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Abstract Cervical cancer is the fourth most frequent
cancer among women worldwide. Human papillomaviruses
(HPVs) cause almost all cervical cancers in low-income
countries. Three prophylactic HPV virus-like particle-
based vaccines have been licensed to date, and they have
all shown high efficacy and reliable safety profiles. How-
ever, isolated safety issues have resulted in a reluctance to
use these vaccinations. In addition, the high prices of the
vaccinations have caused the inequitable distribution of the
vaccine: the prices are unaffordable for low-income
countries. Meanwhile, great effort has been put into the
development of therapeutic HPV vaccines, including pro-
tein/peptide-, live vector-, DNA- and cell-based vaccines.
These new vaccines have considerable therapeutic poten-
tial but limited practical use. The development of immune
checkpoint inhibitors and personalized immunotherapy
remain challenges for future study. In this article, the
current status of the licensed vaccines, therapeutic HPV
vaccines and biosimilars, and new platforms for HPV
vaccines, are reviewed, and safety issues related to the
licensed vaccines are discussed. In addition, the prospects
for HPV vaccines are considered.
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Introduction

Recent studies estimate that 23% of all human malignan-
cies are caused by infectious agents, such as hepatitis B and
C viruses (liver cancer), human papillomaviruses (HPVs)
(cervical and anogenital cancers), and Helicobacter pylori
(stomach cancer) (WHO 2003; zur Hausen 2009). More-
over HPVs are responsible for 27.9-30% of all such
malignancies worldwide (zur Hausen 2009; Bravo et al.
2010). HPVs can be isolated from skin swabs and hair of
normal immunocompetent individuals (Antonsson et al.
2000, 2003), and there is strong evidence that HPVs cause
cancers of the cervix uteri, penis, vulva, vagina, anus, and
the head and neck in both men and women (Depuydt et al.
2016). HPV is the most common sexually transmitted
infectious agent, and all sexually active individuals are
likely to acquire HPV at some point during their life
(Dunne et al. 2007). Around 291 million women worldwide
are carriers of HPV DNA, and this corresponds to a
prevalence of 10.4% (16.9% in women younger than
25 years) (de Sanjose et al. 2007). Worldwide, 527,624
women are diagnosed with cervical cancer and 265,672 die
from the disease annually (Bruni et al. 2016). Cervical
cancer is the fourth most frequent cancer among women
and the second most common cancer in women aged
15-44 years (Bruni et al. 2016). In this article, the current
status of prophylactic and therapeutic HPV vaccines are
reviewed, and prospects for future vaccine development are
discussed.

HPYV biology and malignant transformation
HPVs are small non-enveloped viruses, 50-60 nm in

diameter, packaging an approximately 8 kb circular dou-
ble-stranded DNA genome (Doorbar et al. 2015; Araldi
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et al. 2017). The capsid of HPV is composed of major
capsid protein L1 and minor capsid protein L2, and
structural mapping shows that the T = 7 icosahedral capsid
of HPV includes 360 copies of L1 protein arranged into 72
pentamers (Schiller and Lowy 2012). The L2 protein is
believed to be located in the center of the pentamers, as the
L2:L1 ratio is estimated to be 1:5-1:10 (Schellenbacher
et al. 2017). All papillomaviruses contain well-conserved
core genes for replication (E1 and E2) and capsid forma-
tion (L1 and L2), and genes for driving the cell cycle,
immune evasion and virus release (E6, E7, ES and E4)
(Doorbar et al. 2015). Assembly occurs in association with
cellular histones or nuclear factors (Cerqueira et al. 2016;
Kim et al. 2016). HPVs infect only epithelial cells and
replication is strictly controlled by the differentiation state
of the epithelial cells (Cerqueira and Schiller 2017). It is
well known that the E6 and E7 proteins target p53 and pRB
to promote cell proliferation and prolong cell cycle pro-
gression, and the resulting genomic instability of host cells
drives malignant transformation, eventually leading to
invasive cervical cancer (Araldi et al. 2017). The integra-
tion of HPV genomes into the host significantly affects the
functions of both viral and host genome; it causes disrup-
tion of the El, E2, ES and L2 gene regions, and conse-
quently leads to overexpression of E6 and E7 proteins
(Senapati et al. 2016).

During natural HPV infection, the virus is restricted to
the intraepithelial layer of the mucosa and induces only a
weak immune response. The antibody response against
natural HPV infection is slow and elicits low antibody
titers (WHO 2014). It is disputed whether the antibody
response induced by natural HPV infection can reduce the
risk of re-infection (Gravitt 2011). Approximately 70-90%
of HPV infections are asymptomatic and resolve sponta-
neously within 1-2 years (Cubie 2013).

Cervical cancers are classified into squamous cell car-
cinomas, adenocarcinomas and adenosquamous carcino-
mas, with almost 90% of cervical cancers classified as
squamous cell carcinomas (Liu et al. 2001). Cervical can-
cer develops from a precancerous lesion, known as a cer-
vical intraepithelial neoplasia (CIN), which is classified by
histopathological grade (CIN 1, CIN 2 or CIN 3) (Senapati
et al. 2016).

