
Emerging human papillomavirus vaccines

Barbara Ma1, Bharat Maraj1, Nam Phuong Tran1, Jayne Knoff1, Alexander Chen1, Ronald D
Alvarez5, Chien-Fu Hung1,2, and T.-C. Wu†,1,2,3,4

1The Johns Hopkins Medical Institutions, Departments of Pathology, Baltimore, MD, USA
2The Johns Hopkins Medical Institutions, Departments of Oncology, Baltimore, MD, USA
3The Johns Hopkins Medical Institutions, Departments of Obstetrics and Gynecology, Baltimore,
MD, USA
4The Johns Hopkins Medical Institutions, Departments of Molecular Microbiology and
Immunology, Baltimore, MD, USA
5University of Alabama at Birmingham, Department of Obstetrics and Gynecology, Birmingham,
MD, USA

Abstract
Introduction—Identification of human papillomavirus (HPV) as the etiologic factor of cervical,
anogenital, and a subset of head and neck cancers has stimulated the development of preventive
and therapeutic HPV vaccines to control HPV-associated malignancies. Excitement has been
generated by the commercialization of two preventive L1-based vaccines, which use HPV virus-
like particles (VLPs) to generate capsid-specific neutralizing antibodies. However, factors such as
high cost and requirement for cold chain have prevented widespread implementation where they
are needed most.

Areas covered—Next generation preventive HPV vaccine candidates have focused on cost-
effective stable alternatives and generating broader protection via targeting multivalent L1 VLPs,
L2 capsid protein, and chimeric L1/L2 VLPs. Therapeutic HPV vaccine candidates have focused
on enhancing T cell-mediated killing of HPV-transformed tumor cells, which constitutively
express HPV-encoded proteins, E6 and E7. Several therapeutic HPV vaccines are in clinical trials.

Expert opinion—Although progress is being made, cost remains an issue inhibiting the use of
preventive HPV vaccines in countries that carry the majority of the cervical cancer burden. In
addition, progression of therapeutic HPV vaccines through clinical trials may require combination
strategies employing different therapeutic modalities. As research in the development of HPV
vaccines continues, we may generate effective strategies to control HPV-associated malignancies.
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1. Background
Human papillomavirus (HPV) accounts for 5.2% of all cancers worldwide and is the
causative agent of cervical, anogenital, and a subset of head and neck cancers (for review,
see [1,2]). Among these cancers, cervical cancer is the most well-known malignancy
associated with HPV infections, with an estimated 49,300 diagnoses and 274,000 deaths
annually [3]. Although there are more than 100 types of HPV identified [4], the International
Agency for Research on Cancer designate HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56,
58, 59, and 66 as ‘definite carcinogens’ due to their oncogenic potential [5–7]. In contrast to
low-risk types that are associated with benign lesions such as condyloma accuminata, high-
risk HPV types are connected with the development of high-grade lesions and malignant
tumors. Persistent infection with HPV has been proven to be a causative and necessary
factor in the development of squamous intraepithelial lesions (SIL), also known as cervical
intraepithelial lesions (CIN), and frank malignant cervical cancer [8]. The most common
‘high-risk’ HPV types associated with cervical cancer are HPV-16 and HPV-18, which are
responsible for about 62.6% and 15.7% of cervical cancers respectively [9]. Furthermore,
among all the HPV-associated cancers, the proportion attributable to HPV types 16 and 18 is
63 – 80% of penile cancers, 80 – 86% of vulva/vaginal cancers, 93% of anal cancers, and 89
– 95% of oropharyngeal cancers (for review, see [10]). Therefore, HPV-16 and HPV-18
have been the primary focus of HPV vaccine development.

The development of an HPV vaccine requires an understanding of the molecular biology of
HPV. HPV is a non-enveloped, circular, double-stranded DNA virus belonging to the
Papillomaviridae family. HPV is comprised of an icosahedral capsid enclosing an
approximately 8 kilobase pair genome that encodes early proteins E1, E2, E4, E5, E6, E7,
and late proteins L1 and L2. HPV early gene products regulate the viral life cycle and
manipulate cell machinery to replicate, transcribe, and translate viral proteins (E1 and E2),
regulate early viral gene products E6 and E7 (E2), induce cytoskeleton rearrangements (E4),
and cause cell-cycle deregulation (E6 and E7). The major capsid protein (L1) and minor
capsid protein (L2) are involved in packaging the virion before extracellular release (for
review, see [11]).

HPV can infect the basal cells of the cervical epithelium and other epithelial tissues upon
microtrauma of tissues and cells [12]. However, most HPV infections are self-limiting and
transient (for review, see [13]). In a productive infection of HPV, the expression of the HPV
genome is correlated with the maturation of the infected cell. Immature epithelial cells in the
basal layer of epithelium allow expression of the HPV early genes while transcription shifts
to the late genes in terminally differentiated cells, allowing packaged virions to be released
from more superficial epithelial layers. This localization of HPV results in pathological low-
grade squamous intraepithelial lesions (LSIL, also known as CIN 1). In LSIL, the HPV
genome is usually in the episomal form. Of greater concern are the high-grade squamous
intraepithelial lesions (HSIL, also known as CIN 2/3), which can progress to malignancies.
In some HSILs, high-risk HPV types may integrate into the host genome. This integration of
HPV genes causes deletion of some of the early genes (E2, E4, E5) and late genes (L1 and
L2). Since E2 is a transcriptional repressor of E6 and E7 genes, loss of E2 allows for
upregulation of E6 and E7 oncogenes. These E6 and E7 proteins inactivate and degrade
tumor suppressors p53 and retinoblastoma (Rb), respectively, leading to cell-cycle
deregulation, genomic instability, and uncontrolled proliferation of the host cell (for review,
see [8,14,15]). The understanding of HPV virology and its role in tumorigenesis has
facilitated the development of preventive and therapeutic HPV vaccines.
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2. Medical need
Cervical cancer is the third leading cause of cancer deaths in women worldwide [13,16]. The
commercialization of preventive HPV vaccines, Gardasil and Cervarix, has important
implications for preventing cervical cancer. In high-resource countries, the implementation
of organized gynecological screening programs with appropriate treatment of the detected
pre-cancerous lesions has decreased cervical cancer incidence. The newly commercial
preventive HPV vaccines may further impact the cervical cancer rates in developed
countries. However, cervical cancer imposes its greatest disease burden on underserved
populations in regions such as Africa, Melanesia, South-Central Asia, and South and Central
America where these vaccines are less effectively implemented [17]. Despite preventive
vaccines and Pap smears, the incidence of cervical cancer continues to increase in
developing countries due to the high expense and complex infrastructure necessary to
implement effective screening and vaccination programs. Hence, the majority of cervical
cancer cases (83%) occur in developing countries, and the burden of cervical cancer is
expected to increase to 90% in developing countries by 2020 [16]. In addition, the available
preventive vaccines are effective in protecting against the oncogenic HPV types 16 and 18,
but the prevalence of oncogenic strains of HPV apart from types 16 and 18 vary across
populations globally [18]. Thus, broader cross-protection against more oncogenic HPV
types is a highly desirable trait in the second generation of HPV vaccine candidates.

There is another important limitation to current commercial preventive vaccines in that they
do not have therapeutic effects (for review, see [19]). Once a patient is infected with HPV,
there is currently no effective way to eradicate a persistent HPV infection before the
development of pre-cancerous lesions. Globally, there is a considerable burden of
established HPV infections and HPV-associated diseases that are undetected, untreated, and
slowly progressing toward malignant transformation. Even with mass vaccination using a
highly effective, preventive HPV vaccine, it is estimated that it will take at least 20 years
before the incidence and prevalence of cervical cancer significantly decreases due to the
slow rate of carcinogenesis. Thus, there is great medical need for the development of novel
preventive and therapeutic vaccines for the control of HPV-associated disease.

