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1 Introduction

Human papillomavirus (HPV) is the most common sexually transmitted infection in the 

world (World Health Organization 2020; Brianti et al. 2017), affecting more than 600 

million people worldwide (Gaspar et al. 2015). HPV can be transmitted through skin-to-skin 

contact or through contact between mucosal membranes (Brianti et al. 2017). HPV can 

cause a range of clinical diseases in the body, escalating in severity from benign warts to 

metastatic cancer. More than 200 types of HPV have been identified, which are broadly 

categorized into high-risk and low-risk types. Low-risk HPV types, such as HPV6 and 

11, do not cause cancer. Instead, low-risk HPV types can generate genital warts around 

the anogenital region, known as condylomata acuminata, as well as benign tumors in the 
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respiratory tract, known as recurrent respiratory papillomatosis or laryngeal papillomatosis. 

High-risk HPV types, including HPV16, 18, 31, 33, 35, 45, 51, 52, 56, 58, 59, and 68, 

can cause cancer and are often necessary for oncogenic transformation. Virtually, all cases 

of cervical cancer, 95% of cases of anal cancer, 70% of cases of oropharyngeal cancer, 

65% of cases of vaginal cancer, 50% of cases of vulvar cancer, and 35% of cases of penile 

cancer are caused by high-risk HPV types. Specifically, HPV16 and 18 are associated with 

the majority of these cancers, including over 70% of all cervical cancers (Roden and Stern 

2018), ~90% of anogenital cancers, and up to 75% of oropharyngeal cancers (Elrefaey et al. 

2014; Walboomers et al. 1999; National Cancer Institute 2020).

It is estimated that around 5% of all cancers worldwide are caused by HPV (de Martel et al. 

2012, 2017). Of the aforementioned HPV-associated diseases, cervical cancer accounts for 

the largest number of HPV-associated cancer cases (de Martel et al. 2017). Cervical cancer 

is the fourth most common cancer in women worldwide, and the second most common 

cancer in women living in low- and middle-income countries (LMICs). In 2018 alone, 

cervical cancer was responsible for over ~311,000 deaths (World Health Organization 2019; 

World Cancer Research Fund 2018). The global prevalence of cervical cancer has decreased 

since the 1950s largely due to early detection, improved HPV testing, prophylactic 

vaccination, and wider treatment availability; however, more than 85% of cervical cancer

associated deaths occurred in LMICs where infrastructure and access to preventions and 

treatments may be limited (World Health Organization 2018, 2019, Vaccarella et al. 2013). 

Additionally, we have seen global rates of HPV-associated oropharyngeal cancer in men on 

the rise, especially in North America and Northern Europe (Gillison et al. 2015). Unlike 

for cervical cancer in women, no routine screening tests exist for oropharyngeal cancers, 

largely due to the inability to detect precancerous lesions as well as subclinical or early-stage 

cancer (Roden and Stern 2018; Gillison et al. 2015; American Cancer Society 2018). This 

information highlights the need for methods to control HPV, especially oncogenic types.

The identification of HPV as the etiological factor for HPV-associated diseases has afforded 

the opportunity to manage these cancers through vaccination (Yang et al. 2016). Our 

increased understanding of the molecular biology of HPV has powered the development 

of HPV-targeted vaccines. HPV is a small, non-enveloped, double-stranded DNA virus 

belonging to the Papillomaviridae family. The HPV genome is comprised of ~8000 base 

pairs, which encode for eight major proteins, six early (E) genes and two late (L) genes 

(Yang et al. 2016; Graham 2010). Early genes, E1, E2, E4, E5, E6, and E7, contribute to 

the regulatory function of the viral genome, including DNA replication and transcription 

(Graham 2010). Late genes, L1 and L2, are known as the major and minor capsid proteins, 

respectively. The late genes comprise the viral capsid, which is responsible for viral 

transmission, spread, and survival (Graham 2010). Upon infection, the HPV viral genome is 

integrated into the host genome where it carries out processes necessary for viral replication 

and transcription. Specifically, E1 is involved in viral DNA replication, while E2 is involved 

in RNA transcription. E4 is involved in regulating the cytoskeleton network of infected 

cells, cell cycle arrest, and virion assembly. E5 is considered an oncogenic protein and is 

responsible for cell growth and differentiation as well as immune modulation (Yang et al. 

2016; Graham 2010). Both E6 and E7 are oncoproteins expressed in transformed cells (Yang 

et al. 2016). E6 and E7 are responsible for the carcinogenesis of HPV-associated lesions 
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and are necessary for the initiation and upkeep of HPV-associated malignancies. E6 inhibits 

apoptosis and differentiation through the degradation of the tumor suppressor gene p53 

(Yim and Park 2005). E7 interacts with the Rb protein, a cell cycle regulator, rendering it 

inoperable. This interaction results in the unregulated proliferation of infected cells as well 

as the transformation into cancer (Yim and Park 2005). In most cases of HPV-associated 

cancer, the HPV viral DNA genome integrates into the host’s genome. The integration 

process leads to the deletion of early genes E1, E2, E4, and E5, and late genes L1 and L2. 

E2 is a negative transcriptional regulator for E6 and E7. The deletion of E2 leads to the 

disruption of normal cell cycle regulation by interacting with p53 and Rb, respectively. This 

results in the progression of HPV-associated cervical cancer (Yang et al. 2016). Further, the 

deletion of L1 and L2 during the integration process are what render prophylactic vaccines 

ineffective against established HPV-associated diseases (Yang et al. 2016).

HPV types are tissue-trophic and infect keratinocytes, preferentially propagating in 

epithelial mucosa (Egawa et al. 2015). Viral expression is associated with the differentiation 

of keratinocytes and viral shedding from superficial epithelial layers, which express L1 and 

L2 viral capsid proteins (Williams et al. 2011; Roden and Wu 2006). HPV infections are 

restricted to the basal epithelial cells, which are often shielded from circulating immune 

cells during surveillance. Because HPV infection often does not generate a host immune 

response, HPV DNA goes undetected, enabling the virus to continue to amplify, eventually 

spreading to and infecting neighboring cells. HPV is also non-lytic and does not generate 

an inflammatory response, meaning that individuals who are infected may not know their 

disease status. Only after HPV-associated tumor cell has been sufficiently amplified to a 

level where it can be detected by immune surveillance cells, does it mount an active immune 

response. Unfortunately, this often occurs during the later stages of HPV transformation, 

sometimes years after the initial HPV infection (Williams et al. 2011). Prophylactic vaccines 

have traditionally be used to prevent disease prior to infection. Current prophylactic HPV 

vaccines are used to deliver HPV L1 and/or L2 capsid antigens, which self-assemble to form 

a virus-like particle (VLP). These vaccines stimulate the immune generation of neutralizing 

antibodies against VLPs, which can prevent the acquisition of real HPV infection in healthy 

individuals. Unfortunately, neutralizing antibodies against HPV are incapable of controlling 

or killing existing HPV-infected and/or transformed cells. Instead, HPV antigen-specific 

cytotoxic T cells (CD8+ T cells) and helper T cells (CD4+ T cells) are necessary for the 

targeted killing of infected and/or transformed cells (Yang et al. 2016). Unlike prophylactic 

HPV vaccines, therapeutic HPV vaccines rely on T cell-mediated immune responses to 

target and kill infected cells. This is facilitated by antigen-presented cells (APCs), such as 

dendritic cells (DCs). DCs present HPV antigen through major histocompatibility class I 

(MHC-I) and class II (MHC-II) molecules for recognition by HPV antigen-specific CD8+ 

and CD4+ T cells, respectively.

When devising a therapeutic vaccine, the target antigen of choice requires significant 

consideration. Because L1 and L2 are deleted during the integration process of HPV into 

the host genome, they are not suitable target antigens for the development of therapeutic 

HPV vaccines. However, HPV oncoproteins E6 and E7 present as ideal targets for the 

development of therapeutic HPV vaccines. E6 and E7 are only expressed in transformed 

cells and are necessary for initiating and maintaining HPV-associated malignancies (Yang 
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et al. 2016). Therefore, therapeutic HPV vaccines targeting E6 and E7 are safe and can 

circumvent immune tolerance against self-antigens (Yang et al. 2016).

