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Persistent human papillomavirus (HPV) infection is recognized as the main cause of
cervical cancer and other malignant cancers. Although early detection and treatment can
be achieved by effective HPV screening methods and surgical procedures, the disease
load has not been adequately mitigated yet, especially in the underdeveloped areas.
Vaccine, being regarded as a more effective solution, is expected to prevent virus infection
and the consequent diseases in the phases of both prevention and treatment. Currently,
there are three licensed prophylactic vaccines for L1-VLPs, namely bivalent, quadrivalent
and nonavalent vaccine. About 90% of HPV infections have been effectively prevented
with the implementation of vaccines worldwide. However, no significant therapeutic effect
has been observed on the already existed infections and lesions. Therapeutic vaccine
designed for oncoprotein E6/E7 activates cellular immunity rather than focuses on
neutralizing antibodies, which is considered as an ideal immune method to eliminate
infection. In this review, we elaborate on the classification, mechanism, and clinical effects
of HPV vaccines for disease prevention and treatment, in order to make improvements to
the current situation of HPV vaccines by provoking new ideas.

Keywords: HPV, cervical cancer, pathogenic mechanism, prophylactic vaccines, therapeutic vaccines

1 INTRODUCTION

Cancer is a disease with a high mortality rate, and many people develop cancer every year, including
cervical cancer and other conditions caused by HPV infection. For HPV prevention, periodic
physical examination is important, while vaccination is the most economical and effective way. The
currently available HPV vaccines are designed using a combination of multiple subtypes of L1-
VLPs, and the L1 spontaneously formed VLPs are highly immunogenic and produce high titers of
neutralizing antibodies to prevent HPV infection (Stanley et al., 2021). Since 2006, the bivalent,
quadrivalent and nonavalent vaccines have had relatively good preventive effects. However, there
are corresponding problems, one is the high cost of L1 VLP vaccine with Saccharomyces cerevisiae as
the expression system, and the other is that L1 VLP has no cross-protection and can only prevent
multi-subtype HPV infection by increasing the VLP type, which is the reason for the high price of
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the vaccine. However, there is a novel target antigen L2, which is
concerned with using the broad-spectrum protection of L2 to
provide prevention against multiple subtypes (Kumar et al,
2015; Huber et al., 2021). However, its immunogenicity is poor
and the induced neutralizing antibody titers are much lower than
those of L1 VLP, so improving its immunogenicity is the primary
problem to be solved in the development of L2 vaccine (Tyler
et al, 2014). This paper provides an overview of the current
status of HPV prophylactic vaccines and an outlook on the future
direction of HPV prophylactic vaccine improvement.

For the treatment of cervical cancer and other HPV-
associated cancers, surgery remains the dominant treatment.
Therapeutic vaccines can be developed both as mainstream
treatment and as an adjunct to surgery to improve treatment
outcomes and prevent recurrence. There are different types of
HPV therapeutic vaccines that are expected to elicit better
immune effects including Live vector-based vaccines, protein
vaccines, nucleic acid vaccines and Whole cell vaccines. The
starting point of most of these vaccines is focused on the E6 and
E7 antigenic targets and are designed to activate systemic cellular
immunity and kill HPV-infected cells through the CTL response
(Chabeda et al., 2018). However, many vaccines that achieved
satisfactory preclinically results do not work well in the clinic,
and there is still a need to optimize current vaccine regimens and
to develop new vaccines. This paper reviews the current
classification of HPV therapeutic vaccines and the preclinical
and clinical effectiveness of each vaccine, and provides an
outlook on future vaccine development, such as evaluating the
impact of multiple tumor settings on vaccine efficacy and the

availability of new antigenic targets that could enhance
vaccine immunogenicity.

2 HPV AND CERVICAL CANCER

Human papillomavirus (HPV) infection induces almost all
cervical cancers and it is related to about 90% of anal cancer,
50% of penile cancer, 70% of vagina cancer and 20-60% of
oropharyngeal cancer, among which cervical cancer is one of the
most common cancers that threaten women’s health, besides it is
the fourth most common cancer among women worldwide
(Forman et al., 2012). Figure 1 shows the incidence of cervical
cancer in various regions of the world according to WHO
statistics in 2020. Cervical cancer accounts for 3.1% of all
cancers, with about 604,127 new cases and 341,831 deaths
annually (Hu and Ma, 2018). It is worth noting that in
developed countries, with the advancement of screening
methods and the popularization of vaccines, the incidence and
mortality of cervical cancer have gradually decreased (Siegel
et al., 2016; Pinatti et al., 2018). While for poor and populous
developing countries, laggard screening methods and high
vaccination costs have made cervical cancer the second most
common cancer in women.

Cervical cancer originates from normal cervical epithelium,
upgrading from mild cervical intraepithelial neoplasia (CIN 1) to
more serious invasive neoplasia (CIN 2 or CIN 3) and eventually
progressing into invasive cancer (Burd, 2003). At present, it is
generally believed that the occurrence of cervical cancer is related

ASR (World) per 100 000

=252
16.7-25.2
. 11.7-16.7
. 7.0-11.7 I Not applicable
. <70 I No data

FIGURE 1 | The incidence of cervical cancer in all regions of the world (Data come from WHO, 2020), the incidence of cervical cancer is lower in developed regions
such as North America and Europe, and higher in backward regions such as Africa.
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to factors such as HPV persistent infection, and somatic
mutation of host genome. Persistent infection of high-risk
HPV (HPV16/18) is the most essential factor in the
development of cervical cancer. The virus is transmitted
primarily through sexual intercourse and prevails in sexually
active women and men with genital infections, but these
common infections do not induce the development of serious
cancers. Data shows that 60% of human papillomavirus infection
in one year will be naturally cleared, 90% of HPV infections tend
to be cleared within two years, while only a very small number of
cases progress into precancerous lesions and cancer (Moscicki
et al, 2004). Natural infection induces low levels of specific
neutralizing antibodies against the viral capsid protein (LI).
These antibodies are able to prevent some of the infection,
especially in those with the highest antibody titers. But when
the infection continuously exists and immune system loses
control, dysregulation of viral gene expression, cell
proliferation and the accumulation of genetic damage can lead
to precancerous lesions and cancer within a few years.

The occurrence and progression of cervical cancer can be
detected by hrHPV (high-risk types of HPV) testing, Pap smears
and colposcopy alone or in combination to measure the extent of
high-risk HPV integration and precancerous lesions in the
cervical epithelium (Pierce Campbell et al,, 2012; Schiffman
and Solomon, 2013). The most effective way to prevent cervical
cancer and HPV-related infections is vaccination, and several
available HPV vaccines have achieved good results (Spinner
et al, 2019). For patients with further infection, surgical
treatment is the mainstay. In the early stage of precancerous
lesions, conization and loop electrosurgical excision (LEEP) are
effective methods (Santesso et al., 2016). After the development
of cervical cancer, surgical resection combined with
chemotherapy (such as cisplatin-based chemotherapy
combined with bevacizumab regimen) shows priority (Tewari
et al., 2014; Fader, 2018). However, the risk of surgical treatment
remains. For survival after surgery for early-stage cervical cancer,
a US study analyzed a 4-year mortality rate of 9.1% in women
who underwent minimally invasive surgery (Melamed et al,
2018). For advanced Cervical cancer stage II, III and IV cancers,
postoperative follow-up in the UK and Germany reported poor
five-year survival rates of 54, 75, 58-63 and 38, 58, 32-35%,
respectively. Our ultimate goal is therefore to reduce this risk by
developing highly effective therapeutic vaccines.

3 GENOME AND PATHOGENESIS OF HPV
3.1 HPV Genotypes and Structures

HPV belongs to the family Papillomaviridae and is a small
circular DNA virus with about 8,000 base pairs. At present,
more than 200 types of HPV have been found, of which about 40
types are associated with genital infections and classified as high-
risk and low-risk according to their carcinogenic potential.
15 types of HPV are categorized as high-risk types (16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 and 82), which are related
to tissue lesions and aggressive cancers (cervical cancer, head and

neck cancer, respiratory cancer); 12 types of HPV are known to
be low-risk types (6, 11, 40, 42, 43, 44, 54, 61, 70, 72, 81 and CP
6108), which are mainly related to genital warts and benign
cervical lesions (Mufoz et al., 2003). Among them, HPV16 and
HPV18 are two most common types, they are associated with
about 70 percent of cervical cancers and 80-90% of other HPV
related tumors (McCormack, 2014).

As shown in Figure 2, taking the genome of HPV16 as an
example, the HPV genome can be divided into 3 functional
regions. Early (E) regions that encode early proteins (E1, E2, E4,
E5, E6, E7), plays key roles in HPV genome replication, gene
expression and immune evasion during the virus life cycle. The
late (L) region that encodes the late capsid protein (L1, L2), is
involved in viral infection, delivery and packaging (Moody and
Laimins, 2010). And the non-coding region, namely the long
control region (LCR), is recognized as the upstream regulatory
region (URR), accounts for one-eighth of the entire HPV
genome and contains the viral origin of replication (ORI) and
early promoter regulatory elements, but does not encode any
protein (Albert and Laimins, 2020). Table 1 shows the specific
functions of the proteins

3.2 Life Cycle and Pathogenic Mechanism
of HPV

The HPV life cycle is closely related to epithelial differentiation of
keratinocytes of the host, and the production phase of the virus
life cycle is limited to terminally differentiated epithelial cells
(McBride, 2017). First of all, HPV goes through micro scratch
into the epithelium and then infect actively dividing basal, or
stem, epithelial cells. It then binds to heparan sulfate
proteoglycan (HSPG) receptors located on the cell surface of

FIGURE 2 | Schematic representation of the dsHPV16 genome (gray circles,
other HPV subtypes are similar to it), with the ORFs of the virus indicated by
colored arcs above the genome. The promoters are indicated by P (P97,
P670, PE8) and the pAE and pALs (polyadenylation sites) stages are
indicated by short straight lines.
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TABLE 1 | Early and late protein functions of HPV.

Proteins Functions

E1 Regulate viral DNA replication

E2 Regulatory factors of viral transcription

E4 Promote virus maturation and release

E5 Regulate growth factor signaling pathway

E6 Promotes the degradation of P53 and increases resistance to
apoptosis

E7 Promotes retinoblastoma protein (pRb) degradation, affects the cell
cycle and stimulates cell proliferation

L1 Major capsid protein is important for virus assembly and stability

L2 Secondary capsid protein is important for virus infection

the basement membrane or basal lamina via the L1 capsid
protein (the epithelial cell receptor of HPV6 is a6-integrin).
When HPV binds to HSPG, the viral shell undergoes a
cyclophilin B-mediated conformational change, which exposes
the N-terminus end of the L2 component to the viral surface. The
N-terminus is then cleaved by furin and/or PC5/6 and this allows
binding to a secondary receptor on the plasma membrane of the
target cell (Egawa, 2003; Pyeon et al., 2009). HPV then enters the
cell through an endocytic mechanism that has most similarities
with micropinocytosis (DiGiuseppe et al., 2017). Approximately
24 hours after attaching to cells with the assistance of L2 capsid
proteins, HPV reaches the nucleus. In the host cell nucleus, the
early stage of the virus replication cycle begins with the
expression of E1 and E2, and the early expression of the viral
transcription factor E2 can correctly regulate the early viral
promoters (P97 of HPV 16 and P105 of HPV 18, located
upstream of E6 ORF) to ensure the expression of E6 and E7
regulatory proteins, so as to ensure the continuous survival of
HPV-infected cells (Graham, 2010; Graham, 2017). E2 combines
with E1 and then binds as a dimer of hexamers to the viral origin
of replication and recruits the cellular DNA replication
machinery. But at this time, the number of copies initially
replicated in the host nucleus is very small, with approximately
50-100 copies per nucleus (McBride, 2017). As the infected cells
differentiate and enter the later stage of the viral replication cycle,
the expressions of early proteins E4 and E5 and the late proteins
L1 and L2 are initiated. E4 and E5 also contribute to viral
replication, along with high levels of E1 and E2, thus
promoting the expansion of the viral genome to thousands of
copies per cell. E4 protein may play an important role in
reorganizing cytokeratin filaments at the late stage of the virus
replication cycle, which makes cells fragile and facilitates the
release of offspring virus particles (Graham, 2017). L2 is
synthesized before L1 and is transported to the nucleus, while
the L1 protein self-assembles into pentamer shells in the
cytoplasm (Becker et al., 2003). These structures are
transported to the nucleus, where L1 interacts with L2 to
assemble into virus particles in the center of the shell, and the
new virus particles are subsequently released from the cell with
the assistance of E4 protein (Buck et al, 2005). In the whole
process, in order to keep the cell replication mechanism active,
the expression of oncoproteins E6 and E7 interferes with the cell
cycle of the host. E7 activates the cell cycle of infected
differentiated cells by binding and degrading pRb from a

transcriptional repressor complex containing the E2F
transcription factor. E2F becomes free to activate the cell
cyclin-dependent kinase 2 (Cdk2)/Cyclin A and Cdk2/Cyclin E
complex to eliminate cell cycle arrest, thereby stimulating
proliferation (Dyson et al., 1989; Helt and Galloway, 2001). E6
increases resistance to apoptosis and allows viral DNA
replication by degrading p53 through E6AP (Arroyo et al,
1993; Mclntyre et al., 1996; Gupta and Mania-Pramanik,
2019). Although they are designated as oncoproteins, their
expression is essential for the normal replication of the HPV
life cycle. Persistent HPV infection will produce precancerous
lesions called squamous intra-epithelial lesions (SIL classified as
LSIL/HSIL) or cervical intra-epithelial lesions (CIN1, CIN2 and
CIN3) (Moscicki et al., 2012). Figure 3 demonstrates some of the
signaling pathways in the development of cervical cancer
including Wnt/B-catenin, PI3K/Akt (Bossler et al., 2019; Wang
et al., 2020).

4 RESEARCH PROGRESS OF HPV
PROPHYLACTIC VACCINES

Vaccination is the most effective measure to prevent HPV
infection from related diseases. The heterologous antigens
carried by the vaccine enter the body, are captured by the APC
and introduced into T lymphocytes, and assist B lymphocytes in
producing antibodies, which is the main basis for the vaccine
prevention effect (de Jong et al., 2004). Antibodies can penetrate
the blood vessel wall to reach the infection site, and combine with
the virus to weaken ability to infect (Nardelli-Haefliger et al.,
2003). However, the immune response produced by human
natural infection with HPV is weak and the antibody titer is
very low.

Currently, licensed HPV vaccines are developed on the basis
of the virus-like particles (VLPs) of the major papillomavirus
capsid protein L1, which are empty viral shells made up of one or
more types of polymeric shells or capsid proteins (Yadav et al,,
2019). VLPs do not contain a viral genome and are therefore not
infectious or carcinogenic. Besides they can induce a strong
humoral immune response with high and long-lasting
neutralizing antibodies (Buck et al., 2013; Cheng et al., 2020).

4.1 Current Status of Commercially
Available HPV Prophylactic Vaccines

There are three HPV prophylactic vaccines currently available.
They are respectively Gardasil®4, a quadrivalent vaccine
available in 2006, Cervarix ', a bivalent vaccine available in
2007, and Gardasil®9, a nonavalent vaccine available in 2014
(Hanna and Bachmann, 2006; Crosbie and Kitchener, 2007;
Printz, 2015). All three HPV vaccines were developed based on
L1 VLP. Data from clinical trials showed that these three
vaccines all achieved good preventive effects on people infected
by HPV from different regions, of different races, and in different
age groups. Moreover, the majority of trial data for several
vaccines provided vaccine titers data against advanced cervical
cancer precursors (CIN 2, CIN 3 and adenocarcinoma in situ)
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FIGURE 3 | Signal pathways in progression to cervical cancer. Oncogenes E6 and E7 are overexpressed as the HPV genome is integrated into the host genome.
E6 combines with EGAP to degrade p53, and E6 activates the Wnt/B-catenin pathway which increases B-catenin and promotes cell proliferation. E7 acts on the Rb
family and disrupts their connection with E2F transcription factors. The interaction of E7 with HDACs leads to chromosome remodeling and genome instability. E6
acts on PDZ protein to inactivate PTEN, resulting in an increase in pAkt and enhancing cell proliferation. E7 enhances the ability of Akt to bind and inactivate Rb,
which proves that both E6 and E7 can activate the PI3K/Akt pathway. The interaction between the two oncoproteins and DNMTs leads to abnormal methylation and
thus silences tumor suppressor genes. The combined effect of these mechanisms causes the occurrence of tumors.
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and persistent HPV infection. Figure 4A showed the HPV
genotypes contained in the three prophylactic vaccines.