Prevalence of HPV

More than 100 types of HPV have been identified, and
more than 40 of these are transmissible through the genital
area (Watson 2005). HPVs can be grouped by their
malignant properties as low-risk and high-risk types. The
low-risk types include HPV6, HPV11, HPV40, HPV42,
HPV43, HPV44, HPVS5S5, and the high-risk types include
HPVI16, HPV1S8, HPV31, HPV33, HPV35, HPV39,

HPV45, HPV51, HPVS2, HPV56, HPV58 and HPV59
(Bouvard et al. 2009). High-risk types are found in almost
all patients with of cervical cancer: HPV16 and HPV 18 are
responsible for 70% of all cervical cancers, and HPV31,
HPV33, HPV35, HPV45, HPV52 and HPV58 account for
an additional 22% worldwide (Bruni et al. 2016). HPVs are
also found in over 10% of women with normal cytology
(Bruni et al. 2016), indicating that HPVs are circulating in
healthy individuals with high frequency. The risk of
squamous cell carcinoma in the cervix is known to be about
400- and 250-times higher in women infected with HPV16
and HPV 18, respectively, compared to healthy individuals
(WHO 2014). In the United States, 87% of anal cancers
and 63% oropharyngeal cancer are caused by HPV infec-
tions (Zandberg et al. 2013): HPV16 and HPV18 cause
90% of HPV-positive anal cancers and 96% of HPV-pos-
itive oropharyngeal cancers (Daling and Sherman 1992;
Gillison 2008). HPV6 and HPV11 cause 90% of all cases
of genital warts (Braaten and Laufer 2008). The prevalence
of HPV types in invasive cervical cancer is, in descending
order, HPV16 (55.1%), HPV18 (14.3%), HPV45 (5%),
HPV33 (4.2%), HPV58 (3.9%), HPV31 (3.5%), HPV52
(3.5%), HPV35 (1.7), HPV39 (1.5%) and HPV59 (1.4%)
(Bruni et al. 2016). For this reason, HPV16 and HPV 18 are
the main targets for vaccine development.

Almost 85% of cervical cancers occur in low-income
countries; the burden of cervical cancer is high in sub-
Saharan Africa, Latin America and India. In addition, it is
assumed that Mongolia and China have a high burden of
cervical cancer, although the disease burden is unreported
and therefore uncertain (Crosbie et al. 2013; Bruni et al.
2016).

Licensed prophylactic HPV vaccines

Virus-like particle (VLP)-based prophylactic HPV vacci-
nes were developed incrementally by many contributors
(McNeil 2006). The technical innovation of the prophy-
lactic HPV vaccine is the application of VLPs as the vac-
cine antigens: the HPV vaccine is the second VLP-based
vaccine to be commercialized, after the hepatitis B virus
vaccine. Recombinant L1 protein is a subunit of the VLP,
and the recombinant L1 protein can self-assemble into
VLPs (Buck et al. 2013). The repetitive epitopes displayed
on the surface of VLPs mimic the properties of the native
HPV virion, and are able to elicit anti-pathogen-specific
neutralizing antibodies. These particulates are then recog-
nized and processed by antigen-presenting cells (APCs)
(Kim and Kim 2016).

Three prophylactic VLP-based HPV vaccines have been
commercialized and are currently available. Gardasil-4
(Merck Sharp & Dohme, MSD) is produced in
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Saccharomyces cerevisiae (S. cerevisiae) and received first
approval in 2006 (Markowitz et al. 2007); Cervarix
(GlaxoSmithKline, GSK) is produced in insect cells and
earned first approval in 2007 (Monie et al. 2008). In 2014,
the United States Food and Drug Administration (FDA)
approved Gardasil-9 (MSD) which is again produced in the
S. cerevisiae expression system (Joura et al. 2015; Petrosky
et al. 2015). The properties and formulations of these
vaccines are summarized in Table 1. Cervarix is a bivalent
vaccine that contains HPV16 and HPV18 L1 VLPs to
prevent cervical cancer. Gardasil-4 is a quadrivalent vac-
cine that contains HPV16 and HPV18 L1 VLPs to prevent
cervical cancer as well as HPV6 and HPV11 L1 VLPs to
prevent genital warts, and was the first quadrivalent vac-
cine to be licensed for the prevention of cervical cancers.
Gardasil-9 is a nonavalent vaccine that contains the same
four L1 VLPs as Gardisil-4 and, in addition, contains
HPV31, 33, 45, 52 and 58 L1 VLPs (Corp. 2016; Harper
and DeMars 2017). Recent studies show that these three
commercial vaccines have similar effectiveness in pre-
venting cervical cancer (WHO 2017).