3. Existing treatments
3.1 Existing treatments of HPV-associated lesions

Although there is no effective treatment for persistent HPV infection, there are several
approaches for treating HPV-associated lesions (for review, see [20,21]). In general, the
treatment for HPV-associated lesions can be classified into surgical methods and medical
approaches. For LSILs (CIN 1 lesions), in which the majority of lesions spontaneously
regress, most clinicians only closely observe without aggressive intervention. For HSILs,
(CIN 2/3 lesions), most of the treatments rely on surgical interventions. These conservative
surgical treatments include cryotherapy, loop electrosurgical excision procedure (LEEP),
cone biopsy (conization), or laser conization. Cryotherapy utilizes a cryoprobe set to below
−22°C to freeze and destroy abnormal tissue. LEEP uses an electrical current passed through
a thin wire loop to remove abnormal tissue in a knife-like fashion. Cone biopsy involves
removal of a cone-shaped piece of cervical tissue for the evaluation of any abnormalities.
Laser conization employs a laser beam for the dissection of affected tissue.

Treatment of frank invasive cancer often involves surgery, radiotherapy, and/or
chemotherapy. Early stages of microinvasive cervical cancer may be treated by total
hysterectomy (removal of uterus as well as the cervix). For Stage IBI cervical cancer
patients, radical hysterectomy (removal of the uterus, cervix, parametrium, and a portion of
the upper vagina) may be used as the primary management. For advanced-stage cervical
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cancers, chemotherapy/radiation therapy combinations are the standard course of
management [22,23]. In many cases, these procedures are responsible for not
inconsequential adverse effects [24]. Analyses of conservative surgical treatments for
cervical dysplasia also found that conization and LEEP had similar pregnancy-related
morbidities such as pre-term delivery, low birth weight, vaginal hemorrhage, and post-birth
infections [24]. In addition, these treatments are associated with significant recurrence rates
of up to 10% of cases, which may be caused by persistent high-risk HPV infection,
particularly HPV-16 [21,25]. Hence, the efficacy of existing surgical treatments may drop
due to the risk of relapse, possibly insufficient clearance of affected tissue, and potentially
undesirable side effects.

Medical approaches for treatment of HPV-associated lesions can be further classified into
anti-viral agents and agents that boost host immunity. Anti-viral approaches directly inhibit
HPV replication and have included the use of the systemic treatment with cidofovir (for
review, see [26]), and topical podophyllin [27] for the treatment of pre-cancerous lesions
and/or genital warts. Agents that boost host immunity to better control established HPV-
associated lesions include interferons and Toll-like receptor agonists. Interferons,
particularly IFN-α, have anti-proliferative activities and have been explored for the
treatment of benign HPV-related lesions (for review, see [28,29]). However, this treatment
is expensive and has limited efficacy in treating high-grade HPV-associated lesions [30]. An
immunomodulatory agent that has generated interest is imiquimod, a Toll-like receptor
agonist that induces immune production of interferon and several inflammatory cytokines,
such as IFN-α, IL-6, and TNF-α, to potentiate innate immunity [31]. It has been shown that
topical application of imiquimod can lead to the activation of Langerhans cells, which
subsequently migrate to local lymph nodes to activate the adaptive immune system [32].
Imiquimod has also been used clinically in vulvar intraepithelial neoplasia (VIN) patients
and was shown to lead to lesion regression [33].

3.2 Existing commercial prophylactic HPV vaccines
The commercialization of two preventive HPV vaccines, Gardasil (Merck, NJ, USA) and
Cervarix (GlaxoSmithKline, Rixensart, Belgium), represents a huge breakthrough for the
prevention of HPV-associated disease [34,35] (for review, see [36–40]). The current
preventive HPV vaccines use HPV L1 major capsid protein, which can form virus-like
particles (VLPs) that morphologically mimic native virions and elicit antibody production
by the immune system (for review see [41]) (also see Figure 1). Gardasil is a quadrivalent
vaccine that includes VLPs for high-risk types HPV-16 and HPV-18, associated with
cervical cancer, as well as low-risk types HPV-6 and HPV-11, which are associated with
benign genital warts. Cervarix is a bivalent vaccine that contains VLPs for HPV-16 and
HPV-18 only (for review, see [42]). The vaccines also include adjuvants that aim to
maximize the duration and extent of immune responses for the smallest given amount of
VLP, with Gardasil being enhanced with aluminum hydroxyphosphate sulfate and Cervarix
boosted by the AS04 adjuvant system of aluminum hydroxide and monophosphoryl lipid A.
Though both vaccines contain the classical aluminum salts that are the standard for most
vaccines in use today, Cervarix is the only vaccine that contains monophosphoryl lipid A, a
Toll-like receptor 4 agonist that primes the innate immune response and helps stimulate the
adaptive immune responses to further enhance antibody titers [43]. Both the quadrivalent
Gardasil and bivalent Cervarix have been shown to be highly efficacious in preventing
CIN1-3 or adenocarcinoma in situ (AIS) in women who are not infected with the relevant
HPV types before vaccination [44–47]. Gardasil has also been shown to prevent HPV type 6
and 11-associated genital warts [48,49], HPV-related vulvar and vaginal intraepithelial
neoplasia grade 1–3 [50,51], and high-grade anal disease in men [52–54]. Table 1 compares
Cervarix and Gardasil.
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4. Current research goals
4.1 Goals for next-generation preventive HPV vaccines

The next generation of preventive HPV vaccines must address the issues of cost, duration of
efficacy, and broadening protection (for review, see [55]). Cost is the major obstacle to the
implementation of the current commercial preventive HPV vaccines in resource-poor
regions (for review, see [56]). Gardasil and Cervarix each require 3 doses at the price of
$120 USD per dose and $100 USD per dose, respectively, although tiered pricing might be
negotiated. Realistically, the perdose cost for developing countries needs to be lower than $5
to make vaccination affordable [57]. There have been efforts to investigate whether women
are afforded the same protection with a 2-dose regimen instead of the current 3-dose
regimen for both vaccines and preliminary results suggest that the efficacy, measured by
antibody responses at one month and 24 months follow vaccination with the bivalent
vaccine, was comparable between a 2-dose and 3-dose regimen [58]. Currently, there are no
immediate plans to change the 3-dose regimen as GSK and Merck believe that 3 doses are
optimal for a high and sustained immune response and the efficacy of the 2-dose regimen
against infection and disease endpoints has not yet been demonstrated [59]. In addition,
vaccines require facilities and technology for storage and transport that developing countries
may lack. Vaccine producers must reduce production costs and create thermostable vaccines
to make preventive HPV vaccines more affordable and practical for developing countries.

Another issue with the Gardasil and Cervarix vaccines that is under scrutiny is the duration
of protection. Phase II trials provide data on the longest protective span/coverage for
Gardasil at 6.4 years [60,61] and for Cervarix at 8.4 years [40,62,63]. Analyses have
indicated that the duration of vaccine efficacy must last at least 15 years for cost-effective
prevention of cervical cancer [36]. In a comparative immunogenicity and safety study of the
bivalent Cervarix and quadrivalent Gardasil in 1,106 healthy women aged 18 – 45, Cervarix
induced significantly higher serum neutralizing antibody titers for HPV-16 and HPV-18 in
all age strata at 7 months after vaccination [64]. In a follow-up study of these vaccinated
women at month 24, Cervarix was found to yield geometric mean titers of neutralizing
antibodies that were 2.4 – 5.8-fold higher for HPV-16 and 7.7 – 7.9-fold higher for HPV-18
compared to those generated by Gardasil [65]. Although Cervarix can generate higher
antibody titers for HPV types 16 and 18 as compared to Gardasil, it is unclear if antibody
titers will correlate with longevity of clinical protection against HPV infection.