4.1.1 Gardasil®4

In 2006, Merck of the United States available the world’s first
quadrivalent vaccine for the prevention of HPV infection.
Gardasil®4 is an injectable suspension expressed in
Saccharomyces cerevisiae, is a self-assembled virus-like particle
(VLP) composed of purified virus C-terminal truncated L1
protein (the main HPV capsid protein) which is produced by
recombinant DNA technology, and it is supplemented with
amorphous aluminum hydroxyphosphate sulfate (AAHS) as an
adjuvant (Mohsen et al., 2017). It can prevent anal and cervical
cancers (70%) caused by HPV 16/18, and genital warts (90%)
caused by HPV 6/11 (Flogging Gardasil, 2007). This vaccine
provides a high level of vaccine protection for women aged
between 15-45 and men aged between16-26.

Gardasil®4 has undergone more than 10 clinical trials
before marketing, and obtained satisfactory effectiveness,
with a prevention rate of 98% for high-grade cervical lesions
and protection of non-cervix parts, proving that the vaccines
have 100% effectiveness in vulvar and vaginal diseases related
to HPV (Quadrivalent Vaccine Against Human
Papillomavirus to Prevent High-Grade Cervical Lesions,
2007; Garland et al., 2007). Reports of vaccines effectiveness
in different regions claimed that within 6 years after

vaccination of Gardasil®4, compared with women who were
not vaccinated, the number of vaccinated Australian women
aged between 18-24 who were infected with the epidemic HPV
6/11/16/18 was dramatically dropped by 86%. Among the
women aged between 12-26 who were vaccinated, the low-
grade and high-grade cervical lesions declined 34% and 47%,
respectively (Garland et al., 2016). In addition, the same trend
was observed in the United States, where the prevalence of
4vHPV was decreased by 64% in women aged 14-19 and 34%
in women aged 20-24 within six years after vaccination
(Markowitz et al., 2016). Although most efficacy trials have
been conducted in women aged 15-26, according to the results
of the immunobridging studies, the vaccines were initially
approved for use in women and men aged 9 to 25 years. In
this study, the average HPV 16 antibody titers of girls and boys
aged 10-15 years one month after the third vaccination were
twice the titers of women aged 16-23 years (Herrero et al,
2015). These data indicated that Gardasil®4 has a good
population and prophylaxis effect.

4.1.2 Cervarix

The bivalent HPV vaccine Cervarix  (GlaxoSmithKline, GSK)
was approved by the European Medicines Agency (EMA) in
September 2007 and by the FDA in October 2009. Cervarix' " is
effective and protective against the most common oncogenic
genotypes of HPV (HPV16 and HPV18) (de Sanjose et al., 2010).
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FIGURE 4 | (A) HPV genotypes contained in the three prophylactic vaccines. (B, C) Status and stage of prophylactic vaccines in clinical trials (data from
ClinicalTrials.gov). In addition to the three common vaccines, the current status of other vaccines ranging from 1v to 11v is also sorted out, with the majority of
clinical trials completed and many of the incomplete trials being geographic inter-rater effect analyses.

Because it does not contain other types, it cannot prevent and
protect people against lesions such as condyloma acuminatum.
Cervarix " contains HPV16/18 VLPs and AS04 as adjuvants.
AS04 includes monophosphate lipid A (MPL) and aluminum
hydroxide. Monophosphoryl lipid A (MPL) is a detoxifying
bacterial lipopolysaccharide and a toll-like receptor 4 agonist
used to activate innate and adaptive immune responses (Mitchell
and Casella, 2017).

Clinical data in 2009 showed that Cervarix'" had a 98.1%
protection rate against HPV16/18-related CIN2 and CIN2+
(Paavonen et al., 2009). Data in 2017 showed that vaccines
continued to prevent infection, cytological abnormalities and
lesions related to HPV16/18 CIN1+ in women over 25 years
old who received the HPV16/18 vaccines and were followed up
for 7 years (Wheeler et al., 2016). Cervarix " was 100%
effective against incidental HPV16/18-related CIN2+/CIN3
in year 11 in the long-term trial designed to assess the
effectiveness of the bivalent vaccine against HPV16/18
infection in women aged 18-25 years, and the cumulative
efficiency were 97.4% and 94.9%, respectively (Porras et al,
2020). The quadrivalent vaccine was administered at a wide
age range, and so did the Cervarix ", which induces a strong
immune response in women under 55 years of age. According
to the report, although the antibody titer in women aged 26-55
was lower than that in young women (15-25 years old), the
antibody titer of HPV 16/18 was still several times higher than
that produced by natural infection after 4 years (Schwarz et al.,
2011). Non-cervical protection was demonstrated in the Costa
Rican vaccine trial, which showed an 84% reduction in anal
infections of HPV16/18 in young women four years after
vaccination (Kreimer et al.,, 2011). In vaccine trials involving

about 1,000 women, HPV16/18 vulvar infections were reduced
by 50% (Lang Kuhs et al., 2014). Although the bivalent
vaccines have less protection for two HPV types than the
quadrivalent vaccines, they have a better preventive effect on
advanced lesions.

4.1.3 Gardasil®9

In December 2014, the nonavalent vaccine Gardasil®9 was
available by Merck in the United States and the Advisory
Committee on Immunization Practice (ACIP) recommended
Gardasil®9 as one of the three HPV vaccines allowed and set a
routine vaccination in February 2015 (Petrosky et al, 2015).
Gardasil®9 follows the expression system and production
method of Gardasil®4, but it covers the other five HPV types
and can provide protection against HPV Genotypes 6, 11, 16, 18,
31, 33, 45, 53 and 58. As a result, Gardasil®9 can prevents 90% of
cervical cancers (Cheng et al., 2020).

An analysis of the efficacy and immunogenicity of the
nonavalent vaccine in more than 14,000 women aged 16-26
years in a phase III trial showed non-inferior immune responses
to HPV 6, 11, 16, and 18 compared with the quadrivalent
vaccine. Efficacy of the vaccine against CIN2+, VIN2+, vulvar
and vaginal lesions caused by HPV 31, 33, 45, 52 and 58 was
96.7% (95% CI 80.9-99.8) (Joura et al., 2015). Clinical data
reported in 2017 showed that Gardasil®9 was 97.4% protective
against high-grade cervical, vulvar, and vaginal lesions in women
aged 16-26 (Huh et al., 2017). However, due to differences in the
prevalence and distribution of specific types of HPV, the
protection provided by vaccines to people in different regions
and different races is slightly different. The protection rates are
about 87.7% in Asia, 91.7% in Africa, 92% in North America,
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90.9% in Europe, and 86.5% in Australia (Zhai and
Tumban, 2016).

4.1.4 The Dosage and Safety of the HPV
Prophylactic Vaccines

The Costa Rica bivalent vaccine trial found that 100% of women,
irrespective of the number of doses, remained seropositive for
HPV16/18 at 4 years regardless of dose, while women receiving
two doses tested 6 months apart had antibody titers no worse
than the three-dose group, and antibody concentrations in the
one-dose group remained stable over 4 years (Kreimer et al,
2011; Safaeian et al., 2013). Studies have reported that the
immunogenicity of the two-dose bivalent and quadrivalent
vaccines was no worse in girls aged 9-14 years than in women
aged 15-26 years who received three doses of the vaccine
(Dobson et al., 2013; Lazcano-Ponce et al., 2014). With the
introduction of the nonavalent vaccine, three additional doses of
nonavalent vaccines were given to those previously vaccinated
with quadrivalent vaccines, but the clinical significance of the
additional five antibody titers found to be lower is not yet known.
Currently, the World Health Organization (WHO) endorses a
vaccination schedule of two doses of vaccine for boys and girls
aged 9-14 years and three doses for those aged 15 years or older,
with the decision on the type of vaccine to be made by the patient
on an individual basis (Dilley et al., 2020).

The pre-licensure trials included more than 20,000 women
aged 9-26 years who received the quadrivalent vaccine and more
than 30,000 women aged at least 10 years who received the
bivalent vaccine. The most common reaction to both vaccine
injection sites was mild pain, while serious adverse events and
even death did not differ from the control group and were not
clearly determined to be vaccine-related (Block et al., 2010;
Macartney et al., 2013; Angelo et al., 2014). The US Vaccine
Adverse Events Reporting System showed that for quadrivalent
vaccines, post-vaccination syncope was one of the most common
adverse events, while the same occurred in the UK and the
Netherlands where bivalent vaccines were introduced, but none
of the final causes were attributed to the vaccine, thus providing
confidence in the safety of the HPV vaccine (Slade et al., 2009;
Angelo et al., 2014).

4.2 Future Development Direction of HPV
Prophylactic Vaccines

There is a high degree of clinical attention to prophylactic
vaccines, and many clinical trials have been conducted.
Figures 4B, C shows the progress of prophylactic vaccines in
the clinical (Data from ClinicalTrials.gov). Not only the three
common vaccines, but also the current status of vaccines ranging
from 1v to 11v, which are designed differently from the
expression system and the number of subtypes protected
against HPV, are described. The three currently licensed
prophylactic vaccines were all developed based on multiple
types of mixed L1 VLPs that induce strong immunogenicity
and produce high levels of antibody titers (Stanley et al., 2021).
However, from the clinical trials described above and the long-
term follow-up, it appears that the antibody titer decreases

significantly over time and varies greatly between individuals.
In addition to booster immunization in a given year, the solution
is to develop new adjuvants to enhance the immunogenicity and
prolong the persistence of immunity (Huber et al., 2021). From
this starting point, in 2019, a research team from Xiamen
University, in collaboration with GSK, is developing a new
generation of HPV vaccine using GSK’s novel adjuvant. For
their expression systems, the three vaccines currently licensed
use insect or Saccharomyces cerevisiae expression system.
However, their production processes are complex and there are
major problems in the expression and purification of VLPs,
leading to expensive vaccine costs. Therefore, starting from the
problem of reducing costs and increasing the production
efficiency of L1 VLP, the development of expression systems
can be mainly focused on lower-cost Escherichia coli (E. coli) or
other alternative types of yeast, such as Hansenula polymorpha
(H. polymorpha) and Pichia pastoris (P. pastoris). We also expect
that more expression systems will be developed in the future to
facilitate large-scale processing and culturing of products.

The key feature of current prophylactic vaccines using L1
VLPs is their ability to form VLPs spontaneously and with high
immunogenicity (Joura et al,, 2015). However, the L1 VLP
vaccine only provides protection against a single HPV type,
which has led to interest in exploring L2 vaccines with broad-
spectrum protection. L2 is highly conserved among HPV types
and does not spontaneously form VLPs, also resulting in L2-
induced neutralizing antibody titers that are typically much
lower than those induced by homologous L1 VLPs (Wang and
Roden, 2013). This was demonstrated in early studies where it
was found that recombinantly expressed L2 could act as an
immunogen against papillomavirus infection, but its ability to
induce neutralizing antibodies was poor (Lin et al, 1992).
Therefore, in the development of L2 vaccine, improving its
immunogenicity is the biggest challenge. One approach is to
fuse L2 to immunostimulatory molecules, and in one study, the
use of bacterial flagellin (Fla), a ligand for toll like receptor 5,
fused to L2 and used in conjunction with aluminum adjuvant
provided durable immunity in an animal model (Kalnin et al.,
2017). Of course, the expression of peptides in carrier proteins
and VLP forms is also a common way to enhance
immunogenicity. A phage VLP based vaccine has been
reported, which displays short L2 peptide and induces high
titer and a wide range of protective antibody responses
(Tumban et al., 2013). The use of highly potent adjuvants is
arguably the easiest approach to think of, such as aluminum
hydroxide/monophosphoryl lipid A (Alum/MPL) adjuvants
(Schellenbacher et al., 2009). It is not a bad idea to make a
bold prediction about the future direction of L2 vaccines. In the
future, antigen combinations will increase, such as L2 chimeric
L1 VLP, L2 combined with E6/E7 for prevention and treatment
of a full range of conditions, as well as a move from the current
monotypic to multitypic L2 fusions to provide prevention against
most HPV subtypes.

To summarize, the development of L1 VLP is focused on
reducing costs and improving the durable immunity of the
vaccine. The development of L2 vaccines is dedicated to
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enhancing their immunogenicity and to combine with other
antigens or drugs to achieve broad prophylactic effects.

5 RESEARCH PROGRESS OF HPV
THERAPEUTIC VACCINES

The mechanism of HPV prophylactic vaccines is to cause the
body’s humoral immunity to induce the generation of
neutralizing antibodies to prevent HPV infection. However, the
HPV preventive vaccine does not provide effective treatment for
an already infected organism. Besides, with the integration of the
virus genome into the host genome, many early genes (E1, E2,
E4, E5) and late genes (L1, L2) are missing, making prophylactic
vaccines ineffective against HPV-related precancerous lesions
and cancers (zur Hausen, 2002).

There are mainly four categories of HPV treatment vaccine
such as live vector-based vaccines, peptide and protein-based
vaccines, nucleic acid-based vaccines and whole cell vaccines,
and their demonstration diagram is shown in Figure 5A. The
working mechanism of these vaccines is to delivery target antigen
to antigen presenting cells (APC), and then activate HPV specific
cytotoxic CD8"T lymphocyte (CTL) responses, and the helper
CD4"T lymphocyte (Th) responses. Oncoproteins E6 and E7 are
important transforming proteins for the occurrence and
maintenance of HPV-related malignant tumors, the two most
important target antigens for HPV therapeutic vaccines, and
most widely used in existing development schemes. Vaccines
designed based on E2 antigen are also of great significance. E2 is
a negative regulator of E6 and E7, and its expression in
precancerous lesions (mainly primary precancerous lesions) is
higher than E6 and E7 so that vaccines designed for E2 antigen
are mainly used for the treatment of precancerous lesions, genital
warts (condyloma acuminatum), and other diseases (Smith
et al., 2014).

A Nucleic acid

Protein/peptide

Vaccine

Live vector

vaccines being available at this time.

5.1 Live Vector-Based Vaccines

Live vector-based vaccines can be divided into two main
categories: bacterial vector-based vaccines and viral vector-
based vaccines. These vaccines use attenuated vector carriers
encoding genes for HPV-specific antigens (E6, E7) to replicate in
host cells and induce an immune response against HPV (Yang
et al., 2016). It has high immunogenicity and can cause strong
humoral and cellular immunity, but it will also cause
corresponding problems such as potential safety risks for
people with low immunity (Ma et al., 2012). What’s worse, it is
possible that the body’s immune response to the vector itself is
stronger than its immune response to the corresponding antigen,
which is another barrier to using live vector-based vaccines
(Wang et al., 2020).

5.1.1 Bacterial Vector-Based Vaccines

Bacterial vectors such as Listeria monocytogenes (Lm),
Lactobacillus casei (L.casei), and Salmonella (SE) have been used
in clinical trial vaccines, but the development of bacterial vector-
based vaccines has been limited due to safety and effectiveness
problems. However, such vaccines are undoubtedly indispensable
in the development of therapeutic vaccines.

ADXS11-001, also known as ADXS-HPV or Lm-LLO-E7, is a
live, attenuated bacterial vector-based vaccine based on Listeria
monocytogenes (Lm). The antigen is composed of human
HPV16 E7 fused with a truncated non-hemolytic LLO
fragment and the first clinical study was in 2009 (Maciag et al.,
2009). Listeria monocytogenes (Lm) is a gram-positive
facultative intracellular bacterium that interacts with the
receptor protein on the host cell to enter the cell, but what
makes it different from other bacteria is that it uses the pore-
forming toxin listeriolysin O (LLO) and phospholipase C (PLC),
and enables them to escape from the host cell phagosome into
the cytoplasm of the host cell (Chen and Wu, 1998; Guirnalda
et al,, 2012). Two MHC pathways are generated to activate the
adaptive response. First for bacteria that cannot escape
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FIGURE 5 | (A) Schematic diagram of several major types of therapeutic vaccines. (B, C) Status and phase of therapeutic vaccines (Data from ClinicalTrials.gov).
Most of the clinical trials we found were in Phase I/ll, and few of the completed clinical trials have progressed to the next phase, which has resulted in no therapeutic
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phagosomes, the MHC class II pathway is activated to stimulate
CD4"T cells, and then for those bacteria that successfully escape
the host cell phagosome, the MHC class I pathway is used to
extract polypeptides from bacterial antigens and then make them
presented on the surface of host cells, where CD8'T cells are
activated (Cory and Chu, 2014). The phase II clinical trial
evaluated the safety and efficacy of ADXS11-001 in patients
with relapsed/refractory cervical cancer after chemotherapy and/
or radiotherapy. According to the analysis of the trial results, the
tolerability of ADXS11-001 monotherapy group is excellent and
there are more adverse reactions (AEs) in the combined cisplatin
treatment group. The median overall survival (OS) was
comparable between the monotherapy group and the
combination group (ADXS11-001: 8.28 months; 95%
confidence interval [CI], 5.85-10.5 months; ADXS11-001 +
cisplatin: 8.78 months; 95% [CI], 7.4-13.3 months). For the
total OS rate of the two groups, 34.9% (38/109) patients achieved
an OS of 12 months, and 24.8% (27/109) of patients achieved an
OS of 18 months. It is an encouraging result that warrants further
study (Basu et al., 2018).