2 Current Preventive HPV Vaccines

In the last decade, a total of three prophylactic HPV vaccines have been developed for 

commercial use, Cervarix™ (from GlaxoSmithKline), Gardasil®, Gardasil9® (from Merck). 

These prophylactic vaccines have provided an opportunity to prevent the acquisition of 

HPV infection in unexposed, healthy individuals. All three vaccines use an L1 VLP vaccine 

platform, which constitutes the non-infectious papillomavirus particles without the viral 

genome (Yang et al. 2016). Cervarix™ is a bivalent vaccine containing HPV16 and HPV18 

VLPs produced in insect cells (Trichoplusia ni) using a baculovirus expression vector 

system. Cervarix™ also incorporates Adjuvant System 04 (comprised of monophosphoryl 

lipid A and an aluminum hydroxide salt) (U.S. Food and Drug Administraiton 2018) to 

enhance the body’s humoral immune responses after vaccination. Cervarix™ only protects 

against oncogenic HPV types HPV16 and HPV18; however, these HPV types are present 

in the majority of HPV-associated cancers (Elrefaey et al. 2014; National Cancer Institute 

2019), and GlaxoSmithKline discontinued the marketing of Cervarix™ in the United States 

in 2016. Gardasil® is a recombinant quadrivalent vaccine prepared from HPV 6, 11, 16, 

and 18 VLPs. The L1 proteins are produced in yeast cells (Saccharomyces cerevisiae) and 

absorbed on an amorphous aluminum hydroxyphosphate sulfate adjuvant (U.S. Food and 

Drug Administration 2019). It provides protection against oncogenic types HPV16 and 18, 

as well as low-risk HPV types 6 and 11, which cause common genital warts.

Currently, around 15 oncogenic HPV types have been identified. While Gardasil® and 

Cervarix™ provide protection against the two most common oncogenic HPV types, HPV16 

and HPV18, neither provide protection against any of the remaining ~13 oncogenic HPV 

types. To address this disparity in coverage, Gardasil®9 was developed to provide broader 

protection against more HPV types (Zhai and Tumban 2016; Manini and Montomoli 2018). 

Gardasil®9 is a recombinant nanovalent vaccine prepared from L1 VLPs of HPV6, 11, 16, 

18, 31, 33, 45, 52, and 58. Gardasil®9 is produced using the same method as Gardasil® 

and contains an amorphous aluminum hydroxyphosphate sulfate adjuvant (U.S. Food and 

Drug Administration 2019) to enhance immunogenicity. Importantly, Gardasil®9 expanded 

existing vaccination coverage against HPV, protecting against the seven most common 

oncogenic HPV types (HPV16, 18, 31, 33, 45, 52, and 58) and two most common low-risk 

HPV types (HPV6 and 11) (Zhai and Tumban 2016; Immunization Action Coalition 2019). 

Gardasil®9 is currently the only HPV vaccine being distributed in the US and is licensed 

for females and males ages 9–45 (Immunization Action Coalition 2019). In fact, Cervarix™ 

and Gardasil® are no longer available for distribution or purchase in the US. Specifically, 

the sale of Cervarix™ was discontinued in the US due to low demand, while the sale 

of Gardasil® was discontinued in 2018, after the FDA-approved Gardasil®9 (Kaiser and 

Family Foundation 2018). However, Cervarix™ and Gardasil® are still widely used outside 

the use in both clinical practice and investigational trials.

In clinical testing, the efficacy of Gardasil® was assessed in 20,541 women and 4055 men 

ages 16–26. Vaccine efficacy, measured as protection from HPV types 6, 11, 16, and 18 after 
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three doses, was evaluated in subjects who were HPV-naïve prior to the first vaccination 

dose. The results of this study showed that in both men and women aged 16–26 who were 

HPV-naïve, Gardasil® was effective at preventing the development of lesions caused by 

HPV6, 11, 16, and 18. Moreover, Gardasil® was shown to have: 98% efficacy against 

HPV16 and 18-associated cervical intraepithelial neoplasia grades 2 and 3 (CIN2/3) and 

adenomacarcinoma in situ (AIS); 100% efficacy against HPV16 and 18-associated vulvar 

intraepithelial neoplasia grades 2 and 3 (VIN2/3) and vaginal intraepithelial neoplasia grades 

2–3 (VaIN2/3); 75% efficacy against HPV6, 11, 16, and 18-associated anal intraepithelial 

neoplasia grades 2–3 (AIN2/3); and 89% and 99% efficacy against HPV6 and 11-associated 

genital warts in males and females, respectively (Merck & Co. Inc. 2019).

Because Gardasil®9 was developed to protect against HPV strains not previously covered 

by the first generation of Gardasil®, a comparative clinical trial was led by Merck 

to empirically evaluate the efficacy of the two vaccines. The clinical study compared 

Gardasil® and Gardasil®9 in 14,204 women ages 16–26 worldwide. A total of 7099 

women were randomized to receive Gardasil®9, while 7105 women were randomized to 

receive Gardasil®. Vaccine efficacy was evaluated in subjects who received three doses 

of vaccination and were HPV-naïve prior to the first vaccination dose. Compared to 

Gardasil®, Gardasil®9 demonstrated 97% clinical efficacy against HPV31, 33, 45, 52, 

and 58-associated CIN2/3, AIS, VIN2/3, and VaIN2/3, suggesting that Gardasil®9 provides 

protection against five more types of HPV (types 31, 33, 45, 52, and 58) than the first

generation vaccine Gardasil®. Moreover, since both vaccines are manufactured similarly 

and comprise four of the same HPV L1 VLPs the efficacy and effectiveness of Gardasil®9 

against HPV6, 11, 16, and 18 were comparable to that of Gardasil® (Merck & Co. Inc. 

2019). Notably, the efficacy of both Gardasil® and Gardasil®9 against oropharyngeal cancer 

was not tested in these trials, which could be attributed to the somewhat recent determination 

of the etiologic relationship between HPV and oropharyngeal cancer (Guo et al. 2016). An 

additional Phase III trial comparing Gardasil® to Gardasil®9 in 14,215 women confirmed 

the results of the first study, demonstrating that Gardasil®9 protected against 96.7% of 

CIN2/3, VIN2/3, and VaIN2/3 caused by HPV31, 33, 45, 52, and 58. Furthermore, the 

efficacies of Gardasil® and Gardasil®9 against HPV types 6, 11, 16, and 18 were also 

shown to be comparable. The investigators of this study also found that the geometric 

mean antibody titers (GMTs) one month after the third vaccine dose of Gardasil®9 were 

noninferior to Gardasil® for HPV6, 11, 16, and 18. Additionally, seroconversion for women 

in the Gardasil®9 group to all nine HPV types was >99% (Joura et al. 2015). Additional 

clinical trials have been developed to evaluate the efficacy of the described prophylactic 

HPV vaccines (Centers for Disease Control and Prevention 2015).