Furthermore, although Gardasil and Cervarix contain VLPs for HPV-16 and-18, more than a
dozen other high-risk subtypes responsible for cervical cancers are virtually unprotected
against. Although HPV L1 VLPs are highly immunogenic and capable of generating
neutralizing antibodies in both animals and humans, they are highly type-restricted and
generally do not generate cross-protection against other types of HPV. In a 4-year
randomized, controlled trial of 17,622 women aged 16 – 26, Gardasil was shown to provide
sustained protection against low-grade cervical, vulvar, and vaginal intraepithelial
neoplasias and genital warts attributable to HPV types 6, 11, 16, and 18 and cause
substantial reduction in the burden of these diseases up to 42 months of follow-up [48].
However, vaccine efficacy against all lesions, regardless of the associated type of HPV, was
30%, 75%, 48%, and 83% for cervical, vulvar, vaginal intraepithelial neoplasia, and
condyloma, respectively, suggesting that Gardasil has low cross-protection for other HPV
types not included in the vaccine. Follow-up studies were also performed to analyze the
efficacy and cross-protection of the bivalent Cervarix [66,67]. The efficacy of Cervarix
against CIN2+ and CIN3+ lesions associated with HPV-16/18 was highest in the 15 – 17
age group and declined with increasing age, supporting current recommendations of
vaccination at younger ages [66,67]. Although Cervarix was found to be 100% effective in
preventing CIN3 + lesions caused by HPV-16 and -18, the cross-protective efficacy in
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preventing CIN2+ lesions was 84.3% for HPV-31, 59.4% for HPV-33, and was statistically
insignificant for HPV-39, -45, -52, -58, and -68 [66]. Hence, Cervarix was also found to
have cross-protection that is limited in nature. Next-generation preventive HPV vaccines
must aim to generate broader protection to substantially reduce the incidence of HPV-
associated disease.

4.2 Goals for therapeutic HPV vaccines
HPV has a predilection for infecting epithelial cells, and in early-stage lesions above the
basement membrane, no HPV antigens are present in circulatory and lymphatic systems
[68]. This situation makes HPV infection difficult to generate potent humoral immunity.
Furthermore, the humoral immunity against HPV also is unlikely to eradicate established
HPV infections via immunoglobulins because viral proteins are not exposed to an
appreciable extent on the cell surface, as they would be with viruses that have enveloped
proteins that accumulate on the cell surface. Thus, it has become apparent that the
immunological clearance of chronic HPV infections from the body likely requires an
antigen-specific T-cell response, rather than neutralizing antibodies generated by
prophylactic HPV vaccines (Figure 2). To decrease the prevalence of HPV-associated
cancer and control established HPV infections, therapeutic HPV vaccines must effectively
generate cell-mediated immune responses to HPV-infected cells, pre-cancerous, and
cancerous lesions. Cell-mediated immunity involves the activation of CD4+ T helper cells
and CD8+ T cells by antigen-presenting cells (APCs). These T cells then specifically
destroy infected cells, thus clearing HPV infections. Therefore, therapeutic vaccines that
induce an antigen-specific cell-mediated response have the potential to eradicate and prevent
persistent infection that leads to HPV-associated cancer. Because HPV infects the mucosal
surfaces, it will be desirable to develop vaccine strategies that are capable of inducing strong
mucosal T-cell and/or B-cell immunity against HPV.

Quite different from the preventive HPV vaccines that target HPV L1 and/or L2, therapeutic
HPV vaccines should consider targeting HPV-encoded early proteins (E1–7). HPV E6 and
E7 antigens in particular are ideal targets for therapeutic HPV vaccines because they i) are
constitutively expressed only in infected cells and malignant tumors but not normal cells, ii)
are foreign oncoproteins which diminish the problem of immune tolerance, and iii) are
unlikely to be selected against in viral progeny in attempts to evade immune response
because they are essential for cell immortalization and transformation. Therefore, multiple
therapeutic HPV vaccines strategies have mainly focused on eliciting HPV E6 and E7-
specific T-cell immune responses. Therapeutic HPV vaccines are still currently being
explored in different phases of clinical trials. Table 2 summarizes the different phases of
clinical trials for therapeutic HPV vaccines. The ultimate goal for therapeutic HPV vaccine
is the progression through clinical trials to commercialization.

5. Scientific rationale and competitive environment
5.1 Next-generation preventive HPV vaccines

There have been several approaches for the next generation of preventive HPV vaccines that
have broader protection against more high-risk types of HPV at possibly reduced costs.
These strategies include targeting multivalent VLP vaccines, L1 capsomers, and L2 vaccines
(see Figure 3).

5.1.1 Multivalent VLP vaccines—Existing VLP vaccine strategies generate a
neutralizing antibody response specific for HPV L1 capsid protein (Gardasil and Cervarix).
It is now clear that each VLP is type-restricted. Therefore, to generate broader protection,
additional types of HPV must be included in vaccines. Currently, there are ongoing trials to
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compare multivalent VLP vaccines to Gardasil [69–72]. However, several parameters
remain unclear. The optimal dose needed for each type of VLP in a multivalent vaccine is
unclear. In addition, it is not clear whether the presence of a VLP for one type of HPV will
influence the immune response generated against another type. Furthermore, it is uncertain
if the duration of protection is similar for each HPV type included within the vaccine. It is
also not clear whether the inclusion of more types will make vaccines more costly than the
current Gardasil and Cervarix. Nevertheless, existing multivalent VLP vaccines are
currently being explored, and they warrant further investigation to provide broader
protection against the majority of high-risk types of HPV.

5.1.2 L1 capsomer vaccines—Commercial HPV vaccines in production are out of reach
for patients most affected by cervical cancer, and L1 capsomer vaccines represent a potential
cost-effective alternative to current L1 VLP vaccines since monovalent L2-based vaccines
can be produced in E. coli. Capsomers are the basic structural components of viral capsids.
Whereas HPV L1 VLP is composed of 360 copies of the L1 protein, only five L1 monomers
are needed to assemble into a thermo-stable pentavalent capsomer. The ability to produce L1
capsomers in bacteria is advantageous because they are cheaper to produce than virus-like
particles made in insect cells (Cervarix) and yeast cells (Gardasil). Despite a different means
of production, L1 capsomer vaccines are successful in eliciting neutralizing antibodies.
Capsomers produced in E. coli [73,74] or expression of the L1 gene in recombinant
Salmonella enterica serovar Typhimurium [75] have successfully induced protective
antibodies in pre-clinical models. Scadlich et al. have further demonstrated that HPV16 L1
capsomers can be further modified to create a mutant L1 capsomer with comparable
immunogenicity to the commercial L1 VLPs [76]. Innovax currently has an E. coli-derived
L1 VLP HPV 16/18 vaccine in a Phase II clinical trial (NCT01355823). However, the
immunogenicity of L1 capsomers has not been directly compared to commercial vaccines
using the same adjuvant system in humans. The ability of L1 capsomers to induce a
comparable neutralizing antibody response as the commercial HPV vaccines in humans will
be crucial to the future of their clinical development.

5.1.3 L2 vaccines—A promising approach to overcome the type-restricted limitations of
L1 VLP vaccines is the employment of the HPV L2 minor capsid protein (for review, see
[77]). L2 is highly conserved among the different HPV types and can induce broader
protection through cross-neutralizing antibodies. It has been shown that immunization of
animals with the amino (N)-terminal peptide of L2 elicited neutralizing antibodies that
protect against challenges with cognate papillomavirus types in vivo [78,79], cross-
neutralize heterologous types in vitro [80–82], and confer cross-protection in vivo [83,84].
More recently, it has been shown that oral immunization with HPV-16 L2 (N-terminal
aa1-124) expressed on the surface of Lactobacillus casei in Balb/c mice generated
significant neutralizing antibodies against HPV-16, as well as cross-neutralizing antibody
responses against HPV-18, -45, and -58 pseudovirions [85]. The cross-reactivity of L2 has
important implications for potentially protecting against a large spectrum of not only high-
risk but also low-risk HPV types. Furthermore, L2-based vaccines may represent a cost-
effective alternative to current L1 VLP vaccines since L2-based vaccines can be produced in
E. coli as opposed to yeast (Gardasil) or insect cells (Cervarix). The reduced cost of vaccine
production may increase the developing world’s accessibility to preventive HPV vaccines.

Despite these advantages, one challenge posed is that L2-based vaccines suffer from poor
immunogenicity as compared to L1-based vaccines as L2 generally does not elicit a high
level of neutralizing antibody titers compared to L1. One strategy to enhance the
immunogenicity of L2 has been to develop a HPV L2-based vaccine candidate utilizing
VLPs derived from bacteriophage PP7 [86,87]. When a broadly neutralizing epitope of L2 is
displayed on PP7 VLPs, it has been shown to be highly immunogenic. Mice immunized
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with a combination of L2 VLPs derived from eight HPV subtypes were strongly protected
from challenge by pseudovirions of all eight subtypes [86], suggesting that vaccines using
bacteriophage VLPs may be an effective methodology to generate high titers of neutralizing
antibodies to protect against a range of HPV subtypes. Additional efforts to improve the
immunogenicity of L2 have focused on adjuvants, such as alum in combination with a TLR4
agonist like monophosphoryl lipid A (MPL), that provide a ‘danger signal’ [88].

