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Human papillomavirus (HPV) contributes to sexually transmitted infection,
which is primarily associated with pre-cancerous and cancerous lesions in
both men and women and is among the neglected cancerous infections in the
world. At global level, two-, four-, and nine-valent pure L1 protein
encompassed vaccines in targeting high-risk HPV strains using recombinant
DNA technology are available. Therapeutic vaccines are produced by early and
late oncoproteins that impart superior cell immunity to preventive vaccines
that are under investigation. In the current review, we have not only discussed
the clinical significance and importance of both preventive and therapeutic
vaccines but also highlighted their dosage and mode of administration. This
review is novel in its way and will pave the way for researchers to address the
challenges posed by HPV-based vaccines at the present time.
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Abbreviations: HPV, human papilloma virus; STI, sexually transmitted infection; GLOBOCAN, Global
Cancer Observatory; WHO, World Health Organization; E protein, early protein; L protein, late protein;
HR-HPV, high-risk HPVs; LR-HPV, low-risk HPVs; VLP, virus-like particles; FDA, United States Food
and Drug Administration; EMA, European Medicines Agency; MPL, monophosphoryl lipid A; TLR4, toll-
like receptor 4; AIS, adenocarcinoma in situ; CIN 3, cervical intraepithelial neoplasia 3; VIN/VaIN 2+,
vulvar/vaginal intraepithelial neoplasia grade 2; APC, antigen-presenting cells; TCR, T-cell receptor; MHC,
major histocompatibility complex; CTL, cytotoxic T lymphocytes; HTLs, anti-tumor T lymphocytes; MVA,
Modified Vaccinia Ankara; Lm-LLO-E7, Listeria-based vaccine; ELISPOT, enzyme-linked immunospot;
ASO4, 3-O-desacyl-4'-monophosphoryl lipid A; CVT, Costa Rica Vaccine Trial; IM, intramuscularly; SC,
subcutaneously; CDC, US Centers for Disease Control and Prevention; ATC, adoptive T-cell therapy;
HPB242, MRP 2,4-bis (p-hydroxyphenyl)-2-butenal; pRB, protein retinoblastoma.
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Introduction

At the global platform, human papillomavirus (HPV) is
reported as one of the the most prevalent sexually transmitted
infection (STI), having a significant detrimental impact on the
social life of an individual (1). Most of the sexually active men
and women will be infected through recurrent infections
depending upon the immunity of an individual (2). HPV is a
non-enveloped, small, double-stranded DNA virus that belongs
to the family Papillomaviridae (3). The circular HPV genome
constitutes 7,500-8,000 bp of DNA linked to histones and is
compacted into chromatin-like aggregates (Figure 1).

HPVs infects basal cells of epithelial tissue and causes either
malignant or benign lesions of the mucosal layer of the
gastrointestinal tract, upper aerodigestive tract and the
anogenital tract, and skin (4). Cervical and anogenital cancers
are linked to high-risk HPV infections and are the most
common HPV-related diseases. HPV infection has a
significant occurrence in the majority of cervical cancers (5).
According to the GLOBOCAN reports, the third most
predominant cancer in women is cervical cancer (6). There
were an estimated 604,127 cases of cervical cancer reported
worldwide in 2020, which accounts for 3.1% of the global cancer
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cases. A total of 341,831 deaths were reported because of cervical
cancer, which accounts for 3.3% of the global caseload (7).
According to the WHO, HPV causes more than 95% of
cervical cancer primarily as an outcome of dysbiosis of early
and late proteins as most widespread viral infection of the female
reproductive system (8). HPV viruses can be divided into high-
risk HPV's and the low-risk HPVs. High-risk HPVs (HR-HPVs)
cause oropharyngeal (throat, tonsil, and oral) cancers as well as
anogenital cancers such as penile, vaginal, vulvar, anal, and
cervical cancers. Low-risk HPVs (LR-HPVs) cause cutaneous
and anogenital warts (9-12). HR-HPVs include HPV types 59,
58, 56, 52, 51, 45, 39, 35, 33, 31, 18, and 16, which have been
classified as carcinogenic, and HPV68 has been classified as
carcinogenic, based on epidemiological studies and mechanistic
evidence (11, 13).

Cervical cancer caused primarily by HPV infection is one of
the largest causes of death in women in southeast Asia (14).
HPV16 infection is the key variant responsible for more than
50% of cervical cancer cases in young sexually active women
(15). However, 10% of cases of cervical cancer with persistent
HPV infection result in cancer progression and invasive
carcinoma (16). By monitoring HPV infection through
genotyping, women at greater risk of cervical neoplasia can be
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FIGURE 1

Structural organization of HPV with early and late proteins. E proteins are non-structural and have a role in viral genome duplication and
expression although the L proteins form the capsid of the intact virion. In cervical cancer, these proteins activate the oncogenes to activate
telomerase, inducing abnormal centrosome duplication by the inactivation of p53 and retinoblastoma (Rb) tumor suppressor genes.
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more accurately identified than by a simple presence/absence
test (17). HPV genome constitutes two gene families: early (E) 2
genes encode E1, E2, E3, E4, E5, E6, and E7 proteins, and late (L)
2 genes encode L1 and L2 proteins, which are involved in the
progression of carcinoma related to HPV infection (Figure 2).
Figure 2 depicts the influence of early proteins over various
cancer hallmarks through immune modulation of cellular
signaling. Mutations in p53 causes programmed cell death
arbitrated by ubiquitin, immunomodulating PIP3K-Akt, Wnt,
and EMT pathways through E6 (18). Furthermore, E7
immunomodulation results in the inactivation of pRB, and
downregulion of E2F, leading to CC progression (1).
Additionally, HPV infections disrupt cytokine production as
well as signaling E6 and E7 oncoproteins mediated type I IFN
pathway (19, 20). Immuno-response modulators like
imidazoquinolones, promotes induction of high levels of type I
IFNs activating TLR (toll-like receptor) 7. These high levels of
IFNs overcome HPV mediated repudiation of signaling pathway
(21). IFN related interactions have been evaluated in the context
of the unique W12 cervical carcinogenesis model to determine
their relevance in selecting cells with integrated viral DNA in the
progression of cancer. In a recent clinical study, episome loss
associated with antiviral gene induction is a crucial event in a
random selection of cervical keratinocytes carrying HPV16 (22).
IFN is administered exogenously to W12 cells containing
episomes, leading to the emergence of powerful IFN-resistant
cells, the loss of episome-containing cells, and the selection of
cells expressing HPV 16 with less E2, instead of more E6 and E7
(23). Conclusively, the efficiency of the HPV vaccine to prevent
persistent infection is significant although more studies should
be needed for long-term effect and it is important to conduct a

(1
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large-scale cost-benefit analysis to determine whether an
approach of this nature is cost-effective (24).

As observed in numerous global areas, the three types of
currently licensed HPV vaccinations include nine-valent,
trivalent, and bivalent vaccines, which are effective in lowering
HPYV infection and HPV-related illness incidence (8). Gardasil 9
(Merck Inc.) is a nine-valent (9-V) vaccine that targets HPV18/
16/11/6. Gardasil (Merck Inc.) is a four-valent (4-V) vaccine that
targets HPV18/16 and also low-risk types HPV11 and 6 that
cause genital warts. Cervarix (GlaxoSmithKline) is a two-valent
(2-V) vaccine that targets the potentially strong carcinogenic
HPYV types 18 and 16 (11, 13). The success is explained by the
fact that they target and elicit immunity against LR- and HR-
HPVs, responsible for 70% and 90% of genital and cutaneous
warts and malignancies, respectively (15). Even though HPV
vaccines have been demonstrated to be effective, the burden of
HPV-related cancer and illness remains significant (8). The
investigation of the infections caused by HPV and other
accompanying disorders in an epidemiological manner is of
utmost importance for measuring and reviewing the three
antiviral preventive vaccinations presently available (two-,
four- and nine-valent vaccines), and their global adoption
(Figure 2) (25). Furthermore, at the molecular level,
researchers are examining the evolution and characteristics of
HPYV infections to gain a better knowledge of the true burden of
HPV-related illnesses and their repercussions around the world
(26). This would enable the discovery of novel treatment
technologies for the innovation of next-generation anti-viral
vaccines, to overcome the drawbacks of the present preventive
regimen, including high prices, limited antiviral protective
spectrum, and vaccination management (27-29).
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In the current review, we have drawn a comparison between
the currently available vaccines, Cervarix and Gardasil,
emphasizing the clinical importance of vaccines that are being
produced in recent times and shed light on their ongoing clinical
trials. Moreover, we have discussed the various therapeutic
vaccines and mentioned the challenges faced concerning
vaccine coverage, the safety issues of the vaccines, dosage, and
the administration routes. Finally, we presented the alternative
therapies that are available to tackle HPV infection. This review
provides a detailed idea about molecular therapies and cellular
landscaping of the vaccines.

Comparison of cervarix and gardasil

The vaccines against HPV are constituted with the aid of
recombinant technology using empty protein shells, called virus-
like particles (VLPs) of the major capsid protein of
papillomavirus, L1 (30) (Figure 3). They are devoid of any live
organic product or DNA and are deemed to be non-oncogenic
and non-infectious, and thus pose less threat than vaccines that
are made of attenuated HPV genome (31). The recently
developed HPV vaccines are engineered against HPV16 and
18 and are prophylactic vaccines designed for preventive
approaches (32, 33). The L1 protein could self-assemble itself
into a VLP, which is structurally similar to HPV but without
DNA. An immune response generated by these VLPs could
produce anti-virion antibodies for protection against future
infections (34-36). As observed globally, three types of
licensed HPV vaccinations, namely, nine-valent, trivalent, and
bivalent vaccines, are effective in lowering HPV infection and
HPV-related illness incidence (8). Preventive vaccines are
particularly effective in impeding chronic infection and the
establishment of neoplasia (Figure 4). Prophylactic vaccines
aids in decreasing the incidence of HPV related diseases and

10.3389/fonc.2022.977933

infections in the future (37). The currently available zero-valent
preventive HPV vaccine has been expected to reduce the cases of
cervical cancer cases by 90% and of other related malignancies
by 50% (laryngeal, oral cavity, oropharyngeal, anal, vaginal,
penile, and vulvar) (38, 39). These prophylactic vaccines are
first-generation VLP vaccines. Herein, we have elucidated a
thorough comparison of the prophylactic vaccines (Gardasil
and Cervarix) available to combat HPV infection (40). Table 1
summarizes the comparison of Gardasil and Cervarix against
HPYV infection in CC.

Gardasil, manufactured by the American company Merck &
Co., is a quadrivalent HPV vaccine and was among the first to be
approved by the FDA (41). Gardasil 9, manufactured by the
American company Merck & Co., is a nine-valent vaccine
licensed by the FDA in 2009 (42). Gardasil offers protection
against HPV11 and 6, which cause 90% of genital warts, in
addition to HPV18 and 16 (43). Gardasil vaccine is an
immunogenic, clinically efficacious, and considerably tolerant
in adolescents and preadolescents, according to a clinical follow
up study (54). Gardasil has been reported to protect for at least
10 years (50). Gardasil 9 provides protection against HPV58, 53,
45, 33, 31, 18, 16, 11, and 6. This indicates that Gardasil 9 can
cover another 20% of CC cases with the extra five HPV types
that protect against HPV. Thus, Gardasil 9 can protect against
90% of cervical malignancies (42). Gardasil and Gardasil 9
vaccines are derived from Saccharomyces cerevisiae strain of
yeast with aluminum hydroxide as an adjuvant (45). Gardasil
protects against HPV infection, genital warts, and precursor
lesions of cervical cancer that occur due to the HPV strains
covered by it (55-57). Moreover, Gardasil has been shown to
reduce HPV infections in the oral cavity, penis, vulva, and anus
(58-60). Gardasil possesses a significant hit rate against CIN 2,
CIN 2, CIN 3+, and vulvar or vaginal intraepithelial neoplasia of
grade II, caused by HPV18 and 16 (61, 62). Other HPV subtypes,
however, had a reduced (20%-50%) inhibitory effect on CIN 3+
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Graphical model showing the development of HPV vaccines over the years to combat related carcinomas.
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and CIN 2+ (61, 62). Gardasil had a lower cross-protection
impact than Cervarix, with a protective efficacy of 46%, and for
HPV58, 52, 45, 33, and 31, the corresponding values were 6%,
18%, 7%, 29% and 46%, respectively (63, 64). Gardasil 9 can
effectively prevent precursor lesions and infections caused by
multiple types of HPV types at the rate of >95%, injection pre-
exposure to HPV (65-67). Gardasil 9 furthermore reduced the
incidence of vaginal and vulvar illnesses by 80%-85% and 90%,
respectively (10, 66, 68). In a study conducted by Guevara et al.
(2018), Gardasil 9 antibodies have been revealed to travel
through the placenta, potentially protecting the newborn from
HPV11 and 6 infections (69). Gardasil 9 has minute cross-
protective efficacy against HPV types not covered by the vaccine
and shows a small-scale effect on diseases and infections caused
by HPV types other than those covered by the vaccine (67, 70).