Vaccination schedules

Gardasil-4 and Gardasil-9 are licensed for use in male and
female children, adolescents and young adults aged
9-26 years old (FDA 2006, 2014a), and Cervarix is
licensed for use in female children, adolescents and young
adults aged 9-25 years old (FDA 2014b). The vaccines

were originally licensed using a three-dose vaccination
schedule. In 2006 the Advisory Committee on Immuniza-
tion Practice recommended routine vaccination for pre-
venting HPV infection at age 11 or 12 years for female
adolescents, and in 2011 this was extended to include male
adolescents (Meites et al. 2016). A two-dose regimen for
HPV vaccination has been proposed because the dosing
schedule could potentially enable the vaccination of 50%
more people for the same price, compared to a three-dose
regimen (Kreimer et al. 2011). In December 2016, the
United State Centers for Disease Control and Prevention
(CDC) recommended two-dose vaccination for male and
female adolescents between the ages of 9 and 14 years,
with the doses given at least 6 months apart (Meites et al.
2016). Several randomized studies of Cervarix, Gardarsil-4
and Gardasil-9 confirmed that the two-dose regimen in
female adolescents aged 9-14 years was either non-inferior
or inconclusive in terms of immunogenicity, compared to
the three-dose regimen (Dobson et al. 2013; Puthanakit
et al. 2016; Romanowski et al. 2016; Corp. 2017). The
CDC recommends that adolescents and young adults who
receive the vaccine between the ages of 15 and 26 years
and immunocompromised individuals should continue to
receive the original three-dose regimen (Meites et al.
2016).

Table 1 Vaccine compositions of Cervarix, Gardasil-4 and Gardasil-9 (Harper and Demars 2017)

Type (ml) Manufacturer Vaccine antigen for Vaccine antigen for Cross protection  Expression system Adjuvant (ng)
preventing cervical — preventing genital ability suggested® used for antigen
cancer ([g) warts (1g) production
Cervarix GSK HPV16 (20) HPV3l1 Insect cell 3-O-desacyl-4'-
(0.5 ml) HPV18 (20) HPV33 Trichoplusia ni monophosphryl lipid
HPV45 (MPL, 50)
Aluminum hydroxide salt
(500)
Gardasil-4 MSD HPV16 (40) HPV6 (20) HPV31 S. cerevisiae Amorphous aluminum
(0.5 ml) HPV18 (20) HPVI11 (40) HPV33 hydroxyphosphate sulfate
HPV45 (225)
Gardasil-9 MSD HPV16 (60) HPV6 (30) Not determined S. cerevisiae Amorphous aluminum
(0.5 ml) HPV18 (40) HPV11 (40) hydroxyphosphate sulfate
HPV31 (20) (500)
HPV33 (20)
HPV45 (20)
HPV52 (20)
HPV58 (20)

% Malagon et al. (2012): cervarix may have more efficacious cross protection against HPV31, 33 and 45 than Gardasil-4
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Immune responses and efficacy

The antibody responses elicited by vaccination with Cer-
varix, Gardasil-4 and Gardasil-9 are significantly stronger
than those elicited by natural HPV infections. Antibody
titers were sustained for at least 10, 9.9 and 5 years fol-
lowing vaccination with Cervarix, Gardasil-4 and Gardasil-
9, respectively, when female children and adolescents aged
9-15 years received the three-dose regimen (WHO 2017),
although assessments are ongoing. In clinical trials, anti-
body titers peaked 4 weeks after the third vaccination,
declined within the first year and stabilized thereafter
(Mishra et al. 2015). Seropositivity rates 94 months after
receiving three doses of Gardasil-4 were 94.3, 89.4, 99.5
and 88.8% total IgGs for HPV6, HPV11, HPV16 and
HPV18, respectively (Ferris et al. 2014). Following vac-
cination with Cervarix the antibody titers were sustained
for at least 8.4 years, with seropositivity for HPV16 and
HPV18 at 100% (Schiller et al. 2012). A head-to-head trial
comparing the immunogenicity of Cervarix and Gardasil-4
reported that Cervarix elicited 3.7- and 7.3-fold higher anti-
HPV16 and 18 antibody levels, respectively, compared to
Gardasil-4, in women aged 18-26 years, 7 months after the
initial vaccination (Einstein et al. 2009), although the
clinical relevance of this difference in antibody titer is
unclear.

Gardasil-4 is reported to have 43.0% efficacy (95%
confidence interval [CI] 13.0-63.2) against the develop-
ment of CIN 3, irrespective of HPV type, in an intention-
to-treat (ITT)-naive analysis, and 16.4% efficacy (95% CI
0.4-30.0) in an ITT analysis (WHO 2014). Gardasil-4
conferred almost 100% protection against genital warts
associated with HPV6 and HPV11 among HPV-naive
individuals (Munoz et al. 2010); the efficacy reduced 83%
of all anogenital warts. Irrespective of HPV type, the
efficacy of Cervarix against developing CIN 3 was 93.2%
(95% CI 78.9-98.7) in the total vaccinated cohort (TVC)-
naive analysis, and 45.6% efficacy against developing CIN
3 (95% CI 28.8-58.7) in the TVC analysis (WHO 2014).

Cross protection

Phylogenetically, HPV16 is related to HPV31 and HPV33,
and HPV 18 is related to HPV45. These related types share
considerable amino acid sequence in the major capsid
protein L1 (Draper et al. 2011; Kemp et al. 2011). Cervarix
and Gardasil-4 are therefore able to exert cross protection
against HPV types that are not included in the vaccines;
specifically cross protection against HPV31, HPV33 and
HPV45 (Malagon et al. 2012). Cervarix conferred higher
cross protection for HPV31, HPV33 and HPV45 than
Gardasil-4 (Draper et al. 2013). Gardasil-9 was designed to
provide direct protection against HPV6, HPV11, HPV16,

HPV18, HPV31, HPV33 and HPV45 as well as HPV52 and
HPVS58, but exactly how much protection against HPV
infection is provided by this nonavalent vaccine requires
further study.