Another focus on enhancing L2-based vaccines involves further improving cross-
neutralization either through the generation of a synthetic consensus region of high-risk
HPV L2 sequences or through the generation of polymeric L2 antigen. A concatenated
multitype L2 fusion protein consisting of known cross-neutralizing epitopes derived from
several divergent HPV types (L2 from HPV 1,5,6,16,18) was shown to generate high-
neutralizing antibody titers to heterologous HPVs and generated protection against
cervicovaginal challenge with HPV-16 pseudovirions four months after immunization [88].
Multimeric L2 fusion protein combined with Cervarix or HPV-16 L1 capsomers was also
shown to broaden protection against HPV infection [89]. Upon determination of the
appropriate adjuvants, the multimeric L2 vaccine will be explored in clinical trials [90].

5.1.4 Chimeric VLP vaccines—The advantages of the immunogenicity of L1 vaccines
and the broad cross-protection mediated by L2 can be combined in the form of chimeric L1-
L2 VLPs. Since L2 is less abundant and found predominantly in the interior of the viral
particle, genetically fusing or chemically conjugating L2 to the L1 major capsid protein such
that L2 is inserted into the L1 VLP surface may generate more immunogenic, cross-
protective immune responses against multiple HPV genotypes. Such a chimeric vaccine
would stimulate production of both anti-L1 and anti-L2 neutralizing antibody responses.
Immunization of rabbits with chimeric VLPs with L2-peptides on their surface was shown to
induce an antibody neutralizing HPV16 as well as elicit antibodies cross-neutralizing
HPV18, 31, 52, and 58 pseudovirions [91]. It has also been recently shown that a type of
chimeric VLP, in which HPV16 VLP was combined with the type-common L2-epitope,
induced in rabbits a high level of the anti-HPV16 L1 neutralizing antibody and a lower but
sufficient level of the anti-L2 cross-neutralizing antibody to be protective [92]. Furthermore,
vaccination with chimeric HPV16L1-HPV16L2 VLP in both rabbits and mice also exhibited
cross-neutralization to high-risk and low-risk HPV types evolutionarily divergent from
HPV-16 [93]. One important and interesting issue in the development of chimeric VLP
vaccines is to determine in future studies whether or not the slow decline of antibody titers
observed with L1 VLP vaccines will also be exhibited by chimeric L1-L2 VLP vaccines.
The inclusion of L2 as a vaccinogen represents a promising direction for next-generation
preventive HPV vaccines in inducing broad-spectrum neutralizing antibodies against HPV.

5.2 Therapeutic HPV vaccines
Vaccination to control and prohibit the progression of HPV-associated lesions has been
evaluated in a variety of pre-clinical models and clinical trials using live vector, peptide,
protein, DNA, RNA replicon, and dendritic cell (DC)-based therapeutic HPV vaccines
targeting HPV E6 and E7 oncoproteins (for review, see [94,95]).

5.2.1 Live vector-based therapeutic HPV vaccines—The concept of live vector
vaccines encompasses the use of bacterial and viral vectors which replicate within the body
and facilitate the spread of antigen. Live vector-based therapeutic HPV vaccines can deliver
E6 and E7 antigens to antigen-presenting cells to stimulate antigen presentation through
MHC class I to CD8+ cytotoxic T cells and MHC class II to CD4+ T helper cells. However,
live vectors inherently pose a potential safety risk, particularly to immunocompromised
individuals. Live vectors may also face limited capacity for repeated administration due to
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the induction of vector-specific neutralizing antibodies and/ or the possibility of pre-existing
vector-specific immunity.

5.2.1.1 Bacterial vector-based vaccines: Several bacterial vectors have been explored for
therapeutic HPV vaccines including Listeria monocytogenes [96,97], Lactobacillus casei
[98], and Lactococcus lactis [99]. Among the many bacterial vectors, L. monocytogenes has
generated significant interest. L. monocytogenes is a gram-positive intracellular bacterium
that invades macrophages and evades phagocytosis within the phagosome by using
listeriolysin O (LLO), a pore-forming toxin. Upon its escape into the cytoplasm of the APC,
antigens are delivered and processed in both MHC class I and class II pathways that in turn
activate CD4+ and CD8+ T cells. L. monocytogenes-based HPV E7 vaccines have been
shown to resolve solid implanted tumors in transgenic mice with tissue-specific expression
of HPV-16 E6 and E7 antigens by inducing a low- avidity CD8+ T cell response, thus
overcoming central tolerance [96]. This finding suggests that the L. monocytogenes vector
may be important in eliciting immune responses to tumors that attempt to escape a robust
immune response.

These pre-clinical studies have translated to clinical trials. ADXS11-001, formerly known as
Lovaxin C or Lm-LLO-E7, is a live, attenuated L. monocytogenes bacterial vector secreting
HPV-16 E7 fused to LLO. In Phase I trials, ADXS11-001 was found to be safe and well
tolerated with a dose-limiting toxicity linked to hypotension and flu-like symptoms
[100,101]. Antigen-specific T-cell responses and some clinical responses were observed,
which will be further assessed in Phase II clinical trials. ADXS11-001 is currently being
studied in three clinical trials with active enrollment. An open-label, Phase I dose-escalation
trial will assess the safety of ADXS11-001 in patients with HPV-associated oropharyngeal
cancer (NCT01598792) [102]. Another ongoing Phase II trial will assess the safety and
efficacy of ADXS11-001 in treating and increasing the one-year survival rate of women
with persistent or recurrent cervical carcinoma (NCT01266460) [103]. A randomized,
single-blind, placebo-controlled Phase II study is assessing whether three doses of
ADXS11-001 in women with CIN2/3, for whom surgery is indicated, can safely reverse
disease (NCT01116245) [104]. Recruitment of the first group of patients has recently been
completed for this Phase II trial of ADXS11-001 in CIN 2/3 patients [105].

5.2.1.2 Viral vector-based: The high immunogenicity of viral vectors makes them
attractive for use in therapeutic HPV vaccines. There have been several viral vectors used to
deliver HPV E6 and E7 antigens, including adenoviruses [106,107], alphaviruses [108–110]
and vaccinia virus [111–113]. The vaccinia virus, an enveloped, double-stranded DNA virus
within the Poxviridae family, has emerged as a particularly promising viral vector of interest
because of its large genome and high infectivity. Vaccinia-based vaccines have been
explored in pre-clinical models utilizing intracellular targeting strategies for increased
antigen presentation in DCs. These vaccines include vaccinia encoding E7 fused to
calreticulin [113], vaccinia-expressing E7 fused to listeriolysin O [114], and vaccinia-
expressing E7 linked to sorting signal and Lysosomal-associated membrane protein (SigE7-
LAMP-1) [114]. Additionally, vaccinia-based vaccines encoding SigE7LAMP and
expressing human Fms-like tyrosine kinase 3 (Flt3) ligand was shown to have protective and
therapeutic anti-tumor effects against E7-expressing tumors in vaccinated mice due to
increased antigen-specific CD8+ T cell response detected by ELISPOT for IFN-γ and E7
tetramer-staining assays [112].

Vaccinia vector-based therapeutic HPV vaccines have translated to clinical trials. A
recombinant vaccinia virus expressing HPV-16 and HPV-18 E6/E7 antigens (TA-HPV) has
been evaluated in Phase I/II clinical trials in patients with early-stage cervical cancer [115],
late-stage cervical cancer, [116], vulvar intraepithelial neoplasia, [117], and vaginal
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intraepithelial neoplasia [118]. TA-HPV was found to be safe, well tolerated, and potent in
stimulating vaccinia-specific antibody and HPV antigen-specific CTL responses
[115,116,119]. A Phase II trial in patients with early-stage cervical cancer has been
conducted to study the safety and immunological effects of TA-HPV in combination with
surgery [115,120]. The results of this trial indicated that TA-HPV is safe, causing only mild
to moderate toxicities, and was able to generate HPV-specific CTLs and serological
responses in some patients [115].

