 full length HPV16 E6
and E7

MVA
Encoding HPV
antigens and IL-2

aPDL-1

Recurrent/metastatic
HPV+ cancers (15
anal, 8 OPSCC, 6
cervical, 5
vulvar/vaginal)

Ib/II

In total, 23.5% shows clinical response
(1/34 had complete clinical response,
7/34 had partial response), and >50%
showed no disease progression at 12
weeks (compared to expected mean PFS
of 8 weeks in this population with current
treatment). Responders had more CD3
cell infiltration into tumor. PDL1
expression in tumor correlated with better
clinical response

NCT03260023 [110,111]
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Table 2. Cont.

Vaccine Antigen(s) Delivery Method
and Adjuvants Co-Treatment Patient Population Clinical Phase Conclusion(s) Trial ID References

GX-188E HPV16 and 18 E6
and E7

DNA
Encoding HPV
antigens and
Fms-like tyrosine
kinase-3 ligand

aPD1

Recurrent or
advanced,
inoperable HPV16 or
18+ cervical cancer
with progression
after
standard-of-care
therapy

II
Clinical response in 42% of patients at 24
weeks (complete response in 4/36, partial
response in 7/36)

NCT03444376 [107]

PDS0101 HPV16 E6 and E7
peptides

Peptides in
liposomal
nanoparticle

Bintrafusp alfa
(targets TGF-b and
PDL-1) and
NHS-IL12

Advanced HPV−
associated
malignancies (failed
standard of care:
chemoradiotherapy
and CPI)

II (ongoing)

CPI naïve patients: 83% showed >30%
tumor reduction (5/6, compared to
12–24% for standard of care CPI)
CPI failed patients: 42% showed clinical
response (5/12, compared to 5–12% at
current standard of care)

NCT04287868 [104,105]

aPDL-1 Metastatic HNSCC II (started mar 21) Trial ongoing NCT04260126

Chemoradiotherapy Cervical cancer II (started oct 20) Trial ongoing NCT04580771

HB-
201/HB-
202

HPV16 E6/E7 fusion
protein

Encoded into LCMV
or PICV

HPV16+ head and
neck squamous cell
carcinoma (HNSCC)
and other HPV16+
cancers

I/II 8/18 patients had stable disease 2/18 had
partial response NCT04180215 [114]

SQZ-
PBMC-
HPV-101

HPV16 E6 and E7
antigens

Antigens are
delivered ex vivo to
cytosol of patient
APCs (using cell
squeeze technology)

aPD1, aPDL-1 or
aCTLA-4

Incurable HPV16+
cancers I 4/12 patients achieved stable disease NCT04084951 [108,109]
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Although it is hard to compare the different clinical trials directly, due to differences
in patient population, co-treatments, and follow-up times, it is evident that therapeutic
vaccinations seem to prolong patient survival. There is an overall trend that it is possible to
achieve sometimes profound responses in specific subsets of patients, but it appears that
there is still some way to go in the quest for curative therapeutic vaccination treatment,
especially for advanced HPV+ cancers. While some level of responses seem achievable
in many regimens, the underlying differences between responders and non-responders
are still unresolved. Considering the important role of host genetics at the HLA level on
primary control of HPV infection, it is unfortunate that the therapeutic studies typically do
not report HLA typing.

7. Exhaustion and Implications on Selection of Antigens for Therapeutic Vaccination

The outlined clinical trials have provided promising results but also leave room for
improvement. One important question is whether the barrier is technological and could be
overcome by new and enhanced vaccine delivery or treatment combinations, or whether the
answer lies in a deeper understanding of the intrinsic biological features of HPV infections
and HPV+ tumors.

Common for all these therapeutic vaccine candidates is that, despite generally suc-
cessful mouse data (in a single inbred strain expressing only two polymorphic MHC class I
alleles), we are still far from achieving complete lesion regression and clearance of infec-
tion, underlining the challenges in the translation from animal model to clinical efficacy.
Another similarity is the narrow focus on the HPV oncogenes E6 and E7, and no inclusion
of other early HPV genes. In this review, we have presented some arguments for including
a wider range of antigenic targets, such as E1 and E2, based on the expression patterns and
immunobiology of HPV in HPV+ lesions and cancer. As already mentioned, patient data
on correlation between such immune responses and disease outcome would be instructive
for future therapeutic vaccine development.