HPV6 and HPV11 are not phylogenetically related to
HPV16 or HPV18. The PATRICIA trial, however, reported
35% efficacy of Cervarix against persistent (6-month)
infections by HPV6 and HPV11 (Szarewski et al. 2013),
although a study by Woestenberg and colleagues (2017)
reported no cross protection by Cervarix against HPV6 and
HPV11 infections, or against the development of anogen-
ital warts.

Isolated safety issues

There have been isolated reports regarding the safety of
HPYV vaccines, but in all cases the safety issues described
have been shown to be unrelated to HPV vaccination. In
Colombia, over 300 girls experienced fainting, shortness of
breath and weakness in the limbs after vaccination with
Gardasil-4; the symptoms were later suggested to be
caused by mass somatization disorder (hysterical disorder)
(Stillo et al. 2015). In the United Kingdom, a girl died
following vaccination; however, the cause of death was
later revealed to be extensive tumor infiltration into the
chest. Spanish health authorities withdrew tens of thou-
sands of doses of Gardasil-4 in 2009 due to the hospital-
ization of two girls who received the vaccine (Mercola
2009). The Japanese government withdrew the recom-
mendation for use of HPV vaccines until more detailed
information about adverse effects became available (Mo-
rimoto et al. 2015). Meanwhile, the World Health Orga-
nization (WHO) Global Advisory Committee for Vaccine
Safety indicated that policy decisions based on weak evi-
dence of serious adverse events resulting from the use of
HPV vaccines leads to the reduced use of safe and effective
vaccines, which eventually causes significant harm (WHO
2015).

Autoimmune adverse events following vaccination

A recent issue that has been raised regarding the safety of
HPV vaccines is adverse autoimmune events following
vaccination. Several epidemiology studies reported that
vaccination with Gardasil-4 is significantly related to
serious autoimmune adverse events, including gastroen-
teritis, rheumatoid arthritis, thrombocytopenia, systemic
lupus erythematosus, vasculitis, alopecia, central nervous
system demyelinating conditions, ovarian damage, and
irritable bowel syndrome (Soldevilla et al. 2012; Arango
et al. 2015; Geier and Geier 2015, 2017; Gruber and
Shoenfeld 2015). One study, however, found no evidence
to support the association of Gardasil-4 with autoimmune
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events, including neurological and venous thromboembolic
adverse events (Arnheim-Dahlstom et al. 2013). Therefore,
the autoimmune events relating to the use of Gardasil-4
remain controversial and require further study.

Autoimmune events are not limited to the HPV vaccine.
Numerous studies indicate that several vaccines, including
vaccines against hepatitis B virus, tetanus toxoid, influenza
virus, and polio vaccines, amongst others, are associated
with such events (Shoenfeld and Aron-Maor 2000). One
explanation for this involves ‘molecular mimicry’: anti-
bodies elicited by vaccination attack host tissues because of
structural similarity between the vaccine antigen and
existing autoantigens (Waisbren 2008). As many viruses
mimic the properties of host antigens to avoid immune
surveillance (Lubyova and Pitha 2000), it seems
inevitable that autoimmune events occur. Note, however,
that the autoimmune response is also dependent upon the
genetic background (Shoenfeld and Aron-Maor 2000).

Serious adverse events are very rare following vacci-
nation with HPV vaccines, and the reasons for them are not
clear. Since serious adverse events may cause a decline in
participation in vaccination programs, long-term investi-
gations should be undertaken to identify individuals who
are at high risk of developing them.

The future of prophylactic HPV vaccines
L2-based vaccines

Vaccination with HPV L1 VLPs provides HPV type-
specific protection (Wang and Roden 2013b) and cross
protection against some types of HPV (Malagon et al.
2012). The specificity of L1 VLP-based vaccines may
therefore allow infection by HPVs that are not targeted by
the vaccine. In contrast, the N-terminal region of the L2
protein, aa 11-200, is highly conserved between HPV types
(Schellenbacher et al. 2017), and the RGI1 epitope (aa
17-36) within this region is pivotal for providing broad
cross-neutralization activity (Gambhira et al. 2007).
Regions aa 3649, 69-81 and 108-120 of the L2 protein
are also thought to confer cross protection (Kawana et al.
1999; Laniosz et al. 2007). The L2 protein is located inside
the HPV capsid and is therefore inaccessible to the immune
system (Kines et al. 2009; Wang and Roden 2013a). L2-
specific antibody responses following natural HPV infec-
tions are indeed very rare: only seven of 1078 patients with
high grade CINs or high grade vulvar intraepithelial neo-
plasia had serum that was reactive to L2 protein (Wang
et al. 2015b).