Similarly, Cervarix, manufactured in the UK by GSK, is a
bivalent HPV vaccination that was licensed by the European
Medicines Agency (EMA) in 2007 and the FDA in 2009.
Cervarix offers protection against the most frequent HPV
oncogenic genotypes (types 18 and 16), which are responsible for
roughly 70% of cervical malignancies (44). As an adjuvant, it
contains aluminum hydroxide, monophosphoryl lipid A (MPL),
and HPV18 and 16 VLPs, collectively known as adjuvant system 04
(ASO4), which is significantly effective against both the HPV16 and

10.3389/fonc.2022.977933

HPV18 cervical intraepithelial neoplasia grade 2+ (71). MPL, a toll-
like receptor 4 (TLR4) agonist, supports the significant production
of antibodies (46). Consequently, another adjuvant, ie., aluminum
hydroxide inorganic component, helps to discharge the intracellular
components of the lysed cell and thereby activates the dendritic cells
(DCs) to evoke the immune response (72).

Cervarix causes strong anti-HPV18 and 16 antibody titers,
which could prevent infection for up to 10 years (48, 64).
Cervarix leads to a strong and long-term cross-reactive
immune response against HPV45 and 31. In the succeeding
three doses of Cervarix, about 85% of individuals developed anti-
HPV45 and 31 antibodies, according to a 10-year follow-up
research (48). Cervarix (>90%, injection before HPV exposure)
offers protection against HPV-related pre-cancerous lesions
and abnormalities that are targeted by vaccines, such as
adenocarcinoma in situ (AIS), cervical intraepithelial neoplasia
3 (CIN 3), and CIN 2 effectively (73, 74). Cervarix is effective
(>60%) in the prevention of multiple precancerous lesions,
irrespective of previous HPV lesions or infections (62, 75).
Moreover, Cervarix exhibits excellent protection against
HPV18 and 16 oral infections with 93% reduction in the
incidence during a 4-year vaccination intervals (76).

Thus, Gardasil 9 protects the highest number of HPV VLP
types (9), followed by Gardasil (4) and lastly Cervarix (2)
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(Table 1). All vaccines provide cross-protection against other
VLP types of HPV. Cervarix has the highest sustenance of
vaccine efficiency, followed by Gardasil and, lastly, Gardasil 9
(Table 1). These are effective in lowering HPV infection and
HPV-related illness incidence. However, Cervarix is useful for
up to 11 years (51), and Gardasil 9 is effective for at least 6 years
against their respective HPV types (52). Reactions on the site of
the injection such as edema and pain were the most common
adverse effects (AEs) of Gardasil and Cervarix, presumably
attributable to inflammation related to the VLP (53).
Diarrhea, myalgia, dizziness, fever, vomiting, and nausea are
among the symptoms of Cervarix (53). The most prevalent AEs
related to Cervarix are fatigue and headache, which occur in
about 50%-60% of all participants (77). Although recipients of
Gardasil and Gardasil 9 may experience general symptoms,
however zero evidence were reported of any higher risk (53).
Since preventive vaccines are particularly effective at avoiding
chronic infection and the establishment of neoplasia, to help
reduce the incidence of HPV-related diseases and infections in
the future. Thus, these three currently available non-valent
preventive HPV vaccines have high efficiency in reducing
HPV infections, with Gardasil 9 providing the highest
protection rate against cervical cancer (Table 1).

Therapeutic vaccine

A wide range of therapeutic vaccines for the treatment of pre-
invasive intraepithelial inflammation to severe malignancies has
been clinically studied to treat HPV infection (78-81). In clinical
studies, prophylactic HPV vaccinations have a significant outcome
to prevent HPV infections and associated diseases; however, the
number of HPV-associated patients is still high (82). Thus, it is
necessary to focus on the significant approaches for the early
diagnosis to treat pre- or post-treatment complications of HPV

10.3389/fonc.2022.977933

infection (79). At the clinical level, numerous studies have been
conducted to examine the therapeutic efficiency of the drug or
bioactive molecule to suppress HPV infections. The majority of
HPV vaccines are based on targeting viralonco/protein E6 and E7 to
act as antigenic receptors on the antigen-presenting cells (APCs) for
the activation of antigen-specific CD8+ or CD4+ T cells,
respectively (Figure 5) (83-85). In antigen-specific T-cell receptor
(TCR) activation and immune CD8+ T-cell activation, only the
partially digested fragments of E6 and E7 oncoproteins represent
the MHC class I molecule of APCs and act as epitopes (80). Herein,
we have elucidated the clinical significance of all therapeutic
vaccines that could be utilized for HPV infection. Table 2
summarizes the clinical significance of therapeutic vaccines.

Peptide- and protein-based vaccines

Different types of viral or non-viral protein or peptide
molecules are used as therapeutic agents for immunization
(Table 2). However, in some clinical studies, the synergistic
effect of vaccines with adjuvants is shown to overcome the low
antigenicity of protein molecules (79, 107, 108).

The site-specific administration of peptide vaccine induces
local effect and suppression of tumor cells activated by either
specific or non-specific APC (79), although the selection of a
specific T-cell epitope for the peptide vaccines assists the anti-
tumor helper T lymphocytes’ (HTLs) and cytotoxic T
lymphocytes’ (CTLs) enhanced responses (109). In a mice
model, E7 peptide-PADRE peptide and poly (I: C) vaccination
have significant E7-specific CD8+ T-cell immunological
responses and suppression of TC-1 tumors as compared to the
control E7 peptide vaccination. Consequently, the subcutaneous
intra-tumoral immunization by the E7 peptide-PADRE peptide
and poly (I:C) expresses a higher incidence of E7-specific CD8+
T cells and life span (110). In another study, carrageenan

TABLE 1 Comparative analysis of Cervarix and Gardasil vaccine against HPV infection.

Features Cervarix Gardasil Gardasil 9 References

Manufacturer GlaxoSmithKline Merck & Co. Merck & Co. (41, 42)

Valence Bivalent Quadrivalent 9 valent (41, 42)

VLP types 16, 18 6, 11, 16, 18 6, 11, 16, 18, 31, 33, 45, 52, (42-44)

58

Protection rate against 70% 70%-75% 90% (42-44)

cervical cancer

Adjuvant MPL absorbed on aluminum aluminum hydroxyphosphate sulfate aluminum (45-47)
hydroxide (AS04) hydroxyphosphate sulfate

Expression system Baculovirus-insect cell Saccharomyces cerevisiae Saccharomyces cerevisiae (45, 46)

Cross protection HPV33, 35 HPV31 Unknown (48, 49)

Sustenance of vaccine 11 years 10 years 6 years (50-52)

efficiency

Adverse effects (AEs) Localized pain at injection site, Localized pain, edema, Muscular pain, dysentery,  Pain at the localised site, (53)
inflammation fever, vomiting swelling
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(natural sulfated polysaccharides) has radically expanded the E7
peptide vaccine-specific immune responses via the TLR4
activation pathway and improved anticancer effects against E7-
expressing malignancies (111, 112).

The clinical trial on the viral protein Mycobacterium bovis
Hsp65 fused to HPV16 E7 vaccine represented significant
efficiency and effectiveness against the high-grade CINs (81).
The short peptides after the enzymatic lysis of viral particles act
as epitope antigens to stimulate the MHC class I or II pathway
and evoke both humoral and cell-mediated immune systems
(82). These MHC-represented short antigenic peptides are used
to design a vaccine to activate the immune system against HPV
(113). Hence, immunotherapy to cause regression of HPV
infection was designed through a vaccine utilizing tumor-
reactive T-cell peptide epitopes (114). Many adjuvants fused
protein vaccines, such as E7-Bordetella pertussis CyaA and E7-
HBcAg-Hsp65, have been used for in vivo immunization and
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production of HPV-specific CTLs and deterioration of tumor
cells (81). Thus, based on the aforementioned studies, it could be
concluded that peptide- and protein-based vaccines open up
several avenues for future researchers to explore and optimize
before they are approved by the FDA for human use.

Live vector vaccines

The live vectors such as bacterial or viral vectors makes
multiple copies of the target antigenic gene or protein in the host
depending on the size of delivery molecule (79). The viral-based
vaccines are more effective and expressive due to the high
propagation rate in the host cell, e.g,, adenoviruses, alphaviruses,
vaccinia viruses, and fowl pox viruses (115-118).

The vaccinia virus vectors vaccine shows notable HPV
infection regression and immunization with using Vaccinia
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TABLE 2 Clinical significance of different types of vaccines against HPV infection.

Vaccine Vaccine name Phase

type of

trial
Peptide/ HPV16-SLP 2
Protein
based
2
2
2
GL-0810 1
Pepcan + Candin 1
GTLO001 (ProCervix) 1
TA-CIN 1
2
TA-CIN+TA-HPV 1
2
Nucleotide pNGVL4a-sig/E7 1
based (detox)/

HSP70 + TA-HPV

pPNGVL4a-CRT/E7 1
(detox)

Frontiers in Oncology

HPV
infection

HPV16
+VIN3

HPV16
+HSIL

HPV16 +
advanced
gynecological
carcinoma

Low-level
abnormalities
of the cervix

Advanced
metastatic or
recurrent
cervical
cancer

Head and
neck
metastatic
squamous cell
carcinoma
Biopsy
confirmed
HSIL
HPV16/18-
positive
patients
having
normal
cytology
Healthy
patients

VIN2/3

HPV16+VIN

HPV16 +
high-grade
AGIN

HPV16 +
CIN 3

HPV1e6 +
CIN 2/3

Patients

20

20

50

18

31

47

40

19

10

29

32

Comments

Complete response by nine patients,
circulation of HPV16 specific T cells
among 85% of patients, 83% of
patients had CMI against HPV16

After vaccination, a strong HPV-
specific T-cell response was seen in all
patients, and changes in the pattern of
immune infiltrate

HPV-specific immune response in
nine patients

HPV16-specific CMI was generated in
97% of patients

Scheduled to receive carboplatin/
paclitaxel chemotherapy.
Proliferative T-cell response was seen
in 11 to 12 patients who were
vaccinated

T cell was developed and antibody
response was observed among 80% of
patients

Histological disease regression was
experienced by 45% of subjects

Patients in cohort 4 (n = 9)
experienced a higher rate of HPV16/
18 clearance by applying 600 pg of
GLT001 powder and imiquimod

CMI was generated among 25 patients
out of 32, TA-CIN-specific IgG in 24
vaccinated patients out of 32

63% lesion response after 1 year of
vaccination; in lesion responders,
specific CMI was observed

In two patients partial/complete
clinical response was observed

TA-CIN-induced T-cell response was
seen in 17 patients, HPV16/18-E6/E7
specific T-cell response was generated
in 11 patients, IgG response regarding
HPV16-E7 was seen in 14 patients
HPV16-E7 specific CMI was generated
among 58% of patients who were
vaccinated, increment of CD8+ T-cell
infiltration to lesions

About 30% of patients who were
vaccinated experienced histological
regression to CIN 1; after vaccination,
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Side effects

Redness, high skin temperature,
pain and swelling at vaccine site,
fever and chills, tiredness

Headache, itching, swelling,
redness, reaction at the injection
site, fatigue, chills, fever, nausea,
diarrhea

Nausea, fever, chills, flu-like
symptoms, injection site reaction,
fatigue

Injection site reaction, flu-like
symptoms

Thrombocytopenia, neutropenia,
leukopenia, chemotherapy-related
anemia, alopecia, gastroenteritis,
pulmonary embolism, cancer-
related shortness of breath,
hydronephrosis, abdominal pain,
erysipelas

Itching, erythema, pain at the
vaccine site

Mild to moderate reaction at the
injection site

Pain, itching, tenderness, swelling
at injection site reaction

Reaction at the injection site,
fatigue, tenderness, headache

Reaction at injection site associated
with imiquimod

No side effects

Blister, erythema, pruritus,
tenderness, local site reaction

Reaction at the injection site

Reference/
clinical
trial
number

(86)

(87)

(88)

(89)

(90)

(1)

(92)

(93)

(94)

(95)

(98)

(99)

(Continued)

frontiersin.org


https://doi.org/10.3389/fonc.2022.977933
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Bhattacharjee et al.