Another vaccinia-based therapeutic HPV vaccine in clinical trials is MVA-E2, a
recombinant modified vaccinia Ankara vector encoding bovine papillomavirus E2. E2 is the
transcriptional repressor of E6 and E7 oncoproteins. For CIN lesions that have no viral
integration into the host genome and therefore express HPV E2, MVA-E2 can bind to the
HPV genome and prevent the upregulation of E6 and E7 oncoproteins, thus potentially
controlling HPV-associated CIN lesions. Intrauterine administration of MVA-E2 vaccine
was found to be well tolerated and increased antibody levels against both MVA virus and E2
protein in both patients with CIN [121,122] and genital warts [123]. However, there is no
evidence that E2 expression contributes to the therapeutic effect as the vaccine may
potentially function by establishing a proinflammatory environment in the cervicovaginal
tract that induces an immune response.

The modified vaccinia Ankara vector which expresses HPV-16 E6 and E7 antigens and
adjuvant IL-2 (MVA-HPV-IL2, also known as TG4001/R3484) has also been explored in
clinical trials. TG4001/R3484 was designed with two goals in mind: i) alert the immune
system specifically to HPV-16-infected cells that have started to undergo pre-cancerous
transformation (cells presenting HPV-16 E6 and E7 antigens) and ii) further stimulate the
immune system in clearing the infection through an adjuvant (IL-2). In Phase II clinical
trials, TG4001/R3484 was found to be both safe and effective in producing clinical
responses in women with HPV-16-positive CIN 2/3. Ten of 21 women in the trial no longer
had detectable levels of CIN 2/3 six months after vaccination. At the twelve-month follow-
up, no relapse or HPV-16 persistence was observed in these women [62]. TG4001/R3484 is
currently in a placebo-controlled Phase IIb trial on patients with HPV-related CIN 2/3
lesions. Interim results demonstrated proof-of-concept for the therapeutic vaccine in
HPV-16 monotherapy, but the trial did not reach its primary endpoint of six-month
resolution in the CIN 2/3 indication and will not move on to a Phase III trial [124].

Vaccinia vector-based vaccines have also been assessed in clinical trials using heterologous
prime boost regimens. In a Phase I clinical trial, 29 female patients with HPV-associated
high-grade anogenital intraepithelial neoplasia received three doses of TA-CIN, a fusion
protein-based HPV vaccine, followed by one dose of TA-HPV [125]. The vaccine was safe
and well tolerated in patients without any significant adverse side effects. Moreover, full and
partial clinical responses were seen in 17% of patients whereas 62% had symptomatic
improvement. A separate Phase II trial of DNA vaccine with TA-HPV prime boost in
combination with topical imiquimod in CIN3 patients is recruiting patients (NCT00788164)
[126].

5.2.2 Peptide-based Therapeutic HPV vaccines—Direct administration of peptides
derived from HPV antigens can lead to the uptake of peptides by dendritic cells for antigen
processing and presentation, thus activating antigen-specific T-cell immunity. Peptide-based
vaccines are stable, easy to produce, and have a high safety profile. They involve the
identification of CTL and CD4 T-helper epitopes that allow for the stimulation of potent
CD8+ and CD4+ T-cell immune responses respectively. Research has focused on addressing
the main limitations of peptide-based vaccines, namely their low immunogenicity, and the
obstacle of MHC restriction.
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Adjuvants can be used to enhance the immunogenicity of peptide-based vaccines. Some
immunostimulatory molecules that have been explored include immunoglobulin G fragment
[127], immunomodulatory element comprised of streptavidin fused to the extracellular
domain of murine 4-1BBL [128], and DC stimulatory cytokine Bryostatin [129]. Toll-Like
Receptor (TLR) agonists have also been explored as adjuvants for peptide-based HPV
vaccines because of their capability to activate both innate and adaptive immunity. For
instance, a prime boost regimen of HPV-16 E7 (a.a.43 – 77), which contains both, a CTL
epitope and a TH epitope, adjuvanted with TLR9 agonist CpG oligodeoxynucleotide (CpG
ODN) was shown to enhance E7-specific CD4+ and CD8+ T cells, detected by FACS
analysis, and produce potent therapeutic anti-tumor effects and survival analysis against
HPV-16-expressing tumors in vaccinated mice [130]. A vaccine with CTL epitope fused to a
T-helper epitope, PADRE, along with CpG adjuvant produced specific CD8+ T cell
responses and potent anti-tumor effects in mice with tumors expressing HPV-16 E7 [131].
Other TLR agonists explored in such experiments include the TLR4 agonist carrageenan
[132] and TLR3 agonist Poly (I:C) [133]. Recently, a therapeutic peptide vaccination
strategy (TriVax) consisting of intravenous administration of immunodominant CD8+ T-cell
epitope HPV-16 E7 (aa49-57), mixed Poly (I:C) and costimulatory anti-CD40 monoclonal
antibody was assessed. TriVax was found to induce large and persistent T-cell responses and
induced tumor clearance against established HPV-16 E7-expressing tumors in two HPV-
induced murine cancer models [134]. These results suggest that adjuvants targeting dendritic
cells may potentiate peptide-based vaccines.

The enhancement of the immunogenicity of peptide-based vaccines has been explored in
clinical studies. Because HLA-A*0201 is the most common human MHC class I molecule
carried by over 50% of the general population, peptide-based therapeutic HPV vaccine
studies have focused on human CTL epitopes encoding HPV-16 E7 that is presented by
HLA-A*0201. As stated above, these CTL epitope peptide vaccines are often weakly
immunogenic. Hence, supplementation of these peptide-based vaccines with a strong
adjuvant as well as a strategy to recruit non-specific T cell help may boost CD8+ T cell
immune responses to the CTL epitope and result in clearance of HPV. The combination of
CTL epitope peptide with non-specific T-cell help has been explored in the form of a
lipopeptide construct of HPV-16 E7 aa86-93 peptide linked to PADRE peptide in women
with late-stage cervical cancer [135]. Further similar studies have focused on combining two
E7-derived epitopes (aa11-20 and aa 86-93) with Montanide ISA 51 as adjuvant in
combination with PADRE universal T-helper peptide. However, among these trials, there
were only six late-stage cervical cancer patients who mounted a weak immune response
against the E7 86 – 93 peptide sequence, without evidence of anti-tumor benefits [136,137].
A Phase I clinical trial found that a vaccine consisting of HPV-16 E7 peptide (aa 12-20)
administered along with a construct of Incomplete Freund’s adjuvant, HPV E7 lipopeptide
(aa 86-93) and PADRE, was able to stimulate an immune response in a significant
proportion of eighteen HLA-A2-positive patients with CIN/VIN II/III [138]. The vaccine
was found to be well tolerated and led to complete regression of CIN lesions in 3 of 17
evaluable patients. However, as these epitopes are HLA-A2*0201-restricted, these peptide
vaccines would only have clinical benefit for the population of patients who are positive for
this MHC class I.

The limitation of MHC restriction associated with peptide-based vaccines results in the need
to identify immunogenic epitopes corresponding to the polymorphic MHC molecules within
the population. Long overlapping peptides circumvent MHC restriction by including a range
of antigenic epitopes of HPV E6 and E7 proteins and have renewed interest in therapeutic
HPV E6/E7 peptide-based vaccines. These larger peptides have led to recent clinical trials in
end-stage cervical cancer patients. A vaccine comprised of 13 overlapping peptides
representing HPV-16 E6 and E7 antigens mixed with Montanide ISA 51 adjuvant was safe,
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well tolerated, and able to elicit a broad T-cell response in end-stage cervical cancer patients
[139]. A second clinical trial using a broad array of epitopes in early-stage cervical cancer
patients generated increased HPV-16-specific CD4+ and CD8+ T-cell responses relative to
patients who were not vaccinated [140]. Phase II clinical trials of this vaccine demonstrated
great efficacy in HPV-16-positive high-grade VIN patients. Half of the patients with
histologically confirmed HPV-16-positive VIN3 displayed a complete regression of their
lesion after 3 or 4 vaccinations with HPV-16 E6/E7 overlapping peptide vaccine [141]. An
investigation as to why vaccination did not lead to complete regression in all patients
showed that a high ratio of the number of HPV16-specific vaccine-primed effector T cells to
the number of HPV16-specific CD4+CD25+Foxp3+ T reg cells was predictive of clinical
success [142]. Foxp3+ T cells have been associated previously with impaired immunity in
malignancies. Recently, a placebo-controlled randomized Phase II study demonstrated that
this HPV-16 E6/E7 synthetic overlapping long-peptide vaccine increased the numbers of
circulating IFN-γ-producing HPV-16-specific T cells in patients with HPV-16+ HSIL [143].
Similar to the earlier trials, vaccination had few side effects, with minor swelling at the
injection site and flu-like symptoms. However, no HPV clearance was observed at the time
of lesion excision, nor could conclusions be drawn on vaccine-induced T-cell infiltration of
the lesion due, in part, to problems with patient accrual. It is important to take into
consideration that patients with HSIL are generally asymptomatic and can be treated by
minor surgical procedures. Hence, future developments should consider the disparities of
side effects between standard of care and new therapies to maximize the potential benefits of
overlapping peptide-based vaccination. The focus remains on developing a well-tolerated
formulation capable of generating strong immune responses in patients with pre-malignant
HPV-associated disease.