All three commercially available prophylactic HPV vaccines are administered 

intramuscularly in the arm muscle in a two-dose or three-dose regimen, spread out over 

the course of 6–12 months, depending on dose schedule (Centers for Disease Control and 

Prevention 2015; Merck & Co. Inc. 2017). However, in the last decade, recommended 

vaccination series have changed as a result of burgeoning data on dose recommendations 

as well as the development of Gardasil®9. Pre-adolescent girls (ages 9–15) now have the 

option to receive a two-dose HPV vaccination regimen at a 6-month or 12-month interval 

to protect against HPV. While this two-dose recommendation was first recommended 
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by the World Health Organization (WHO) in 2015, a three-dose vaccine regimen is 

recommended for girls and women 15 years and older (Harper and DeMars 2017). The 

second scheduled vaccine dose is typically administered 1–2 months after the first dose, 

followed by the third dose 5–10 months later (Centers for Disease Control and Prevention 

2015). Due to the novelty of Gardasil®9, there is little data to elucidate the ideal dose 

schedule for vaccination. In comparative studies, Gardasil®9 has demonstrated similar 

GMTs and seropositivity for anti-HPV6, 11, 16, and 18; however, the immunogenicity 

of two or three-dose HPV vaccine regimens are still being studied (Harper and DeMars 

2017). To this end, a comparative phase III clinical trial is planned to determine the 

comparative immunogenicity of the two-dose to the three-dose vaccine schedule (Harper and 

DeMars 2017) (NCT02834637). Importantly, this study might not only uncover the optimal 

vaccination schedule for Gardasil®9, but it may also help inform future efforts in vaccine 

development to minimize necessary vaccine doses. Additional studies have studied the 

efficacy of a single dose of prophylactic HPV vaccine, demonstrating that it could provide 

similar protection when compared to two- to three-dose vaccination regimens (Safaeian et 

al. 2013; Kreimer et al. 2015). Several clinical trials investigating whether a single dose of 

HPV vaccine is efficacious in the prevention of HPV infection were recently completed or 

are ongoing (NCT03431246, NCT00635830, and NCT03675256, respectively).

3 Improving Preventive HPV Vaccine Development

The clinical efficacy of available prophylactic HPV vaccines represents a substantial 

improvement in the prevention of HPV and HPV-associated diseases for targeted-types, but 

problems in coverage and disease burden still remain. 85% of the burden of HPV and HPV

associated diseases occurs in LMICs, where infrastructure and access to HPV prevention, 

therapies, or treatments are often limited (World Health Organization 2018; Vaccarella et al. 

2013). Furthermore, many persons living in LMICs face significant barriers to vaccination. 

The cost of the vaccine can pose a significant financial barrier at both the individual and 

institutional levels. Due to the cost associated with vaccination, many LMICs choose to 

fund vaccination for a single age group each year, rather than make the vaccine available to 

persons of all recommended age groups (Gallagher et al. 2018; Bruni et al. 2016). Likewise, 

the need for multiple doses (2–3 doses) of prophylactic HPV vaccines is a barrier for 

many, as persons may receive an incomplete vaccine schedule, which does not afford full 

immunologic protection. Another barrier to vaccination involves the physical access and 

availability of the vaccine. Many individuals in LMICs do not live in close proximity to 

a health clinic or a provider through which they can access and obtain the vaccine. Many 

LMICs also lack the infrastructure or capacity to store and distribute such vaccines (i.e., 

through cold chains) proving vaccine provision and dissemination a significant challenge.

Another challenge of prophylactic vaccines is limited cross-reactivity to multiple oncogenic 

HPV strains. Although individuals vaccinated with Gardasil®9 will be protected from seven 

of the most common oncogenic HPV types, including HPV16 and 18, Gardasil®9 still 

only covers fewer than half of the ~15 oncogenic HPV strains (Merck & Co. Inc. 2017), 

rendering vaccinated persons susceptible to subsequent infection. Because vaccination with 

the current prophylactic vaccine cannot protect close to 100% of all HPV infections, 

Pap smear screening or HPV testing for screening are still required. Although substantial 
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progress has been made towards developing a more-protective HPV vaccine, continued 

efforts to improve prophylactic HPV vaccines are warranted. Broader, or even full-coverage, 

against oncogenic HPV types is a desirable attribute in future generations of prophylactic 

HPV vaccines that researchers should strive towards. Strategies to developed improved 

prophylactic HPV vaccines include, but are not limited to, the development of (1) L1-based 

capsomeres, (2) L2-based vaccines, and (3) chimeric L1–L2 based vaccines. Figure 1 

summarizes the various strategies in the current, and the next generation of preventive HPV 

vaccines, including the newest multivalent VLP vaccine, Gardasil®9.

One potential method for creating new prophylactic HPV vaccines involves the development 

of L1 capsomere vaccines. Capsomeres are structural subunits, which self-assemble to form 

the virus capsid. HPV L1 VLPs are composed of 360 L1 monomers, which assemble into 

72 pentavalent capsomeres (DiGiuseppe et al. 2017). L1 capsomeres can be purified from 

Escherichia coli, offering a cost-effective alternative to L1 VLP-based vaccines, which are 

produced in yeast cells (Schadlich et al. 2009). In preclinical models, L1 capsomere proteins 

produced in E. coli, attenuated measles virus, or recombinant Salmonella enterica serotype 
Typhi have successfully generated neutralizing antibodies against HPV-L1 and demonstrated 

immunogenicity comparable to that of VLPs (Barra et al. 2019). Thus, L1 capsomere 

vaccines may represent a potential lower-cost prophylactic HPV vaccine which provides 

comparable immunogenicity to existing VLP vaccines and potentially reduce the number 

of booster vaccinations currently required. Another potential approach to creating new 

prophylactic vaccines involves the use of the HPV minor capsid protein, L2-based vaccines, 

instead of L1 VLPs. The difficulties associated with manufacturing multivalent L1-VLP 

vaccines, such as Gardasil®9, limit the number of VLPs and hinder the vaccine’s protective 

capacity. Unlike L1, L2 is highly conserved between different HPV types and contains 

type-common epitopes. Therefore, the L2 from one HPV strain could potentially induce 

broader protection against multiple HPV types through cross-neutralizing antibodies, even 

across species (Roden and Stern 2018; Schellenbacher et al. 2017; Gambhira et al. 2006; 

Kaliamurthi et al. 2019). Currently, more than three preventive L2 VLP-based prophylactic 

HPV vaccines are underway for evaluation in early phase clinical trials (for review see 

Schellenbacher et al. 2017). One downside to L2-based vaccines is low immunogenicity. 

Antibody levels induced by L2 peptides are significantly inferior to those induced by 

L1 VLP vaccines. Hence, the development of L2-based vaccines necessitates strategies to 

enhance immunogenicity and antibody response in vivo (Schellenbacher et al. 2017).

In general, L2-based vaccines are less immunogenic than L1-based vaccines (Roden and 

Stern 2018). Additionally, the current gold standard for the detection of L1-specific 

antibodies cannot reliably detect an L2-specific immune response in vivo. To address 

this challenge, Day et al. created a test to detect L2-directed neutralizing antibodies with 

significantly improved sensitivity (Day et al. 2012). With an improved method of detection 

now available, several strategies have been implemented to enhance the immunogenicity of 

L2, many of which have shown great potential. For example, in a preclinical study, mice 

vaccinated with a combination of L2-peptides derived from eight HPV types displayed on 

the surface of PP& bacteriophage VLPs were protected from HPV pseudovirus challenge 

of all eight HPV types (Caldeira Jdo et al. 2010; Tumban et al. 2011). Other studies have 

also been used to enhance L2 immunogenicity, including the application of an E. coli-based 
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concatenated multitype L2 fusion protein with multitype cross-neutralizing epitopes (Jagu et 

al. 2009), the oral administration of HPV16 L2 expressed on the surface of Lactobacillus 
casei (Yoon et al. 2012), and the administration of HPV16 L2 protein with bacterial 

thioredoxin, and T cell stimulator (Rubio et al. 2009). While L2-based vaccines have 

the potential to confer greater cross-reactivity, the immunogenicity of L2 proteins remain 

low. For this reason, more potent adjuvants and display methods continue to be explored. 

Currently, however, no L2-peptide-based prophylactic HPV vaccines have been approved for 

clinical trials (Kaliamurthi et al. 2019).

The potent immunogenicity of L1 vaccines and the broad cross-protection provided by L2 

can also potentially be exploited through the combination in the form of chimeric L1/L2 

VLPs. A single copy of the L2 protein is present in each L1 pentavalent capsomere, 

thus, each HPV virion contains 72 copies of the L2 protein (Kaliamurthi et al. 2019). 