TABLE 2 Continued

Vaccine

type

Live
vector-
based
vaccines

Ankara (MVA) vector that expresses HPV16 E6/E7, CIN 2/3,
IL-2, in clinical response (82). At the clinical level phase I-II
experiment in progressive cervical cancer patients, a single
dose of a live recombinant vaccinia virus expresses HPV16-18

Vaccine name

GX-188E

VGX-3100

DNA (ZYC101)

DNA (ZYCIOla)

DNA (pNGVL4a-
Sig/E7 (detox)/
HSP70)

Prime with DNA
(PNGVL4a-Sig/E7
(detox)/HSP70),
boost with
recombinant
vaccinia virus (TA-
HPV) + imiquimod

ADXS11-001

ADXS11-001
administered
following
chemoradiation as
adjuvant treatment

Live-attenuated
Listeria
monocytogenes

vaccine

Frontiers in Oncology

Phase
of
trial

2b

HPV
infection

HPV16/18 +
CIN 3

HPV16/18 +
CIN 2/3

HPV16/18 +

CIN 2/3

HPV1e6

HPV16

HPV16/18

HPV16

HPV16/18

HPV16
HPV16

HPV16

Patients

18

167

12

15

127

15

75

54
450

15

Comments

increment of intraepithelial C8+ T-cell
infiltrate

HPV-specific CMI was observed in all
patients, by the end of the trial
complete lesion regression was
demonstrated in seven patients

Eighteen patients showed HPV-
specific CM], all patients showed
HPV-specific humoral immunity

Regression was demonstrated in 49.5%
of patients who were vaccinated as
compared to 30.6%, T-cell and
humoral responses (102) were
enhanced due to vaccinations

The immune responses to the peptide
epitopes encoded within ZYC101 were
raised in 10 of the 12 individuals, and
they remained elevated 6 months
following the start of therapy.

Five women showed complete
histologic responses, and 11 had T-cell
responses specific to the human
papillomavirus. Immunoglobulin and
anti-E2-specific antibodies were found
in four of five full histologic responses.

It was well tolerated by all patients
and helped to resolve CIN 2/3 in
women under the age of 25.

It is relatedly risk-free and well-
tolerated. In patients with established
dysplastic lesions, it appears that
HPV-specific T-cell responses can be
elicited.

Study ongoing

In end—stage ICC patients, Lm-LLO-E7
infusion was found to be safe and well
tolerated.

09

Side effects

Swelling, pain at the injection site,

10.3389/fonc.2022.977933

Reference/
clinical
trial
number

(100)

hypoesthesia, fatigue, headache,

chills, rhinitis

Tenderness, fever, reaction at

injection site

Fatigues, myalgia, arthralgia,

(101)

(103)

nausea, erythema, reaction at the

injection site

Back pain, fatigue, influenza-like

symptoms, headache

Back pain, fatigue, influenza-like

symptoms, headache

Reaction at the injection site and

pain

Mild transient injection-site

discomfort

Chills, vomiting, nausea, pyrexia,

headache

(104)

(104)

(105)

(105)

NCT00788164

NCT01266460
AIM2CERV

(106)

E6/E7 proteins and HPV-specific antibody without any
contrary effects (103, 119).

Apart from viral vector vaccines, bacterial vectors are the
most developed therapeutic vaccine systems (e.g., Lactobacillus
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planmrum, Listeria monocytogenes, and Lactococcus lactis). A
clinical phase I study of Listeria-based vaccine (Lm-LLO-E7) in
15 cervical cancer patients showed an unadorned effect in 40% of
patients (106, 119). In another study, it was reported that L.
monocytogenes (Lm) is an auspicious live vector that acts as an
adjuvant to design and enhance the effect of the vaccine by
inducing the macrophages through antigen processing via MHC
I and MHC II pathways (82). In a phase I/II clinical study, oral
administration of GLBL101c drug synthesis from the L. casei
strain to 27 female patients with CIN 3 resulted in histologic
regression in 30% of patients after 9 weeks of treatment.
Subsequently, patients who received LEEP (loop electrosurgical
excision) displayed a 70% decrease in abrasion to CIN 2. All the
patients showed positive outcomes without any adverse side
effects of HPV E7 cell-mediated immunity in disease eradication
(79, 120). Thus, based on the aforementioned study, it could be
inferred that the application of live vectors for vaccine
development may provide a new path in the era of the HPV
vaccine, even though further clinical studies need to be
done (Table 2).

Nucleic acid-based vaccines

A virus consists of the genetic material, the key factor
encoding the information for the disease or virulence (121).
Therefore, the nucleic acid DNA- or RNA-based vaccines are
focused to elicit both cell-mediated and humoral immunity. The
long-term therapeutic effect of the nucleic acid vaccine can be
studied for the induction of prolonged antigen-specific cellular
response and to overcome the self-antigens’ immunological
tolerance (122). Moreover, to enhance the effect of the vaccine,
different types of assimilators like immunomodulators encoding
genetically variant antigenic protein/s within the viral vector
have been explored along with DNA vectors (119) (Table 2).

The DNA vaccine pNGVL4aCRT-E7 is used in several
clinical trials for the treatment of women with CIN 2-3 and is
being used for the non-randomized open-label trial analysis
(120, 123). In a phase I clinical study, 32 HPV16-associated CIN
2/3 patients were vaccinated intramuscularly, intradermally, or
directly into the cervical abrasion with pNGVL4a-CRTE?
(detox), and a calreticulin-related plasmid DNA vaccine
showed an immunogenic effect in 69% of patients with less
severity at the local administrated tissue/organ (99).

In another study, the HPV DNA vaccine (GX-188E) that
targeted HPV antigens through DCs was used, resulting in E6/
E7-specific induced IFN-g-producing T-cell response in cervical
intraepithelial neoplasia 3 (CIN 3) patients. After 36 weeks of
therapy, the proliferation of polyfunctional HPV-specific CD8 T
cells, enhancement of cytolytic activity, and the synthesis of
effector molecules without any severe side effect at any dose was
observed (100).
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Another class of nucleic acid vaccines is RNA-based vaccines
containing naked RNA replicons synthesized from alphaviruses
to stimulate an antigen-specific immune response (119). The
RNA replicon has the ability of self-replication, prolonged
antigen expression, and elevated immune response (124).
Throughout the transformation of the RNA replicon vector,
insignificant chromosomal abbreviations occur in the recipient
cell; henceforth, to overcome this drawback of RNA replicon, an
integrated DNA vaccine termed “suicidal DNA” is designed to
enhance the chromosomal integration (125). The “Suicidal
DNA” shows cell apoptosis after the uptake of injected DNA
to prevent them from further genetic transformation (126). The
commercial mRNA-based vaccine CureVac (Tubingen,
Germany) RNActive® has been clinically tested for non-small
cell lung and prostate cancer for stimulated long-term humoral
and cellular immune responses (119). Furthermore, the Kunjin
flavivirus (KUN) vector promotes antigen presentation via
transected DCs and is secure for patients who have E7-
expressing tumors and E7-specific T-cell responses.
Conclusively, different RNAs as nucleic acid vaccines are
under the clinical trial phase for innumerable HPV and HPV-
related cancer development in humans to improve the survival
rate (120).

Whole cell-based vaccines

In therapeutic vaccines, the cell-based vaccines possess the
potential outcome to cause regression of HPV-related diseases, by
isolating and removing cells (such as T lymphocytes or DCs) from
infected donor tissue or pathological sample (127). The biopsy
tissue cultured from the tumor and vascular system is modified
under ex vivo conditions to express immunomodulatory cytokines
and is subsequently injected into the host body to cause regression
of the infection (120, 128, 129).

HPV16/18-positive advanced cervical cancer patients
treated with HPV16 E6 (arm A) or HPV E7 peptide (arm B)
showed evoked immune response, with 63% for HPV16 E6 and
58% respectively (Table 2). Therefore, pre-immature DCs pulsed
and HPV16 E7 or E6 combined effect provide specific immune
pathways (119, 130). Furthermore, the strategic outcome of DC
vaccines possesses certain limits such as unpredictability in cell
differentiation, limited specific donor cell numbers, poor cell
transduction activity, and the short lifespan of donor autologous
cells (131). In a clinical study, unsuccessful HPV antigen-specific
CTL responses were found after the inoculation of pulsed DC-
based vaccinations (82).

DC-based whole-cell HPV vaccination is a common and
emerging therapeutic vaccination to treat virus-induced cancers
(132). DC-based HPV vaccinations containing the HPV
antigenic gene or protein acts as a natural adjuvant to induce
the antigen-specific immunity and are used in cancer
immunotherapy such as siRNA-transfected DCs having pro-
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apoptotic molecules (133). In a phase I clinical study, DCs
carrying HPV16/18 E7 injected into the IL-2 patients resulted
in an E7-specific CD8+ response (134, 135). Likewise, DCs with
HPV16/18 E7 and Keyhole Limpet Hemocyanin (KLH) trigger
the DC maturation in the host body with phase Ib or ITa cervical
tumors and increases E7-specific CD8+ T cells (120, 136).

Under in vivo conditions, amplified expression of immune
modulator proteins was reported in tumor cells succeeding in HPV
vaccination. Activation of specific genes for the cytokine IL-2, IL-12,
and granulocyte-macrophage colony-stimulating factor (GMCSF)
was noticed. However, in clinical trials, these vaccines have been
examined to suppress cancer progression, especially for the E6 and
E7 malignant tumors. In a clinical study of patients having
metastatic melanoma, the instant response of whole cell
vaccination along with tumor regression in 50% of patients was
reported (82). Thus, these vaccines still might not be successful
towards recurring tumors in patients who are positive for HPV with
normal cytology or patients with low-grade abrasions.

Based on the aforementioned studies, it could henceforth be
concluded that studies on the whole cell-based vaccine open a
novel avenue in therapeutic vaccine even though several
variables need to be managed in both the clinical and pre-
clinical setting before its optimization through FDA.

Dosage and vaccine administration
routes

Another important aspect of the therapy is the dosage and
administration of vaccines or drug molecules. Recently, three
types of HPV vaccine were clinically used to prevent HPV16-
and HPV18-induced genital tract infections (137). The bivalent
HPV16/18 vaccine ASO4 is significantly eftective against cervical
intraepithelial neoplasia grade 2+ with 98% (CI 88-100) efficacy
(71). Alternatively, a quadrivalent vaccine against HPV types 18,
16,11, and 6 (Gardasil®, Merck Sharp & Dohme Ltd.) showed a
98% (CI 86-100) efficacy against an HPV16- or HPV18-
susceptible population having cervical intraepithelial neoplasia
grade 2 or 3 and adenocarcinoma under in situ conditions (138).
The random clinical testing of HPV adjuvant vaccines was
carried out in three-dose regimens over 6 months and
established a standard of two doses over 6-12 months.
According to the clinical study, WHO recommended the
administration of a two-dose schedule to the age group 9-14
years and at least three dose schedules for those aged 16-26 years
at least for 6 months to generate antibody responses (137).
Besides the WHO standard of three doses for the immunization
against HPV infection, research has been conducted to moderate
the dosage numbers (139). In 2014, the European Medical
Association recommended only two doses of HPV vaccine for
adults, followed by the United States after 2-year intervals (140,
141). However, in the clinical trial conducted by the Costa Rica
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Vaccine Trial (CVT) and the PATRICIA trial, a single dose of
HPYV vaccine and bivalent HPV vaccine has parallel effectiveness
over 4 years in post-hoc analysis. Moreover, the insistent
immune responses against HPV16 and 18 of CVT are up to
five to nine times greater than the natural immunity (32, 139).
Hence, not only the selection of an effective vaccine but also
the specific minimum number of doses and administration
methodology and period should be focused on for an effective
outcome. Essentially, the vaccine can be administered in
multiple doses after a regular time interval through injection
intramuscularly (IM) or subcutaneously (SC) to evoke the
immune system and generation of antigen-specific antibodies
(142). Skin is the first line of defense and consists of a huge
number of immune cells; e.g., Langerhans cells in the epidermis
and DCs in the dermis prevent the pathogen from entering and
effectively absorb the antigen to evoke the immune system (143).
The intradermal vaccination of peptide- and DNA-based
therapeutic HPV vaccines induces serum antibody production
by representing the antigenic molecule to macrophages and DCs
at minor quantities or doses (144, 145). In a pre-clinical study, a
murine model sublingual administration of HPV16 L1 protein
vaccine shows significant production of the mucosal secretory
IgA and serum IgG comparatively to other delivery methods
including intranasal, intravaginal, and transdermal (131).
Though the intradermal delivery of therapeutic agents
instantly evokes the immune system, certain drawbacks such
as pain, post-administration inflammation, edema, and allergic
response at the injecting site limit its applicability (146).

Vaccination coverage and safety
challenges

Globally, the market for the HPV vaccine has been growing and
numerous commercially available products are clinically used to
cause inhibition of carcinoma related to HPV infections (147). In
2006, the first commercialized HPV vaccine approved by US FDA
(Food and Drug Administration) was Gardasil (Merck & Co.,
Kenilworth, NJ, USA), a quadrivalent HPV vaccine that targets
HPVG6, 11, 16, and 18 infections (148). Next, in 2007, EMA
(European Medicines Agency) and the 2009 FDA licensed
Cervarix (GSK, Brentford, UK), a bivalent HPV vaccine mostly
used to treat HPV oncogenic genotypes HPV16 and 18 to combat
cervical malignancies (149). Developed countries have been
focusing on reducing design and marketing costs for this vaccine
while making tweaks in regulatory matters.