Short lengths of the L2 peptide are poorly immunogenic.
Therefore, several strategies have been applied to elicit
robust immune responses, including displaying L2 epitopes

@ Springer

on a carrier protein, the use of a peptide multimers, and
conjugation with a fusion partner (Kanda and Kondo 2009;
Jagu et al. 2011; Schellenbacher et al. 2017). A chimeric
HPV16 L1 VLP vaccine displaying the HPV16 RG1 L2
epitope conferred efficient protection against vaginal
challenge with mucosal pseudovirus high-risk types
HPV16, HPVI18, HPV45, HPV31, HPV33, HPVS52,
HPV58, HPV35, HPV39, HPV51, HPV59, HPVG6S,
HPV56, HPV73, HPV26, HPV53, HPV66, and HPV34 as
well as the low-risk types HPV6, HPV43, and HPV44
(Schellenbacher et al. 2013). The L2-based vaccines
therefore have great potential for providing protection
against a broad range of HPVs at a reduced vaccination
price because of their simple format (Schiller and Muller
2015; Wang et al. 2015a; Huber et al. 2017).

The second-generation of HPV L1 VLP vaccines

The three currently licensed prophylactic HPV vaccines
use insect or yeast cell expression systems and their man-
ufacturing processes are therefore complex, which is the
main reason for the high vaccine price. Numerous workers
have sought to enhance the production processes for VLP-
based vaccines, and considerable success has been
achieved (Liew et al. 2010; Kim et al. 2014a; Thompson
et al. 2016). HPV L1 VLP-based vaccines produced in S.
cerevisiae, Escherichia coli (E. coli) and methylotrophic
yeast species, such as Hansenula polymorpha (H. poly-
morpha) and Pichia pastoris (P. pastoris) are currently
being studied in preclinical or clinical trials (Table 2).
EyeGene (Seoul, South Korea) have developed a biva-
lent vaccine containing HPV16 and HPV18 L1 VLPs
produced in S. cerevisiae and administered in a vaccine
formulation containing a proprietary adjuvant, CIA06 (Kim
et al. 2014b). Recently, Xiamen INNOVAX Biotech (Xi-
amen, China) started a phase I clinical trial for Gelcolin
(HPV6 and HPVI11 L1 VLPs, developed for preventing
genital warts) and a phase III clinical trial for Celcolin
(HPV16 and HPV18 L1 VLPs for preventing cervical
cancer). Both vaccines are produced in E. coli. The Serum
Institute of India (Pune, India) has developed a quadriva-
lent vaccine that contains HPV6, HPV11, HPV16 and
HPV18 using a H. polymorpha expression system, which is
currently in a phase I clinical trial (Insight 2017a). Cadila
Healthcare (Ahmedabad, India) are also currently running a
phase I clinical trial (Insight 2017b) of their bivalent vac-
cine that contains HPV16 and HPV18 L1 VLPs produced
in P. pastoris (Gupta et al. 2017). Shanghai Zerun
Biotechnology’s bivalent vaccine (HPV16 and HPV18 L1
VLPs produced in P. pastoris) is currently in a phase III
clinical trial. It is therefore expected that several biosimilar
vaccines will be commercialized in the near future.
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Table 2 Second movers of HPV L1 VLP-based vaccines

Manufacturer (location) Product Antigen for Antigen for Expression system Status

name preventing preventing used for antigen

cervical cancer genital wart production

EYEGENE (Seoul, South Korea) EG-HPV HPV16 S. cerevisiae Phase I°
HPV18

SK Chemicals (Gyeonggi-do, South Korea) N.A. HPV16 HPV6 N.A. Phase 1°
HPV18 HPV11

Xiamen INNOVAX Biotech (Xiamen, China) Gelcolin® HPV6 E. coli Phase I¢

HPV11

Xiamen INNOVAX Biotech (Xiamen, China) Celcolin® HPV16 E. coli Phase I11¢
HPV18

Serum Institute of India (Pune, India) N.A. HPV16 HPV6 H. polymorpha Phase I
HPV18 HPV11

Cadila Healthcare (Ahmedabad, India) N.A. HPV16 P. pastoris Phase I¢
HPV18

Shanghai Zerun Biotechnology (Shanghai, China) N.A. HPV16 P. pastoris Phase I
HPV18

N.A. not available
* Designed for preventing genital wart

® Designed for preventing cervical cancer

¢ Based on search in http:/drug.mfds.go.kr/html/class2K_02.jsp?p_menuld=020204

9 Based on search in http://adisinsight.springer.com/

Therapeutic HPV vaccines

The main function of prophylactic vaccines is to induce
humoral immunity against target pathogens, eventually
leading to antibody induction and neutralization of patho-
gen activity (Mariani and Venuti 2010). Unlike prophy-
lactic vaccines, the goal of therapeutic vaccines is to
generate antigen-specific cytotoxic T-lymphocytes (CTLs)
targeting pathogen-infected cells or cancer cells (Sayour
and Mitchell 2017). The oncoproteins HPV E6 and E7 are
expressed constantly during cervical carcinogenesis, and
therefore several different therapeutic HPV vaccines tar-
geting E6 and E7 have been developed (Hung et al. 2008).
Processing of tumor-associated antigens by APCs, T cell
recognition of the processed antigens, activation and pro-
liferation of the T cells, and long-lasting T-cell responses
are all required for effective antitumor responses (Farkona
et al. 2016). Various types of therapeutic vaccines for
treating CINs and cervical cancers have been developed,
including protein/peptide-based vaccines, bacterial or viral
vector-based vaccines, DNA-based vaccines and cell-based
vaccines, with reported success in both animal studies and
clinical trials (Yang et al. 2017).