L2 plays a critical role in the assembly of L1 into VLPs and has been demonstrated to 

facilitate the encapsulation of the viral genome (Kaliamurthi et al. 2019). Because L2 is 

less abundant than L1 and is predominantly found in the interior of the VLP, replacing 

some L1 immunodominant epitope regions of the VLP surface with a neutralizing epitope 

of L2 may generate stronger immunogenic, cross-protective immune responses against 

multiple HPV types. In L1-based vaccine models, the surface expression of the neutralizing 

epitope of L2 is necessary for the generation of L2 neutralizing antibodies. In a recent 

study, Kaliamurthi et al. constructed an L2-based chimeric HPV vaccine (SGD58) using 

two selected epitope sequences on the N-terminal region of the L2 sequence of HPV58 

[the fourth most common high-risk HPV type in the world (Zhai and Tumban 2016)], 

two Toll-like receptors (TLR) adjuvants (Flagellin and RS09), and two T helper epitopes 

(PADRE and TpD) (Kaliamurthi et al. 2019). While this chimeric vaccine has not been 

tested in vivo, SGD58 demonstrated immunologic properties capable of producing both 

humoral and cellular immune responses against HPV through immunomics testing in vitro. 

The SGD58 vaccine also demonstrated cross-protection against 15 different high-risk HPV 

types (Kaliamurthi et al. 2019). Another candidate chimeric L1–L2 based vaccine uses the 

RG1 epitope, a single L2 epitope. RG1 can be incorporated into the capsid surface DE loop 

of HPV16 L1 or HPV18 L1 to create a chimeric L1–L2 based VLP vaccine. In preclinical 

studies, RG1-VLPs provided broad protection against heterologous high-risk HPV types 

(Schellenbacher et al. 2017; Boxus et al. 2016; Gambhira et al. 2007a, b). Specifically, 

chimeric RG1-VLP vaccines have demonstrated protection against challenge of high-risk 

HPV types 16, 18, 26, 32, 33, 34, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73, and low-risk 

HPV types 6, 43, and 44 (Schellenbacher et al. 2013). Currently, chimeric RG1-VLPs are 

under cGMP production and are planned for testing in phase I clinical studies. RG1-VLPs 

offer a promising next-generation vaccine for wider protection against HPV (Schellenbacher 

et al. 2013, 2017). In short, the inclusion of the immunodominant neutralizing epitopes of 

L2, such as RG1, into the L1 VLPs offer a promising prophylactic HPV vaccine capable of 

inducing broad-spectrum neutralizing antibodies against different HPV types.
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4 Strategies for Therapeutic HPV Vaccine Development

4.1 Introduction to Therapeutic HPV Vaccines

While prophylactic HPV vaccines have been hugely successful in averting HPV infections, 

they are incapable of treating or eliminating existing HPV infections or HPV-associated 

lesions. Given that HPV is the most common sexually transmitted infection (STI), virtually 

anyone who is sexually active is susceptible to HPV exposure or infection during their 

lifetime (Yang et al. 2016; Centers for Disease Control and Prevention 2017). Because 

HPV infection is the known etiologic factor for HPV-associated diseases, including nearly 

all cases of cervical cancer, therapeutic HPV vaccines represent an ideal method for the 

eradication of HPV-infected cells and HPV-associated tumors. Most individuals who develop 

an HPV infection will clear the viral infection naturally through their immune system. 

However, individuals who are unable to clear the infection can develop persistent HPV 

infections, which may progress into precancerous lesions and eventually, invasive cancer. 

The progression of an HPV infection into invasive cancer can take years, and remain 

asymptomatic. Due to the latent nature of the HPV virus, regular screening is recommended 

to track the progression or regression of the disease. In a prolonged chronic infection, 

there is a considerable window for secondary preventive treatment for infections caught 

by cytologic screening and HPV DNA testing. Currently, the US Preventive Services 

Task Force (USPSTF), American Cancer Society (ACS), and the American College of 

Obstetricians and Gynecologists (ACOG) recommend cytologic screening (Pap smears) 

every three years in women aged 21–65 (U.S. Preventive Services Task Force 2012; Centers 

for Disease Control and Prevention 2012). In 2014, the FDA approved an HPV screening 

test for primary cervical cancer screening. Primary HPV testing, as well as HPV co-testing 

(Pap smear and HPV testing), have become widely accepted and utilized in clinical 

practice (Cooper and Saraiya 2017). While methods of early detection for HPV-associated 

diseases have seen significant improvement, these detection and screening strategies are still 

limited or impossible in some settings. Furthermore, some HPV-associated diseases, such as 

oropharyngeal cancer, do not have methods for routine screening (American Cancer Society 

2018). Therefore, efficacious therapeutic HPV vaccines that can selectively target HPV

infected cells during HPV transformation and carcinogenesis represent an ideal strategy 

to treat HPV infection or HPV-associated diseases, as well as prevent the development 

of advanced cancer. If therapeutic vaccines are able to eradicate transformed cells 

before disease progression, the disease burden of HPV and HPV-associated malignancies 

worldwide may see a drastic decline.

Many different platforms have been used to develop therapeutic HPV vaccines, which have 

been tested at various phases in preclinical and clinical trials. Characteristics of an ideal 

therapeutic vaccine include (1) safety; (2) ability to mount a potent HPV antigen-specific 

T cell-mediated immune response; (3) tumor-targeting specificity; (4) lasting efficacy; (5) 

cost-effective; and (6) minimal dose requirements. The ability of a therapeutic vaccine to 

elicit antigen-specific T cell-mediated killing is vital to the vaccine’s efficacy in recognizing 

and targeting transformed cells, and evading healthy cells. Reduced production and storage 

cost is also a highly desirable trait of any vaccine in order to increase access and availability 

of therapeutic vaccines for patients with persistent HPV infections or HPV-associated 
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cancers worldwide. In addition, the need for fewer doses of the therapeutic HPV vaccine 

can potentially improve vaccination compliance and may help reinforce vaccination receipt 

in targeted populations. As described earlier, E6 and E7 are ideal targets for therapeutic 

HPV vaccines. To this end, several types of therapeutic HPV vaccines targeting E6 

and/or E7 antigens have been developed and undergone preclinical and clinical studies, 

including live-vector-based, peptide-based, protein-based, dendritic cell-based, DNA-based, 

and combination vaccines. A graphic representation of how therapeutic HPV vaccines 

harness the host’s immune system to fight HPV infection and associated disease is provided 

in Fig. 2 (adapted from Cheng et al. 2018).

4.2 Live Vector-Based Therapeutic HPV Vaccines

Live vector vaccines utilize live bacterial or viral vectors as a vehicle to deliver recombinant 

antigens. These live vectors infect the host, replicate in the body, and spread the antigen 

in order to mount an immune response. Live vector-based therapeutic HPV vaccines can 

deliver E6 and/or E7 antigens to APCs to stimulate antigen presentation to immune cells 

through the MHC-I MHC-II pathways. Live vector-based vaccines are highly immunogenic 

and capable of mounting robust humoral and cell-mediated immune responses. One 

challenge to live vector-based vaccines is the potential safety risk they pose, particularly 

to individuals who are immunocompromised (Yang et al. 2016; da Silva et al. 2014).

4.2.1 Bacterial Vectors—Several bacterial vectors have been explored for the 

development of therapeutic HPV vaccines. Among these, Listeria monocytogenes, a 

facultative gram-positive intracellular bacterium, has garnered significant attention as a 

particularly promising vector for the delivery of HPV antigens (Guirnalda et al. 2012). HPV 

vaccine antigens can be expressed through fusion to the pore-forming toxin, listeriolysin O 

(LLO). Fused vaccine antigens are then processed and presented through both the MHC-I 

and MHC-II pathways. Live L. monocytogenes-based vaccines have been shown to induce 

both antigen-specific CD8+ and CD4+ T cell responses (Kim and Kim 2017; Cory and 

Chu 2014; Wallecha et al. 2013). In preclinical studies, L. monocytogenes-based HPV E7 

vaccines have been shown to stimulate a potent E7-specific CD8+ T cell response and 

were able to slow tumor growth and reduce tumor burden in both transgenic and wild-type 

mice (Gunn et al. 2001; Lin et al. 2002; Verch et al. 2004; Hussain and Paterson 2004; 