GLBL101c vaccine is produced by heat-attenuated
recombinant Lactobacillus casei (L.casei) expressing mutant
HPV16 E7, and it is a vaccine for oral therapy. Previous Phase
I/Ia clinical trials demonstrated that oral GLBL101lc vaccines
can cause the regression of HPV16 E7-associated CIN 3 and the
regression rate from CIN 3 to CIN 2 was 80% after 9 weeks of
treatment (Kawana et al., 2014). A recent trial investigated the
efficacy and adverse reactions of GLBL101c in patients with CIN
2, the results showed that there were no serious adverse reactions.
The CR of GLBL101c and placebo groups were 11% (2/19 cases)
and 0% (0/19 cases) respectively, and the effective rate of CR+PR,
was 22% (Ikeda et al., 2021). The results show that the clinical
efficacy is not ideal and it is necessary to develop new protocols.

5.1.2 Viral Vector-Based Vaccines

Replication-deficient viral vectors are attractive vectors, and
widely cited viral vectors include adenoviruses, adeno-
associated viruses, alphaviruses, lentiviruses and vaccinia
viruses (Liu et al., 2000; Gomez-Gutierrez et al., 2007; Zurkova
etal, 2009; Ip et al.,, 2015). Adenovirus-based (Ad) technology is
the most advanced genetic vaccination technology. The most
advantageous feature of Ad vectors is their ability to induce a
strong systemic T-lymphocyte response and high serum
antibodies following intramuscular (IM) immunization
(Barouch et al.,, 2011). As a vaccine vector, Ad5 is the most
common human serotype and the most widely used serotype.
Vector technology based on multiple Ad serotypes has achieved
good results in vaccination of various diseases (Ewer et al., 2016).
There is a study based on HPV therapeutic vaccines of E1/E3
deletion replication-deficient Ad26 and Ad35, expressing HPV16
E6/E7, the fusion protein. Immunization of mice elicited a strong
E6/E7 specific CD8'T cell response to secrete multifunctional
cytokines, but no specific CD4"T cell response was detected
(Cuburu et al,, 2018). It is also based on another therapeutic
vaccine of Ad26 and Ad35, expressing the early protein E2/E6/E7
of HPV16/18, which aims to treat diseases of HPV infection at all

stages. The coding sequence of antigen E6 was divided into 3
segments and E7 was divided into 2 segments, and then
recombined. The E2 antigen and the N-terminal fusion to
form two antigens (HPV16E2SH: E2+E6; 44+E735 95+E69,.
157+E71 59+E62; 1155 HPVI8E2SH: E2+E6, 30+E724.104+E6g¢-
156+E71.45+E615.103) (Khan et al., 2017). Good results were
obtained in both the immunogenicity in mice and the TC-1
tumor model.

Vaccinia virus is a double-stranded DNA virus with a large
and stable genome that can express a large number of antigens.
Vaccinia virus has been widely used as an immunogen and has a
good tolerance (Borysiewicz et al., 1996). TA-HPV is a
recombinant vaccinia virus vaccine expressing HPV16/18 E6
and E7 proteins. In a very early clinical phase I/II trial of 8
patients with advanced cervical cancer, HPV was found in 3
patients (3/8) specific antibody response, and HPV specific
cytotoxic T lymphocyte response was detected in 1 patient (1/
3). In the latter TA-HPV and cisplatin combined treatment
experiment, and in the mouse TC-1 tumor model produce a
stronger E7-specific CD8'T lymphocyte response (Lee et al.,
2013). Recombinant vaccinia virus MVA E2 is a vaccinia virus
Ankara (MVA) containing bovine papillomavirus E2 protein. As
an E6/E7 expression inhibitor, E2 introduced into the host may
inhibit the activity of E6 and E7, thereby treating precancerous
lesions and even inhibiting cancer. MV A E2 has been proven to
prevent the growth of human tumors in mice and induce tumor
regression in tumor-bearing rabbits (Rosales et al., 2000). MVA
E2 was used to treat HPV-induced anogenital intraepithelial
lesions in a phase III clinical trial in 2014 involving 1356 patients
(male and female), resulting in an overall efficacy of
approximately 90% in the treatment of CIN lesions, with all
men showing complete eradication (Rosales et al., 2014). In the
latest I/II clinical trial evaluating the possibility of MVA E2
therapeutic vaccines reducing the possibility of recurrence of
respiratory papillomatosis (RRP), 13 cases (13/29, 44.8%) of
lesions were completely eliminated, and 16 cases (16/29,
55.2%) of lesions recurred 6 to 18 months after treatment.
Subsequently, after a second round of MVA E2 therapy, no
new recurrence symptoms were observed, indicating that MVA
E2 vaccines have a good potential for complete regression of RRP
lesions (Cabo Beltran and Rosales Ledezma, 2019). The TG4001
vaccine expresses HPV16 E6/E7, and in a trial evaluating safety
and efficacy in patients with (CIN) 2/3, HPV 16 mRNA clearance
was associated with CIN 2/3 cytologic and colposcopic
regression in 7 of 10 patients (Brun et al., 2011). These
promising data warrant further development of TG4001 in the
treatment of CIN 2/3. Vvax001, a therapeutic alphavirus-based
cancer vaccine expressing HPV16 E6/E7, was evaluated for
immunological activity, safety and tolerability in a first-in-
human phase I trial. The results were that immunization with
Vvax001 was safe and well tolerated, with only mild injection site
reactions and resulted in CD4+ and CD8+ T cell responses
against E6 and E7 antigens (Komdeur et al., 2021).

Replicating viral vector vaccines also hold good promise for
the treatment of HPV-associated cancers, such as foamy viruses
(FVs). Replication-competent FV's can trigger immune signaling
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and integrate into the host genome, resulting in sustained
antigen expression and a robust immune response. One study
explored the feline foam virus (FFV) protein as a scaffold for in
vitro therapeutic B and T cell epitope delivery, and immunizing
mice with the T cell epitope peptide E7,9.5; of HPV16 E7
attached to its expression vector protected mice from HPV16-
transformed tumor cells (Lei et al., 2015).

5.2 Peptide and Protein-Based Vaccines
Such vaccines present antigens in the form of peptides or
proteins, which are acquired, processed, and presented by DC
to activate MHC I or II molecular pathways to stimulate the
immune response of CD8'T or CD4™T cells (Ma et al., 2012).
Peptide vaccines are divided into synthetic long peptides (SLP)
and specific epitope (short) peptides. Short peptides are MHC-
specific and need to match a specific type of human leukocyte
antigen (HLA) while long peptide vaccines and protein vaccines
are rich in CD4"T and CD8"T cell epitopes, which can avoid the
limitations of MHC restriction (Paris et al., 2012; Lee et al.,
2016). Protein and peptide vaccines are safe and stable, but the
poor immunogenicity of protein vaccines is a major drawback in
their development and the focus on the MHC II pathway of
presentation resulting in a less than robust CTL response.
Improvements in protein vaccines can be achieved by adding
adjuvants or immunostimulatory molecules to increase
endogenous processing and enhance the MHC I pathway
(Valdez Graham et al., 2000).

ISA 101, a long peptide HPV16 vaccine, synthesized from 9
overlapping E6 long peptides and 4 overlapping E7 long
peptides, dissolved in dimethyl sulfoxide in 20 mM phosphate
buffered saline (pH 7.5) and emulsified with Montanide ISA-51
(Kenter et al, 2009). In phase II, ISA 101 combined with
Nivolumab, an anti-PD-1 immune checkpoint antibody, was
evaluated in patients with untreatable HPV16-positive cancer
(Massarelli et al., 2019). Compared with the use of anti-PD-1
antibody alone, this regimen achieved an overall response rate of
33% and a median overall survival of 17.5 months, suggesting the
need for further research. In another clinical trial of 77 patients
with advanced, recurrent or metastatic cervical cancer receiving
both the ISA101 vaccine and standard chemotherapy with
carboplatin and paclitaxel, tumor regression was observed in
43% of patients (72 evaluable patients), and all patients had a
type 1 T-cell response to the vaccine, suggesting that
chemoimmunotherapy can be used to enable effective
treatment of patients with advanced cancer (Melief et al., 2020).

A study used mHSP110 (heat shock protein) as an immune
adjuvant to enhance the immune response to HPV16 E7-derived
CTL epitope E7 (Garland et al, 2007; Quadrivalent Vaccine
Against Human Papillomavirus to Prevent High-Grade Cervical
Lesions, 2007; Paavonen et al., 2009; de Sanjose et al., 2010;
Herrero et al., 2015; Garland et al., 2016; Markowitz et al., 2016;
Wheeler et al., 2016; Mitchell and Casella, 2017) in a mouse
model. HSP110 has a high binding affinity to proteins and can
enhance immunogenicity of protein antigens. They developed
the mHSP110-E7 (Garland et al., 2007; Quadrivalent Vaccine
Against Human Papillomavirus to Prevent High-Grade Cervical
Lesions, 2007; Paavonen et al., 2009; de Sanjose et al., 2010;

Herrero et al., 2015; Garland et al., 2016; Markowitz et al., 2016;
Wheeler et al., 2016; Mitchell and Casella, 2017) fusion protein
and used FITC labeled E7 (Garland et al., 2007; Quadrivalent
Vaccine Against Human Papillomavirus to Prevent High-Grade
Cervical Lesions, 2007; Paavonen et al., 2009; de Sanjose et al.,
2010; Herrero et al., 2015; Garland et al., 2016; Markowitz et al.,
2016; Wheeler et al., 2016; Mitchell and Casella, 2017) as a tracer
to prove that mHSP110 formed a complex with E7 (Garland
et al.,, 2007; Quadrivalent Vaccine Against Human
Papillomavirus to Prevent High-Grade Cervical Lesions, 2007;
Paavonen et al., 2009; de Sanjose et al., 2010; Herrero et al., 2015;
Garland et al., 2016; Markowitz et al., 2016; Wheeler et al., 2016;
Mitchell and Casella, 2017). Then immunizing mice can induce
strong CTL response and can protect mice from tumor attack,
significantly inhibiting the growth of established tumors in the
anti-tumor test and prolonging the survival time of tumor-
bearing animals (Ren et al., 2010).

Fibronectin additional domain A (EDA) is a toll-like receptor
4 (TLR 4) protein agonist that targets antigen to DCs in vivo and
induces maturation by TLR4 binding, better delivering the
treated short peptide to naive T cells (Mansilla et al., 2012).
The full-length E7 protein of HPV16/18 and the extra domain A
of human fibronectin (hEDA) were fused to form a bivalent
recombinant protein, combined with Poly-IC (polyinosinic-
polycytidylic acid) and Poly-ICLC (a synthetic complex of
carboxymethylcellulose, polyinosinic-polycytidylic acid, and
poly-L-lysine double-stranded RNA) adjuvants to evaluate the
effect, immunogenicity and potential therapeutic activity of
HPV16 TC-1 tumors in situ in subcutaneous or genital.
Results showed that the vaccine induced E7 specific cytotoxic
T-lymphocyte (CTL) response and eliminated established
tumors, with some groups achieving 100% anti-tumor effects
when combined with adjuvant (Arribillaga et al., 2020). This is a
very exciting result and also holds promise for good
clinical outcomes.

In conclusion, hEDA-HPVE7-16/18+Poly-ICLC is a
promising regimen for the treatment of cancer and the
refinement of its protocol to enable it to improve the benefits
of clinical treatment. A few points of improvement are analyzed,
one being the future consideration of the effect of tumor
suppressive environment on vaccine efficacy as proposed in its
article itself, meaning creating an environment closer to tumor
growth in vivo. The second is the improvement of its
experimental design, which on the one hand can supplement
the treatment data of the vaccine on the experimental group with
larger tumors, which can reflect the treatment level of the vaccine
on patients with advanced disease. On the other hand, the dose of
the vaccine is an important factor in immune efficacy, and high
doses of vaccine injections may cause adverse reactions, which
should be documented as they arise.

5.3 Nucleic Acid-Based Vaccines

5.3.1 DNA Vaccines

DNA vaccines have become an attractive immunotherapy
method for the treatment of cancer due to their advantages
such as simplicity, stability, and effective antigen-specific
immunotherapy. DNA vaccines are based on bacterial
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plasmids that encode antigens driven by high-efficiency
eukaryotic promoters and the effective DNA vaccines must
enter the nucleus after injection to induce expression of
antigens which are delivered by MHC class I molecules to
activate the immune system (Rajcani et al., 2005; Li and
Petrovsky, 2016). Unlike live vector-based vaccines, DNA
vaccines are relatively safe and do not produce antibodies
against the vector in the body and can be used through
repeated vaccinations to boost immunity (Yang et al, 2014).
The inability of exposed DNA to amplify on its own, resulting in
poor immunogenicity in the body, is one of the main
disadvantages of DNA vaccines. One of the main drawbacks of
the DNA vaccines is their poor immunogenicity. In order to
improve immunogenicity, a series of methods such as
electroporation of DC cells, the use of immunomodulators
(such as strong adjuvants) and other immunostimulants (such
as cytokines and costimulatory molecules) are used in vaccine
design (Vici et al,, 2016; Afrough et al., 2019).

A clinical trial evaluated the safety, effectiveness and
immunogenicity of the DNA vaccines of pNGVL4a-CRT/E7 in
16 HPV-related CIN 2/3 patients (Alvarez et al,, 2016). The DNA
vaccine consists of the pPNGVL4a expression vector, which contains
the HPV 16 E7 coding sequence linked to calreticulin (CRT)
(Cheng et al,, 2001). 32 cases of HPV16 CIN2/3 patients were
vaccinated by epidermal administration, intramuscular injection, or
direct intrauterine injection, and 22 (69%) patients experienced
adverse vaccine-related reactions, and 8 of 27 (30%) had histological
regression of CIN 1 or below. The corresponding data showed that a
strong immune response was induced and more CD8'T-
lymphocyte responses occurred (Alvarez et al., 2016).

A recent clinical trial explored the therapeutic effect of the
therapeutic DNA vaccine GX-188e on the regression of cervical
intraepithelial neoplasia (CIN3) (Choi et al., 2020). GX-188e is
composed of tissue plasminogen activator signal sequence, FMS-
like tyrosine kinase 3 ligand and recombinant HPV 16/18 E6/E7
gene (Kim et al,, 2014). As a result, 52% of V7 patients and 67%
of V8 patients experienced histopathological regression, 73%
(V7) and 77% (V8) of histological regression patients showed
HPV clearance (Choi et al., 2020). This demonstrates that
vaccination with GX-188E vaccine induces strong cellular
immunity to clear HPV histological lesions. In another trial of
AMV 002 vaccination, results showed that the AMV 002 vaccine
was well tolerated at all dose levels and enhanced specific
immunity to tumor-associated antigens in previously treated
patients (Chandra et al., 2021).