Protein/peptide-based vaccines

The low immunogenicity of protein/peptide-based vaccines
is insufficient to elicit successful therapeutic effects against
cancerous lesions, although the vaccines are stable, safe
and easy to produce (Kumar et al. 2015). These vaccines
therefore require adjuvants and immunostimulating mole-
cules (Lin et al. 2010a). A few HPV protein-based vaccines
have reached the clinical trial stage and have demonstrated
potential for eradicating high grade CINs (Vici et al. 2016).

Most epitopes present within the full-length HPV anti-
gen activate the MHC class II pathway, which elicits the
production of antibodies, rather than the CTL response (Su
et al. 2010). Therefore, the inclusion of the MHC class
I-restricted peptide from the E6 or E7 protein in the vac-
cine is thought to strengthen the CTL immune response
(Skeate et al. 2016).

One important consideration in the development of
peptide-based vaccines is the heterogeneity of the human
leukocyte antigen (HLA) system between individuals,
which causes different responses to epitopes used as vac-
cine peptides (Jin and Wang 2003). Therefore, long,
overlapping peptides have been used to elicit cancer-cell-
specific CTLs and therefore avoid failure caused by HLA
polymorphisms (Kenter et al. 2009). The HPV E6 and E7
peptide-based vaccines show promising effects on tumor
regression in an animal model (Yang et al. 2017). In
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clinical trials, however, the CTL responses induced by the
peptide vaccines did not correlate with clinical outcomes,
and tumor regression was minimal even though HPV-
specific CTL responses were detected in some patients
(Brinkman et al. 2007).

Live vector-based vaccines

Vector-based vaccines can be subdivided into viral and
bacterial vector-based vaccines. Listeria monocytogenes
and Lactobacillus spp. have been used as platforms for
bacterial vector-based HPV vaccines (Sewell et al. 2004;
Adachi et al. 2010), and Listeria monocytogenes is a par-
ticularly promising vector system for the delivery of HPV
antigens (Cory and Chu 2014). The vaccine antigen can be
expressed by fusion to the Listeria virulence factors LLO
or ActA. The fused vaccine antigen is then presented
through the MHC class I pathway because the virulence
factors possess motif sequences for MHC class I-process-
ing (Wood et al. 2008). Moreover, the localization of
Listeria to the cytoplasm and endosomal compartment
enables targeting of the vaccine antigen for both MHC
class I and II presentation (Bolhassani and Zahedifard
2012). These properties of Listeria therefore facilitate the
induction of both antigen-specific CTL and helper T-cell
responses (Peters and Paterson 2003).

Adenoviruses, adeno-associated viruses, alphaviruses
and vaccinia viruses have been used to deliver HPV E6, E7
and E2 antigens in vaccines (Hung et al. 2008). The vac-
cinia virus vector-based HPV vaccines have demonstrated
considerable potential for causing disease regression in
clinical trials (Vici et al. 2016). Ten (48%) of 21 patients
with CIN2/3 had a clinical response following vaccination
with the Modified Vaccinia Ankara (MVA) vector encod-
ing HPV16 E6/E7 and IL-2 (Brun et al. 2011). The MVA
vector is the preferred system for several types of thera-
peutic vaccines (Ura et al. 2014).

The live vector-based vaccines elicit strong immune
responses against vaccine antigens because the live vectors
can replicate within the body (Saxena et al. 2013). How-
ever, neutralizing antibodies against the vectors (both
bacterial and viral), acquired either from vaccination or
from pre-existing immunity, limit the booster effect usually
achieved through repetitive vaccination (Saxena et al.
2013; Yang et al. 2017).

DNA-based vaccines

DNA-based vaccines are attractive vehicles for therapeutic
HPYV vaccination because they can induce both cellular and
humoral immune responses, and they enable prolonged
expression of the antigens (Hung et al. 2007; Lin et al.
2010b). DNA-based vaccines are relatively safe and can be
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injected repeatedly for booster vaccinations, unlike live
vector-based vaccines, as they are non-live, non-replicating
(Lin et al. 2010b) and less immunogenic than the live
vectors (Klinman et al. 2000). Moreover, DNA-based
vaccines are easy to produce for a low cost and are
stable (Khan 2013). HPV DNA-based vaccines have shown
promising therapeutic effects in clinical trials (Khallouf
et al. 2014). Vaccination using DNA encoding HPV E7
with an abolished pRb binding site and Hsp70 from My-
cobacterium tuberculosis, which was introduced to
enhance APC uptake and MHC class I presentation,
showed histologic regression in five of 12 patients with
CIN 3 following prime-boost vaccination (Trimble et al.
2009; Maldonado et al. 2014). Meanwhile, suppression of
the oncogenic activity of the HPV oncogenes E6 and E7 is
an important consideration when designing DNA-based
HPV vaccines (Kim et al. 2004; Trimble et al. 2009). An
important consideration in the use of DNA-based vaccines
is that the naked DNA molecules have low immuno-
genicity (Yosefi et al. 2014). Delivery by electroporation,
gene gun, or laser, or encapsulation in microparticles were
suggested to enhance antigen expression (Lin et al. 2010b).
A HPV DNA vaccine, GX-188E, which was designed for
electroporation-enhanced immunization and targeting HPV
antigens E6 and E7 to dendritic cells, showed complete
regression in seven of nine patient with CIN 3 (Kim et al.
2014c). Similarly, a HPV DNA vaccine VGX-3100, which
was designed for electroporation, caused histopathological
regression in 55 of 114 patient with CIN 2/3 (Trimble et al.
2015).