Sewell et al. 2004; Souders et al. 2007). In response to the demonstrated immunogenicity 

of L. monocytogenes-based HPV E7 vaccines in preclinical studies, this research has been 

translated into clinical studies. For example, the vaccine ADXS11–001 is a live, attenuated 

L. monocytogenes bacterial vector in which HPV16 E7 protein is fused to a modified LLO 

molecule (Cory and Chu 2014; Miles et al. 2017). In preclinical studies, ADXS11–001 

mounted strong humoral and E7 antigen-specific CD8+ T cell immune responses. In phase 

I/II clinical trials, ADXS11–001 has demonstrated efficacy in women with cervical cancer 

(Yang et al. 2016; Cory and Chu 2014; Miles et al. 2017). Currently, two phase II clinical 

trials are ongoing to assess the safety and efficacy of ADXS11–001 in patients with HPV

associated head and neck (NCT02002182) and cervical cancer, respectively (NCT01266460) 

(Yang et al. 2016) (for review see Miles et al. 2017). Another phase II clinical trial 

evaluating the efficacy of ADXS11–001 in patients with anorectal cancer was recently 

finished recruitment (NCT02399813). While clinical trial data has not yet been reported, 
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ADXS11–001 has shown promising antitumor activity in patients with HPV-associated 

diseases in multiple studies and was well-tolerated in patients. These findings, along with 

the ongoing clinical trial findings may lay the groundwork for phase III clinical trials and 

the potential introduction of ADXS11–001 in the clinic (Guirnalda et al. 2012; Miles et al. 

2017). In addition, other attenuated bacterial vectors can also be used to deliver antigens 

of interest to APCs, including Salmonella (Buttaro and Fruehauf 2010; Le Gouellec et al. 

2012), Shingella, and E. coli (Yang et al. 2016; Buttaro and Fruehauf 2010; Hitzeroth 2018).

4.2.2 Viral Vectors—In addition to bacterial vectors, live viral vector-based 

HPV vaccines have been studied in preclinical and clinical studies due to their 

high immunogenicity. Viral vectors, including adenoviruses, adeno-associated viruses, 

alphaviruses, lentiviruses, and vaccinia viruses have been used to deliver HPV E6, E7, and 

E2 antigens (Yang et al. 2016; Kim and Kim 2017; Hung et al. 2008). Of these viral vectors, 

vaccinia virus has demonstrated the greatest immunogenic potential in clinical studies. The 

vaccinia virus is an enveloped, double-stranded DNA virus in the Poxviridae family. In 

particular, vaccinia virus represents a promising viral vector for vaccine delivery because 

it has a large genome and is highly infectious (Yang et al. 2016). In the past two decades, 

several vaccinia-based therapeutic HPV vaccines have been studied in clinical trials. The 

first vaccinia-based vaccine trial was a phase I/II trial using a recombinant vaccinia virus 

expressing HPV16 and 18 E6/E7 proteins (TA-HPV) in patients with advanced cervical 

cancer (Borysiewicz et al. 1996). Subsequent phase I/II clinical trials have evaluated 

the safety and immunogenicity of TA-HPV in patients with early-stage cervical cancer 

(Kaufmann et al. 2002), VIN (Davidson et al. 2003), and VaIN (Baldwin et al. 2003). 

Through various clinical studies, TA-HPV was found to be safe and successful in mounting 

a vaccinia-specific antibody, and HPV antigen-specific CD8+T cell-mediated response 

(Borysiewicz et al. 1996; Kaufmann et al. 2002; Davidson et al. 2003; Baldwin et al. 2003).

Another vaccinia-based therapeutic HPV vaccine MVA-E2, is a modified vaccinia Ankara 

virus (MVA) encoding bovine papillomavirus type 1 (BPV-1) E2 protein (Corona Gutierrez 

et al. 2004; Vici et al. 2016). In several early phase I/II clinical trials, MVA-E2 led 

to significant therapeutic effects in patients with CIN1/2/3 lesions, including complete 

regression of precancerous lesions and generation of robust HPV antigen-specific immune 

responses (Corona Gutierrez et al. 2004; Garcia-Hernandez et al. 2006)). More recently, 

MVA-E2 was tested in a phase III clinical study for the treatment of anogenital HPV

associated intraepithelial lesions (Rosales et al. 2014) in a total of 1176 female and 180 

male patients. Patients received MVA-E2 vaccination at the lesion-site and were then 

monitored using colposcopy (females only) and cytology for lesion progression/regression. 

After MVA-E2 vaccination, ~90% of female study patients and all-male study patients had 

complete elimination of intraepithelial lesions. Furthermore, all patients in the study treated 

with MVA-E2 developed MVA-E2-specific antibodies, as well as cell-mediated cytotoxic 

activity, specifically against HPV-transformed cells. The MVA-E2 vaccine was found to 

eliminate CIN1/2/3 lesions as well as most other anogenital lesions. The results of this 

study demonstrate the therapeutic potential of the MVA-E2 vaccine for the treatment of 

HPV-associated anogenital intraepithelial lesions in both males and females (Rosales et al. 

2014).
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Another MVA-based therapeutic HPV vaccine, TG4001, has been tested in clinical studies. 

TG4001 is a suspension of MVATG8042 vector particles. MVATG8042 vector particles 

consist of an attenuated recombinant MVA, encoding modified HPV16 E6 and E7 proteins, 

and human interleukin-2 (IL-2) (Yang et al. 2016; ***Brun et al. 2011). In phase II 

clinical trial, the safety and efficacy of TG4001 were evaluated in 21 patients with HPV16

associated CIN2/3. All patients received three weekly subcutaneous injections of TG4001. 

Regression of CIN2/3 lesions and clearance of HPV infection were monitored using 

cytology, colposcopy, and DNA/mRNA detection. After six months of vaccination, nearly 

half the women in the study had a clinical response, showing improvement in their infection 

or lesion regression. Out of the ten responders in this study, HPV16 DNA clearance was 

observed in eight individuals, HPV16 mRNA clearance in seven individuals. Further, no 

recurrence of high-grade lesions was observed for 12 months after treatment (Yang et al. 

2016; Kim and Kim 2017; Brun et al. 2011). Another ongoing phase Ib/II clinical trial 

is assessing the safety and efficacy of TG4001 in combination with avelumab in patients 

with HPV16-associated oropharyngeal squamous cell carcinoma of the head and neck 

(NCT03260023). While live vector-based therapeutic HPV vaccines have shown promising 

results in clinical studies, they pose a potential safety risk, especially for individuals who 

may be immunocompromised. Due to the possibility of inducing vector-specific neutralizing 

antibodies and/or having pre-existing vector-specific immunity, live vectors are not able to 

be repeatedly administered.

4.3 Peptide-Based Therapeutic HPV Vaccines

Short peptides derived from HPV antigens can be delivered to DCs for processing and 

presentation on MHC-I molecules in order to activate an antigen-specific immune response. 

Production of peptide vaccines involves the prior identification of specific CD8+ cytotoxic 

and CD4+ helper T cell epitopes of HPV antigens. Peptide-based vaccines offer several 

advantages over other therapeutic vaccine types; they are safe, stable, and easy to produce 

(Cheng et al. 2018). However, peptide-based vaccines also suffer from low immunogenicity 

and MHC restriction, which ultimately affects their strength and efficacy (Yang et al. 2016; 

Lin et al. 2010).

Peptide-based vaccines often require lipids or other adjuvants, such as chemokines, 

cytokines, or TLR ligands to enhance immunogenicity (Yang et al. 2016). Specific 

adjuvants that have been previously employed to enhance the immunogenicity of peptide

based therapeutic HPV vaccines include aluminum adjuvants (Khong and Overwijk 2016), 

immunoglobulin G fragment (Qin et al. 2005), streptavidin fused to the extracellular domain 

of murine 4–1BBL (Sharma et al. 2009), DC stimulatory cytokine bryostatin (Yan et al. 