Another reason for looking further than the upregulated viral oncogenes, is exem-
plified by a study by Stevanovic et al., where HPV+ tumors in a small set of patients had
itself induced E6 and E7 specific tumor-infiltrating T cells, but not toward other HPV
antigens [118]. Despite these responses, there was no tumor control. Infusion of ex vivo
expanded tumor-infiltrating T cells using tumor cells as target, resulted in complete remis-
sion of some of the cancers. Interestingly, analysis of the cells used for infusion showed
that the expansion had led to increase of non-viral specificities rather than the canonical
HPV− antigens. Furthermore, the analysis showed that the initially E6− and E7− reactive
T cells all expressed PD1, and they speculate that the lack of tumor control by these T cells
could be due to functional exhaustion [118].

This finding by Stevanovic et al. indicates that CPI treatment may convey tumor
control by reverting an otherwise exhausted antitumor T cell response. This is supported
by another study by Krishna et al., wherein highly expressed HPV+ tumor antigens
induced exhausted and dysfunctional T cells [119]. As CPI is being used routinely for
advanced HPV+ cancers and in combination with therapeutic vaccination in many clinical
trials, it is encouraging that Krishna et al. found that CPI treatment helped overcome the
profound dysfunction of the anti-HPV antigen specific T cells [119].The same phenomenon
of the implications of exhausted pre-existing T cell responses have been reported for other
chronic viral infections, such as Hepatitis C virus (HCV), where a highly immunogenic
viral-vectored vaccine induced strong T cell responses in healthy volunteers but impaired
and functionally exhausted responses in patients with HCV infection [120]. Importantly,
sequencing of HCV in the patients showed that potent T cell responses were only generated
when there was a sequence mismatch between autologous virus and vaccine antigen.
Another study on Hepatitis B Virus (HBV) showed that high viral titers of HBV at the time
of therapeutic vaccination impairs the response as this led to exhaustion of the T cells,
but that knockdown of HBV replication before vaccination increased immune responses
and led to clearance of infection [121], possibly because the anti-HBV T cells were not
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terminally exhausted. Either way, the HBV study indicates that high antigen loads lead to
exhaustion, which may be the case for HPV as well. These findings underscore the danger
of ignoring exhaustion in advanced diseases, even with immunogenic vaccine regimens,
and highlight the need for CPI. It may also help explain the lack of clinical response of the
HB-200 therapy, Despite the impressive T cell responses.

As E1 is not naturally immunogenic in at least cervical cancers, but is expressed
in the tumor, and has been suggested to play a role in carcinogenesis [46]; this could
stipulate a potential non-exhausted target. Additionally, the size of the antigens argues
for the benefits of including E1 and E2, as previously mentioned, allowing for many more
potential epitopes, thus catering for the large variation of HLA-alleles as present in humans.

8. Conclusive Remarks

The need for therapies against HPV+ malignancies is clear, and the transition toward
HPV− detection in screening programs provides a window of opportunity for HPV−
targeted therapeutic approaches. Therapeutic vaccines have shown promising results,
both against pre-cancerous lesions and in HPV+ cancers, often in combination with other
treatments such a chemoradiotherapy or CPI. Especially, combination treatment with
vaccines and CPI may be promising, as this may circumvent the potential exhaustion of
HPV− specific cytotoxic T cells induced by the chronic HPV infection.

However, there is still some way to go in the development of highly effective thera-
peutic vaccines against HPV and HPV-associated cancers. This journey will be aided by
better understanding of the underlying biology of the HPV-associated malignancies and
the interplay with our immune system. Here, we proposed that a broader antigenic focus,
including more HPV proteins than E6 and E7 in therapeutic vaccines, which may be an
important step toward better therapeutic vaccines, and we suggested that host genetics at
the HLA level should be reported when publishing therapeutic HPV vaccine studies.

To the best of our knowledge, the only recently tested therapeutic encompassing
other antigens than E6 and E7 is the previously mentioned ChAdOx- and MVA-vectored
vaccine (VTP-200), encoding conserved elements of E1, E2, E4, E5, E6 and E7 proteins
representing HPV genotypes 16, 18, 31, 52 and 58. This is currently being tested in a phase
I/II placebo-controlled trial against low grade cervical lesions. Results from this trial will
be instructive for developing the paradigm of targeting HPV antigens beyond E6 and E7,
although it is uncertain how detrimental the attempted breadth of targeting will be for
efficacy against individual types. We have found no published clinical trials on cancer
patients with therapeutic vaccines targeting other HPV proteins than E1 and E2.
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