Several types of DNA-based vaccines are commercially
available for animal use. Currently, however, no DNA-
based vaccine has been approved for human use. Oncogene
activation by random integration of the foreign DNA into
host genome, immunologic tolerance by antigens expressed
inside host body and atypical processing of the antigen
produced by DNA vaccine have been indicated as draw-
backs of the DNA-based vaccines (Khan 2013). Develop-
ments of safe and effective DNA vaccines are ongoing.

Cell-based vaccines

Cell-based vaccines are immune cells from patients that
have been modified to have strong anti-cancer-cell activity,
and they are therefore categorized as personalized
immunotherapy (Janikashvili et al. 2010; Bethune and
Joglekar 2017). Cell-based vaccines include dendritic cell
(DC)-based and T-cell-based strategies (Palucka and Ban-
chereau 2013; Fousek and Ahmed 2015).

Autologous DCs can be pulsed ex vivo with recombi-
nant HPV E6 or E7 proteins or their peptides, and then
returned to the patient (Ferrara et al. 2003; Santin et al.
2006; Rahma et al. 2014), where they present antigen to
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Patient with metastatic
cervical cancer

Chemotherapy prior to
the T-cell infusion

The lymphodepleting
chemotherapy suppresses
endogenous regulatory T-cells
and provides optimum condition
for the infused tumor infiltrating
T-cell

Infusion

A

v Rapid expansion of the selected tumor

Tumor excision

v

T-cell culture with tumor fragments

infiltrating T-cells

Selection of tumor infiltrating T-cells
which react with HPV E6 or E7

Fig. 1 Schematic diagram of adaptive cell transfer for a patient with metastatic cervical cancer. The procedure for preparing tumor-infiltrating T
cells was based on Stevanovic et al. (2016). The patient received cyclophosphamide prior to T-cell infusion. This lymphodepleting chemotherapy
suppresses endogenous regulatory T cells and increases the persistence of the tumor-infiltrating T cells

induce CTL proliferation. The drawbacks of DC-based
vaccines are inconsistency of vaccine quality caused by
variations in cell culture strategies, difficulty in obtaining
large numbers of autologous DCs from the patient, low
efficacy of DC transduction and the limited lifespan of
autologous DCs (Skeate et al. 2016). DC-based vaccines
gave no clinical responses, although HPV antigen-specific
CTL responses were identified following implantation of
pulsed DCs (Ferrara et al. 2003; Santin et al. 2006).
T-cell-based vaccines are based upon cancer-antigen-
specific CTLs that are prepared ex vivo (Rosenberg and
Restifo 2015). Autologous CTLs can be activated or
genetically engineered ex vivo and delivered back into the
patient (Rosenberg and Restifo 2015). Unlike DC-based
vaccines, which act by stimulating CTLs in vivo, the CTL-
based strategy misses out this step and instead directly
affects the target cancer cells (Rosenberg et al. 2008).
T-cell-based therapy is particularly promising, with fast
patient response rates: tumor regression was reported in
approximately 50% of patients with metastatic melanoma
in two separate studies (Rosenberg et al. 2008; Kelderman
et al. 2016). Many types of cancer are able to evade
immune surveillance and downregulate immune functions
by depleting cancer-cell-reacting CTLs (Chew et al. 2012;
Quail and Joyce 2013). The advantage of ex vivo T-cell
expansion is, therefore, that it enables T cells to be sepa-
rated from the microenvironment of cancer (Yang et al.
2017). In a recent in phase II clinical trial, complete

regression was reported in two of nine patients with
metastatic cervical cancer following a single vaccination
with CTLs reactive for HPV16 E6 and E7 proteins (Ste-
vanovic et al. 2016). The processes required for adaptive
cell transfer are presented in Fig. 1.

Future prospects of HPV vaccines
Prophylactic vaccines

The duration of vaccine efficacy, as measured by antibody
titers, is a critical consideration in the design of HPV
vaccination schedules, because the main population targets
for HPV vaccination are children and adolescents aged
between 9 and 15 years. A cost effectiveness study indi-
cated that current HPV vaccines will not provide protection
against cervical cancer unless protection lasts for at least
15 years (Barnabas et al. 2006). Therefore, careful moni-
toring of the protection against cervical cancer conferred
by prophylactic vaccines is required to fully evaluate the
effect of vaccination. In addition, changes in vaccination
schedules, routes of administration and doses of antigen for
currently licensed vaccines, as well as the addition of more
HPV antigens, may be required. Several second-generation
HPV L1 VLP vaccines and next-generation vaccines, such
as HPV L2-based vaccines and chimeric HPV VLP-based
vaccines, are currently undergoing clinical trials or
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preclinical study (Schiller and Muller 2015). Agreement on
well-established, relevant clinical endpoints and protocols
is therefore a high priority.