5.3.2 mRNA Vaccines

The mRNA vaccine, the current popular form of vaccines, has
been widely proven to be a promising therapeutic strategy in
immunotherapy. In 1989, Malone et al, demonstrated that
mRNA could be successfully transfected and expressed in
various eukaryotic cells by encapsulation of a cationic lipid
(N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium
chloride (DOTMA)) (Malone et al.,, 1989). Subsequently, in
1990, mRNA transcribed in vitro was fully expressed in mouse
skeletal muscle cells, and the successful expression of mRNA in

vitro for the first time proved the feasibility of developing a
mRNA vaccine (Wolff et al., 1990). The mRNA structure
includes a 5’cap structure, 5° and 3’UTR structures, a coding
sequence, and a 3’poly A tail (Maruggi et al., 2019). A large
number of studies have shown that mRNA is unintegrated (safe)
and that the new generation of self-amplifying mRNA vaccines
(saRNA vaccines) have a high capacity for autonomous
replication. Then the self-replicating RNA viral vectors have
high expression levels, and have TLR 7/8 ligand activity, which is
a natural adjuvant that can induce a strong immune response
(Diebold et al., 2004; Brito et al., 2015). Compared with DNA
vaccines, the important reasons that determines the slow
development of mRNA vaccines are their poor stability and
low delivery efficiency. Therefore, mRNA is often packaged into
the body by delivery vectors, including DC vectors, protamine,
cationic lipid delivery systems and polymer materials (Lungwitz
et al., 2005; Christensen et al., 2009; Kallen et al., 2013; Pardi
et al., 2018).

There are few reports on HPV mRNA vaccines. A new study
designed that the mRNA expressing the antigen HPV16 E7 is
encapsulated in liposome preparations to form RNA-lipid
complexes (RNA-LPX) and the immunogenicity of the vaccine
is evaluated by intravenous injection, inducing a strong antigen-
specific effect and memory CD8'T cell response in mice
(Grunwitz et al., 2019). With the outbreak of the new
coronavirus, mRNA vaccine research has been pushed to a
higher degree, and the development prospects are also bright.

In conclusion, nucleic acid vaccines have not been studied
much in the field of HPV and have produced different results in
animal experiments. Currently, mRNA vaccines are becoming
more popular in the context of the epidemic thanks to their
safety and good efficacy.

5.4 Whole Cell Vaccines

5.4.1 DC Vaccines

Dendritic cells (DCs) are the strongest and most effective APCs
in presenting antigens and play an important role in immune
regulation. It has a strong ability to acquire and process antigens
for presentation to T lymphocytes in vivo and in vitro, many
evidences have confirmed the ability of monocyte-derived DCs
to stimulate naive CD4" T and CD8" T lymphocytes in vitro and
in vivo (Santin et al., 1999; Santin et al., 2006). Moreover, DC also
acts as a natural adjuvant to enhance the immunogenicity of
vaccines (Santin et al., 2005). There are two methods for
preparing HPV vaccines with DCs as the core. One is to
culture DCs in vitro, and then to stimulate DCs with HPV E6/
E7 antigen. And another is that DCs stably transfected in vitro
with a vector expressing HPV antigen, and then DC vaccines
adoptively transferred into the patient, presenting the antigen to
naive T cells and inducing CTL response (Wang et al., 2000; Peng
et al., 2005). The application of TOLL-like receptor agonists to
promote the maturation of DC is also widely used in the
treatment of DC vaccines. Toll-like receptor (TLR) is a part of
DC cell pattern recognition receptor, and DC cell pattern
recognition receptor also has C-type lectin receptor (CLR),
Nucleotide-binding oligomerization domain-like receptor
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(NLR) and retinoic acid induced gene like receptor (RLR)
(Takeuchi and Akira, 2010; Kawasaki et al., 2011). TLR ligand
can induce DC cell phenotype and functional maturation, and
regulate cell metabolism and lifespan (Chen et al., 2007; Li
et al., 2010).

The safety and immunogenicity of the HPV16/18 E7 antigen
and keyhole limpet hemocyanin (KLH) pulsed mature dendritic
cell (DC) vaccination were evaluated for patients with stage IB or
IIA cervical cancer (Santin et al, 2008). Three doses (low,
medium, and high) were designed to be administered every 21
days (5 times in total). Patients receiving DC vaccines showed
good tolerability and no significant toxic and side effects, and
significantly increased E7 and KLH-specific CD4"T expression
after vaccination.

Camelid-derived single-domain antibody fragments
(nanobodies or VHHs) recognize cell surface proteins on
antigen-presenting cells (APCs) and can serve as targeted
delivery vehicles for antigens attached to them. Therefore, one
study targeted VHH+CD11b-E7,9 5, to DC2.4 cells, and vaccine
immunization of mice resulted in the production of more CD8
tumor-infiltrating lymphocytes in HPV-tumor-bearing mice
(Woodham et al., 2018).

DC vaccines also have limitations. Firstly, due to the
limitation of preparation technology, the quantity and quality
of extracted DC cannot be guaranteed. Other, it is difficult to
produce on a large scale, and different processes may lead to
inconsistent vaccine quality. So, there are still a lot of hurdles
to overcome for DC vaccines development.

TABLE 2 | Summary of clinical HPV therapeutic vaccines.

5.4.2 Tumor Vaccines

Each cancer has a large number of potentially tumorigenic
antigens, so vaccinating whole tumor cells is the best
strategy to include all potentially relevant antigens.
Moreover, this vaccine approach circumvents the limitations
of the major histocompatibility complex (MHC) and does not
require epitope identification on a patient-tailored basis
(Tagliamonte et al., 2014). The efficacy of this approach has
been evaluated over the years in clinical trials for different
tumors, including lung, colorectal, melanoma renal cell
carcinoma and prostate cancer. Because HPV is a well-
known tumor-specific antigen, tumor cell-based vaccines
may not be the most practical immunotherapy for HPV-
associated cancers, and fewer trials have been done to
evaluate the true utility of this type of vaccine for HPV-
associated cancers.

5.5 Improvement of HPV Therapeutic
Vaccines

The role of therapeutic vaccines is to enhance adaptive T cell
immunity by initiating naive T cells to produce cytotoxic T
lymphocytes (CTL) that target HPV infected cells, inducing
CD4"T cells to produce necessary cytokines, and enhancing
antigen presenting cells (APC) (Lee et al, 2016). At the
current stage, all therapeutic vaccines tested in clinical trials
are reported to be safe and well tolerated. Table 2 summarizes
the current therapeutic vaccines in the clinical stage, and the
progress diagram is shown in Figures 5B, C. However, many

Vaccine Platform Vaccine Antigen Conditions Phase/NCT Study Start Status
Number
Bacterial vector Vaccine ADXS11-001 HPV16 E7  EAs,UCC Phase Il/ May 23,2011  Completed
NCT01266460
oC Phase I/ February Terminated
NCT01598792 2012
AC,RC Phase II/ September Completed
NCT02399813 2015
UCC,SCCHN Phase I/Phase Il April 2015 Active, not
NCT02291055 recruiting
SCCHN Phase Il/ December Active, not
NCT02002182 2013 recruiting
Ad/MG1-EBE7 HPV16/18 HPV-Associated Cancers Phase I/ June 21,2018 Active, not
E6/E7 NCT03618953 recruiting
Viral vector Vaccine TG4001 HPV16 E6/ UCC,ASCC Phase I/Phase Il September Recruiting
E7 NCT03260023 11,2017
TA-HPV HPV16/18  UCC Phase Il/ November Completed
E6/E7 NCT00002916 1996
PRGN-2009 HPV16/18  UCC,0C,RC,AC Phase I/Phase Il August Recruiting
E6/E7 NCT04432597 11,2020
Peptide and protein-based ~ TVGV-1 HPV16 E7  HSIL Phase II/ November Unknown
Vaccine NCT02576561 2015 status
TA-CIN HPV16 L2/ UCC Phase I/ April 42019 Recruiting
E6/E7 NCT02405221
ProCervix HPV16/18  Genital Infection Viral Phase I/ December Completed
E7 NCT01957878 2013
PepCan HPVI6 E6  SCCHN Phase I/Phase Il November Recruiting
NCT03821272 13,2019
HSIL
(Continued)
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TABLE 2 | Continued

Vaccine Platform Vaccine Antigen Conditions Phase/NCT Study Start Status
Number
Phase II/ November Active, not
NCT02481414 30,2015 recruiting
ISA101b HPV16 E6/ UCC Phase I/Phase Il September Completed
E7 NCT02128126 2013
SCC,SCCHN Phase II/ July 6,2020 Recruiting
NCT04369937
ucc Phase I/ June 28,2021  Recruiting
NCT04646005
ISA 101 HPV16 E6/  Malignant Neoplasms of Lip Oral Phase II/ April 42018  Active, not
E7 Cavity and Pharynx NCT03258008 recruiting
Solid Tumors Phase II/ December Active, not
NCT02426892 23,2015 recruiting
Human papillomavirus 16 E7 HPV16 E7  UCC Phase I/ November Completed
peptide NCT00003977 1999
human papillomavirus 16 E6/E7  HPV16 E6/ AC,UCC,EC Phase I/ November Completed
peptide E7 NCT00019110 1995
SGN-00101 HPVi6 E7  RRP Phase II/ November Completed
NCT00038714 2001
UCC,CIN Il Phase II/ March 2004 ~ Completed
NCT00075569
UCC,CIN Il Phase I/ June 2004 Completed
NCT00054041
Hespecta HPV16 E6  Tumors or Premalignant Lesions Phase I/ March 2015 Completed
NCT02821494
Liposome-based Vaccine PDS0101 HPV16 E6/ SCCHN,OPSCC Phase II/ March Recruiting
E7 NCT04260126 29,2021
UCC IB3/II Phase II/ October Recruiting
NCT04580771 14,2020
CIN'| Phase I/ February Completed
NCT02065973 2014
DPX-E7 HPV16 E7  SCCHN,UCC,AC Phase I/Phase Il December Active, not
NCT02865135 2016 recruiting
DNA-based Vaccine/Viral pNGVL4a-Sig/E7(detox)/HSP70  HPV16/18  UCC,CIN III Phase I/ November Recruiting
vector Vaccine with TA-HPV E6/E7 NCT00788164 2008
DNA-based Vaccine/ pNGVL4a-Sig/E7 (detox)/HSP70  HPV16 L2/  ASC-US,ASC-H,LSIL Phase II/ May 22,2019  Recruiting
Peptide and protein-based  with TA-CIN E6/E7 NCT03911076
Vaccine pNGVL4aCRTEBE7L2 with TA-  HPV16 L2/ ASC-US,LSIL Phase I/ December Not yet
CIN E6/E7 NCT03913117 31,2021 recruiting
DNA-based Vaccine VGX-3100 HPV16/18  CIN II/ll Phase I/ April 2011 Completed
E6/E7 NCT01304524
pNGVL4a-Sig/E7(detox)/HSP70  HPV16 E7  UCC,CIN I/l Phase I/Phase Il November Completed
NCT00121173 2003
pNGVL4aCRTEGE7L2 HPV16 L2/ CIN /I Phase I/ September Recruiting
E6/E7 NCT04131413 14,2020
pNGVL4a-CRT/E7 (Detox) HPV16 E7  SCCHN Phase I/ April 2012 Terminated
NCT01493154
CIN 10 Phase I/ September Completed
NCT00988559 2009
INO-3112 HPV16/18  SCCHN Phase I/Phase Il August Completed
E6/E7 NCT02163057 13,2014
ucc Phase I/Phase Il June 6,2014  Completed
NCT02172911
ucc Phase I/ May 2016 Withdrawn
NCT02501278
GX-188E HPV16/18  UCC Phase I/Phase Il May 23,2018  Recruiting
E6/E7 NCT03444376
CIN | Phase II/ August 2015 Unknown
NCT02596243 status
CIN | Phase I/ July 2014 Completed
NCT02139267
DC-based Vaccine DC Vaccines Targeting HPV E6/ HPV16/18  CIN I/Il Phase I/ April 1,2019  Not yet
E7 Protein E6/E7 NCT03870113 recruiting
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vaccines that have entered clinical phase III trials have not yet
been announced for marketing because of their lower expected
clinical effects. This is also related to the fact that these
vaccines have shown success in animal models but are not
effective in human HPV-induced cancers, which highlights
the limitations of the currently used preclinical models
(Hancock et al., 2018). In fact, a large number of
immunosuppressive environments can be observed in the
tumor microenvironment, which makes the efficacy of
vaccine-induced T cells affected by a variety of immune
evasion and immunosuppressive mechanisms to reduce the
immune effect. For example, cancer-associated fibroblasts
(CAF) have pro-tumorigenic functions and cause immune
evasion of tumors through several mechanisms. CD8'T cell
exclusion was present in CAF-rich human tumors. One study
found poor immune effects of tumors with CAF by injecting
CAF mixed with target cells into mice to form a state similar
to the human tumor environment and then performing
immunotherapy (Ford et al., 2020). Therefore, the impact of
tumor environment on vaccine efficacy is important, for
example, we need to establish more in situ tumors to
provide for preclinical trials including cervical, head and
neck in situ tumors.

The above is a reflection on the importance of the tumor
environment, followed by an in-depth discussion on vaccine
improvement. One is to improve the immunogenicity of
vaccines at the current research stage. Although many
vaccines at the development stage are able to achieve high
clearance rates in mouse tumor models or even cases of total
clearance, the clinical stage is still average. This necessitates
the design of, for example, more intensive development of
mRNA vaccines or combination vaccine-drug therapeutic
regimens in terms of improving immune potency. As the
most popular form of vaccine today, mRNA vaccines are
highly immunogenic due to their mRNA status and the use
of LNP as a natural adjuvant, making this form of vaccine
highly effective. Currently, mRNA vaccines account for a very
small proportion of HPV therapeutic vaccine development,
and there is a trend for more consideration of this vaccine
form in the future. In addition, the combination of vaccines
and drugs is an important treatment option to enhance the
effect, the most classic one being the combination with
immune checkpoint inhibitors (Pardoll, 2012). For example,
the drugs pembrolizumab and nivolumab, which are both
anti-PD-1 antibodies, have shown some effectiveness in
combination with HPV vaccines (Wendel Naumann and
Leath, 2020). Currently, genetically engineered T-cell
therapy is an emerging cancer treatment strategy, divided
into CAR-T (Chimeric Antigen Receptor Engineered T cell)
and TCR-T (T Cell Receptor Engineered T cell) therapies that
have shown efficacy in hematologic cancers (Gao et al., 2019).
In one study, they identified a high-purity TCR that targets
HPV-16 E7 by recognizing the E7;; 19 epitope complex. They
therefore developed TCR-T therapy for the treatment of
metastatic HPV-associated epithelial cancer, and tumor
regression was observed in 6 of the 12 patients treated in

the phase I clinical trial (Nagarsheth et al., 2021). This also
provides an idea for the treatment strategy combined HPV
vaccines and genetically engineered T-cell therapy. The use of
adjuvants is also known to allow for a high therapeutic boost
in vaccine efficacy, for example the use of Poly-ICLC adjuvant
mentioned above allowed for 100% tumor regression in some
experimental groups, in the future we need to strengthen the
knowledge of Poly-ICLC and explore more efficient adjuvants.
Second, to explore new therapeutic targets, most of the
current vaccines focus mainly on E6 and E7 antigens,
mainly because the continued increase in E6/E7 expression
advances tumor progression. There are also a few vaccine
developments focusing on E2 antigens for the treatment of
precancerous lesions and symptoms such as genital warts.
However, it has always been ineffective for cancer treatment,
thus requiring the search for other new targets. E1 is required
for viral replication and is the largest protein in HPV (E1 of
HPV16 is 649aa), which most likely has a higher number of
potential T-cell epitopes in the HLA allele compared to the
smaller E6 and E7 proteins (154aa and 98aa for HPV1I6,
respectively) (Boilesen et al.,, 2021). Moreover, additional
studies have recently pointed to role in carcinogenesis of El,
which allows us to put it into the ranks of therapeutic vaccine
design targets. It is similar to E2 for the development of vaccines
for precancerous lesions, but what is most anticipated about it is
the possibility of developing future therapeutic regimens against
cancer. For E5, which is also a promising target for the
development of therapeutic vaccines. Experiments have
identified CD8 T cells in patients with HPV-positive head and
neck cancer and identified several epitopes derived from HPV E5
protein, thus incorporating E5 as a vaccine antigen to trigger
more tumor-reactive CD8 T cell responses (Eberhardt et al.,
2021). For E4, little research has been done on them in the past.

In summary, future directions for HPV therapeutic vaccines
include the development of new potent adjuvants, new antigen
targets, and enrichment of preclinical models.