5.2.3 Protein-based vaccines—Protein-based vaccines have emerged as promising
forms of therapeutic HPV vaccines. They are safer compared to live-vector based vaccines
and can circumvent MHC restriction by including all epitopes that bind to all haplotypes of
MHC class I and class II molecules. However, protein-based vaccines have some
disadvantages such as relatively poor immunogenicity. In addition, protein-based vaccines
are processed through the endocytic pathway and are presented via the MHC class II
pathway, generating predominantly antibody responses rather than cytotoxic T-lymphocyte
(CTL) responses. Thus, protein-based vaccines require strategies that increase its
immunogenicity and increase induction of CD8+ cytotoxic T-cell immune responses to
promote anti-tumor immunity.

Numerous strategies to increase potency of protein-based vaccines have been studied,
including the use of a diverse array of adjuvants and fusion proteins. These adjuvants
include liposome–polycation–DNA (LPD) adjuvant [144], saponin-based ISCOMATRIX
[145], and Toll-like receptor agonists [146]. In addition, fusion proteins comprised of HPV
E7 fused to immunostimulatory molecules have been shown to enhance E7-specific T cell-
mediated immune responses, such as HPV E7 fused to DC-targeting molecules Bordetella
pertussis adenylate cyclase [147], Mycobacteria-derived heat- shock proteins [148,149], and
truncated Pseudomonas aeruginosa exotoxin A [150]. This strategy has also been explored
in the context of a fusion protein vaccine comprised of HPV-16 E7 fused to the cell-
penetrating peptide Limulus polyphemus protein to improve cross-presentation of antigen in
DCs [151]. Furthermore, investigators have found that HPV-16 E7 linked to a bacterial lipid
moiety administered in E7-expressing tumor-bearing mice induced appreciable E7-specific
CTL responses, measured by ELISPOT and flow cytometry, and anti-tumor effect,
measured by tumor volume [152]. Recently, the employment of adjuvants has been explored
in combination with an improved delivery method to enhance protein-based vaccine
potency. Kang et al. found that intramuscular injection of protein-based vaccines with TLR9
agonist CpG, followed by electroporation, can lead to 3 major advantages: i) increased
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delivery of the protein-based vaccine into muscle cells, ii) enhanced antigen-specific CD8+
T cell immune responses, and iii) heighten potent anti-tumor effects; all of which result in
enhanced protein-based HPV vaccine potency [146].

In clinical trials, several protein-based therapeutic HPV candidates have been explored.
Among these candidates, HspE7 has generated considerable interest. HspE7 is a chimeric
protein composed of bacille Calmette-Guerin heat-shock protein (Hsp65) and HPV-16 E7.
HspE7 was previously found to be well tolerated as a single-agent therapy in both Phase I
and Phase II clinical trials, generating lesion regression in several HPV-associated diseases,
including recurrent respiratory papillomatosis [153], anal high-grade squamous
intraepithelial lesions [154], and CIN 2/3 [155–157]. These trials began prior to the finding
that adjuvant Poly-ICLC, a Toll-like receptor 3 agonist consisting of polyinosinic–
polycytidylic acid stabilized with polylysine and carboxymethylcellulose, significantly
strengthening HspE7 vaccine immunogenicity. However, it is not clear whether HspE7 with
Poly-ICLC adjuvant vaccine has been further tested in clinical trials (NCT00493545) [158].

5.2.4 DNA vaccines—Among the different forms of therapeutic HPV vaccines, DNA
vaccines have emerged as an attractive approach due to their safety, stability, and simplicity.
DNA vaccination involves directly injecting plasmid DNA-encoding antigen of interest into
host cells. This promotes expression and presentation of the encoded antigen by transfected
cells and stimulates cell-mediated and/or humoral immune responses against the encoded
antigen. DNA vaccines are safe and do not pose the intrinsic safety risks that are associated
with introducing a tumor cell, bacteria, or virus into a patient. Naked DNA is easy to
manufacture and can sustain expression of target cells for longer periods than RNA
vaccines. In addition, DNA vaccines do not elicit neutralizing antibodies in vivo as do live
vector-based vaccines, therefore, increasing the capacity for repeated administration.
However, DNA vaccines have shown poor immunogenicity and require strategies to
increase vaccine potency. Many strategies to enhance DNA vaccine potency have focused
on targeting DNA vaccines to DCs, the potent activators of antigen-specific immune
responses. In general, these strategies of improving the potency of therapeutic HPV DNA
vaccines through modification of DCs can be classified by: i) increasing the number of
antigen-expressing/antigen-loaded DCs, ii) improving HPV antigen expression, processing,
and presentation in DCs, and iii) enhancing DC and T-cell interaction (for review, see [95]).

Encouraging data from pre-clinical studies have led to several therapeutic HPV DNA
vaccines in clinical trials. Strategies to increase the number of antigen-expressing/-antigen-
loaded DCs include enhanced delivery methods targeting DNA vaccine to DCs. These
delivery methods include gene gun, microencapsulation, and electroporation. For example,
there is an ongoing, open-label, randomized clinical trial utilizing a clinical grade gene gun
device that delivers pnGVL4a-CRT/E7 (Detox), a therapeutic HPV DNA vaccine, to treat
high-grade cervical intraepithelial neoplasia (CIN 2/3) lesions in HPV-16 positive patients
(NCT00988559) [159]. This clinical trial is a head-to-head comparison of the
immunogenicity of three routes of administration (intradermal administration via gene gun,
intramuscular administration, and intralesional delivery) of pnGVL4a-CRT/E7.

Microencapsulation has also been evaluated in several clinical trials [160–162] (for review,
see [163]). Of particular interest is ZYC101, a plasmid encoding an HPV-16 E7 HLA-A2
restricted peptide encapsulated in 1 – 2 μm biopolymer microparticles composed of
polylactide co-glycolide (PLG). In a Phase 1 clinical trial examining the potential treatment
of anal dysplasia with ZYC101, ten of twelve patients generated E7-specific immune
responses and 3 out of 12 showed histological improvements [160]. Another Phase 1 trial
studied the effect of ZYC101 on patients with high-grade CIN. Five of 15 patients
experienced complete histological regression and 11 showed significant HPV-specific T-cell
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responses with no serious adverse effects [161]. A more recent version of the plasmid,
amolimogene bepiplasmid (ZYC101a), encoding HPV-16 and -18 E6 and E7 fragments was
used in a Phase II clinical trial involving 127 subjects with high-grade CIN. The vaccine was
well tolerated and promoted CIN 2/3 resolution in patients under 25 years of age compared
to the placebo group (70% versus 23%) [162]. Amolimogene was recently explored in a
Phase II/III double-blinded, randomized, placebo-controlled clinical trial examining its
efficacy and safety in the treatment of patients with CIN 2/3. Subjects with histologic-
evaluation confirmed CIN 2/3 lesions of the cervix were recruited to participate. After a
diagnostic cervical punch biopsy confirming high grade CIN, eligible subjects were enrolled
and randomized to either drug or placebo groups and, during the six-month study period,
were monitored by colposcopic, cytologic, and HPV testing. Persistence or resolution of
disease was determined by use of a loop electrosurgical excision procedure (LEEP)
performed at study exit [164]. Results indicate that 11 of 21 patients receiving amolimogene
generated an enhanced T-cell response to HLA-A2 restricted HPV 16/18 peptides compared
to baseline and 6 of 21 subjects experienced resolution of CIN 2/3 lesions [164].