In 2013, an HPV vaccination statistical analysis of the United
States showed that 57% of the population aged 13 to 17 years take a
single vaccination dose and 38% take triple doses. However, in
Australia, 9-year HPV vaccination data from 2007 to 2015
displayed that in the female population of age 15 years, the
vaccination rate for single dose was 85.6% and that for the triple
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dose was 77.4%, which was significantly much higher than that in
the United States. Therefore, many non-government agencies are
conducting awareness programs, sponsoring medical campaigns,
and connecting with society to campaign about HPV vaccinations.
Based on this program information, data collection, and outcome, it
was reported that HPV illness is mostly found in developing
countries, and only 15% of these countries have executed a health
program for HPV vaccination (150).

The vaccination trials for 10 years at pre-licensure and post-
licensure help monitor and assess confirmation of the
commercialized HPV vaccination (151). It was reported that
all three HPV vaccination prelicensure studies have positive
outcomes without any major side effects (151). The US CDCP
(Centers for Disease Control and Prevention) Vaccine Adverse
Event Reporting System conducted a large-scale study; i.e., out of
90 million doses of HPV vaccinations, only 7% have AEs.
Moreover, no interconnection between HPV vaccinations and
other health problems such as ovarian failure, Guillain-Barré
syndrome, or postural orthostatic tachycardia syndrome was
reported by CDC. Conclusively, HPV vaccinations have
tremendous safety scores except for nine HPV vaccines that
require regular monitoring (150). Therefore, for HPV vaccine
administration parameters, regular upgrading of vaccination in
terms of age, dose schedule, and gender has to be performed.
Consequently, the research has emphasized the importance of
immunizing both genders of any group as well as HPV
vaccination from late adolescence to adulthood (152, 153).

Conclusion and future perspectives

HPV is the most frequently occurring STI in the world and is
the primary cause of cervical cancer. Early proteins and late
proteins are encoded by all types of HPVs and are primarily
responsible for CC progression via HPV infection [RB1] [LK2].
In the current review, we have covered the currently available
vaccines against HPV infection and the vaccines that are under
clinical studies against HPV (Figure 6). Currently, there are three
non-valent prophylactic HPV vaccines, namely, Cervarix,
Gardasil, and Gardasil 9. These prophylactic vaccines are first-
generation VLP vaccines and have shown efficiency in
preventing 90% of cervical cancer cases. Although their clinical
trials are very promising, they cannot be termed ideal. These
vaccines can be effective if they are given pre-exposure.

The vast majority of therapeutic vaccines target HPV
oncoproteins E6 and E7, to deliver E7 and E6 antigens to
APCs in various ways to activate HPV antigen-specific CD8+
cytotoxic T cells or CD4+ helper T cells. Peptide/protein-based
chemicals account for the vast majority of published evidence on
therapeutic vaccinations. Due to their low antigenicity, these
vaccines are frequently combined with immunogenic adjuvants
in clinical trials and provide the benefits of safety and stability.
Combining numerous epitopes in peptide-based vaccines has
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the potential to improve peptide-MHC binding and specific T
cell-mediated protection against HPV-infected cells. Live vector-
based vaccines, which use viruses or bacteria as the vector,
reproduce within the body, making it easier for the antigen
to disseminate.

Clinical trials are ongoing for live vector-based vaccines;
however, most are in phase I or II. More research is required on
these types of vaccines. DNA-based vaccines are safe, simple to
fabricate, and capable of eliciting both CTL and Th as well as B-cell
immunity and offer long-term protection. Immunomodulators are
used to improve immunogenicity. Numerous RNA vaccines for
HPV-related cancers have progressed to clinical trials; nevertheless,
more work in the creation of HPV RNA vaccines is necessary. For
HPV-related disorders, whole cell-based vaccinations have been
developed as a potential therapeutic vaccine. HPV vaccines based
on DCs have emerged as possible therapeutic vaccinations against
HPV-related cancers. DC-based vaccinations have a variety of
drawbacks, including unpredictability in vaccine quality due to
changes in cell culture protocols, difficulty in obtaining large
quantities of autologous DCs from patients, low DC transduction
efficacy, and the short lifespan of autologous DCs. Even though
pulsed DCs induced HPV antigen-specific CTL responses, DC-
based vaccines failed to yield clinical responses. Tumor cell vaccines
have the disadvantage of producing new tumors in patients, limiting
their therapeutic application, especially in HPV-positive patients
with normal cytology or patients with low-grade abrasions.

The coverage and dosage administration of the vaccines have
also been covered in the current review. Patients should receive two
doses of the HPV vaccination over 6-12 months, according to
current recommendations. Following two doses of HPV vaccines
provided at least 6 months apart to adolescents aged 9-14 years,
WHO recommends a two-dose schedule for 15-year-old girls.
Three doses were non-inferior to two doses in women aged 16-
26 years in whom the vaccine’s efficacy was demonstrated. When
delivered via the intradermal method, DNA- and peptide-based
therapeutic HPV vaccines have also been shown to produce a
favorable immune response. Although intradermal administration
is associated with reduced discomfort at the time of administration,
post-delivery local effects such as redness and duration due to
inflammation at the injection site are more common.

Conclusively, cost-associated studies fortify the vitality of
economic analyses in determining resource allocation, especially in
public health, and further support evidence-based decision-making
when considering public health interventions and other prevention
programs. Immunization against HPV is considered a cost-effective
cervical cancer prevention implementation. The non-valent vaccine
produces greater health benefits than the bivalent and quadrivalent
vaccines at a lower societal cost. Furthermore, considering herd
immunity, any considerable expansion in coverage will aid in
declining cancer incidence and healthcare costs. The health
benefits of vaccines have been proven to be a clever investment
from multiple perspectives. As novel vaccines hit the market targeting
morbidity, quantification of disease burden and modeling of the cost-
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FIGURE 6

infections.

Projection of vaccines constituted from early and late proteins to cause regression against cervical cancer caused due to HPV16, 17, and 18

GARDASIL

effectiveness of intervention options turn out to be more important.
Current models are successful in predicting cost-effectiveness;
however, there is a necessity for revisions in clinical evaluations for
the quadrivalent and bivalent HPV vaccine. If properly implemented,
there can be a successful reduction of the HPV burden globally.

Author contributions

The manuscript was conceptualized and written by RB. ADh,
AD, and LK collected the information and analyzed it. All authors
participated in editing, writing, and proofreading. TM worked on the
illustrations. The manuscript was finally cured, modified, and
supervised by RG and SM for the submission. All authors
contributed to the article and approved the submitted version.

Funding

This research was supported by Basic Science Research
Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (NREF-
2020R111A2066868), the National Research Foundation of

Frontiers in Oncology

13

Korea (NRF) grant funded by the Korea government (MSIT)
(No. 2020R1A5A2019413), a grant of the Korea Health
Technology R&D Project through the Korea Health Industry
Development Institute (KHIDI), funded by the Ministry of
Health & Welfare, Republic of Korea (grant number:
HF20C0116), and a grant of the Korea Health Technology
R&D Project through the Korea Health Industry Development
Institute (KHIDI), funded by the Ministry of Health & Welfare,
Republic of Korea (grant number: HF20C0038).

Acknowledgments
The authors acknowledge the respective departments and

institutions for providing facilities and support. The authors
would also like to appreciate Biorender.com for their software.

Conflict of interest

The 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.

frontiersin.org


https://doi.org/10.3389/fonc.2022.977933
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Bhattacharjee et al.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Bhattacharjee R, Das SS, Biswal SS, Nath A, Das D, Basu A, et al. Mechanistic
role of HPV-associated early proteins in cervical cancer: Molecular pathways and
targeted therapeutic strategies. Crit Rev Oncol/Hematol (2022) p:103675. doi:
10.1016/j.critrevonc.2022.103675

2. Chesson HW, Dunne EF, Hariri S, Markowitz LE, et al. The estimated
lifetime probability of acquiring human papillomavirus in the united states.
Sexually transmitted Dis (2014) 41(11):660. doi: 10.1097/0OLQ.0000000000000193

3. Fuchs P, Girardi F, Pfister H. Human papillomavirus DNA in normal,
metaplastic, preneoplastic and neoplastic epithelia of the cervix uteri. Int ]
Cancer (1988) 41(1):41-5. doi: 10.1002/ijc.2910410109

4. Doorbar J. The papillomavirus life cycle. J Clin Virol (2005) 32:7-15. doi:
10.1016/j,jcv.2004.12.006

5. Walboomers JM, Jacobs MV, Manos MM, Bosch FX, Kummer JA, Shah KV,
et al. Human papillomavirus is a necessary cause of invasive cervical cancer
worldwide. ] Pathol (1999) 189(1):12-9. doi: 10.1002/(SICI)1096-9896(199909)
189:1<12:AID-PATH431>3.0.CO;2-F

6. Bhattacharjee R, Dey T, Kumar L, Kar S, Sarkar R, Ghorai M, et al. Cellular
landscaping of cisplatin resistance in cervical cancer. Biomed Pharmacother (2022)
153:113345. doi: 10.1016/j.biopha.2022.113345

7. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA: A Cancer J Clin (2021) 71(3):209-
49. doi: 10.3322/caac.21660

8. Kombe Kombe AJ, Li B, Zahid A, Mengist HM, Bounda GA, Zhou Y, et al.
Epidemiology and burden of human papillomavirus and related diseases,
molecular pathogenesis, and vaccine evaluation. Front Public Health (2021) 8.
doi: 10.3389/fpubh.2020.552028

9. Asiaf A, Ahmad ST, Mohammad SO, Zargar MA, et al. Review of the current
knowledge on the epidemiology, pathogenesis, and prevention of human
papillomavirus infection. Eur ] Cancer Prev (2014) 23(3):206-24. doi: 10.1097/
CEJ.0b013e328364{273

10. Buchanan TR, Graybill WS, Pierce JY. Morbidity and mortality of vulvar
and vaginal cancers: Impact of 2-, 4-, and 9-valent HPV vaccines. Hum Vaccines
Immunotherapeutics (2016) 12(6):1352-6. doi: 10.1080/21645515.2016.1147634

11. De Martel C, Plummer M, Vignat J, Franceschi S. Worldwide burden of
cancer attributable to HPV by site, country and HPV type. Int ] Cancer (2017) 141
(4):664-70. doi: 10.1002/ijc.30716

12. Forman D, de Martel C, Lacey CJ, Soerjomataram I, Lortet-Tieulent J, Bruni
L, et al. Global burden of human papillomavirus and related diseases. Vaccine
(2012) 30:F12-23. doi: 10.1016/j.vaccine.2012.07.055

13. Beachler DC, Kreimer AR, Schiffman M, Herrero R, Wacholder S,
Rodriguez AC, et al. Multisite HPV16/18 vaccine efficacy against cervical, anal,
and oral HPV infection. INCI: ] Natl Cancer Institute (2016) 108(1). doi: 10.1093/
jnci/djv302

14. Chen XS, Garcea RL, Goldberg I, Casini G, Harrison SC. Structure of small
virus-like particles assembled from the L1 protein of human papillomavirus 16.
Mol Cell (2000) 5(3):557-67. doi: 10.1016/S1097-2765(00)80449-9

15. Kombe Kombe AJ, Li B, Zahid A, Mengist HM, Bounda GA, Zhou Y, et al.
Epidemiology and burden of human papillomavirus and related diseases,
molecular pathogenesis, and vaccine evaluation. Front Public Health (2020)
8:552028. doi: 10.3389/fpubh.2020.552028

16. Stanley M. Stanley, M. HPV-immune response to infection and vaccination.
infect. agent cancer 5, 19. Infect Agents Cancer (2010) 5:19. doi: 10.1186/1750-9378-5-19

17. Cuschieri K, Cubie HA, Whitley MW, Gilkison G, Arends MJ, Graham C,
et al. Persistent high risk HPV infection associated with development of cervical
neoplasia in a prospective population study. J Clin Pathol (2005) 58(9):946-50. doi:
10.1136/jcp.2004.022863

18. Manzo-Merino J, Contreras-Paredes A, Vazquez-Ulloa E, Rocha-Zavaleta L,
Fuentes-Gonzalez AM, Lizano M, et al. The role of signaling pathways in cervical
cancer and molecular therapeutic targets. Arch Med Res (2014) 45(7):525-39. doi:
10.1016/j.arcmed.2014.10.008

Frontiers in Oncology

14

10.3389/fonc.2022.977933

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.

19. Narisawa-Saito M, Kiyono T. Basic mechanisms of high-risk human
papillomavirus-induced carcinogenesis: Roles of E6 and E7 proteins. Cancer Sci
(2007) 98(10):1505-11. doi: 10.1111/j.1349-7006.2007.00546.x

20. Hoppe-Seyler K, Bossler F, Braun JA, Herrmann AL, Hoppe-Seyler F. The
HPV E6/E7 oncogenes: Key factors for viral carcinogenesis and therapeutic targets.
Trends Microbiol (2018) 26(2):158-68. doi: 10.1016/j.tim.2017.07.007

21. Bharti AC, Shukla S, Mahata S, Hedau S, Das BC. Anti-human
papillomavirus therapeutics: facts & future. Indian | Med Res (2009) 130(3):296.