6 CONCLUSION

Diseases caused by HPV infection have always been the focus
of human attention, and they are the necessary factors that
cause cervical cancer (100%). Vaccines are currently playing a
critical and effective role in the prevention and treatment of
cervical cancer. Over the past 20 years, vaccine research has
evolved rapidly, with the licensing of bivalent, quadrivalent
and nonavalent vaccines effectively preventing 90% of HPV
infections worldwide. However, research on new prophylactic
vaccines has never stopped, as evidenced by the exploration of
new expression systems, such as E. coli, to reduce the cost of
vaccines, and the development of L2 vaccines with broad-
spectrum protection for simplicity and efficiency. In the
treatment of cervical cancer, surgery is currently the main
treatment, and a therapeutic vaccine has not been licensed for
marketing. Progress in the development of therapeutic
vaccines is promising, with vaccines mostly designed on the
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basis of the tumor proteins E6/E7 to induce strong cellular
immunity and hopefully eradicate HPV-related diseases and
malignancies. Vaccines are generally effective in preclinical
studies, but not in the clinical phase. The efficacy of the
vaccine will also be improved in the future by exploring
more in situ tumor models, combination drug therapy, and
designing new antigenic targets (such as E1 and E5). We hope
that therapeutic vaccines will be available soon.

AUTHOR CONTRIBUTIONS

YM, JM, YX, HZ, ]S, JH and JC wrote the manuscript. YM, CQ
reviewed and edited the manuscript before submission. JM

REFERENCES

(2007). Flogging Gardasil. Nat. Biotechnol. 25 (3), 261. doi: 10.1038/nbt0307-261

(2007). Quadrivalent Vaccine Against Human Papillomavirus to Prevent High-
Grade Cervical Lesions. New Engl. J. Med. 356 (19), 1915-1927. doi: 10.1056/
NEJMoa061741

Afrough, B., Dowall, S., and Hewson, R. (2019). Emerging Viruses and Current
Strategies for Vaccine Intervention. Clin. Exp. Immunol. 196 (2), 157-166.
doi: 10.1111/cei.13295

Albert, E., and Laimins, L. (2020). Regulation of the Human Papillomavirus Life
Cycle by DNA Damage Repair Pathways and Epigenetic Factors. Viruses 12
(7), 744. doi: 10.3390/v12070744

Alvarez, R. D., Huh, W. K., Bae, S., Lamb, L. S. Jr., Conner, M. G., Boyer, J., et al.
(2016). A Pilot Study of Pngvl4a-CRT/E7(detox) for the Treatment of Patients
With HPV16+ Cervical Intraepithelial Neoplasia 2/3 (CIN2/3). Gynecol. Oncol.
140 (2), 245-252. doi: 10.1016/j.ygyno.2015.11.026

Angelo, M. G, David, M. P., Zima, J., Baril, L., Dubin, G., Arellano, F., et al. (2014).
Pooled Analysis of Large and Long-Term Safety Data From the Human
Papillomavirus-16/18-AS04-Adjuvanted Vaccine Clinical Trial Programme.
Pharmacoepidemiol. Drug Saf. 23 (5), 466-479. doi: 10.1002/pds.3554

Angelo, M. G., Zima, ., Tavares Da Silva, F., Baril, L., and Arellano, F. (2014).
Post-Licensure Safety Surveillance for Human Papillomavirus-16/18-AS04-
Adjuvanted Vaccine: More Than 4 Years of Experience. Pharmacoepidemiol.
Drug Saf. 23 (5), 456-465. doi: 10.1002/pds.3593

Arribillaga, L., Echeverria, L, Belsue, V., Gomez, T., Lozano, T., Casares, N, et al.
(2020). Bivalent Therapeutic Vaccine Against HPV16/18 Genotypes
Consisting of a Fusion Protein Between the Extra Domain A From Human
Fibronectin and HPV16/18 E7 Viral Antigens. J. Immunother. Cancer 8 (1),
€000704. doi: 10.1136/jitc-2020-000704

Arroyo, M., Bagchi, S., and Raychaudhuri, P. (1993). Association of the Human
Papillomavirus Type 16 E7 Protein With the S-Phase-Specific E2F-Cyclin A
Complex. Mol. Cell. Biol. 13 (10), 6537-6546. doi: 10.1128/mcb.13.10.6537-
6546.1993

Barouch, D. H,, Kik, S. V., Weverling, G. J., Dilan, R, King, S. L., Maxfield, L. F.,
etal. (2011). International Seroepidemiology of Adenovirus Serotypes 5, 26, 35,
and 48 in Pediatric and Adult Populations. Vaccine 29 (32), 5203-5209.
doi: 10.1016/j.vaccine.2011.05.025

Basu, P., Mehta, A, Jain, M., Gupta, S., Nagarkar, R. V., John, S., et al. (2018). A
Randomized Phase 2 Study of ADXS11-001 Listeria Monocytogenes-
Listeriolysin O Immunotherapy With or Without Cisplatin in Treatment of
Advanced Cervical Cancer. Int. J. Gynecol. Cancer 28 (4), 764-772.
doi: 10.1097/ige.0000000000001235

Becker, K. A., Florin, L., Sapp, C., and Sapp, M. (2003). Dissection of Human
Papillomavirus Type 33 L2 Domains Involved in Nuclear Domains (ND) 10
Homing and Reorganization. Virology 314 (1), 161-167. doi: 10.1016/s0042-
6822(03)00447-1

Block, S. L., Brown, D. R,, Chatterjee, A., Gold, M. A,, Sings, H. L., Meibohm, A, et al.
(2010). Clinical Trial and Post-Licensure Safety Profile of a Prophylactic Human

prepared the figures and tables. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by National Key Research and
Development Program (SQ2020YFF0401839), and National
Natural Science Foundation of China (91959206).

ACKNOWLEDGMENTS

We thank Miss Mengzhu Wang for language editing.

Papillomavirus (Types 6, 11, 16, and 18) L1 Virus-Like Particle Vaccine. Pediatr.
Infect. Dis. J. 29 (2), 95-101. doi: 10.1097/INF.0b013e3181b77906

Boilesen, D. R, Nielsen, K. N., and Holst, P. J. (2021). Novel Antigenic Targets of
HPV Therapeutic Vaccines. Vaccines 9 (11), 1262. doi: 10.3390/
vaccines9111262

Borysiewicz, L. K., Fiander, A., Nimako, M., Man, S., Wilkinson, G. W,
Westmoreland, D., et al. (1996). A Recombinant Vaccinia Virus Encoding
Human Papillomavirus Types 16 and 18, E6 and E7 Proteins as
Immunotherapy for Cervical Cancer. Lancet 347 (9014), 1523-1527.
doi: 10.1016/s0140-6736(96)90674-1

Bossler, F., Hoppe-Seyler, K., and Hoppe-Seyler, F. (2019). PI3K/AKT/mTOR
Signaling Regulates the Virus/Host Cell Crosstalk in HPV-Positive Cervical
Cancer Cells. Int. ]. Mol. Sci. 20 (9), 2188. doi: 10.3390/ijms20092188

Brito, L. A., Kommareddy, S., Maione, D., Uematsu, Y., Giovani, C., Berlanda
Scorza, F., et al. (2015). Self-Amplifying mRNA Vaccines. Adv. Genet. 89, 179—
233. doi: 10.1016/bs.adgen.2014.10.005

Brun, J. L., Dalstein, V., Leveque, J., Mathevet, P., Raulic, P., Baldauf, J. J., et al.
(2011). Regression of High-Grade Cervical Intraepithelial Neoplasia With
TG4001 Targeted Immunotherapy. Am. J. Obstetr. Gynecol. 204 (2), 169.e1-
169.¢8. doi: 10.1016/j.2jog.2010.09.020

Buck, C. B,, Day, P. M., and Trus, B. L. (2013). The Papillomavirus Major Capsid
Protein L1. Virology 445 (1-2), 169-174. doi: 10.1016/j.virol.2013.05.038

Buck, C. B., Thompson, C. D., Pang, Y. Y., Lowy, D. R, and Schiller, J. T. (2005).
Maturation of Papillomavirus Capsids. J. Virol. 79 (5), 2839-2846.
doi: 10.1128/jvi.79.5.2839-2846.2005

Burd, E. M. (2003). Human Papillomavirus and Cervical Cancer. Clin. Microbiol.
Rev. 16 (1), 1-17. doi: 10.1128/cmr.16.1.1-17.2003

Cabo Beltran, O. R., and Rosales Ledezma, R. (2019). MVA E2 Therapeutic
Vaccine for Marked Reduction in Likelihood of Recurrence of Respiratory
Papillomatosis. Head Neck 41 (3), 657-665. doi: 10.1002/hed.25477

Chabeda, A., Yanez, R. J. R.,, Lamprecht, R., Meyers, A. E., Rybicki, E. P., and
Hitzeroth, I. I. (2018). Therapeutic Vaccines for High-Risk HPV-Associated
Diseases. Papillomavirus. Res. 5, 46-58. doi: 10.1016/j.pvr.2017.12.006

Chandra, J., Woo, W. P., Finlayson, N, Liu, H. Y., McGrath, M., Ladwa, R, et al.
(2021). A Phase 1, Single Centre, Open Label, Escalating Dose Study to Assess
the Safety, Tolerability and Immunogenicity of a Therapeutic Human
Papillomavirus (HPV) DNA Vaccine (AMV002) for HPV-Associated Head
and Neck Cancer (HNC). Cancer Immunol. Immunother. 70 (3), 743-753.
doi: 10.1007/500262-020-02720-7

Cheng, W. F,, Hung, C. F,, Chai, C. Y., Hsu, K. F,, He, L., Ling, M,, et al. (2001).
Tumor-Specific Immunity and Antiangiogenesis Generated by a DNA Vaccine
Encoding Calreticulin Linked to a Tumor Antigen. J. Clin. Invest. 108 (5), 669-
678. doi: 10.1172/jci12346

Cheng, L., Wang, Y., and Du, J. (2020). Human Papillomavirus Vaccines: An
Updated Review. Vaccines 8 (3), 3915. doi: 10.3390/vaccines8030391

Chen, M., Huang, L., and Wang, J. (2007). Deficiency of Bim in Dendritic Cells
Contributes to Overactivation of Lymphocytes and Autoimmunity. Blood 109
(10), 4360-4367. doi: 10.1182/blood-2006-11-056424

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2022 | Volume 12 | Article 909223


https://doi.org/10.1038/nbt0307-261
https://doi.org/10.1056/NEJMoa061741
https://doi.org/10.1056/NEJMoa061741
https://doi.org/10.1111/cei.13295
https://doi.org/10.3390/v12070744
https://doi.org/10.1016/j.ygyno.2015.11.026
https://doi.org/10.1002/pds.3554
https://doi.org/10.1002/pds.3593
https://doi.org/10.1136/jitc-2020-000704
https://doi.org/10.1128/mcb.13.10.6537-6546.1993
https://doi.org/10.1128/mcb.13.10.6537-6546.1993
https://doi.org/10.1016/j.vaccine.2011.05.025
https://doi.org/10.1097/igc.0000000000001235
https://doi.org/10.1016/s0042-6822(03)00447-1
https://doi.org/10.1016/s0042-6822(03)00447-1
https://doi.org/10.1097/INF.0b013e3181b77906
https://doi.org/10.3390/vaccines9111262
https://doi.org/10.3390/vaccines9111262
https://doi.org/10.1016/s0140-6736(96)90674-1
https://doi.org/10.3390/ijms20092188
https://doi.org/10.1016/bs.adgen.2014.10.005
https://doi.org/10.1016/j.ajog.2010.09.020
https://doi.org/10.1016/j.virol.2013.05.038
https://doi.org/10.1128/jvi.79.5.2839-2846.2005
https://doi.org/10.1128/cmr.16.1.1-17.2003
https://doi.org/10.1002/hed.25477
https://doi.org/10.1016/j.pvr.2017.12.006
https://doi.org/10.1007/s00262-020-02720-7
https://doi.org/10.1172/jci12346
https://doi.org/10.3390/vaccines8030391
https://doi.org/10.1182/blood-2006-11-056424
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Mo et al.

Advances in HPV Vaccines Research

Chen, C. H,, and Wu, T. C. (1998). Experimental Vaccine Strategies for Cancer
Immunotherapy. J. Biomed. Sci. 5 (4), 231-252. doi: 10.1007/bf02255855
Choi, Y. J., Hur, S. Y, Kim, T. J,, Hong, S. R,, Lee, J. K., Cho, C. H,, et al. (2020).
Prospective, Randomized, Multicenter, Open-Label Study of GX-188E, an
HPV DNA Vaccine, in Patients With Cervical Intraepithelial Neoplasia 3.
Clin. Cancer Res. 26 (7), 1616-1623. doi: 10.1158/1078-0432.Ccr-19-1513

Christensen, D., Agger, E. M., Andreasen, L. V., Kirby, D., Andersen, P., and
Perrie, Y. (2009). Liposome-Based Cationic Adjuvant Formulations (CAF):
Past, Present, and Future. J. Liposome. Res. 19 (1), 2-11. doi: 10.1080/
08982100902726820

Cory, L., and Chu, C. (2014). ADXS-HPV: A Therapeutic Listeria Vaccination
Targeting Cervical Cancers Expressing the HPV E7 Antigen. Hum. Vaccines
Immunotherapeut. 10 (11), 3190-3195. doi: 10.4161/hv.34378

Crosbie, E. J., and Kitchener, H. C. (2007). Cervarix-a Bivalent L1 Virus-Like
Particle Vaccine for Prevention of Human Papillomavirus Type 16- and 18-
Associated Cervical Cancer. Expert Opin. Biol. Ther. 7 (3), 391-396.
doi: 10.1517/14712598.7.3.391

Cubury, N, Khan, S., Thompson, C. D., Kim, R,, Vellinga, J., Zahn, R, et al.
(2018). Adenovirus Vector-Based Prime-Boost Vaccination via Heterologous
Routes Induces Cervicovaginal CD8(+) T Cell Responses Against HPV16
Oncoproteins. Int. J. Cancer 142 (7), 1467-1479. doi: 10.1002/ijc.31166

de Jong, A., van Poelgeest, M. I, van der Hulst, ]. M., Drijthout, . W., Fleuren, G.
J., Melief, C. J., et al. (2004). Human Papillomavirus Type 16-Positive Cervical
Cancer is Associated With Impaired CD4+ T-Cell Immunity Against Early
Antigens E2 and E6. Cancer Res. 64 (15), 5449-5455. doi: 10.1158/0008-
5472.Can-04-0831

de Sanjose, S., Quint, W. G., Alemany, L., Geraets, D. T., Klaustermeier, J. E.,
Lloveras, B., et al. (2010). Human Papillomavirus Genotype Attribution in
Invasive Cervical Cancer: A Retrospective Cross-Sectional Worldwide
Study. Lancet Oncol. 11 (11), 1048-1056. doi: 10.1016/s1470-2045(10)
70230-8

Diebold, S. S., Kaisho, T., Hemmi, H., Akira, S., and Reis e Sousa, C. (2004). Innate
Antiviral Responses by Means of TLR7-Mediated Recognition of Single-
Stranded RNA. Science 303 (5663), 1529-1531. doi: 10.1126/science.1093616

DiGiuseppe, S., Bienkowska-Haba, M., Guion, L. G., and Sapp, M. (2017). Cruising
the Cellular Highways: How Human Papillomavirus Travels From the Surface
to the Nucleus. Virus Res. 231, 1-9. doi: 10.1016/j.virusres.2016.10.015

Dilley, S., Miller, K. M., and Huh, W. K. (2020). Human Papillomavirus
Vaccination: Ongoing Challenges and Future Directions. Gynecol. Oncol. 156
(2), 498-502. doi: 10.1016/j.ygyno.2019.10.018

Dobson, S. R., McNeil, S., Dionne, M., Dawar, M., Ogilvie, G., Krajden, M., et al.
(2013). Immunogenicity of 2 Doses of HPV Vaccine in Younger Adolescents vs
3 Doses in Young Women: A Randomized Clinical Trial. Jama 309 (17), 1793-
1802. doi: 10.1001/jama.2013.1625

Dyson, N., Howley, P. M., Miinger, K., and Harlow, E. (1989). The Human
Papilloma Virus-16 E7 Oncoprotein is Able to Bind to the Retinoblastoma
Gene Product. Science 243 (4893), 934-937. doi: 10.1126/science.2537532

Eberhardt, C. S., Kissick, H. T., Patel, M. R., Cardenas, M. A., Prokhnevska, N.,
Obeng, R. C,, et al. (2021). Functional HPV-Specific PD-1(+) Stem-Like CD8 T
Cells in Head and Neck Cancer. Nature 597 (7875), 279-284. doi: 10.1038/
541586-021-03862-z