Besides microencapsulation, electroporation following intramuscular injection has also been
assessed as a potential vaccine delivery method [165]. One such example is VGX-3100, a
DNA vaccine incorporating plasmids targeting HPV-16 and 18 E6 and E7 proteins. The
candidate vaccine is delivered via intramuscular injection followed by electroporation (EP)
using a CELLECTRA constant current device to deliver a small electrical charge.
VGX-3100 has shown promise in animal studies where treatment led to an increased
immune response resulting in decreased tumor size. In a Phase I clinical trial, subjects with a
history of high-grade CIN were vaccinated with VGX-3100. VGX-3100 immunization was
well tolerated and elicited a T-cell response in 14 out of 18 clinical subjects and all subjects
reported antibody positivity to at least two antigens [166]. Individuals with histologically
confirmed HPV-16 and -18 associated high-grade CIN are currently being recruited for a
double-blinded, randomized, placebo-controlled Phase II clinical trial (NCT01304524)
[167].

Several clinical trials have studied the effects of vaccines designed to improve MHC class I
processing. A Phase I clinical trial showed that 8 of 15 patients with high-grade CIN had
increased E7-specific T-cell responses after intramuscular injection with pNGVL4a-Sig/
E7(Detox)/HSP70 (a vaccine consisting of DNA encoding a signal sequence localized to the
endoplasmic reticulum (Sig), linked to an attenuated form of HPV-16 E7 fused to HSP70).
Although the vaccine was well tolerated with no dose-limiting toxicities, subjects treated
with the vaccine did not experience significantly enhanced therapeutic effects as compared
to unvaccinated subjects [168]. Despite poor immunogenicity, complete histologic
regression did occur in 33% of patients vaccinated with the highest dose of pNGVLA4a-Sig/
E7(detox)/ HSP70 (3 mg). The same vaccine has also been used in patients with HPV-16+
head and neck cancer (Gillison and Wu, personal communication). It is now clear that
approximately 20% of head and neck cancers are associated with HPV, particularly HPV-16
(for review, see [169]). These early phase clinical trials with pNGVLA4a-Sig/E7(detox)/
HSP70 demonstrate great safety without significant side effects and have promising
applications to both cervical cancers as well as head and neck cancers caused by HPV. The
results of the early phase clinical trials suggest that prime-boost with different expression
vectors or delivery methods such as electroporation or intradermal administration via gene
gun may be necessary to increase DNA vaccine potency.

Though the aforementioned techniques have been effective, other less invasive methods
have shown promise in improving immunogenicity. Of particular interest are TLR agonists,
immunomodulators that generate robust immune responses and increased potency when
used in conjunction with therapeutic HPV vaccines. Notably, imiquimod has been
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repeatedly examined in clinical trials. A TLR7 agonist, imiquimod promotes the activation
of antigen-presenting cells leading to the production of cytokines IFN-alpha, IL-6, and TNF-
alpha [170]. Cytokine production induces a robust and potent immune response by
facilitating adaptive immune cell activation and differentiation. Thus, imiquimod represents
a potentially promising adjuvant for therapeutic HPV DNA vaccines. For example,
imiquimod was used as an adjuvant for a HPV DNA vaccine that encoded a calreticulin
(CRT) and HPV-16 (E7) fusion protein (CRT/E7) administered to C57BL/6 mice expressing
tumors [171]. Experimental mice treated with CRT/E7 DNA and imiquimod were found to
have an increased frequency of E7-specific CD8+ T cells within their spleens as compared
to the frequency found within the spleens of control mice (CRT/E7 DNA vaccination only).
Moreover, mice receiving combined therapy experienced tumor reduction and prolonged
survival when compared to mice receiving CRT/ E7 DNA vaccination only. Furthermore,
cells expressing NK1.1, namely NK and NKT cells, were found with increased frequency
within the tumor microenvironment suggesting that they play a key role in tumor volume
reduction. Of note, combined treatment of DNA encoding CRT/E7 and imiquimod also
reduced the number of myeloid-derived suppressor cells that have an immunosuppressive
role in the tumor microenvironment. Therefore, the use of imiquimod as an adjuvant for
therapeutic DNA vaccines may have multiple mechanisms to improve anti-tumor effects.

The encouraging pre-clinical data has lead to an ongoing Phase I clinical trial which
investigates a prime-boost strategy combined with topical imiquimod in treating women
with CIN3. The subjects were intramuscularly primed with pNGVL4a–Sig/E7(detox)/
HSP70 and then boosted with a recombinant vaccinia virus encoding HPV-16 and 18 E6 and
E7 (TA-HPV) with topological application of imiquimod on the CIN lesion [126]. In
addition, imiquimod has been used in a Phase II clinical trial in conjunction with TA-CIN, a
fusion protein-based vaccine expressing HPV-16 L2-E6-E7 conjugated proteins, in patients
with high-grade vulvar intra-epithelial neoplasia (VIN) [33]. Intramuscular administration of
TA-CIN and topical application of imiquimod was well tolerated without adverse effects.
Antigen-specific antibody titers were generated; however, titers were not significantly
different after imiquimod application or vaccination in “responders” and “non-responders.”
“Responders” to the therapy demonstrated high levels of CD4+ and CD8+ T cells locally as
well as within HPV-associated lesions. Imiquimod was shown to increase T- cell infiltration,
leading to the complete regression of VIN lesions in 63% of patients one year post
treatment. In addition, 36% of the patients with VIN lesions showed complete HPV
clearance and 79% of women remained symptom-free. Phase III clinical trials will be
needed to assess the comparative efficacy of this combinatorial approach.

5.2.5 Dendritic cell-based vaccines—Dendritic cells are professional antigen-
presenting cells and are thus able to induce the adaptive immune response, particularly T
cell-mediated immune responses, by processing antigen and priming T cells in the context of
both MHC class I and MHC class II pathways. The process of pulsing DCs with HPV
antigenic peptides, proteins, or DNA-encoding antigens ex vivo, which enables loading of
MHC class I and class II molecules with HPV epitopes, allows DCs to differentiate and
mature. Upon re-administration of the DCs into the body, T cells become primed and elicit a
cell-mediated immune response. Understanding DC differentiation, maturation, as well as
antigen processing and presentation have proven fruitful in providing a rationale for
improving DC-based vaccines.

A Phase I clinical trial of a DC-based HPV vaccine using HPV-16 E7 and/or HPV-18 E7
assessed the safety and immunogenicity of the therapeutic vaccine in 10 patients diagnosed
with early-stage cervical cancer [172]. All the patients generated antibody and CD4+ T-cell
responses to the HPV E7-loaded DC vaccination and 8 of the 10 patients developed
increased E7-specific CD8+ T cell counts compared to pre-vaccination levels. Overall, the
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vaccine was determined to be safe and immunogenic. Although DC-based vaccines may be
used in advanced cases of cervical cancer or in combination with other therapies, it is
unlikely they will be used to treat CIN lesions because the procedures involved in this kind
of treatment are quite labor-intensive and costly.

5.2.6 Combination strategies—Although strategies to enhance different types of
therapeutic vaccines have been developed, it is likely that the combination of strategies will
further increase immunogenicity and efficacy of therapeutic HPV vaccines. Hence,
therapeutic HPV vaccine strategies have shifted in the direction of combinatorial approaches
to work toward commercialization. One combinatorial approach uses fusion protein antigens
in concurrence with low-dose radiation treatment of tumors in pre-clinical models [173].
Vaccination of mice with calreticulin (CRT) fused with HPV-16 E7 combined with radiation
therapy showed an increase in therapeutic efficacy as compared to vaccinated mice alone.
The combination of therapies elicited the highest frequency E7-specific CD8+ T-cell
response and increased tumor susceptibility to E7-specific CTL activity in the tumor-
microenvironment. This response slowed and stabilized tumor growth, which ultimately led
to an increase in mouse long-term survival rates. In addition, radiation therapy was
successful in causing apoptosis of tumor cells, indicating that radiation is a useful method in
stabilizing tumor-cell growth when applied with immunotherapy. The combination of
chemotherapy, radiation therapy, and vaccination suggest effective anti-tumor effects.