2010), and TLR agonists (Khong and Overwijk 2016; Daftarian et al. 2006; Wu et al. 2010; 

Zhang et al. 2010; Zwaveling et al. 2002). Another limitation of peptide-based vaccines is 

that they are MHC-specific, which can lead to challenges for large-scale vaccine production 

and treatment of HPV-associated diseases (Yang et al. 2016; Su et al. 2010). One potential 

strategy to circumvent such a challenge is to employ the use of overlapping long-peptide 

vaccines. Numerous HPV16 synthetic long-peptide vaccines (e.g., HPV16-SLP) have been 

studied in clinical trials to evaluate therapeutic effect against HPV-associated disease. A 

phase II study in patients with low-grade abnormalities of the cervix demonstrated that two 
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doses of the HPV16-SLP vaccine were capable of eliciting a robust HPV16-specific T cell 

response lasting for more than one year (de Vos van Steenwijk et al. 2014). In a more 

recent study, Welters et al. explored whether HPV16-SLP vaccination could be combined 

with standard chemotherapy to enhance immunogenicity in patients with advanced cervical 

cancer (Yang et al. 2016; Welters et al. 2016). From this study, HPV16-SLP vaccination was 

found to enhance T cell response levels in patients, which remained unchanged even after 

six cycles of chemotherapy. While this vaccination regimen did not demonstrate significant 

tumor regression, the HPV16-SLP vaccine was observed to be well-tolerated with minimal 

adverse effects. As a result of this study, additional phase I and II clinical trials have 

been designed to evaluate the therapeutic potential of HPV16-SLP vaccines in advanced or 

recurrent cervical cancer (NCT02128126), as well as in other HPV-associated malignancies 

(NCT01923116) (Welters et al. 2016). Another method to enhance therapeutic HPV vaccine 

potency is the administration of therapeutic HPV vaccines in combination with immune 

checkpoint blockade, which has become popularized in recent years. Recently, a clinical 

study investigating the safety of an HPV peptide vaccine (ISA101) and nivolumab was 

completed in patients with HPV16+ incurable/recurrent solid tumors. In this study, patients 

received nivolumab, an anti-programmed cell death 1 (PD-1) antibody and ISA101 peptide 

vaccine, a therapeutic HPV16-SLP vaccine containing nine HPV16 E6 synthetic peptides, 

and four HPV16 E7 synthetic peptides in order to determine whether ISA101 amplified 

the efficacy of nivolumab in patients with incurable HPV16+ cancer (NCT02426892). The 

results of this study showed that, out of 24 patients with oropharyngeal cancer, eight patients 

responded, resulting in an overall response rate of 33% and median overall survival of 17.5 

months. Based on the results of this trial, future studies investigating the efficacy of ISA101 

and immune checkpoint blockade are warranted (Massarelli et al. 2019).

Several additional studies have been conducted to evaluate the immunogenicity of various 

peptide-based therapeutic HPV vaccines. In a phase I dose-escalation study, 31 patients 

with high-grade squamous intraepithelial lesions (HSIL) received PepCan, a therapeutic 

HPV vaccine containing four cGMP-manufactured synthetic peptides covering HPV16 

E6 and Candin® as an adjuvant. No dose-limiting toxicities were observed in this study 

(Coleman et al. 2016). Varying histologic regression rates were observed and correlated 

with increasing vaccination dose (Coleman et al. 2016). Due to the demonstrated safety 

of PepCan, a phase II clinical trial to evaluate the efficacy and safety of PepCan in 

patients with HSIL is ongoing (NCT02481414). Similarly, another phase I/II clinical trial 

is underway investigating the safety and efficacy of PepCan in patients with head and 

neck cancer (NCT03821272). In a phase I dose-escalation study of GL-0810, an HPV 

peptide-based vaccine with Montanide™ and granulocyte-macrophage colony-stimulating 

factor (GM-CSF) as adjuvants, patients with recurrent/metastatic squamous cell carcinoma 

of the head and neck (SCCHN) were shown to have an immune response of the vaccine, 

which was also well-tolerated (Zandberg et al. 2015). In addition, two more phase I clinical 

trials was designed to evaluate the safety and immunogenicity of PDS0101, a peptide-based 

therapeutic HPV vaccine. One of these trials was recently completed in women with high

risk HPV infection of CIN1 lesions (NCT02065973), while the other trial, a phase Ib/II trial 

in human leukocyte antigen (HLA)-A*02 positive patients with incurable HPV16-associated 

oropharyngeal, cervical, and anal cancer, is still ongoing (NCT02865135) (Yang et al. 2016).
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4.4 Protein-Based Vaccines

Protein-based vaccines have also been developed as potential therapeutic vaccines for 

HPV-associated cancer. Not only are protein-based vaccines safer than live vector-based 

vaccines, but they also contain all HLA-binding epitopes, enabling protein-based vaccines 

to circumvent MHC restriction. However, one downside to protein-based vaccines is 

that they suffer from low immunogenicity. Additionally, most protein-based vaccines are 

presented through the MHC-II pathway resulting in the generation of antibody rather 

than antigen-specific cytotoxic T cell immune response (Su et al. 2010). Strategies to 

improve the immunogenicity and MHC-I processing and presentation of protein-based 

vaccines have been widely studied. To this end, numerous adjuvants, fusion proteins, and 

immunostimulating molecules have been tested, including the liposome-polycation-DNA 

(LPD) adjuvant (Cui and Huang 2005), saponin-based ISCOMATRIX (Frazer et al. 2004), 

and TLR agonist s (Kang et al. 2011).

One protein-based vaccine which has shown efficacy against HPV-associated diseases is 

TA-CIN, a fusion protein-based vaccine consisting of HPV16 E6, E7, and L2 (van der 

Burg et al. 2001). In several phase I/II clinical trials, TA-CIN has been shown to be safe 

and immunogenic against HPV infection. Additionally, in previous a phase II clinical trial, 

TA-CIN was administered in combination with imiquimod, a topical immunomodulator in 

patients with high-grade VIN. The combination treatment was well-tolerated in patients and 

these “responders” had increased levels of infiltrating CD4+ and CD8+ T cells both locally 

and in HPV-associated lesions (Daayana et al. 2010). Currently, a phase I clinical trial to 

determine the safety and feasibility of TA-CIN in patients with HPV16-associated cervical 

cancer is ongoing (NCT02405221). Another protein-based therapeutic HPV vaccine, which 

targets both HPV16 and 18 has undergone clinical studies (Van Damme et al. 2016). 

GTL001, is composed of recombinant HPV16 and 18 E7 proteins fused to catalytically 

inactive Bordetella pertussis CyaA expressed in E. coli (Yang et al. 2016; Van Damme et 

al. 2016). In a phase I clinical trial, GTL001 demonstrated tolerability and immunogenicity 

in women with HPV16 or 18 infections with normal cytology (Van Damme et al. 2016). 

A phase II clinical trial assessing the efficacy of GTL001 in women with HPV16 or 18 

infections with normal cytology or atypical squamous cells of undetermined significance 

(ASC-US)/LSIL was recently completed; however, results have not yet been published 

(NCT01957878). Another phase II clinical trial to test the safety and efficacy of a different 

protein-based vaccine was recently completed. This phase IIa clinical trial was conducted 

to test the safety and efficacy of TVGV-1 vaccine construct, a fusion protein consisting of 

HPV16 E7 protein fused to pseudomonas aeruginosa exotoxin A (PE) and an endoplasmic 

reticulum retention signal (KDEL), to treat patients with cervical HSIL (NCT02576561). 

Data analysis from this trial is still ongoing.

4.5 Dendritic Cell-Based Vaccines

DCs are professional APCs that can induce an adaptive immune response by processing 

antigens to prime antigen-specific T cells. DCs play an important role in the regulation of 

the immune system and are commonly cited as the most efficient APCs (Yang et al. 2016; 

Lee et al. 2016). Autologous DCs can be pulsed ex vivo with peptides, proteins, or DNA

encoding antigens, and then reintroduced into the patient in order to elicit a cell-mediated 
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immune response (Kim and Kim 2017). One benefit to DC-based vaccines is that DCs can 

serve as adjuvants to increase the strength of antigen-specific immunotherapies (Yang et al. 