22. Woodby BL, Songock WK, Scott ML, Raikhy G, Bodily JM. Induction of
interferon kappa in human papillomavirus 16 infection by transforming growth
factor beta-induced promoter demethylation. J Virol (2018) 92(8):e01714-17. doi:
10.1128/JV1.01714-17

23. Smith NJ, Fenton TR. The APOBEC3 genes and their role in cancer: insights
from human papillomavirus. ] Mol Endocrinol (2019) 62(4):R269-87. doi: 10.1530/
JME-19-0011

24. La Torre G, De Waure C, Chiaradia G, Mannocci A, Ricciardi W. HPV
vaccine efficacy in preventing persistent cervical HPV infection: a systematic review
and meta-analysis. Vaccine (2007) 25(50):8352-8. doi: 10.1016/
j-vaccine.2007.09.027

25. Bergman H, Buckley BS, Villanueva G, Petkovic ], Garritty C, Lutje V, et al.
Comparison of different human papillomavirus (HPV) vaccine types and dose
schedules for prevention of HPV-related disease in females and males. Cochrane
Database Systematic Rev (2019) 11). doi: 10.1002/14651858.CD013479

26. Lechner M, Liu ], Masterson L, Fenton TR. HPV-associated oropharyngeal
cancer: epidemiology, molecular biology and clinical management. Nat Rev Clin
Oncol (2022) 19(5):306-27. doi: 10.1038/s41571-022-00603-7

27. Bhattacharjee R, Ghosh S, Nath A, Basu A, Biswas O, Patil CR, et al.
Theragnostic strategies harnessing the self-renewal pathways of stem-like cells in
the acute myeloid leukemia. Crit Rev Oncol/Hematol (2022) p:103753. doi: 10.1016/
j.critrevonc.2022.103753

28. Bhattacharjee R, Mitra P, Gupta N, Sharma S, Singh VK, Mukerjee N, et al.
Cellular landscaping of exosomal miRNAs in cancer metastasis: From
chemoresistance to prognostic markers. Adv Cancer Biol - Metastasis (2022)
P:100050. doi: 10.1016/j.adcanc.2022.100050

29. Mohammadzadeh V, et al. Novel EPR-enhanced strategies for targeted drug
delivery in pancreatic cancer: An update. /] Drug Delivery Sci Technol (2022)
73:103459. doi: 10.1016/j.jddst.2022.103459

30. Zhou J, Sun XY, Stenzel DJ, Frazer IH. Expression of vaccinia recombinant
HPV 16 L1 and L2 ORF proteins in epithelial cells is sufficient for assembly of HPV
virion-like particles. Virology (1991) 185(1):251-7. doi: 10.1016/0042-6822(91)
90772-4

31. Kirnbauer R, Booy F, Cheng N, Lowy DR, Schiller J. Papillomavirus L1
major capsid protein self-assembles into virus-like particles that are highly
immunogenic. Proc Natl Acad Sci U.S.A. (1992) 89(24):12180-4. doi: 10.1073/
pnas.89.24.12180

32. Safaeian M, Porras C, Pan Y, Kreimer A, Schiller JT, Gonzalez P, et al.
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 (2013) 6(11):1242-50. doi: 10.1158/1940-6207.CAPR-13-0203

33. Safaeian M, Sampson JN, Pan Y, Porras C, Kemp TJ, Herrero R, et al.
Durability of protection afforded by fewer doses of the HPV16/18 vaccine: The
CVT trial. JNCI: J Natl Cancer Institute (2017) 110(2):205-12. doi: 10.1093/jnci/
djx158

34. Schiller J, Chackerian B. Why HIV virions have low numbers of envelope
spikes: implications for vaccine development. PLoS Pathog (2014) 10(8):e1004254.
doi: 10.1371/journal.ppat.1004254

35. Amanna IJ, Slifka MK. Mechanisms that determine plasma cell lifespan and
the duration of humoral immunity. Immunol Rev (2010) 236(1):125-38. doi:
10.1111/§.1600-065X.2010.00912.x

36. Schiller J, Lowy D. Explanations for the high potency of HPV prophylactic
vaccines. Vaccine (2018) 36(32):4768-73. doi: 10.1016/j.vaccine.2017.12.079

frontiersin.org


https://doi.org/10.1016/j.critrevonc.2022.103675
https://doi.org/10.1097/OLQ.0000000000000193
https://doi.org/10.1002/ijc.2910410109
https://doi.org/10.1016/j.jcv.2004.12.006
https://doi.org/10.1002/(SICI)1096-9896(199909)189:1%3C12::AID-PATH431%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1096-9896(199909)189:1%3C12::AID-PATH431%3E3.0.CO;2-F
https://doi.org/10.1016/j.biopha.2022.113345
https://doi.org/10.3322/caac.21660
https://doi.org/10.3389/fpubh.2020.552028
https://doi.org/10.1097/CEJ.0b013e328364f273
https://doi.org/10.1097/CEJ.0b013e328364f273
https://doi.org/10.1080/21645515.2016.1147634
https://doi.org/10.1002/ijc.30716
https://doi.org/10.1016/j.vaccine.2012.07.055
https://doi.org/10.1093/jnci/djv302
https://doi.org/10.1093/jnci/djv302
https://doi.org/10.1016/S1097-2765(00)80449-9
https://doi.org/10.3389/fpubh.2020.552028
https://doi.org/10.1186/1750-9378-5-19
https://doi.org/10.1136/jcp.2004.022863
https://doi.org/10.1016/j.arcmed.2014.10.008
https://doi.org/10.1111/j.1349-7006.2007.00546.x
https://doi.org/10.1016/j.tim.2017.07.007
https://doi.org/10.1128/JVI.01714-17
https://doi.org/10.1530/JME-19-0011
https://doi.org/10.1530/JME-19-0011
https://doi.org/10.1016/j.vaccine.2007.09.027
https://doi.org/10.1016/j.vaccine.2007.09.027
https://doi.org/10.1002/14651858.CD013479
https://doi.org/10.1038/s41571-022-00603-7
https://doi.org/10.1016/j.critrevonc.2022.103753
https://doi.org/10.1016/j.critrevonc.2022.103753
https://doi.org/10.1016/j.adcanc.2022.100050
https://doi.org/10.1016/j.jddst.2022.103459
https://doi.org/10.1016/0042-6822(91)90772-4
https://doi.org/10.1016/0042-6822(91)90772-4
https://doi.org/10.1073/pnas.89.24.12180
https://doi.org/10.1073/pnas.89.24.12180
https://doi.org/10.1158/1940-6207.CAPR-13-0203
https://doi.org/10.1093/jnci/djx158
https://doi.org/10.1093/jnci/djx158
https://doi.org/10.1371/journal.ppat.1004254
https://doi.org/10.1111/j.1600-065X.2010.00912.x
https://doi.org/10.1016/j.vaccine.2017.12.079
https://doi.org/10.3389/fonc.2022.977933
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Bhattacharjee et al.

37. Garbuglia AR, Lapa D, Sias C, Capobianchi MR, Del Porto P. The use of
both therapeutic and prophylactic vaccines in the therapy of papillomavirus
disease. Front Immunol (2020) 11:188. doi: 10.3389/fimmu.2020.00188

38. de Sanjosé S, Brotons M, Pavon MA. The natural history of human
papillomavirus infection. Best Pract Res Clin Obstet Gynaecol (2018) 47:2-13.
doi: 10.1016/j.bpobgyn.2017.08.015

39. St Laurent J, Luckett R, Feldman S. HPV vaccination and the effects on rates
of HPV-related cancers. Curr Probl Cancer (2018) 42(5):493-506. doi: 10.1016/
j.currproblcancer.2018.06.004

40. Smalley Rumfield C, et al. Therapeutic vaccines for HPV-associated
malignancies. Immunotargets Ther (2020) 9:167-200. doi: 10.2147/ITT.S273327

41. Rumfield CS, Roller N, Pellom ST, Schlom J, Jochems C. Therapeutic
vaccines for HPV-associated malignancies. Immunotargets Ther (2020) 9:167200.
doi: 10.2147/ITT.S273327.

42. Yang DY, Bracken K. Update on the new 9-valent vaccine for human
papillomavirus prevention. Can Fam Physician (2016) 62(5):399-402.

43. Garland SM, Hough RL, McCabe KM, Yeh MA, Wood PA, Aarons GA.
Natural history of genital warts: Analysis of the placebo arm of 2 randomized phase
1II trials of a quadrivalent human papillomavirus (Types 6, 11, 16, and 18) vaccine.
J Infect Dis (2009) 199(6):805-14. doi: 10.1086/597071

44. de Sanjose S, Quint WG, Alemany L, Geraets DT, Klaustermeier JE, Lloveras
B, et al. Human papillomavirus genotype attribution in invasive cervical cancer: A
retrospective cross-sectional worldwide study. Lancet Oncol (2010) 11(11):1048-
56. doi: 10.1016/S1470-2045(10)70230-8

45, Paz-Zulueta M, Alvarez-Paredes L, Rodriguez Diaz JC, Paras-Bravo P,
Andrada Becerra M, Rodriguez Ingelmo JM, et al. Prevalence of high-risk HPV
genotypes, categorised by their quadrivalent and nine-valent HPV vaccination
coverage, and the genotype association with high-grade lesions. BMC Cancer
(2018) 18(1):112. doi: 10.1186/s12885-018-4033-2

46. Mitchell TC, Casella CR. No pain no gain? adjuvant effects of alum and
monophosphoryl lipid a in pertussis and HPV vaccines. Curr Opin Immunol
(2017) 47:17-25. doi: 10.1016/j.c0i.2017.06.009

47. Cheng L, Wang Y, Du J. Human papillomavirus vaccines: An updated
review. Vaccines (Basel) (2020) 8(3). doi: 10.3390/vaccines8030391

48. Schwarz TF, Huang LM, Valencia A, Panzer F, Chiu CH, Decreux A, et al. A
ten-year study of immunogenicity and safety of the AS04-HPV-16/18 vaccine in
adolescent girls aged 10-14 years. Hum Vaccines Immunotherapeutics (2019) 15(7-
8):1970-9. doi: 10.1080/21645515.2019.1625644

49. De Oliveira CM, Fregnani JHT, Villa LL. HPV vaccine: updates and
highlights. Acta cytologica (2019) 63(2):159-68. doi: 10.1159/000497617

50. Kjaer SK, Nyga rd M, Dillner J, Brooke Marshall J, Radley D, Li M, et al. A
12-year follow-up on the long-term effectiveness of the quadrivalent human
papillomavirus vaccine in 4 Nordic countries. Clin Infect Dis (2018) 66(3):339-
45. doi: 10.1093/cid/cix797

51. Tsang SH, Sampson JN, Schussler ], Porras C, Wagner S, Boland J, et al.
Durability of cross-protection by different schedules of the bivalent HPV vaccine:
The CVT trial. ] Natl Cancer Inst (2020) 112(10):1030-7. doi: 10.1093/jnci/djaa010

52. Huh WK, Joura EA, Giuliano AR, Iversen OE, de Andrade RP, Ault KA,
et al. 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 (2017) 390(10108):2143-59. doi: 10.1016/S0140-6736(17)31821-4

53. Gongalves AK, Cobucci RN, Rodrigues HM, Melo AG, Giraldo PC. Safety,
tolerability and side effects of human papillomavirus vaccines: A systematic
quantitative review. Braz ] Infect Dis (2014) 18(6):651-9. doi: 10.1016/
j.bjid.2014.02.005

54. Ferris DG, Samakoses R, Block SL, Lazcano-Ponce E, Restrepo JA, Mehlsen
J, et al. 4-valent human papillomavirus (4vHPV) vaccine in preadolescents and
adolescents after 10 years. Pediatrics (2017) 140(6). doi: 10.1542/peds.2016-3947

55. Garland SM, Kjaer SK, Muiioz N, Block SL, Brown DR, DiNubile MJ, et al.
Impact and effectiveness of the quadrivalent human papillomavirus vaccine: A
systematic review of 10 years of real-world experience. Clin Infect Dis (2016) 63
(4):519-27. doi: 10.1093/cid/ciw354

56. Giuliano AR, Palefsky JM, Goldstone S, Moreira Jr ED, Penny ME, et al.
Efficacy of quadrivalent HPV vaccine against HPV infection and disease in males.
N Engl ] Med (2011) 364(5):401-11. doi: 10.1056/NEJMo0a0909537

57. Pandey S. Human papillomavirus-mediated cervical cancer awareness and
gardasil vaccination: A pilot survey among north Indian women. J Community
Health (2013) 38(5):907-10. doi: 10.1007/s10900-013-9697-6

58. Schlecht NF, Masika M, Diaz A, Nucci-Sack A, Salandy A, Pickering S, et al.
Risk of oral human papillomavirus infection among sexually active female
adolescents receiving the quadrivalent vaccine. JAMA Netw Open (2019) 2(10):
€1914031. doi: 10.1001/jamanetworkopen.2019.14031

59. Wilkin TJ, Chen H, Cespedes MS, Leon-Cruz JT, Godfrey C, Chiao EY, et al.
A randomized, placebo-controlled trial of the quadrivalent human papillomavirus