Egawa, K. (2003). Do Human Papillomaviruses Target Epidermal Stem Cells?
Dermatology 207 (3), 251-254. doi: 10.1159/000073085

Ewer, K. J., Lambe, T., Rollier, C. S., Spencer, A. J., Hill, A. V., and Dorrell, L.
(2016). Viral Vectors as Vaccine Platforms: From Immunogenicity to Impact.
Curr. Opin. Immunol. 41, 47-54. doi: 10.1016/j.c01.2016.05.014

Fader, A. N. (2018). Surgery in Cervical Cancer. New Engl. J. Med. 379 (20), 1955-
1957. doi: 10.1056/NEJMe1814034

Ford, K., Hanley, C. J., Mellone, M., Szyndralewiez, C., Heitz, F., Wiesel, P., et al.
(2020). NOX4 Inhibition Potentiates Inmunotherapy by Overcoming Cancer-
Associated Fibroblast-Mediated CD8 T-Cell Exclusion From Tumors. Cancer
Res. 80 (9), 1846-1860. doi: 10.1158/0008-5472.Can-19-3158

Forman, D., de Martel, C.,, Lacey, C. J., Soerjomataram, I., Lortet-Tieulent, J.,
Bruni, L., et al. (2012). Global Burden of Human Papillomavirus and Related
Diseases. Vaccine 30 Suppl 5, F12-F23. doi: 10.1016/j.vaccine.2012.07.055

Gao, Q.,, Dong, X,, Xu, Q., Zhu, L., Wang, F.,, Hou, Y., et al. (2019). Therapeutic
Potential of CRISPR/Cas9 Gene Editing in Engineered T-Cell Therapy. Cancer
Med. 8 (9), 4254-4264. doi: 10.1002/cam4.2257

Garland, S. M., Hernandez-Avila, M., Wheeler, C. M., Perez, G., Harper, D. M.,
Leodolter, S., et al. (2007). Quadrivalent Vaccine Against Human
Papillomavirus to Prevent Anogenital Diseases. New Engl. J. Med. 356 (19),
1928-1943. doi: 10.1056/NEJM0a061760

Garland, S. M, Kjaer, S. K., Munoz, N., Block, S. L., Brown, D. R., DiNubile, M. J.,
et al. (2016). Impact and Effectiveness of the Quadrivalent Human
Papillomavirus Vaccine: A Systematic Review of 10 Years of Real-World
Experience. Clin. Infect. Dis. 63 (4), 519-527. doi: 10.1093/cid/ciw354

Gomez-Gutierrez, J. G., Elpek, K. G., Montes de Oca-Luna, R., Shirwan, H., Sam
Zhou, H., and McMasters, K. M. (2007). Vaccination With an Adenoviral
Vector Expressing Calreticulin-Human Papillomavirus 16 E7 Fusion Protein
Eradicates E7 Expressing Established Tumors in Mice. Cancer Immunol.
Immunother. 56 (7), 997-1007. doi: 10.1007/s00262-006-0247-2

Graham, S. V. (2010). Human Papillomavirus: Gene Expression, Regulation and
Prospects for Novel Diagnostic Methods and Antiviral Therapies. Future
Microbiol. 5 (10), 1493-1506. doi: 10.2217/fmb.10.107

Graham, S. V. (2017). The Human Papillomavirus Replication Cycle, and its Links
to Cancer Progression: A Comprehensive Review. Clin. Sci. 131 (17), 2201-
2221. doi: 10.1042/cs20160786

Grunwitz, C., Salomon, N., Vascotto, F., Selmi, A., Bukur, T., Diken, M., et al.
(2019). HPV16 RNA-LPX Vaccine Mediates Complete Regression of
Aggressively Growing HPV-Positive Mouse Tumors and Establishes
Protective T Cell Memory. Oncoimmunology 8 (9), €1629259. doi: 10.1080/
2162402x.2019.1629259

Guirnalda, P., Wood, L., and Paterson, Y. (2012). Listeria Monocytogenes and its
Products as Agents for Cancer Immunotherapy. Adv. Immunol. 113, 81-118.
doi: 10.1016/b978-0-12-394590-7.00004-x

Gupta, S. M., and Mania-Pramanik, J. (2019). Molecular Mechanisms in
Progression of HPV-Associated Cervical Carcinogenesis. J. Biomed. Sci. 26
(1), 28. doi: 10.1186/s12929-019-0520-2

Hancock, G., Hellner, K., and Dorrell, L. (2018). Therapeutic HPV Vaccines. Best
Pract. Res. Clin. Obstetr. Gynaecol. 47, 59-72. doi: 10.1016/j.bpobgyn.2017.09.008

Hanna, E., and Bachmann, G. (2006). HPV Vaccination With Gardasil: A
Breakthrough in Women's Health. Expert Opin. Biol. Ther. 6 (11), 1223-
1227. doi: 10.1517/14712598.6.11.1223

Helt, A. M., and Galloway, D. A. (2001). Destabilization of the Retinoblastoma
Tumor Suppressor by Human Papillomavirus Type 16 E7 is Not Sufficient to
Overcome Cell Cycle Arrest in Human Keratinocytes. J. Virol. 75 (15), 6737-
6747. doi: 10.1128/jvi.75.15.6737-6747.2001

Herrero, R., Gonzalez, P., and Markowitz, L. E. (2015). Present Status of Human
Papillomavirus Vaccine Development and Implementation. Lancet Oncol. 16
(5), €206-€216. doi: 10.1016/s1470-2045(14)70481-4

Huber, B., Wang, J. W., Roden, R. B. S., and Kirnbauer, R. (2021). RG1-VLP and
Other L2-Based, Broad-Spectrum HPV Vaccine Candidates. J. Clin. Med. 10
(5), 1044. doi: 10.3390/jcm10051044

Huh, W. K., Joura, E. A., Giuliano, A. R, Iversen, O. E., de Andrade, R. P., Ault, K.
A., etal. (2017). Final Efficacy, Immunogenicity, and Safety Analyses of a Nine-
Valent Human Papillomavirus Vaccine in Women Aged 16-26 Years: A
Randomised, Double-Blind Trial. Lancet 390 (10108), 2143-2159.
doi: 10.1016/s0140-6736(17)31821-4

Hu, Z., and Ma, D. (2018). The Precision Prevention and Therapy of HPV-Related
Cervical Cancer: New Concepts and Clinical Implications. Cancer Med. 7 (10),
5217-5236. doi: 10.1002/cam4.1501

Ikeda, Y., Adachi, K., Tomio, K., Eguchi-Kojima, S., Tsuruga, T., Uchino-Mori, M.,
et al. (2021). A Placebo-Controlled, Double-Blind Randomized (Phase IIB)
Trial of Oral Administration With HPV16 E7-Expressing Lactobacillus,
GLBL101c, for the Treatment of Cervical Intraepithelial Neoplasia Grade 2
(Cin2). Vaccines 9 (4), 329. doi: 10.3390/vaccines9040329

Ip, P. P., Boerma, A., Walczak, M., Oosterhuis, K., Haanen, J. B., Schumacher, T.
N, et al. (2015). Antigen Design Enhances the Immunogenicity of Semliki
Forest Virus-Based Therapeutic Human Papillomavirus Vaccines. Gene Ther.
22 (7), 560-567. doi: 10.1038/gt.2015.24

Joura, E. A., Giuliano, A. R., Iversen, O. E., Bouchard, C., Mao, C., Mehlsen, J.,
et al. (2015). A 9-Valent HPV Vaccine Against Infection and Intraepithelial
Neoplasia in Women. New Engl. . Med. 372 (8), 711-723. doi: 10.1056/
NEJMoal405044

Kallen, K. J., Heidenreich, R., Schnee, M., Petsch, B., Schlake, T., Thess, A., et al.
(2013). A Novel, Disruptive Vaccination Technology: Self-Adjuvanted

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2022 | Volume 12 | Article 909223


https://doi.org/10.1007/bf02255855
https://doi.org/10.1158/1078-0432.Ccr-19-1513
https://doi.org/10.1080/08982100902726820
https://doi.org/10.1080/08982100902726820
https://doi.org/10.4161/hv.34378
https://doi.org/10.1517/14712598.7.3.391
https://doi.org/10.1002/ijc.31166
https://doi.org/10.1158/0008-5472.Can-04-0831
https://doi.org/10.1158/0008-5472.Can-04-0831
https://doi.org/10.1016/s1470-2045(10)70230-8
https://doi.org/10.1016/s1470-2045(10)70230-8
https://doi.org/10.1126/science.1093616
https://doi.org/10.1016/j.virusres.2016.10.015
https://doi.org/10.1016/j.ygyno.2019.10.018
https://doi.org/10.1001/jama.2013.1625
https://doi.org/10.1126/science.2537532
https://doi.org/10.1038/s41586-021-03862-z
https://doi.org/10.1038/s41586-021-03862-z
https://doi.org/10.1159/000073085
https://doi.org/10.1016/j.coi.2016.05.014
https://doi.org/10.1056/NEJMe1814034
https://doi.org/10.1158/0008-5472.Can-19-3158
https://doi.org/10.1016/j.vaccine.2012.07.055
https://doi.org/10.1002/cam4.2257
https://doi.org/10.1056/NEJMoa061760
https://doi.org/10.1093/cid/ciw354
https://doi.org/10.1007/s00262-006-0247-2
https://doi.org/10.2217/fmb.10.107
https://doi.org/10.1042/cs20160786
https://doi.org/10.1080/2162402x.2019.1629259
https://doi.org/10.1080/2162402x.2019.1629259
https://doi.org/10.1016/b978-0-12-394590-7.00004-x
https://doi.org/10.1186/s12929-019-0520-2
https://doi.org/10.1016/j.bpobgyn.2017.09.008
https://doi.org/10.1517/14712598.6.11.1223
https://doi.org/10.1128/jvi.75.15.6737-6747.2001
https://doi.org/10.1016/s1470-2045(14)70481-4
https://doi.org/10.3390/jcm10051044
https://doi.org/10.1016/s0140-6736(17)31821-4
https://doi.org/10.1002/cam4.1501
https://doi.org/10.3390/vaccines9040329
https://doi.org/10.1038/gt.2015.24
https://doi.org/10.1056/NEJMoa1405044
https://doi.org/10.1056/NEJMoa1405044
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Mo et al.

Advances in HPV Vaccines Research

RNActive(®) Vaccines. Hum. Vaccines Immunotherapeut. 9 (10), 2263-2276.
doi: 10.4161/hv.25181

Kalnin, K., Chivukula, S., Tibbitts, T., Yan, Y., Stegalkina, S., Shen, L., et al. (2017).
Incorporation of RG1 Epitope Concatemers Into a Self-Adjuvanting Flagellin-
L2 Vaccine Broaden Durable Protection Against Cutaneous Challenge With
Diverse Human Papillomavirus Genotypes. Vaccine 35 (37), 4942-4951.
doi: 10.1016/j.vaccine.2017.07.086

Kawana, K., Adachi, K., Kojima, S., Taguchi, A., Tomio, K., Yamashita, A., et al.
(2014). Oral Vaccination Against HPV E7 for Treatment of Cervical
Intraepithelial Neoplasia Grade 3 (CIN3) Elicits E7-Specific Mucosal
Immunity in the Cervix of CIN3 Patients. Vaccine 32 (47), 6233-6239.
doi: 10.1016/j.vaccine.2014.09.020

Kawasaki, T., Kawai, T., and Akira, S. (2011). Recognition of Nucleic Acids by
Pattern-Recognition Receptors and its Relevance in Autoimmunity. Immunol.
Rev. 243 (1), 61-73. doi: 10.1111/j.1600-065X.2011.01048.x

Kenter, G. G., Welters, M. J., Valentijn, A. R., Lowik, M. J., Berends-van der Meer,
D. M., Vloon, A. P, et al. (2009). Vaccination Against HPV-16 Oncoproteins
for Vulvar Intraepithelial Neoplasia. New Engl. J. Med. 361 (19), 1838-1847.
doi: 10.1056/NEJM0a0810097

Khan, S., Oosterhuis, K., Wunderlich, K., Bunnik, E. M., Bhaggoe, M., Boedhoe,
S., et al. (2017). Development of a Replication-Deficient Adenoviral Vector-
Based Vaccine Candidate for the Interception of HPV16- and HPV18-
Induced Infections and Disease. Int. J. Cancer 141 (2), 393-404.
doi: 10.1002/ijc.30679

Kim, T.J, Jin, H. T., Hur, S. Y., Yang, H. G,, Seo, Y. B, Hong, S. R,, et al. (2014).
Clearance of Persistent HPV Infection and Cervical Lesion by Therapeutic
DNA Vaccine in CIN3 Patients. Nat. Commun. 5, 5317. doi: 10.1038/
ncomms6317

Komdeur, F. L., Singh, A., van de Wall, S., Meulenberg, J. J. M., Boerma, A.,
Hoogeboom, B. N,, et al. (2021). First-In-Human Phase I Clinical Trial of an
SFV-Based RNA Replicon Cancer Vaccine Against HPV-Induced Cancers.
Mol. Ther. 29 (2), 611-625. doi: 10.1016/j.ymthe.2020.11.002

Kreimer, A. R., Gonzalez, P., Katki, H. A., Porras, C., Schiffman, M., Rodriguez, A.
C., et al. (2011). Efficacy of a Bivalent HPV 16/18 Vaccine Against Anal HPV
16/18 Infection Among Young Women: A Nested Analysis Within the Costa
Rica Vaccine Trial. Lancet Oncol. 12 (9), 862-870. doi: 10.1016/s1470-2045(11)
70213-3

Kreimer, A. R., Rodriguez, A. C., Hildesheim, A., Herrero, R., Porras, C,,
Schiffman, M., et al. (2011). Proof-Of-Principle Evaluation of the Efficacy of
Fewer Than Three Doses of a Bivalent HPV16/18 Vaccine. J. Natl. Cancer Inst.
103 (19), 1444-1451. doi: 10.1093/jnci/djr319

Kumar, S., Biswas, M., and Jose, T. (2015). HPV Vaccine: Current Status and
Future Directions. Med. J. Armed. Forces. India. 71 (2), 171-177. doi: 10.1016/
j.mjafi.2015.02.006

Lang Kuhs, K. A., Gonzalez, P., Rodriguez, A. C., van Doorn, L. J., Schiffman, M.,
Struijk, L., et al. (2014). Reduced Prevalence of Vulvar HPV16/18 Infection
Among Women Who Received the HPV16/18 Bivalent Vaccine: A Nested
Analysis Within the Costa Rica Vaccine Trial. J. Infect. Dis. 210 (12), 1890-
1899. doi: 10.1093/infdis/jiu357

Lazcano-Ponce, E., Stanley, M., Mufioz, N., Torres, L., Cruz-Valdez, A., Salmeron,
J., et al. (2014). Overcoming Barriers to HPV Vaccination: non-Inferiority of
Antibody Response to Human Papillomavirus 16/18 Vaccine in Adolescents
Vaccinated With a Two-Dose vs. A Three-Dose Schedule at 21 Months.
Vaccine 32 (6), 725-732. doi: 10.1016/j.vaccine.2013.11.059

Lee, S. Y., Kang, T. H., Knoff, J., Huang, Z., Soong, R. S., Alvarez, R. D., et al.
(2013). Intratumoral Injection of Therapeutic HPV Vaccinia Vaccine
Following Cisplatin Enhances HPV-Specific Antitumor Effects. Cancer
Immunol. Immunother. 62 (7), 1175-1185. doi: 10.1007/s00262-013-1421-y

Lee, S.J., Yang, A,, Wy, T. C., and Hung, C. F. (2016). Immunotherapy for Human
Papillomavirus-Associated Disease and Cervical Cancer: Review of Clinical
and Translational Research. J. Gynecol. Oncol. 27 (5), e51. doi: 10.3802/
jg0.2016.27.e51

Lei, J., Osen, W., Gardyan, A., Hotz-Wagenblatt, A., Wei, G., Gissmann, L., et al.
(2015). Replication-Competent Foamy Virus Vaccine Vectors as Novel
Epitope Scaffolds for Immunotherapy. PloS One 10 (9), e0138458.
doi: 10.1371/journal.pone.0138458