2016; Santin et al. 2005). Unfortunately, T cell-mediated apoptosis may limit the lifespan of 

DCs (Skeate et al. 2016); therefore, strategies to increase the immunogenicity and efficacy 

of DC-based vaccines, as well as prolong the survival of DCs are needed. Strategies have 

emerged, including the addition of adjuvants such as cholera toxin (Nurkkala et al. 2010) 

and TLR agonists (Chen et al. 2010). DCs have also been transfected with siRNAs, which 

target pro-apoptotic molecules to prevent the apoptosis of DCs (Kim et al. 2009; Peng et al. 

2005; Ahn et al. 2015).

Several clinical trials have been developed to evaluate the therapeutic potential of DC-based 

therapeutic HPV vaccines. For example, in a phase I dose-escalation study to evaluate 

the safety, toxicity, and immunogenicity of DC-based vaccines in patients with stage IB 

or IIA cervical cancer, all patients developed CD4+ T cell and antibody responses to 

the DC-based vaccine. Furthermore, eight out of ten patients developed an E7-specific 

CD8+ T cell response. In their study, Santin et al. concluded that the HPV E7-loaded 

DC-based vaccine tested in this study was both safe and immunogenic (Santin et al. 

2008). In another phase I clinical trial, the toxicity and immunogenicity of a DC-based 

vaccine was assessed in patients with HPV-associated, advanced, recurrent cervical cancer. 

The DC-based vaccine was shown to be well-tolerated by patients; however, it did not 

increase lymphocyte proliferation to a degree of statistical significance (Ramanathan et al. 

2014). Nonetheless, there are several downsides to the use of DC-based vaccines. DC-based 

vaccines are technically difficult to manufacture and highly individualized, making them a 

poor vaccine choice for large-scale production. In addition, due to a lack of standard vaccine 

evaluation criteria and varying cell-culture techniques, vaccine quality can be inconsistent 

amongst batches, which is a particular challenge for large-scale production (Yang et al. 

2016; Kim and Kim 2017; Skeate et al. 2016).

4.6 DNA-Based Vaccines

DNA-based vaccines have emerged as an attractive approach to therapeutic HPV vaccination 

as they offer several advantages over the other types of therapeutic vaccination. Specifically, 

DNA-based vaccines are safe, stable, and easy to produce on a large scale. DNA-based 

vaccination involves intramuscularly injecting a plasmid encoding the antigens of interest 

into the host’s cells for uptake and processing by APCs. DNA-based vaccines are an 

especially attractive method for therapeutic vaccination because they are capable of 

mounting both cell-mediated and humoral immune responses against the encoded antigen 

(Kim and Kim 2017; Vici et al. 2016). While DNA vaccines have fewer safety risks than 

other types of therapeutic HPV vaccines, genomic integration remains a potential issue. 

However, no evidence of genomic integration has been observed (Yang et al. 2016; Wang 

et al. 2004). Naked DNA is easy to manufacture and can maintain antigen expression inside 

target cells for a longer duration than other therapeutic vaccine types. Unlike vector-based 

vaccines, DNA-based vaccines do not elicit neutralizing antibodies; therefore, they can 

be safely administered multiple times for booster vaccinations (Yang et al. 2016; Kim 

and Kim 2017; Vici et al. 2016). While DNA-based vaccines offer many advantages to 

therapeutic HPV vaccination, they have limited immunogenicity as they are unable to 
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amplify and spread to surrounding cells. For this reason, DNA-based vaccines require 

strategies to improve antigen delivery to DCs in order to mount a potent immune response. 

In general, strategies to enhance therapeutic HPV DNA-based vaccine immunogenicity 

have focused on: (1) increasing the uptake of HPV antigen by DCs; (2) improving HPV 

antigen expression, processing, and presentation in DCs; and (3) enhancing DC and T cell 

interaction (for review see Cheng et al. 2018).

Several strategies have been employed to enhance the number of antigen-expressing/

antigen-loaded DCs after DNA-based vaccination including, delivery by gene gun, 

microencapsulation, electroporation, laser, and microsphere-/nanoparticle-based delivery 

systems (Kim and Kim 2017). After DNA plasmids encoding HVP antigens are taken up 

by DCs, they must be expressed, processed, and presented. Enhancing antigen expression 

in transfected DCs, amplifying translation of HPV mRNA, increasing MHC-I and MHC

II expression in DCs, enhancing antigen processing through the MHC-II pathway, and 

increasing cross-presentation of HPV antigen through the MHC-I pathway are all methods 

that have been used to improve HPV antigen expression, processing, and presentation 

by DCs. Additionally, several methods to enhance DC and T cell function, survival, 

and interaction have also been employed to improve the therapeutic HPV DNA-based 

vaccine response. These methods include improving DC function and survival, boosting 

DC and T cell interactions, promoting T cell function and survival, as well as eliminating 

immunosuppressive regulatory T cells in the tumor microenvironment (TME) (for review 

see Cheng et al. 2018).

Therapeutic HPV DNA-based vaccines have undergone numerous clinical trials to evaluate 

safety and efficacy. In addition, DNA-based vaccines have been tested in conjunction 

with different adjuvants to improve vaccine potency. An ongoing phase I clinical 

study is evaluating the safety, tolerability, and feasibility of heterologous prime-boost 

regimen with therapeutic HPV DNA-based vaccine, pNGVL4a-Sig/E7(detox)/HSP70, 

and TA-HPV vaccine (NCT00788164). In this study, patients with HPV16-associated 

CIN3 will receive pNGVL4a-sig/E7(detox)/HSP70 DNA vaccine and TA-HPV vaccine 

boost with or without imiquimod. Although this study is still ongoing, the preliminary 

results of this study suggest that this vaccine regimen can induce a localized immune 

response, which was largely responsible for the therapeutic effects observed in target 

lesions (Yang et al. 2016; Maldonado et al. 2014). Another phase I clinical trial, which 

assessed the efficacy and safety of various routes of administration of the pNGVL4a

CRT/E7 (detox) DNA vaccine in patients with HPV16-associated CIN2/3 was recently 

completed (NCT00988559). Patients were vaccinated with pNGVL4a-CRT/E7 (detox) 

either through intradermal, intramuscular, or intralesional injection. In this study, pNGVL4a

CRT/E7(detox) was shown to be well-tolerated by patients and elicited the most robust 

immune response when administered via intralesional injection (Alvarez et al. 2016). 

Many other clinical trials studying the efficacy of various therapeutic HPV DNA-based 

vaccines have been completed (NCT02139267) or are currently ongoing, including 

two early phase clinical studies evaluating the safety and efficacy of GX-188E DNA 

vaccine (Kim et al. 2014) (NCT02596243; NCT03444376) (for review see Yang et al. 

2016). Additionally, more than ten clinical studies evaluating the safety and efficacy 

of HPV DNA vaccine VGX-3100 in patients with HPV-associated diseases have been 
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completed (NCT03499795; NCT03180684; NCT03721978; NCT01188850; NCT03185013; 

NCT02163057; NCT00685412; NCT02172911; NCT03606213; NCT03439085) or are 

ongoing (NCT03603808). One such study, led by Trimble et al. in collaboration with 

Inovio Pharmaceuticals, found that half of the patients with HPV16/18 CIN2/3 who received 

VGX-3100 showed histopathological regression of their disease. This study is the first to 

demonstrate the therapeutic efficacy of VGX-3100 against HPV16/18-associated CIN2/3 as 

a potential alternative to surgical treatment (NCT01304524) (Trimble et al. 2015).

Numerous therapeutic HPV DNA-based vaccines have been developed or are under 

development for the control and treatment of HPV infections and HPV-associated diseases. 

As aforementioned, there are many benefits to the use of therapeutic HPV DNA-based 

vaccines and their adaptation in clinical studies has become favorable as novel methods 

to improve their immunogenicity have been generated and studied. Therapeutic HPV DNA

based vaccines also offer ample opportunity for the application of combinational treatment 

regimens to enhance vaccine potency. As described in Sect. 4.7, such as combinational 

regiments include prime-boost vaccination strategies, combination with conventional or 

standard-of-care cancer treatments such as chemotherapy and radiotherapy, as well as co

administration with different drugs (for review see Cheng et al. 2018). Thus, therapeutic 

HPV DNA-based vaccines are highly advantageous in the treatment of HPV infections 

and HPV-associated diseases, and continued efforts to develop more immunogenic DNA 

vaccines or DNA vaccine regimens are warranted for the amelioration of the global HPV

associated disease burden.