Frontiers in Oncology

15

10.3389/fonc.2022.977933

vaccine in human immunodeficiency virus-infected adults aged 27 years or older:
AIDS clinical trials group protocol A5298. Clin Infect Dis (2018) 67(9):1339-46.
doi: 10.1093/cid/ciy274

60. Olsson SE, Kjaer SK, Sigurdsson K, Iversen OE, Hernandez-Avila M,
Wheeler CM, et al. Evaluation of quadrivalent HPV 6/11/16/18 vaccine efficacy
against cervical and anogenital disease in subjects with serological evidence of prior
vaccine type HPV infection. Hum Vaccin (2009) 5(10):696-704. doi: 10.4161/
hv.5.10.9515

61. Athanasiou A, Bowden S, Paraskevaidi M, Fotopoulou C, Martin-Hirsch P,
Paraskevaidis E, et al. HPV vaccination and cancer prevention. Best Pract Res Clin
Obstet Gynaecol (2020) 65:109-24. doi: 10.1016/j.bpobgyn.2020.02.009

62. Harper DM, DeMars LR. HPV vaccines - a review of the first decade.
Gynecol Oncol (2017) 146(1):196-204. doi: 10.1016/j.ygyno.2017.04.004

63. Draper E, Bissett SL, Howell-Jones R, Waight P, Soldan K, Jit M, et al. A
randomized, observer-blinded immunogenicity trial of cervarix(®) and gardasil(®)
human papillomavirus vaccines in 12-15 year old girls. PLoS One (2013) 8(5):
€61825. doi: 10.1371/journal.pone.0061825

64. Malagon T, Drolet M, Boily MC, Franco EL, Jit M, Brisson J, et al. Cross-
protective efficacy of two human papillomavirus vaccines: A systematic review and
meta-analysis. Lancet Infect Dis (2012) 12(10):781-9. doi: 10.1016/S1473-3099(12)
70187-1

65. Giuliano AR, Joura EA, Garland SM, Huh WK, Iversen OE, Kjaer SK, et al.
Nine-valent HPV vaccine efficacy against related diseases and definitive therapy:
Comparison with historic placebo population. Gynecol Oncol (2019) 154(1):110-7.
doi: 10.1016/j.ygyno.2019.03.253

66. Saadeh K, Park I, Gargano JW, Whitney E, Querec TD, Hurley L, et al.
Prevalence of human papillomavirus (HPV)-vaccine types by race/ethnicity and
sociodemographic factors in women with high-grade cervical intraepithelial
neoplasia (CIN2/3/AIS), Alameda county, California, united states. Vaccine
(2020) 38(1):39-45. doi: 10.1016/j.vaccine.2019.09.103

67. Joura EA, Giuliano AR, Iversen O. E., Bouchard C., Mao C., Mehlsen J, et al.
A 9-valent HPV vaccine against infection and intraepithelial neoplasia in women.
N Engl ] Med (2015) 372(8):711-23. doi: 10.1056/NEJMoal405044

68. Zhai L, Tumban E. Gardasil-9: A global survey of projected efficacy.
Antiviral Res (2016) 130:101-9. doi: 10.1016/j.antiviral.2016.03.016

69. Guevara AM, Suarez E, Victoria A, Ngan HY, Hirschberg AL, Fedrizzi E,
et al. Maternal transfer of anti HPV 6 and 11 antibodies upon immunization with
the 9-valent HPV vaccine. Hum Vaccines Immunotherapeutics (2019) 15(1):141-5.
doi: 10.1080/21645515.2018.1514227

70. Roden RBS, Stern PL. Opportunities and challenges for human
papillomavirus vaccination in cancer. Nat Rev Cancer (2018) 18(4):240-54. doi:
10.1038/nrc.2018.13

71. Paavonen J, Naud P, Salmeron J, Wheeler CM, Chow SN, Apter D, et al.
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 (2009)
374(9686):301-14. doi: 10.1016/S0140-6736(09)61248-4

72. Hus I, Gonet-Sebastianka J, Surdacka A, Bojarska-Junak A, Rolinski J.
Analysis of peripheral blood immune cells after prophylactic immunization with
HPV-16/18 ASO4-adjuvanted vaccin. Adv Hygiene Exp Medicine/Postepy Higieny i
Medycyny Doswiadczalnej (2015) 69. doi: 10.5604/17322693.1150785

73. Lehtinen M, Paavonen J, Wheeler CM, Jaisamrarn U, Garland SM,
Castellsague X, et al. Overall efficacy of HPV-16/18 AS04-adjuvanted vaccine
against grade 3 or greater cervical intraepithelial neoplasia: 4-year end-of-study
analysis of the randomised, double-blind PATRICIA trial. Lancet Oncol (2012) 13
(1):89-99. doi: 10.1016/S1470-2045(11)70286-8

74. Herrero R, Wacholder S, Rodriguez AC, Solomon D, Gonzalez P, Kreimer
AR, et al. Prevention of persistent human papillomavirus infection by an HPV16/
18 vaccine: A community-based randomized clinical trial in guanacaste, Costa
Rica. Cancer Discovery (2011) 1(5):408-19. doi: 10.1158/2159-8290.CD-11-0131

75. Castle PE, Maza M. Prophylactic HPV vaccination: past, present, and future.
Epidemiol Infection (2016) 144(3):449-68. doi: 10.1017/80950268815002198

76. Herrero R, Quint W, Hildesheim A, Gonzalez P, Struijk L, Katki HA, et al.
Reduced prevalence of oral human papillomavirus (HPV) 4 years after bivalent
HPV vaccination in a randomized clinical trial in Costa rica. PLoS One (2013) 8(7):
€68329. doi: 10.1371/journal.pone.0068329

77. Paavonen J, Jenkins D, Bosch FX, Naud P, Salmeron ], Wheeler CM, et al.
Efficacy of a prophylactic adjuvanted bivalent L1 virus-like-particle vaccine against
infection with human papillomavirus types 16 and 18 in young women: An interim
analysis of a phase III double-blind, randomised controlled trial. Lancet (2007) 369
(9580):2161-70. doi: 10.1016/S0140-6736(07)60946-5

78. Clark KT, Trimble CL. Current status of therapeutic HPV vaccines. Gynecol
Oncol (2020) 156(2):503-10. doi: 10.1016/j.ygyno.2019.12.017

79. Barra F, Della Corte L, Noberasco G, Foreste V, Riemma G, Di Filippo C,
et al. Advances in therapeutic vaccines for treating human papillomavirus-related

frontiersin.org


https://doi.org/10.3389/fimmu.2020.00188
https://doi.org/10.1016/j.bpobgyn.2017.08.015
https://doi.org/10.1016/j.currproblcancer.2018.06.004
https://doi.org/10.1016/j.currproblcancer.2018.06.004
https://doi.org/10.2147/ITT.S273327
https://doi.org/10.2147/ITT.S273327
https://doi.org/10.1086/597071
https://doi.org/10.1016/S1470-2045(10)70230-8
https://doi.org/10.1186/s12885-018-4033-2
https://doi.org/10.1016/j.coi.2017.06.009
https://doi.org/10.3390/vaccines8030391
https://doi.org/10.1080/21645515.2019.1625644
https://doi.org/10.1159/000497617
https://doi.org/10.1093/cid/cix797
https://doi.org/10.1093/jnci/djaa010
https://doi.org/10.1016/S0140-6736(17)31821-4
https://doi.org/10.1016/j.bjid.2014.02.005
https://doi.org/10.1016/j.bjid.2014.02.005
https://doi.org/10.1542/peds.2016-3947
https://doi.org/10.1093/cid/ciw354
https://doi.org/10.1056/NEJMoa0909537
https://doi.org/10.1007/s10900-013-9697-6
https://doi.org/10.1001/jamanetworkopen.2019.14031
https://doi.org/10.1093/cid/ciy274
https://doi.org/10.4161/hv.5.10.9515
https://doi.org/10.4161/hv.5.10.9515
https://doi.org/10.1016/j.bpobgyn.2020.02.009
https://doi.org/10.1016/j.ygyno.2017.04.004
https://doi.org/10.1371/journal.pone.0061825
https://doi.org/10.1016/S1473-3099(12)70187-1
https://doi.org/10.1016/S1473-3099(12)70187-1
https://doi.org/10.1016/j.ygyno.2019.03.253
https://doi.org/10.1016/j.vaccine.2019.09.103
https://doi.org/10.1056/NEJMoa1405044
https://doi.org/10.1016/j.antiviral.2016.03.016
https://doi.org/10.1080/21645515.2018.1514227
https://doi.org/10.1038/nrc.2018.13
https://doi.org/10.1016/S0140-6736(09)61248-4
https://doi.org/10.5604/17322693.1150785
https://doi.org/10.1016/S1470-2045(11)70286-8
https://doi.org/10.1158/2159-8290.CD-11-0131
https://doi.org/10.1017/S0950268815002198
https://doi.org/10.1371/journal.pone.0068329
https://doi.org/10.1016/S0140-6736(07)60946-5
https://doi.org/10.1016/j.ygyno.2019.12.017
https://doi.org/10.3389/fonc.2022.977933
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Bhattacharjee et al.

cervical intraepithelial neoplasia. | Obstetrics Gynaecol Res (2020) 46(7):989-1006.
doi: 10.1111/j0g.14276

80. Yang A, Farmer E, Wu TC, Hung CF. Perspectives for therapeutic HPV
vaccine development. J BioMed Sci (2016) 23(1):75. doi: 10.1186/s12929-016-
0293-9

81. Skeate ]G, Woodham AW, Einstein MH, Da Silva DM, Kast WM. Current
therapeutic vaccination and immunotherapy strategies for HPV-related diseases.
Hum Vaccin Immunother (2016) 12(6):1418-29. doi: 10.1080/21645515.
2015.1136039

82. Kim HJ, Kim HJ. Current status and future prospects for human
papillomavirus vaccines. Arch Pharm Res (2017) 40(9):1050-63. doi: 10.1007/
$12272-017-0952-8

83. Le Tourneau C, Delord JP, Cassier P, Loirat D, Tavernaro A, Bastien B, et al.
1210P - phase Ib/II trial of TG4001 (Tipapkinogene sovacivec), a therapeutic HPV-
vaccine, and avelumab in patients with recurrent/metastatic (R/M) HPV-16+
cancers. Ann Oncol (2019) 30:v494-5. doi: 10.1093/annonc/mdz253.036

84. Peng S, Ferrall L, Gaillard S, Wang C, Chi WY, Huang CH, et al.
Development of DNA vaccine targeting E6 and E7 proteins of human
papillomavirus 16 (HPV16) and HPV18 for immunotherapy in combination
with recombinant vaccinia boost and PD-1 antibody. mBio (2021) 12(1). doi:
10.1128/mBi0.03224-20

85. Jabbar B, Rafique S, Salo-Ahen OM, Ali A, Munir M, Idrees M, et al.
Antigenic peptide prediction from E6 and E7 oncoproteins of HPV types 16 and 18
for therapeutic vaccine design using immunoinformatics and MD simulation
analysis. Front Immunol (2018) 9:3000. doi: 10.3389/fimmu.2018.03000

86. Kenter GG, Welters MJ, Valentijn AR, Lowik MJ, Berends-van der Meer
DM, Vloon AP, et al. Vaccination against HPV-16 oncoproteins for vulvar
intraepithelial neoplasia. New Engl ] Med (2009) 361(19):1838-47. doi: 10.1056/
NEJMo0a0810097

87. de Vos van Steenwijk PJ, Ramwadhdoebe TH, Lowik MJ, van der Minne CE,
Berends-van der Meer D, Fathers LM, et al. A placebo-controlled randomized
HPV16 synthetic long-peptide vaccination study in women with high-grade
cervical squamous intraepithelial lesions. Cancer Immunol Immunother (2012)
61(9):1485-92. doi: 10.1007/s00262-012-1292-7

88. van Poelgeest MIE, Welters MJ, van Esch EM, Stynenbosch LF, Kerpershoek
G, van Persijn van Meerten EL, et al. HPV16 synthetic long peptide (HPV16-SLP)
vaccination therapy of patients with advanced or recurrent HPV16-induced
gynecological carcinoma, a phase II trial. ] Trans Med (2013) 11(1):88. doi:
10.1186/1479-5876-11-88

89. de Vos van Steenwijk PJ, van Poelgeest MI, Ramwadhdoebe TH, Lowik M]J,
Berends-van der Meer D, van der Minne CE, et al. The long-term immune response
after HPV16 peptide vaccination in women with low-grade pre-malignant
disorders of the uterine cervix: A placebo-controlled phase II study. Cancer
Immunol Immunother (2014) 63(2):147-60. doi: 10.1007/s00262-013-1499-2

90. Welters MJ, van der Sluis van TC. MH, Loof NM, van Ham V], van DS, et al.
Vaccination during myeloid cell depletion by cancer chemotherapy fosters robust T
cell responses. Sci Transl Med (2016) 8(334):334ra52. doi: 10.1126/
scitranslmed.aad8307