The retail price of current HPV vaccines is over 450
USD for the full series (CDC 2017), and this high vacci-
nation price leads to an inequitable distribution of the
vaccines, as they are totally unaffordable for low-income
countries. Most cervical cancers occur in low-income
countries that have either no or few options for cervical
cancer screening (Crosbie et al. 2013; Bruni et al. 2016).
The impact of vaccination worldwide is therefore negligi-
ble, even if the vaccination rate reaches 100% in high-
income countries (Harper and DeMars 2017). It is clear,
therefore, that the goal must be the development of high
efficacy and low price HPV vaccines.

Several factors affect price of a vaccine, such as the
choice of vaccine platform, the design of upstream and
downstream antigen production processes, and the sizes
and durations of clinical trials. The primary endpoint has a
critical role in determining the size and duration of a
clinical trial. To date, CIN2 or worse (CIN2+) has been
used as the clinical endpoint to assess HPV vaccination
efficacy. However, the use of CIN2+ requires large and
time-consuming clinical trials, and this hinders the devel-
opment of new generation HPV vaccines (Lowy et al.
2015). Recently, a workshop of the International Agency
for Research on Cancer and US National Cancer Institute
recommended the use of persistent HPV infection, which
occurs more frequently than CIN2+-, as a primary endpoint
for HPV vaccination trials, and suggested that immuno-
bridging trials such as antibody titration using ELISA or
pseudovirus-based neutralizing assay are sufficient for
assessing immunological non-inferiority for alternative
dosing schedules of licensed or biosimilar vaccines (Lowy
et al. 2015). These recommendations should encourage the
development of trials for new types of HPV vaccines in
addition to new protocols for vaccination.

Therapeutic vaccines

Numerous trials of therapeutic HPV vaccines have
advanced the development of cancer immunotherapy, as
well as identified its limitation in practice. Unlike pro-
phylactic vaccines, which provide humoral immunity for
healthy individuals, therapeutic vaccines eliminate existing
cancers, and therefore require an in-depth understanding of
the tumor microenvironment and the immune system that
controls it. Previous studies indicate that the duration of
CTL responses generated by therapeutic vaccination is
shorter than initially expected, and is therefore insufficient
for eliminating advanced-stage cervical cancer (Skeate
et al. 2016).
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One of the important limitations of the function of
cervical-cancer-cell-specific CTLs is the expression of
immune checkpoints (Heong et al. 2017); activated CTLs
upregulate CTL-associated protein 4 (CTLA-4) and pro-
grammed cell death protein 1 (PD1), which attenuate CTL
activation (Buchbinder and Desai 2016). In addition, cer-
vical cancer cells upregulate PD1 ligands on their surface,
leading to the attenuation of cancer-specific CTL activation
(Lyford-Pike et al. 2013). Recent trials of agents targeting
immune checkpoints suggest that they show promise as
therapeutic vaccines, not only for cervical cancer but also
for other cancers (Postow et al. 2015; Lee et al. 2016).

Moreover, the recently developed concept of personal-
ized immunotherapy has potential for cancer
immunotherapy. Recent studies indicate that both intra-
and inter-heterogeneity exist in the cancer microenviron-
ment (Wayteck et al. 2014), and diverse somatic mutational
events result in heterogeneity not only between patients but
also between regions of hematological and solid cancer
within an individual (Yap et al. 2012). This heterogeneity
implies that full eradication of the cancer may be difficult
even if immunotherapy targets multiple antigens. More-
over, cancer has several resistance mechanisms for evading
immunotherapy, which are barriers to be overcome (Junt-
tila and de Sauvage 2013). The heterogeneity of the cancer
microenvironment might originate from diversity in
genetic backgrounds and mutations during the evolution of
the cancer (Schmitt et al. 2012); therefore, widespread use
of next-generation sequencing will provide better data on
which to base personalized therapy. In addition, the elu-
cidation of new markers that predict the effect of
immunotherapy will increase success (Wayteck et al.
2014).

Conclusions

Research data accumulated during the past decade indi-
cates that the three currently licensed prophylactic HPV
vaccines are highly efficacious, reliable and safe. Adverse
effects related to autoimmune responses following vacci-
nation with HPV vaccines are also reported for other types
of vaccines. It is expected that consistent monitoring and
research into identifying the correlation between adverse
effects and genetic background will refine the vaccination
protocol to avoid adverse effects not only in HPV vaccines
but also in other vaccines.

The prophylactic vaccines have considerable limitation
in terms of widespread use. Various types of second-gen-
eration HPV L1 VLP-based vaccines and new HPV L2-
based vaccines are currently undergoing either preclinical
or clinical trials. Agreement on the clinical endpoint for
persistent HPV  infection and endorsement of
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immunobridging studies will lessen the cost and duration
of clinical trials and therefore facilitate the development of
biosimilar and next-generation HPV vaccines of high
efficacy and low price.

Trials of therapeutic HPV vaccines, including protein/
peptide-, live vector-, DNA- and cell-based vaccines report
that these HPV vaccines have considerable potential for
safe and non-invasive treatment of cervical cancer as well
as highlighting shortcomings in their practical use. One
significant concern is that the cancer microenvironment
and immune evasion mechanism are much more complex
than previously thought. Chemotherapy with targeting of
immune checkpoints has a synergistic effect on the elimi-
nation of cancer cells. Understanding the optimum condi-
tions for immunotherapy remains a challenge, and further
trials are needed to examine the practical use of therapeutic
HPV vaccines.
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