Li, X, Jiang, S., and Tapping, R. I. (2010). Toll-Like Receptor Signaling in Cell
Proliferation and Survival. Cytokine 49 (1), 1-9. doi: 10.1016/j.cyt0.2009.08.010

Lin, Y. L., Borenstein, L. A., Selvakumar, R,, Ahmed, R., and Wettstein, F. O.
(1992). Effective Vaccination Against Papilloma Development by
Immunization With L1 or L2 Structural Protein of Cottontail Rabbit
Papillomavirus. Virology 187 (2), 612-619. doi: 10.1016/0042-6822(92)
90463-y

Li, L., and Petrovsky, N. (2016). Molecular Mechanisms for Enhanced DNA
Vaccine Immunogenicity. Expert Rev. Vaccines 15 (3), 313-329. doi: 10.1586/
14760584.2016.1124762

Liu, D. W,, Tsao, Y. P, Kung, J. T., Ding, Y. A., Sytwu, H. K., Xiao, X., et al. (2000).
Recombinant Adeno-Associated Virus Expressing Human Papillomavirus
Type 16 E7 Peptide DNA Fused With Heat Shock Protein DNA as a
Potential Vaccine for Cervical Cancer. J. Virol. 74 (6), 2888-2894.
doi: 10.1128/jvi.74.6.2888-2894.2000

Lungwitz, U., Breunig, M., Blunk, T., and Gépferich, A. (2005). Polyethylenimine-
Based non-Viral Gene Delivery Systems. Eur. ]. Pharmaceut. Biopharmaceut.
60 (2), 247-266. doi: 10.1016/j.¢jpb.2004.11.011

Macartney, K. K., Chiu, C., Georgousakis, M., and Brotherton, J. M. (2013). Safety
of Human Papillomavirus Vaccines: A Review. Drug Saf. 36 (6), 393-412.
doi: 10.1007/s40264-013-0039-5

Maciag, P. C., Radulovic, S., and Rothman, J. (2009). The First Clinical Use of a
Live-Attenuated Listeria Monocytogenes Vaccine: A Phase I Safety Study of
Lm-LLO-E7 in Patients With Advanced Carcinoma of the Cervix. Vaccine 27
(30), 3975-3983. doi: 10.1016/j.vaccine.2009.04.041

Malone, R. W., Felgner, P. L., and Verma, I. M. (1989). Cationic Liposome-
Mediated RNA Transfection. Proc. Natl. Acad. Sci. United. States America 86
(16), 6077-6081. doi: 10.1073/pnas.86.16.6077

Ma, B., Maraj, B., Tran, N. P, Knoff, J., Chen, A., Alvarez, R. D., et al. (2012).
Emerging Human Papillomavirus Vaccines. Expert Opin. Emerging. Drugs 17
(4), 469-492. doi: 10.1517/14728214.2012.744393

Mansilla, C., Berraondo, P., Durantez, M., Martinez, M., Casares, N., Arribillaga,
L., et al. (2012). Eradication of Large Tumors Expressing Human
Papillomavirus E7 Protein by Therapeutic Vaccination With E7 Fused to the
Extra Domain a From Fibronectin. Int. J. Cancer 131 (3), 641-651.
doi: 10.1002/ijc.26412

Markowitz, L. E., Liu, G., Hariri, S., Steinau, M., Dunne, E. F., and Unger, E. R.
(2016). Prevalence of HPV After Introduction of the Vaccination Program in
the United States. Pediatrics 137 (3), €20151968. doi: 10.1542/peds.2015-1968

Maruggi, G., Zhang, C., Li, J., Ulmer, J. B, and Yu, D. (2019). mRNA as a
Transformative Technology for Vaccine Development to Control Infectious
Diseases. Mol. Ther. 27 (4), 757-772. doi: 10.1016/j.ymthe.2019.01.020

Massarelli, E., William, W., Johnson, F., Kies, M., Ferrarotto, R., Guo, M., et al.
(2019). Combining Immune Checkpoint Blockade and Tumor-Specific
Vaccine for Patients With Incurable Human Papillomavirus 16-Related
Cancer: A Phase 2 Clinical Trial. JAMA Oncol. 5 (1), 67-73. doi: 10.1001/
jamaoncol.2018.4051

McBride, A. A. (2017). Mechanisms and Strategies of Papillomavirus Replication.
Biol. Chem. 398 (8), 919-927. doi: 10.1515/hsz-2017-0113

McCormack, P. L. (2014). Quadrivalent Human Papillomavirus (Types 6, 11, 16,
18) Recombinant Vaccine (Gardasil(®)): A Review of its Use in the Prevention
of Premalignant Anogenital Lesions, Cervical and Anal Cancers, and Genital
Warts. Drugs 74 (11), 1253-1283. doi: 10.1007/s40265-014-0255-z

Mclntyre, M. C., Ruesch, M. N, and Laimins, L. A. (1996). Human Papillomavirus
E7 Oncoproteins Bind a Single Form of Cyclin E in a Complex With Cdk2 and
P107. Virology 215 (1), 73-82. doi: 10.1006/viro.1996.0008

Melamed, A., Margul, D. J., Chen, L., Keating, N. L., Del Carmen, M. G., Yang, J.,
et al. (2018). Survival After Minimally Invasive Radical Hysterectomy for
Early-Stage Cervical Cancer. New Engl. ]. Med. 379 (20), 1905-1914.
doi: 10.1056/NEJMoa1804923

Melief, C. J. M., Welters, M. J. P., Vergote, I, Kroep, J. R, Kenter, G. G,
Ottevanger, P. B., et al. (2020). Strong Vaccine Responses During
Chemotherapy are Associated With Prolonged Cancer Survival. Sci. Trans.
Med. 12 (535), eaaz8235. doi: 10.1126/scitranslmed.aaz8235

Mitchell, T. C., and Casella, C. R. (2017). No Pain No Gain? Adjuvant Effects of
Alum and Monophosphoryl Lipid A in Pertussis and HPV Vaccines. Curr.
Opin. Immunol. 47, 17-25. doi: 10.1016/j.c0i.2017.06.009

Mohsen, M. O., Zha, L., Cabral-Miranda, G., and Bachmann, M. F. (2017). Major
Findings and Recent Advances in Virus-Like Particle (VLP)-Based Vaccines.
Semin. Immunol. 34, 123-132. doi: 10.1016/j.smim.2017.08.014

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2022 | Volume 12 | Article 909223


https://doi.org/10.4161/hv.25181
https://doi.org/10.1016/j.vaccine.2017.07.086
https://doi.org/10.1016/j.vaccine.2014.09.020
https://doi.org/10.1111/j.1600-065X.2011.01048.x
https://doi.org/10.1056/NEJMoa0810097
https://doi.org/10.1002/ijc.30679
https://doi.org/10.1038/ncomms6317
https://doi.org/10.1038/ncomms6317
https://doi.org/10.1016/j.ymthe.2020.11.002
https://doi.org/10.1016/s1470-2045(11)70213-3
https://doi.org/10.1016/s1470-2045(11)70213-3
https://doi.org/10.1093/jnci/djr319
https://doi.org/10.1016/j.mjafi.2015.02.006
https://doi.org/10.1016/j.mjafi.2015.02.006
https://doi.org/10.1093/infdis/jiu357
https://doi.org/10.1016/j.vaccine.2013.11.059
https://doi.org/10.1007/s00262-013-1421-y
https://doi.org/10.3802/jgo.2016.27.e51
https://doi.org/10.3802/jgo.2016.27.e51
https://doi.org/10.1371/journal.pone.0138458
https://doi.org/10.1016/j.cyto.2009.08.010
https://doi.org/10.1016/0042-6822(92)90463-y
https://doi.org/10.1016/0042-6822(92)90463-y
https://doi.org/10.1586/14760584.2016.1124762
https://doi.org/10.1586/14760584.2016.1124762
https://doi.org/10.1128/jvi.74.6.2888-2894.2000
https://doi.org/10.1016/j.ejpb.2004.11.011
https://doi.org/10.1007/s40264-013-0039-5
https://doi.org/10.1016/j.vaccine.2009.04.041
https://doi.org/10.1073/pnas.86.16.6077
https://doi.org/10.1517/14728214.2012.744393
https://doi.org/10.1002/ijc.26412
https://doi.org/10.1542/peds.2015-1968
https://doi.org/10.1016/j.ymthe.2019.01.020
https://doi.org/10.1001/jamaoncol.2018.4051
https://doi.org/10.1001/jamaoncol.2018.4051
https://doi.org/10.1515/hsz-2017-0113
https://doi.org/10.1007/s40265-014-0255-z
https://doi.org/10.1006/viro.1996.0008
https://doi.org/10.1056/NEJMoa1804923
https://doi.org/10.1126/scitranslmed.aaz8235
https://doi.org/10.1016/j.coi.2017.06.009
https://doi.org/10.1016/j.smim.2017.08.014
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Mo et al.

Advances in HPV Vaccines Research

Moody, C. A., and Laimins, L. A. (2010). Human Papillomavirus Oncoproteins:
Pathways to Transformation. Nat. Rev. Cancer 10 (8), 550-560. doi: 10.1038/
nrc2886

Moscicki, A. B., Schifftman, M., Burchell, A., Albero, G., Giuliano, A. R., Goodman,
M. T,, et al. (2012). Updating the Natural History of Human Papillomavirus
and Anogenital Cancers. Vaccine 30 Suppl 5 (0 5), F24-F33. doi: 10.1016/
j.vaccine.2012.05.089

Moscicki, A. B., Shiboski, S., Hills, N. K., Powell, K. J., Jay, N., Hanson, E. N, et al.
(2004). Regression of Low-Grade Squamous Intra-Epithelial Lesions in Young
Women. Lancet 364 (9446), 1678-1683. doi: 10.1016/s0140-6736(04)17354-6

Muiioz, N., Bosch, F. X,, de Sanjosé, S., Herrero, R., Castellsagué, X., Shah, K. V.,
et al. (2003). Epidemiologic Classification of Human Papillomavirus Types
Associated With Cervical Cancer. New Engl. ]. Med. 348 (6), 518-527.
doi: 10.1056/NEJMo0a021641

Nagarsheth, N. B., Norberg, S. M., Sinkoe, A. L., Adhikary, S., Meyer, T. J., Lack, J.
B., et al. (2021). TCR-Engineered T Cells Targeting E7 for Patients With
Metastatic HPV-Associated Epithelial Cancers. Nat. Med. 27 (3), 419-425.
doi: 10.1038/s41591-020-01225-1

Nardelli-Haefliger, D., Wirthner, D., Schiller, J. T., Lowy, D. R., Hildesheim, A.,
Ponci, F., et al. (2003). Specific Antibody Levels at the Cervix During the
Menstrual Cycle of Women Vaccinated With Human Papillomavirus 16
Virus-Like Particles. J. Natl. Cancer Inst. 95 (15), 1128-1137. doi: 10.1093/
jnci/djg018

Paavonen, J., Naud, P., Salmerén, J., Wheeler, C. M., Chow, S. N., Apter, D., et al.
(2009). Efficacy of Human Papillomavirus (HPV)-16/18 AS04-Adjuvanted
Vaccine Against Cervical Infection and Precancer Caused by Oncogenic
HPV Types (PATRICIA): Final Analysis of a Double-Blind, Randomised
Study in Young Women. Lancet 374 (9686), 301-314. doi: 10.1016/s0140-
6736(09)61248-4

Pardi, N., Hogan, M. ], Porter, F. W., and Weissman, D. (2018). mRNA Vaccines -
a New Era in Vaccinology. Nat. Rev. Drug Discovery 17 (4), 261-279.
doi: 10.1038/nrd.2017.243

Pardoll, D. M. (2012). The Blockade of Immune Checkpoints in Cancer
Immunotherapy. Nat. Rev. Cancer 12 (4), 252-264. doi: 10.1038/nrc3239

Paris, R,, Bejrachandra, S., Thongcharoen, P., Nitayaphan, S., Pitisuttithum, P.,
Sambor, A, et al. (2012). HLA Class II Restriction of HIV-1 Clade-Specific
Neutralizing Antibody Responses in Ethnic Thai Recipients of the RV144
Prime-Boost Vaccine Combination of ALVAC-HIV and AIDSVAX(®) B/E.
Vaccine 30 (5), 832-836. doi: 10.1016/j.vaccine.2011.11.002

Peng, S., Kim, T. W,, Lee, J. H., Yang, M., He, L., Hung, C. F,, et al. (2005).
Vaccination With Dendritic Cells Transfected With BAK and BAX siRNA
Enhances Antigen-Specific Inmune Responses by Prolonging Dendritic Cell
Life. Hum. Gene Ther. 16 (5), 584-593. doi: 10.1089/hum.2005.16.584

Petrosky, E., Bocchini, J. A.Jr., Hariri, S., Chesson, H., Curtis, C. R., Saraiya, M.,
etal. (2015). Use of 9-Valent Human Papillomavirus (HPV) Vaccine: Updated
HPV Vaccination Recommendations of the Advisory Committee on
Immunization Practices. MMWR. Morbid. Mortal. Weekly. Rep. 64 (11),
300-304.

Pierce Campbell, C. M., Menezes, L. J., Paskett, E. D., and Giuliano, A. R. (2012).
Prevention of Invasive Cervical Cancer in the United States: Past, Present, and
Future. Cancer Epidemiol. Biomarkers Prev. 21 (9), 1402-1408. doi: 10.1158/
1055-9965.Epi-11-1158

Pinatti, L. M., Walline, H. M., and Carey, T. E. (2018). Human Papillomavirus
Genome Integration and Head and Neck Cancer. J. Dental Res. 97 (6), 691-
700. doi: 10.1177/0022034517744213

Porras, C., Tsang, S. H., Herrero, R., Guillen, D., Darragh, T. M., Stoler, M. H.,
et al. (2020). Efficacy of the Bivalent HPV Vaccine Against HPV 16/18-
Associated Precancer: Long-Term Follow-Up Results From the Costa Rica
Vaccine Trial. Lancet Oncol. 21 (12), 1643-1652. doi: 10.1016/s1470-2045(20)
30524-6

Printz, C. (2015). FDA Approves Gardasil 9 for More Types of HPV. Cancer 121
(8), 1156-1157. doi: 10.1002/cncr.29374

Pyeon, D., Pearce, S. M., Lank, S. M., Ahlquist, P., and Lambert, P. F. (2009).
Establishment of Human Papillomavirus Infection Requires Cell Cycle
Progression. PloS Pathog. 5 (2), €1000318. doi: 10.1371/journal.ppat.1000318

Rajcani, J., Mosko, T., and Rezuchova, I. (2005). Current Developments in Viral
DNA Vaccines: Shall They Solve the Unsolved? Rev. Med. Virol. 15 (5), 303-
325. doi: 10.1002/rmv.467

Ren, F., Xu, Y., Mao, L, Ou, R, Ding, Z., Zhang, X,, et al. (2010). Heat Shock
Protein 110 Improves the Antitumor Effects of the Cytotoxic T Lymphocyte
Epitope E7(49-57) in Mice. Cancer Biol. Ther. 9 (2), 134-141. doi: 10.4161/
cbt.9.2.10391

Rosales, C., Graham, V. V., Rosas, G. A., Merchant, H., and Rosales, R. (2000). A
Recombinant Vaccinia Virus Containing the Papilloma E2 Protein Promotes
Tumor Regression by Stimulating Macrophage Antibody-Dependent
Cytotoxicity. Cancer Immunol. Immunother. 49 (7), 347-360. doi: 10.1007/
5002620000125

Rosales, R., Lopez-Contreras, M., Rosales, C., Magallanes-Molina, J. R., Gonzalez-
Vergara, R., Arroyo-Cazarez, J. M., et al. (2014). Regression of Human
Papillomavirus Intraepithelial Lesions is Induced by MVA E2 Therapeutic
Vaccine. Hum. Gene Ther. 25 (12), 1035-1049. doi: 10.1089/hum.2014.024

Safaeian, M., Porras, C., Pan, Y., Kreimer, A., Schiller, J. T., Gonzalez, P., et al.
(2013). Durable Antibody Responses Following One Dose of the Bivalent
Human Papillomavirus L1 Virus-Like Particle Vaccine in the Costa Rica
Vaccine Trial. Cancer Prev. Res. (Philadelphia. Pa). 6 (11), 1242-1250.
doi: 10.1158/1940-6207.Capr-13-0203