91. Zandberg D, Rollins S, Goloubeva O, Morales RE, Tan M, Taylor R, et al. A
phase I dose escalation trial of MAGE-A3 and HPV-16 specific peptide
immunomodulatory vaccines in patients with recurrent/metastatic (RM)
squamous cell carcinoma of the head and neck (SCCHN). J Clin Oncol (2014)
32:e17014-4. doi: 10.1200/jc0.2014.32.15_suppl.e17014

92. Coleman HN, Greenfield WW, Stratton SL, Vaughn R, Kieber A, Moerman-
Herzog AM, et al. Human papillomavirus type 16 viral load is decreased following a
therapeutic vaccination. Cancer Immunol Immunother (2016) 65(5):563-73. doi:
10.1007/s00262-016-1821-x

93. Van Damme P, Boui]lette-Marussig M, Hens A, De Coster I, Depuydt C,
Goubier A, et al. GTL001, a therapeutic vaccine for women infected with human
papillomavirus 16 or 18 and normal cervical cytology: Results of a phase I clinical
trial. Clin Cancer Res (2016) 22(13):3238-48. doi: 10.1158/1078-0432.CCR-16-
0085

94. de Jong A, O'Neill T, Khan AY, Kwappenberg KM, Chisholm SE, Whittle
NR, et al. Enhancement of human papillomavirus (HPV) type 16 E6 and E7-
specific T-cell immunity in healthy volunteers through vaccination with TA-CIN,
an HPV16 L2E7E6 fusion protein vaccine. Vaccine (2002) 20(29-30):3456-64. doi:
10.1016/50264-410X(02)00350-X

95. Daayana S, Elkord E, Winters U, Pawlita M, Roden R, Stern PL, et al. Phase
1I trial of imiquimod and HPV therapeutic vaccination in patients with vulval
intraepithelial neoplasia. Br J Cancer (2010) 102(7):1129-36. doi: 10.1038/
5j.bjc.6605611

96. Davidson EJ, Faulkner RL, Sehr P, Pawlita M, Smyth LJ, Burt DJ, et al. Effect of
TA-CIN (HPV 16 L2E6E7) booster immunisation in vulval intraepithelial neoplasia
patients previously vaccinated with TA-HPV (vaccinia virus encoding HPV 16/18
E6E7). Vaccine (2004) 22(21):2722-9. doi: 10.1016/j.vaccine.2004.01.049

Frontiers in Oncology

16

10.3389/fonc.2022.977933

97. Smyth L], Van Poelgeest MI, Davidson EJ, Kwappenberg KM, Burt D, Sehr
P, et al. Immunological responses in women with human papillomavirus type 16
(HPV-16)-associated anogenital intraepithelial neoplasia induced by heterologous
prime-boost HPV-16 oncogene vaccination. Clin Cancer Res (2004) 10(9):2954-61.
doi: 10.1158/1078-0432.CCR-03-0703

98. Maldonado L, Teague JE, Morrow MP, Jotova I, Wu TC, Wang C, et al.
Intramuscular therapeutic vaccination targeting HPV16 induces T cell responses
that localize in mucosal lesions. Sci Trans Med (2014) 6(221):221ra13221ral3. doi:
10.1126/scitranslmed.3007323

99. Alvarez RD, Huh WK, Bae S, Lamb Jr LS, Conner MG, Boyer J, et al. A pilot
study of pPNGVL4a-CRT/E7(detox) for the treatment of patients with HPV16+
cervical intraepithelial neoplasia 2/3 (CIN2/3). Gynecol Oncol (2016) 140(2):245—
52. doi: 10.1016/j.ygyn0.2015.11.026

100. Kim TJ, Jin HT, Hur SY, Yang HG, Seo YB, Hong SR, et al. Clearance of
persistent HPV infection and cervical lesion by therapeutic DNA vaccine in CIN3
patients. Nat Commun (2014) 5:5317. doi: 10.1038/ncomms6317

101. Bagarazzi ML, Yan J, Morrow MP, Shen X, Parker RL, Lee JC, et al.
Immunotherapy against HPV16/18 generates potent TH1 and cytotoxic cellular
immune responses. Sci Trans Med (2012) 4(155):155ra138155ra138. doi: 10.1126/
scitranslmed.3004414

102. Sheets EE, Urban RG, Crum CP, Hedley ML, Politch JA, Gold MA, et al.
Immunotherapy of human cervical high-grade cervical intraepithelial neoplasia
with microparticle-delivered human papillomavirus 16 E7 plasmid DNA. Am ]
Obstet Gynecol (2003) 188(4):916-26. doi: 10.1067/mob.2003.256

103. Trimble CL, Morrow MP, Kraynyak KA, Shen X, Dallas M, Yan J, et al.
Safety, efficacy, and immunogenicity of VGX-3100, a therapeutic synthetic DNA
vaccine targeting human papillomavirus 16 and 18 E6 and E7 proteins for cervical
intraepithelial neoplasia 2/3: a randomised, double-blind, placebo-controlled phase
2b trial. Lancet (2015) 386(10008):2078-88. doi: 10.1016/S0140-6736(15)00239-1

104. Klencke B, Matijevic M, Urban RG, Lathey JL, Hedley ML, Berry M, et al.
Encapsulated plasmid DNA treatment for human papillomavirus 16-associated
anal dysplasia: a phase I study of ZYC101. Clin Cancer Res (2002) 8(5):1028-37.

105. Garcia F, Petry KU, Muderspach L, Gold MA, Braly P, Crum CP, et al.
ZYCl101la for treatment of high-grade cervical intraepithelial neoplasia: a
randomized controlled trial. Obstet Gynecol (2004) 103(2):317-26. doi: 10.1097/
01.A0G.0000110246.93627.17

106. Maciag PC, Radulovic S, Rothman J. The first clinical use of a live-
attenuated listeria monocytogenes vaccine: a phase I safety study of Im-LLO-E7
in patients with advanced carcinoma of the cervix. Vaccine (2009) 27(30):3975-83.
doi: 10.1016/j.vaccine.2009.04.041

107. Greenfield WW, Stratton SL, Myrick RS, Vaughn R, Donnalley LM,
Coleman HN, et al. A phase I dose-escalation clinical trial of a peptide-based
human papillomavirus therapeutic vaccine with candida skin test reagent as a novel
vaccine adjuvant for treating women with biopsy-proven cervical intraepithelial
neoplasia 2/3. Oncoimmunology (2015) 4(10):e1031439. doi: 10.1080/
2162402X.2015.1031439

108. Yang Y, Che Y, Zhao Y, Wang X. Prevention and treatment of cervical
cancer by a single administration of human papillomavirus peptide vaccine with
CpG oligodeoxynucleotides as an adjuvant in vivo. Int Immunopharmacol (2019)
69:279-88. doi: 10.1016/j.intimp.2019.01.024

109. Liu TY, Hussein M, Toth W, Skwarczynski I, M. Advances in peptide-
based human papillomavirus therapeutic vaccines. Curr Top Med Chem (2012) 12
(14):1581-92. doi: 10.2174/156802612802652402

110. Wu CY, Monie A, Pang X, Hung CF, Wu TC. Improving therapeutic HPV
peptide-based vaccine potency by enhancing CD4+ T help and dendritic cell
activation. J BioMed Sci (2010) 17(1):88. doi: 10.1186/1423-0127-17-88

111. Zhang Y-Q, Tsai YC, Monie A, Hung CF, Wu TC, et al. Carrageenan as an
adjuvant to enhance peptide-based vaccine potency. Vaccine (2010) 28(32):5212-9.
doi: 10.1016/j.vaccine.2010.05.068

112. Pandey S, Mittal RD, Srivastava M, Srivastava K, Singh S, Srivastava S, et al.
Impact of toll-like receptors [TLR] 2 (- 196 to- 174 del) and TLR 4 (Asp299Gly,
Thr3991le) in cervical cancer susceptibility in north Indian women. Gynecologic
Oncol (2009) 114(3):501-5. doi: 10.1016/j.ygyno.2009.05.032

113. Dhatchinamoorthy K, Colbert JD, Rock KL. Cancer immune evasion
through loss of MHC class I antigen presentation. Front Immunol (2021)
12:636568-8. doi: 10.3389/fimmu.2021.636568

114. Rabu C, Rangan L, Florenceau L, Fortun A, Charpentier M, Dupre E, et al.
Cancer vaccines: designing artificial synthetic long peptides to improve
presentation of class I and class II T cell epitopes by dendritic cells.
Oncoimmunology (2019) 8(4):e1560919-e1560919. doi: 10.1080/
2162402X.2018.1560919

115. Vujadinovic M, Khan S, Oosterhuis K, Uil TG, Wunderlich K, Damman S,
et al. Adenovirus based HPV L2 vaccine induces broad cross-reactive humoral
immune responses. Vaccine (2018) 36(30):4462-70. doi: 10.1016/
j.vaccine.2018.06.024

frontiersin.org


https://doi.org/10.1111/jog.14276
https://doi.org/10.1186/s12929-016-0293-9
https://doi.org/10.1186/s12929-016-0293-9
https://doi.org/10.1080/21645515.2015.1136039
https://doi.org/10.1080/21645515.2015.1136039
https://doi.org/10.1007/s12272-017-0952-8
https://doi.org/10.1007/s12272-017-0952-8
https://doi.org/10.1093/annonc/mdz253.036
https://doi.org/10.1128/mBio.03224-20
https://doi.org/10.3389/fimmu.2018.03000
https://doi.org/10.1056/NEJMoa0810097
https://doi.org/10.1056/NEJMoa0810097
https://doi.org/10.1007/s00262-012-1292-7
https://doi.org/10.1186/1479-5876-11-88
https://doi.org/10.1007/s00262-013-1499-2
https://doi.org/10.1126/scitranslmed.aad8307
https://doi.org/10.1126/scitranslmed.aad8307
https://doi.org/10.1200/jco.2014.32.15_suppl.e17014
https://doi.org/10.1007/s00262-016-1821-x
https://doi.org/10.1158/1078-0432.CCR-16-0085
https://doi.org/10.1158/1078-0432.CCR-16-0085
https://doi.org/10.1016/S0264-410X(02)00350-X
https://doi.org/10.1038/sj.bjc.6605611
https://doi.org/10.1038/sj.bjc.6605611
https://doi.org/10.1016/j.vaccine.2004.01.049
https://doi.org/10.1158/1078-0432.CCR-03-0703
https://doi.org/10.1126/scitranslmed.3007323
https://doi.org/10.1016/j.ygyno.2015.11.026
https://doi.org/10.1038/ncomms6317
https://doi.org/10.1126/scitranslmed.3004414
https://doi.org/10.1126/scitranslmed.3004414
https://doi.org/10.1067/mob.2003.256
https://doi.org/10.1016/S0140-6736(15)00239-1
https://doi.org/10.1097/01.AOG.0000110246.93627.17
https://doi.org/10.1097/01.AOG.0000110246.93627.17
https://doi.org/10.1016/j.vaccine.2009.04.041
https://doi.org/10.1080/2162402X.2015.1031439
https://doi.org/10.1080/2162402X.2015.1031439
https://doi.org/10.1016/j.intimp.2019.01.024
https://doi.org/10.2174/156802612802652402
https://doi.org/10.1186/1423-0127-17-88
https://doi.org/10.1016/j.vaccine.2010.05.068
https://doi.org/10.1016/j.ygyno.2009.05.032
https://doi.org/10.3389/fimmu.2021.636568
https://doi.org/10.1080/2162402X.2018.1560919
https://doi.org/10.1080/2162402X.2018.1560919
https://doi.org/10.1016/j.vaccine.2018.06.024
https://doi.org/10.1016/j.vaccine.2018.06.024
https://doi.org/10.3389/fonc.2022.977933
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Bhattacharjee et al.