Chemotherapeutic agents in combination with DNA-based vaccines is another emerging
combination that may be an effective HPV therapy as shown in pre-clinical models [174–
178]. For example, the chemotherapeutic agent, apigenin, was used concurrently with a
DNA-encoding heat-shock protein 70 (HSP70) and HPV-16 E7 [179]. Vaccination of E7-
HSP70 DNA in conjunction with apigenin chemotherapy demonstrated the highest
frequency of effector CD8+ T cells and memory CD8+ T cells. Vaccination and
chemotherapy caused tumor susceptibility to E7-specific cytotoxic immune responses that
led to a reduction in tumor size and an increase in survival rates. Apigenin treatment also
proved to increase tumor cell apoptosis in a dose-dependent manner. Overall, the
combination of chemotherapy and DNA-based HPV vaccination generated the greatest anti-
tumor effect.

Promising pre-clinical data has led to the concurrent evaluation of several therapeutic HPV
vaccine candidates in early phase clinical trials as summarized in Table 2.

6. Expert opinion
Significant steps toward the ideal prophylactic and therapeutic vaccines have been made.
The effectiveness of commercially available VLP vaccines in generating a short-term
antibody response to HPV-16 and HPV-18 is evident. However, future generations of
preventive vaccines must focus on lowering cost to make them more accessible to
susceptible populations in developing countries. This will make the largest impact on the
incidence of persistent HPV infection and cervical cancer. Ineffective cross-protection and
cost-effectiveness are two additional problems that face prophylactic vaccines. Although it
is feasible that ongoing clinical trials of the Merck V503 preventive nonavalent vaccine may
effectively provide broader protection, cost may still be an issue inhibiting the use of the
vaccine in countries that carry the majority of the burden of cervical cancer. Therefore, cost
is the most pertinent issue facing future preventive vaccines.

Antigen-specific immunotherapy generated by therapeutic HPV vaccines has promise for
the treatment of cervical cancer and clearance of HPV infection. However, progression of
therapeutic HPV vaccines through clinical trials has not been as robust compared to the
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commercialization of preventive HPV vaccines. In addition, it would seem that women with
a lower disease burden and pre-invasive disease are more logical candidates for an antigen-
specific immunotherapy than women with bulky invasive disease, prior chemotherapy, poor
performance status, and profound immunosuppression. Therefore, the progress of
therapeutic HPV vaccines through clinical trials may likely require a combination strategy
of different therapeutic modalities. In addition, therapeutic efficacy might improve by
addressing the immunosuppressive tumor microenvironment to improve the association of
immune response and clinical outcomes. Strategies could be used in conjunction with
existing live vector, protein/peptide, DC-based vaccines and DNA vaccine strategies to
control tumor metastasis and eliminate cancer cells altogether. As research in the
development of prophylactic and therapeutic HPV vaccines continues, different strategies
will be created that will push human papillomavirus-associated malignancies closer to
eradication.
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Article highlights

• Significant steps toward the ideal prophylactic and therapeutic HPV vaccines
have been made.

• The current commercial preventive HPV vaccines have been shown to be
efficacious in generating capsid-specific neutralizing antibody responses to
HPV-16 and HPV-18, the two most common types associated with cervical
cancer.

• Next-generation preventive HPV vaccine candidates have explored the issues of
lowering cost, increasing duration of efficacy, and broadening protection
through multivalent virus-like particle (VLP) vaccines, L1 capsomer vaccines,
L2 capsid protein-targeted vaccines, and chimeric L1/L2 VLP vaccines.

• Antigen-specific immunotherapy generated by therapeutic HPV vaccines has
focused on enhancing T cell-mediated killing of HPV-transformed tumor cells,
which constitutively express HPV-encoded proteins, E6 and E7.

• Therapeutic HPV vaccines targeting HPV E6 and E7 have been explored in
clinical trials using live vector, peptide, protein, DNA, RNA replicon, and
dendritic cell-based HPV vaccines.

• The progress of therapeutic HPV vaccines through clinical trials may likely
require combination strategies of different therapeutic modalities.

This box summarizes key points contained in the article.
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Figure 1. Preventive HPV vaccination focuses on generating neutralizing antibodies for
prevention of infection
Humoral immunity involves the interaction between an HPV capsid antigen (L1 and/or L2)
and an antigen-specific B-cell receptor. The B cell internalizes the antigen, processes it, and
presents it on an MHC class II molecule. The MHC II: L1/L2 antigen complex is recognized
by a specific TH2-cell receptor. This TH2 cell has been activated by a dendritic cell
presenting the L1/L2 antigen, causing it to mature and specifically recognize the MHC II:
L1/L2 complex. The TH2 cell activates the B cell to proliferate and differentiate into
memory B cells and plasma B cells, which produce HPV-specific antibodies. The HPV
antigen-specific antibodies prevent HPV infection by binding the viruses and thus
preventing their entry into host cells.
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Figure 2. Therapeutic HPV vaccination focuses on generating cell-mediated immunity for
clearance of infection
Cell-mediated immunity involves the interaction between professional antigen-presenting
cells (particularly dendritic cells) and T cells. Dendritic cells present the MHC:peptide
complex to prime naïve T cells to become effector T cells. Effector T cells mediate
therapeutic effects; effector CD8+ T cells, also known as cytotoxic T lymphocytes (CTL),
mediate antigen-specific killing of tumor cells, and effector CD4+ T cells differentiate into
T helper (TH) cells to augment CTL immune responses through the production of IFN-γ.
Regulatory T cells (Treg) regulate immune responses by suppressing CTL and TH cells.
Strategies to inhibit the Foxp3+ CD4+ CD25+ Treg cells, such as the use of anti-CD25
monoclonal antibody, may improve CTL immune responses.
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Figure 3. Schematic diagram to depict the next generation of preventive HPV vaccines based on
HPV capsid proteins (L1 and/or L2)
A. Cervarix composed of HPV-16 and HPV-18 VLPs. B. Gardasil composed of HPV-6,
HPV-11, HPV-16 and HPV-18 VLPs. C. Multivalent VLP vaccines composed of HPV-6,
HPV-11, HPV-16, HPV-18, HPV-31, HPV-33, HPV-45, HPV-52 and HPV-58 VLPs (V503
Merck). D. L1 capsomer vaccine. E. Chimeric L1-L2 VLP vaccine with L2 on the surface.
F. L2 peptide vaccine. G. Concatenated L2 peptide vaccine. H. L2 peptides displayed on the
surface of bacteriophage VLP.
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Table 1

Overview of Commercial Preventive HPV Vaccines.

Gardasil Cervarix

Manufacturer Merck GlaxoSmithKline

HPV types 16, 18, 6, 11 16, 18

Amount of HPV L1 protein 20 μg HPV-6
40 μg HPV-11
40 μg HPV-16
20 μg HPV-18

20 μg HPV-16
20 μg HPV-18

Adjuvant 225 μg aluminum hydroxyphosphate sulfate AS04 composed of: 500 μg aluminum hydroxide
50 μg MPL (3-O-desacyl-4′-monophosphoryl
lipid A)

FDA Approval in US June 2006 October 2009

Regimen 3 doses: Months 0, 2, 6 3 doses: Months 0, 1, 6

Cost $120 USD per dose $100 USD per dose

Antigen Source Saccharomyces cerevisiae (bread yeast), expressing L1 Trichoplusia ni insect cell line infected with L1
encoding recombinant baculovirus

Indications Girls and young women: age 9 – 26
For the prevention of cervical, vulvar, vaginal cancer, and
anal cancer and associated pre-cancerous lesions and
genital warts
Boys and young men: ages 9 – 26
For the prevention of anal cancer and associated pre-
cancerous lesions, and genital warts

Girls and young women: age 10 – 25
For the prevention of cervical cancer and
associated pre-cancerous lesions

Duration of protection At least 6.4 years [60,61] At least 8.4 years [40,63]

Antibody titers HPV-16: 2.3 – 4.8 times higher for Cervarix compared with Gardasil, across all age groups
HPV-18: 6.8 – 9.1 times higher with Cervarix [64]
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