Santesso, N., Mustafa, R. A., Wiercioch, W., Kehar, R., Gandhi, S., Chen, Y., et al.
(2016). Systematic Reviews and Meta-Analyses of Benefits and Harms of
Cryotherapy, LEEP, and Cold Knife Conization to Treat Cervical
Intraepithelial Neoplasia. Int. J. Gynaecol. Obstetr. 132 (3), 266-271.
doi: 10.1016/j.ijg0.2015.07.026

Santin, A. D., Bellone, S., Palmieri, M., Ravaggi, A., Romani, C., Tassi, R., et al.
(2006). HPV16/18 E7-Pulsed Dendritic Cell Vaccination in Cervical Cancer
Patients With Recurrent Disease Refractory to Standard Treatment Modalities.
Gynecol. Oncol. 100 (3), 469-478. doi: 10.1016/j.ygyno.2005.09.040

Santin, A. D., Bellone, S., Palmieri, M., Zanolini, A., Ravaggi, A., Siegel, E. R,, et al.
(2008). Human Papillomavirus Type 16 and 18 E7-Pulsed Dendritic Cell
Vaccination of Stage IB or ITA Cervical Cancer Patients: A Phase I Escalating-
Dose Trial. J. Virol. 82 (4), 1968-1979. doi: 10.1128/jvi.02343-07

Santin, A. D., Bellone, S., Roman, J. J., Burnett, A., Cannon, M. J., and Pecorelli, S.
(2005). Therapeutic Vaccines for Cervical Cancer: Dendritic Cell-Based
Immunotherapy. Curr. Pharm. Design. 11 (27), 3485-3500. doi: 10.2174/
138161205774414565

Santin, A. D., Hermonat, P. L., Ravaggi, A., Chiriva-Internati, M., Zhan, D,
Pecorelli, S., et al. (1999). Induction of Human Papillomavirus-Specific CD4(+)
and CD8(+) Lymphocytes by E7-Pulsed Autologous Dendritic Cells in Patients
With Human Papillomavirus Type 16- and 18-Positive Cervical Cancer. J.
Virol. 73 (7), 5402-5410. doi: 10.1128/jvi.73.7.5402-5410.1999

Schellenbacher, C., Roden, R., and Kirnbauer, R. (2009). Chimeric L1-L2 Virus-
Like Particles as Potential Broad-Spectrum Human Papillomavirus Vaccines. J.
Virol. 83 (19), 10085-10095. doi: 10.1128/jvi.01088-09

Schiffman, M., and Solomon, D. (2013). Clinical Practice. Cervical-Cancer
Screening With Human Papillomavirus and Cytologic Cotesting. New Engl.
J. Med. 369 (24), 2324-2331. doi: 10.1056/NEJMcp1210379

Schwarz, T. F., Spaczynski, M., Schneider, A., Wysocki, J., Galaj, A., Schulze, K.,
et al. (2011). Persistence of Immune Response to HPV-16/18 AS04-
Adjuvanted Cervical Cancer Vaccine in Women Aged 15-55 Years. Hum.
Vaccines 7 (9), 958-965. doi: 10.4161/hv.7.9.15999

Siegel, R. L., Miller, K. D., and Jemal, A. (2016). Cancer Statistics, 2016. CA.:
Cancer J. Clin. 66 (1), 7-30. doi: 10.3322/caac.21332

Slade, B. A., Leidel, L., Vellozzi, C., Woo, E. J., Hua, W., Sutherland, A., et al.
(2009). Postlicensure Safety Surveillance for Quadrivalent Human
Papillomavirus Recombinant Vaccine. Jama 302 (7), 750-757. doi: 10.1001/
jama.2009.1201

Smith, J. A., Haberstroh, F. S., White, E. A, Livingston, D. M., DeCaprio, J. A., and
Howley, P. M. (2014). SMCX and Components of the TIP60 Complex
Contribute to E2 Regulation of the HPV E6/E7 Promoter. Virology 468-470,
311-321. doi: 10.1016/j.virol.2014.08.022

Spinner, C., Ding, L., Bernstein, D. I, Brown, D. R,, Franco, E. L., Covert, C,, et al.
(2019). Human Papillomavirus Vaccine Effectiveness and Herd Protection in
Young Women. Pediatrics 143 (2), €20181902. doi: 10.1542/peds.2018-1902

Stanley, M., Joura, E.,, Yen, G. P., Kothari, S., Luxembourg, A., Saah, A., et al.
(2021). Systematic Literature Review of Neutralizing Antibody Immune
Responses to non-Vaccine Targeted High-Risk HPV Types Induced by the
Bivalent and the Quadrivalent Vaccines. Vaccine 39 (16), 2214-2223.
doi: 10.1016/j.vaccine.2021.01.060

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2022 | Volume 12 | Article 909223


https://doi.org/10.1038/nrc2886
https://doi.org/10.1038/nrc2886
https://doi.org/10.1016/j.vaccine.2012.05.089
https://doi.org/10.1016/j.vaccine.2012.05.089
https://doi.org/10.1016/s0140-6736(04)17354-6
https://doi.org/10.1056/NEJMoa021641
https://doi.org/10.1038/s41591-020-01225-1
https://doi.org/10.1093/jnci/djg018
https://doi.org/10.1093/jnci/djg018
https://doi.org/10.1016/s0140-6736(09)61248-4
https://doi.org/10.1016/s0140-6736(09)61248-4
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1038/nrc3239
https://doi.org/10.1016/j.vaccine.2011.11.002
https://doi.org/10.1089/hum.2005.16.584
https://doi.org/10.1158/1055-9965.Epi-11-1158
https://doi.org/10.1158/1055-9965.Epi-11-1158
https://doi.org/10.1177/0022034517744213
https://doi.org/10.1016/s1470-2045(20)30524-6
https://doi.org/10.1016/s1470-2045(20)30524-6
https://doi.org/10.1002/cncr.29374
https://doi.org/10.1371/journal.ppat.1000318
https://doi.org/10.1002/rmv.467
https://doi.org/10.4161/cbt.9.2.10391
https://doi.org/10.4161/cbt.9.2.10391
https://doi.org/10.1007/s002620000125
https://doi.org/10.1007/s002620000125
https://doi.org/10.1089/hum.2014.024
https://doi.org/10.1158/1940-6207.Capr-13-0203
https://doi.org/10.1016/j.ijgo.2015.07.026
https://doi.org/10.1016/j.ygyno.2005.09.040
https://doi.org/10.1128/jvi.02343-07
https://doi.org/10.2174/138161205774414565
https://doi.org/10.2174/138161205774414565
https://doi.org/10.1128/jvi.73.7.5402-5410.1999
https://doi.org/10.1128/jvi.01088-09
https://doi.org/10.1056/NEJMcp1210379
https://doi.org/10.4161/hv.7.9.15999
https://doi.org/10.3322/caac.21332
https://doi.org/10.1001/jama.2009.1201
https://doi.org/10.1001/jama.2009.1201
https://doi.org/10.1016/j.virol.2014.08.022
https://doi.org/10.1542/peds.2018-1902
https://doi.org/10.1016/j.vaccine.2021.01.060
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Mo et al.

Advances in HPV Vaccines Research

Tagliamonte, M., Petrizzo, A., Tornesello, M. L., Buonaguro, F. M., and
Buonaguro, L. (2014). Antigen-Specific Vaccines for Cancer Treatment.
Hum. Vaccines Immunotherapeut. 10 (11), 3332-3346. doi: 10.4161/
21645515.2014.973317

Takeuchi, O., and Akira, S. (2010). Pattern Recognition Receptors and
Inflammation. Cell 140 (6), 805-820. doi: 10.1016/j.cell.2010.01.022

Tewari, K. S,, Sill, M. W., Long, H. ].3rd, Penson, R. T., Huang, H., Ramondetta, L.
M, et al. (2014). Improved Survival With Bevacizumab in Advanced Cervical
Cancer. New Engl. J. Med. 370 (8), 734-743. doi: 10.1056/NEJMoal1309748

Tumban, E., Peabody, J., Peabody, D. S., and Chackerian, B. (2013). A Universal
Virus-Like Particle-Based Vaccine for Human Papillomavirus: Longevity of
Protection and Role of Endogenous and Exogenous Adjuvants. Vaccine 31
(41), 4647-4654. doi: 10.1016/j.vaccine.2013.07.052

Tyler, M., Tumban, E., and Chackerian, B. (2014). Second-Generation
Prophylactic HPV Vaccines: Successes and Challenges. Expert Rev. Vaccines
13 (2), 247-255. doi: 10.1586/14760584.2014.865523

Valdez Graham, V., Sutter, G., José, M. V., Garcia-Carranca, A., Erfle, V.,
Moreno Mendoza, N, et al. (2000). Human Tumor Growth is Inhibited by a
Vaccinia Virus Carrying the E2 Gene of Bovine Papillomavirus. Cancer 88
(7), 1650-1662. doi: 10.1002/(sici)1097-0142(20000401)88:7<1650::aid-
cncr20>3.0.c0;2-1

Vici, P., Pizzuti, L., Mariani, L., Zampa, G., Santini, D., Di Lauro, L., et al. (2016).
Targeting Immune Response With Therapeutic Vaccines in Premalignant
Lesions and Cervical Cancer: Hope or Reality From Clinical Studies. Expert
Rev. Vaccines 15 (10), 1327-1336. doi: 10.1080/14760584.2016.1176533

Wang, B, Li, X, Liu, L., and Wang, M. (2020). B-Catenin: Oncogenic Role and
Therapeutic Target in Cervical Cancer. Biol. Res. 53 (1), 33. doi: 10.1186/
540659-020-00301-7

Wang, T. L, Ling, M., Shih, I. M., Pham, T,, Pai, S. L, Lu, Z., et al. (2000).
Intramuscular Administration of E7-Transfected Dendritic Cells Generates the
Most Potent E7-Specific Anti-Tumor Immunity. Gene Ther. 7 (9), 726-733.
doi: 10.1038/sj.gt.3301160

Wang, R., Pan, W, Jin, L., Huang, W., Li, Y., Wu, D, et al. (2020). Human
Papillomavirus Vaccine Against Cervical Cancer: Opportunity and Challenge.
Cancer Lett. 471, 88-102. doi: 10.1016/j.canlet.2019.11.039

Wang, J. W., and Roden, R. B. (2013). L2, the Minor Capsid Protein of
Papillomavirus. Virology 445 (1-2), 175-186. doi: 10.1016/j.virol.2013.04.017

Wendel Naumann, R., and Leath, C. A.3rd (2020). Advances in Immunotherapy
for Cervical Cancer. Curr. Opin. Oncol. 32 (5), 481-487. doi: 10.1097/
€c0.0000000000000663

Wheeler, C. M., Skinner, S. R., Del Rosario-Raymundo, M. R,, Garland, S. M.,
Chatterjee, A., Lazcano-Ponce, E., et al. (2016). Efficacy, Safety, and
Immunogenicity of the Human Papillomavirus 16/18 AS04-Adjuvanted
Vaccine in Women Older Than 25 Years: 7-Year Follow-Up of the Phase 3,
Double-Blind, Randomised Controlled VIVIANE Study. Lancet Infect. Dis. 16
(10), 1154-1168. doi: 10.1016/s1473-3099(16)30120-7

Wolft, J. A., Malone, R. W., Williams, P., Chong, W., Acsadi, G., Jani, A,, et al.
(1990). Direct Gene Transfer Into Mouse Muscle In Vivo. Science 247 (4949 Pt
1), 1465-1468. doi: 10.1126/science.1690918

Woodham, A. W., Cheloha, R. W., Ling, J., Rashidian, M., Kolifrath, S. C.,
Mesyngier, M., et al. (2018). Nanobody-Antigen Conjugates Elicit HPV-
Specific Antitumor Immune Responses. Cancer Immunol. Res. 6 (7), 870-
880. doi: 10.1158/2326-6066.Cir-17-0661

Yadav, R, Zhai, L., and Tumban, E. (2019). Virus-Like Particle-Based L2 Vaccines
Against HPVs: Where Are We Today? Viruses 12 (1). doi: 10.3390/v12010018

Yang, A., Farmer, E, Wu, T. C, and Hung, C. F. (2016). Perspectives for
Therapeutic HPV Vaccine Development. J. Biomed. Sci. 23 (1), 75.
doi: 10.1186/512929-016-0293-9

Yang, B,, Jeang, J., Yang, A., Wu, T. C,, and Hung, C. F. (2014). DNA Vaccine for
Cancer Immunotherapy. Hum. Vaccines Immunotherapeut. 10 (11), 3153-
3164. doi: 10.4161/21645515.2014.980686

Zhai, L., and Tumban, E. (2016). Gardasil-9: A Global Survey of Projected Efficacy.
Antiviral Res. 130, 101-109. doi: 10.1016/j.antiviral.2016.03.016

zur Hausen, H. (2002). Papillomaviruses and Cancer: From Basic Studies to
Clinical Application. Nat. Rev. Cancer 2 (5), 342-350. doi: 10.1038/nrc798

Zurkova, K., Babiarova, K., Hainz, P., Krystofova, J., Kutinova, L., Otahal, P, et al.
(2009). The Expression of the Soluble Isoform of Hflt3 Ligand by Recombinant
Vaccinia Virus Enhances Immunogenicity of the Vector. Oncol. Rep. 21 (5),
1335-1343. doi: 10.3892/0r_00000359

Conflict of Interest: Author JS was employed by the company Chongqing
Precision Biotech Co., Ltd. Authors JM, HZ, YX, JC and JH were employed by
the company Chongqing Institute of Precision Medicine and Biotechnology Co.,
Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Mo, Ma, Zhang, Shen, Chen, Hong, Xu and Qian. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2022 | Volume 12 | Article 909223


https://doi.org/10.4161/21645515.2014.973317
https://doi.org/10.4161/21645515.2014.973317
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1056/NEJMoa1309748
https://doi.org/10.1016/j.vaccine.2013.07.052
https://doi.org/10.1586/14760584.2014.865523
https://doi.org/10.1002/(sici)1097-0142(20000401)88:7%3C1650::aid-cncr20%3E3.0.co;2-l
https://doi.org/10.1002/(sici)1097-0142(20000401)88:7%3C1650::aid-cncr20%3E3.0.co;2-l
https://doi.org/10.1080/14760584.2016.1176533
https://doi.org/10.1186/s40659-020-00301-7
https://doi.org/10.1186/s40659-020-00301-7
https://doi.org/10.1038/sj.gt.3301160
https://doi.org/10.1016/j.canlet.2019.11.039
https://doi.org/10.1016/j.virol.2013.04.017
https://doi.org/10.1097/cco.0000000000000663
https://doi.org/10.1097/cco.0000000000000663
https://doi.org/10.1016/s1473-3099(16)30120-7
https://doi.org/10.1126/science.1690918
https://doi.org/10.1158/2326-6066.Cir-17-0661
https://doi.org/10.3390/v12010018
https://doi.org/10.1186/s12929-016-0293-9
https://doi.org/10.4161/21645515.2014.980686
https://doi.org/10.1016/j.antiviral.2016.03.016
https://doi.org/10.1038/nrc798
https://doi.org/10.3892/or_00000359
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Prophylactic and Therapeutic HPV Vaccines: Current Scenario and Perspectives
	1 Introduction
	2 HPV and Cervical Cancer
	3 Genome and Pathogenesis of HPV
	3.1 HPV Genotypes and Structures
	3.2 Life Cycle and Pathogenic Mechanism of HPV

	4 Research Progress of HPV Prophylactic Vaccines
	4.1 Current Status of Commercially Available HPV Prophylactic Vaccines
	4.1.1 Gardasil&reg;4
	4.1.2 Cervarix&trade;
	4.1.3 Gardasil&reg;9
	4.1.4 The Dosage and Safety of the HPV Prophylactic Vaccines

	4.2 Future Development Direction of HPV Prophylactic Vaccines

	5 Research Progress of HPV Therapeutic Vaccines
	5.1 Live Vector-Based Vaccines
	5.1.1 Bacterial Vector-Based Vaccines
	5.1.2 Viral Vector-Based Vaccines

	5.2 Peptide and Protein-Based Vaccines
	5.3 Nucleic Acid-Based Vaccines
	5.3.1 DNA Vaccines
	5.3.2 mRNA Vaccines

	5.4 Whole Cell Vaccines
	5.4.1 DC Vaccines
	5.4.2 Tumor Vaccines

	5.5 Improvement of HPV Therapeutic Vaccines

	6 Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