116. Draghiciu O, Boerma A, Hoogeboom BN, Nijman HW, Daemen T, et al. A
rationally designed combined treatment with an alphavirus-based cancer vaccine,
sunitinib and low-dose tumor irradiation completely blocks tumor development.
Oncoimmunology (2015) 4(10):¢1029699. doi: 10.1080/2162402X.2015.1029699

117. QiuJ, Peng S, Ma Y, Yang A, Farmer E, Cheng MA, et al. Epithelial boost
enhances antigen expression by vaccinia virus for the generation of potent CD8+ T
cell-mediated antitumor immunity following DNA priming vaccination. Virology
(2018) 525:205-15. doi: 10.1016/j.virol.2018.09.019

118. Bissa M, Illiano E, Pacchioni S, Paolini F, Zanotto C, De Giuli Morghen C, et al.
A prime/boost strategy using DNA/fowlpox recombinants expressing the genetically
attenuated E6 protein as a putative vaccine against HPV-16-associated cancers. J Trans
Med (2015) 13(1):80. doi: 10.1186/512967-015-0437-9

119. Vici P, Pizzuti L, Mariani L, Zampa G, Santini D, Di Lauro L, et al.
Targeting immune response with therapeutic vaccines in premalignant lesions and
cervical cancer: hope or reality from clinical studies. Expert Rev Vaccines (2016) 15
(10):1327-36. doi: 10.1080/14760584.2016.1176533

120. Ayesha N, Aboulaghras S, Jahangeer M, Riasat A, Ramzan R, Fatima R,
et al. Physiopathology and effectiveness of therapeutic vaccines against human
papillomavirus. Environ Sci pollut Res Int (2021) 28(35):47752-72. doi: 10.1007/
s11356-021-15441-w

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

122. Yang A, Jeang J, Cheng K, Cheng T, Yang B, Wu TG, et al. Current state in
the development of candidate therapeutic HPV vaccines. Expert Rev Vaccines
(2016) 15(8):989-1007. doi: 10.1586/14760584.2016.1157477

123. Ma B, Roden R, Wu TC. Current status of human papillomavirus vaccines.
J Formos Med Assoc (2010) 109(7):481-3. doi: 10.1016/S0929-6646(10)60081-2

124. Komdeur FL, Singh A, van de Wall S, Meulenberg JJ, Boerma A,
Hoogeboom BN, et al. First-in-Human phase I clinical trial of an SFV-based
RNA replicon cancer vaccine against HPV-induced cancers. Mol Ther (2021) 29
(2):611-25. doi: 10.1016/j.ymthe.2020.11.002

125. Wang HR, Wang BN, Li WY, Zuo FQ, Li H, Jiang ZH, et al. [Construction
and expression characteristics in vitro of human papillomavirus type 16 E7 suicidal
DNA vaccine]. Sichuan Da Xue Xue Bao Yi Xue Ban (2008) 39(2):165-8.

126. Karjoo Z, Chen X, Hatefi A. Progress and problems with the use of suicide
genes for targeted cancer therapy. Advanced Drug delivery Rev (2016) 99:113-28.
doi: 10.1016/j.addr.2015.05.009

127. Shibata T, Shah S, Evans T, Coleman H, Lieblong BJ, Spencer HJ, et al.
Expansion of human papillomavirus-specific T cells in periphery and cervix in a
therapeutic vaccine recipient whose cervical high-grade squamous intraepithelial
lesion regressed. Front Immunol (2021) 12:645299. doi: 10.3389/fimmu.2021.645299

128. Chang EY, Chen CH, Ji H, Wang TL, Hung K, Lee BP, et al. Antigen-
specific cancer immunotherapy using a GM-CSF secreting allogeneic tumor cell-
based vaccine. Int J Cancer (2000) 86(5):725-30. doi: 10.1002/(SICI)1097-0215
(20000601)86:5<725::AID-1JC19>3.0.CO;2-K

129. Mikyskova R, Indrova M, Simova J, Jandlova T, Bieblova J, Jinoch P, et al.
Treatment of minimal residual disease after surgery or chemotherapy in mice
carrying HPV16-associated tumours: Cytokine and gene therapy with IL-2 and
GM-CSF. Int ] Oncol (2004) 24(1):161-7. doi: 10.3892/ijo.24.1.161

130. Rahma OE, Herrin VE, Ibrahim RA, Toubaji A, Bernstein S, Dakheel O,
et al. Pre-immature dendritic cells (PIDC) pulsed with HPV16 E6 or E7 peptide are
capable of eliciting specific immune response in patients with advanced cervical
cancer. ] Trans Med (2014) 12(1):353. doi: 10.1186/s12967-014-0353-4

131. Constantino J, Gomes C, Falcio A, Cruz MT, Neves BM. Antitumor
dendritic cell-based vaccines: lessons from 20 years of clinical trials and future
perspectives. Transl Res (2016) 168:74-95. doi: 10.1016/j.trs1.2015.07.008

132. Silva MO, Almeida BS, Sales NS, Diniz MO, Aps LR, Rodrigues KB, et al.
Antigen delivery to DEC205+ dendritic cells induces immunological memory and
protective therapeutic effects against HPV-associated tumors at different
anatomical sites. Int ] Biol Sci (2021) 17(11):2944-56. doi: 10.7150/ijbs.57038

133. Ahn WS, Yoo J, Huh SW, Kim CK, Lee JM, Namkoong SE, et al. Protective
effects of green tea extracts (polyphenon e and EGCG) on human cervical lesions.
Eur J Cancer Prev (2003) 12(5):383-90. doi: 10.1097/00008469-200310000-00007

134. Liu Y, Li H, Pi R, Yang Y, Zhao X, Qi X. Current strategies against
persistent human papillomavirus infection. Int J Oncol (2019) 55(3):570-84. doi:
10.3892/ij0.2019.4847

135. Santin AD, Bellone S, Palmieri M, Ravaggi A, Romani C, Tassi R, et al.
HPV16/18 E7-pulsed dendritic cell vaccination in cervical cancer patients with

Frontiers in Oncology

17

10.3389/fonc.2022.977933

recurrent disease refractory to standard treatment modalities. Gynecol Oncol (2006)
100(3):469-78. doi: 10.1016/j.ygyno.2005.09.040

136. Santin AD, Bellone S, Palmieri M, Zanolini A, Ravaggi A, Siegel ER, et al.
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 (2008) 82
(4):1968-79. doi: 10.1128/JVL02343-07

137. Sankaranarayanan R, Joshi S, Muwonge R, Esmy PO, Basu P, Prabhu P,
Bhatla N, et al, et al. Can a single dose of human papillomavirus (HPV) vaccine
prevent cervical cancer? early findings from an Indian study. Vaccine (2018) 36(32
Pt A):4783-91. doi: 10.1016/j.vaccine.2018.02.087

138. Nelson EA, Lam HS, Choi KC, Ho WC, Fung LE, Cheng FW, et al. A pilot
randomized study to assess immunogenicity, reactogenicity, safety and tolerability
of two human papillomavirus vaccines administered intramuscularly and
intradermally to females aged 18-26 years. Vaccine (2013) 31(34):3452-60. doi:
10.1016/j.vaccine.2013.06.034

139. Kreimer AR, Struyf F, Del Rosario-Raymundo MR, Hildesheim A, Skinner
SR, Wacholder S, et al. Efficacy of fewer than three doses of an HPV-16/18 AS04-
adjuvanted vaccine: combined analysis of data from the Costa Rica vaccine and
PATRICIA trials. Lancet Oncol (2015) 16(7):775-86. doi: 10.1016/S1470-2045(15)
00047-9

140. Dobson SR, McNeil S, Dionne M, Dawar M, Ogilvie G, Krajden M, et al.
Immunogenicity of 2 doses of HPV vaccine in younger adolescents vs 3 doses in
young women: a randomized clinical trial. JAMA (2013) 309(17):1793-802. doi:
10.1001/jama.2013.1625

141. Romanowski B, Schwarz TF, Ferguson LM, Peters K, Dionne M, Schulze K,
et al. Immunogenicity and safety of the HPV-16/18 AS04-adjuvanted vaccine
administered as a 2-dose schedule compared with the licensed 3-dose schedule:
results from a randomized study. Hum Vaccin (2011) 7(12):1374-86. doi: 10.4161/
hv.7.12.18322

142. Zhang L, Wang W, Wang S. Effect of vaccine administration modality on
immunogenicity and efficacy. Expert Rev Vaccines (2015) 14(11):1509-23. doi:
10.1586/14760584.2015.1081067

143. Lambert PH, Laurent PE. Intradermal vaccine delivery: will new delivery
systems transform vaccine administration? Vaccine (2008) 26(26):3197-208. doi:
10.1016/j.vaccine.2008.03.095

144. Belshe RB, Newman FK, Cannon J, Duane C, Treanor J, Van Hoecke C,
et al. Serum antibody responses after intradermal vaccination against influenza. N
Engl ] Med (2004) 351(22):2286-94. doi: 10.1056/NEJMo0a043555

145. Wu A, Zeng Q, Kang TH, Peng S, Roosinovich E, Pai SI, et al. Innovative
DNA vaccine for human papillomavirus (HPV)-associated head and neck cancer.
Gene Ther (2011) 18(3):304-12. doi: 10.1038/gt.2010.151

146. Kurugél Z, Erensoy S, Aksit S, Egemen A, Bilgic A, et al. Low-dose
intradermal administration of recombinant hepatitis b vaccine in children: 5-
year follow-up study. Vaccine (2001) 19(28-29):3936-9. doi: 10.1016/50264-410X
(01)00118-9

147. WangR, Pan W, Jin L, Huang W, Li Y, Wu D, et al. Human papillomavirus
vaccine against cervical cancer: Opportunity and challenge. Cancer Lett (2020)
471:88-102. doi: 10.1016/j.canlet.2019.11.039

148. Ba DM, McCall-Hosenfeld JS, Ssentongo P, Chinchilli VM, Agbese E,
et al. Cervical cancer screening varies by HPV vaccination status among a
national cohort of privately insured young women in the united states 2006-
2016. Med (Baltimore) (2021) 100(41):e27457. doi: 10.1097/MD.0000000
000027457

149. Sabeena S, Bhat PV, Kamath V, Arunkumar G.. Global human papilloma
virus vaccine implementation: An update. ] Obstet Gynaecol Res (2018) 44(6):989-
97. doi: 10.1111/jog.13634

150. Lee L, Garland S. Human papillomavirus vaccination: the population
impact [version 1; peer review: 3 approved]. FI000Research (2017) 6(866). doi:
10.12688/f1000research.10691.1

151. Markowitz LE, Gee ], Chesson H, Stokley S.. Ten years of human
papillomavirus vaccination in the united states. Acad Pediatr (2018) 18(2s):S3-
510. doi: 10.1016/j.acap.2017.09.014

152. Dilley S, Miller KM, Huh WK. Human papillomavirus vaccination:
Ongoing challenges and future directions. Gynecol Oncol (2020) 156(2):498-502.
doi: 10.1016/j.ygyno.2019.10.018

153. Rai RV, Rajesh PS, Kim H-M. Medicinal use of coscinium fenestratum
(Gaertn.) colebr.: An short review. Oriental Pharm Exp Med (2013) 13(1):1-9. doi:
10.1007/513596-012-0094-y

frontiersin.org


https://doi.org/10.1080/2162402X.2015.1029699
https://doi.org/10.1016/j.virol.2018.09.019
https://doi.org/10.1186/s12967-015-0437-9
https://doi.org/10.1080/14760584.2016.1176533
https://doi.org/10.1007/s11356-021-15441-w
https://doi.org/10.1007/s11356-021-15441-w
https://doi.org/10.1016/j.bpobgyn.2017.09.008
https://doi.org/10.1586/14760584.2016.1157477
https://doi.org/10.1016/S0929-6646(10)60081-2
https://doi.org/10.1016/j.ymthe.2020.11.002
https://doi.org/10.1016/j.addr.2015.05.009
https://doi.org/10.3389/fimmu.2021.645299
https://doi.org/10.1002/(SICI)1097-0215(20000601)86:5%3C725::AID-IJC19%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1097-0215(20000601)86:5%3C725::AID-IJC19%3E3.0.CO;2-K
https://doi.org/10.3892/ijo.24.1.161
https://doi.org/10.1186/s12967-014-0353-4
https://doi.org/10.1016/j.trsl.2015.07.008
https://doi.org/10.7150/ijbs.57038
https://doi.org/10.1097/00008469-200310000-00007
https://doi.org/10.3892/ijo.2019.4847
https://doi.org/10.1016/j.ygyno.2005.09.040
https://doi.org/10.1128/JVI.02343-07
https://doi.org/10.1016/j.vaccine.2018.02.087
https://doi.org/10.1016/j.vaccine.2013.06.034
https://doi.org/10.1016/S1470-2045(15)00047-9
https://doi.org/10.1016/S1470-2045(15)00047-9
https://doi.org/10.1001/jama.2013.1625
https://doi.org/10.4161/hv.7.12.18322
https://doi.org/10.4161/hv.7.12.18322
https://doi.org/10.1586/14760584.2015.1081067
https://doi.org/10.1016/j.vaccine.2008.03.095
https://doi.org/10.1056/NEJMoa043555
https://doi.org/10.1038/gt.2010.151
https://doi.org/10.1016/S0264-410X(01)00118-9
https://doi.org/10.1016/S0264-410X(01)00118-9
https://doi.org/10.1016/j.canlet.2019.11.039
https://doi.org/10.1097/MD.0000000000027457
https://doi.org/10.1097/MD.0000000000027457
https://doi.org/10.1111/jog.13634
https://doi.org/10.12688/f1000research.10691.1
https://doi.org/10.1016/j.acap.2017.09.014
https://doi.org/10.1016/j.ygyno.2019.10.018
https://doi.org/10.1007/s13596-012-0094-y
https://doi.org/10.3389/fonc.2022.977933
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Governing HPV-related carcinoma using vaccines: Bottlenecks and breakthroughs
	Introduction
	Comparison of cervarix and gardasil
	Therapeutic vaccine
	Peptide- and protein-based vaccines
	Live vector  vaccines
	Nucleic acid-based vaccines
	Whole cell-based vaccines

	Dosage and vaccine administration routes
	Vaccination coverage and safety challenges
	Conclusion and future perspectives
	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