4.7 Combination Strategies

As briefly stated in Sect. 4.6, therapeutic HPV vaccines can be used in combination with 

other therapies to improve vaccine potency and host immune response. Combinatorial 

administration of therapeutic HPV vaccines along with established cancer treatment methods 

such as chemotherapy and/or radiation therapy may offer one method to improve the 

treatment of HPV-associated malignancies. Due to the growing popularity of HPV DNA

based vaccines, combination regimens of therapeutic HPV DNA-based vaccines have been 

explored in preclinical and clinical studies. The continued development of therapeutic 

HPV DNA-based vaccines largely relies on vaccine administration in combination with 

other treatment strategies to create synergistic effects capable of mounting potent CD8+ 

T cell-mediated immune responses (Cheng et al. 2018). For example, chemotherapy and 

radiotherapy are known to induce the apoptosis of tumor cells. In turn, this process releases 

HPV antigens into circulation where they can be more easily “seen” and up-taken by DCs 

traveling through the bloodstream. To this end, combination regimens of therapeutic HPV 

DNA-based vaccines in conjunction with chemotherapy or radiation therapy have been 

used to improve vaccine immunogenicity and demonstrated great potential. In preclinical 

studies, a therapeutic HPV DNA-based vaccine with calreticulin (CRT) fused to HPV16 

E7 (CRT/E7) was administered in combination with chemotherapeutic agents cisplatin 

and bortezomib. This combinatorial approach was shown to generate a strong E7-specific 

CD8+ T cell responses in mice bearing an HPV16 E6/E7-expressing tumors (TC-1 tumor 

model) (Kim et al. 2014) compared to mice treated with CRT/E7 DNA vaccine only, or 

chemotherapy alone (Tseng et al. 2008a, b). Other chemotherapeutic agents have also been 
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tested in preclinical studies, including 5,6-dimethylxanthenon-4-acetic acid (Peng et al. 

2011), epigallocathechin-3-gallate (Kang et al. 2007), and 4′,5,7-trihydroxyflavone (Chuang 

et al. 2009) (for review see Cheng et al. 2018). Another method to enhance therapeutic HPV 

vaccine efficacy for the control and treatment of HPV-associated diseases is the combination 

of treatment with radiation therapy. In one such study, DNA vaccine with CRT linked to the 

modified form of HPV16 E7 antigen (CRT/E7(detox)) was administered in combination 

with radiotherapy in TC-1 tumor-bearing mice. Mice treated with CRT/E7(detox) and 

radiotherapy showed a significant increase in the number of E7-specific CD8+ T cells and 

had significantly better antitumor effects against E7-expressing tumors compared to mice 

treated with CRT/E7(detox) DNA vaccine, or radiotherapy alone (Tseng et al. 2009). The 

combination of chemotherapy and/or radiation therapy with therapeutic HPV vaccines has 

demonstrated promising antitumor results in preclinical studies and may offer significant 

benefits to patients with HPV-associated diseases.

Another example of a combinational strategy employed to enhance the potency of 

therapeutic HPV vaccines is prime-boost vaccination regimens. In previous studies, 

heterologous prime with DNA vaccine followed by boosting with recombinant protein has 

been shown to elicit both potent CD8+ and CD4+ T cell responses, as well as antibody 

responses. For example, in an ongoing clinical trial, a total of 12 patients with HPV16+ 

CIN2/3 were administered a heterologous DNA-prime-recombinant vaccinia vector-based 

boost vaccination regimen targeting HPV16 and HPV18 E6/E7 (NCT00788164). This 

prime-boost vaccination regimen was found to be safe and tolerable in patients with 

HPV16+ CIN2/3 lesions. The vaccination regimen included intramuscular prime vaccination 

with a DNA vaccine expressing HPV16 E7 (pNGVL4a-Sig/E7(detox)/HSP70), followed by 

a boost with TA-HPV, a recombinant vaccinia boost expressing HPV16 and HPV18 E6 

and E7. This prime-boost vaccination strategy was also found to generate a more potent 

immune response than DNA vaccination alone (Cheng et al. 2018; Maldonado et al. 2014). 

Unfortunately, due to the risks associated with live vaccinia virus, TA-HPV may not be a 

suitable for administering prime-boost vaccination regimens in patients who are immune 

compromised (Peng et al. 2016). Additional studies have shown the therapeutic efficacy of 

prime-boost regimens using different recombinant proteins. For example, in a preclinical 

study, heterologous DNA-prime, TA-CIN protein boost was demonstrated to be safe and 

well-tolerated in both naïve and tumor-bearing mice (Peng et al. 2016). In this particular 

study, Peng et al. showed that heterologous DNA-prime with pNGVL4aCRTE6E7L2 

DNA vaccine and TA-CIN protein boost regimen was capable of eliciting a more potent 

antigen-specific response than homologous DNA or protein vaccination alone. Specifically, 

the TA-CIN boosting regimen was able to generate an HPV16 L2, E6, and E7-specific 

immune response after heterologous DNA prime, representing the therapeutic efficacy of 

this regimen.

In addition to preclinical studies, several clinical studies have been conducted to evaluate 

the safety and efficacy of therapeutic HPV vaccines are prime-boost vaccination regimens 

in human patients. Currently, several ongoing clinical studies are testing the safety and 

tolerability of heterologous DNA prime vaccination with TA-CIN protein boost. Including a 

phase II clinical trial in patients with HPV16+ Atypical Squamous Cells of Undetermined 

Significance (ASC-US), which will evaluate the safety and tolerability of the prime-boost 
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vaccination regimen with IM injection of pNGVL4a-Sig/E7(detox)/HSP70 DNA vaccine 

followed by IM TA-CIN protein boost (NCT03911076). In another phase I ongoing clinical 

study is assessing the safety and feasibility of IM administration of pNGVL4aCRTE6E7L2 

DNA vaccine prime, TA-CIN protein boost in patients with persistent HPV16+ ASC-US/

LSIL (NCT03913117). While these studies are ongoing, the potential therapeutic strategies 

of prime-boost vaccination regimens are promising and warrant further clinical investigation. 

Table 1 (adapted from Yang et al. 2017) lists several ongoing clinical trials evaluating the 

efficacy of various therapeutic HPV vaccines.

5 Conclusion

While HPV infections and HPV-associated diseases remain highly prevalent across the 

globe, the development of effective, and accessible methods for the control of HPV 

infections and HPV-associated diseases continue to pose a significant challenge for 

researchers, healthcare providers, and public health workers. The current, commercially 

available prophylactic vaccines represent a significant triumph in HPV research and public 

health; however, there is still an urgent need to improve methods for the control of HPV

associated disease. Methods to improve HPV prevention and the control of HPV-associated 

diseases include: (1) develop broader vaccine coverage against oncogenic HPV types; (2) 

reduce vaccine-related costs; (3) reduce minimum dose requirements; (4) improve vaccine 

stability; (5) make prophylactic HPV vaccines more widely accessible; and (6) employ 

our current understanding of the immunology of HPV infections to create successful and 

efficacious therapeutic HPV vaccines. Numerous innovative strategies have been employed 

in order to develop therapeutic HPV vaccines, including many which have resulted in phase 

I, II, and III clinical trials. In order to best identify suitable therapeutic HPV vaccine 

candidates for the control of established HPV infections and HPV-associated lesions or 

disease, we must continue to devise and implement clinical studies, and improve upon 

existing therapeutic strategies that have demonstrated promising clinical translatability. 

Additionally, the control of advanced HPV-associated diseases will likely necessitate further 

investigation into the ideal combinatorial approaches using therapeutic HPV vaccines 

in conjunction with conventional cancer therapies such as chemotherapy and radiation 

therapy. Continued efforts to advance both prophylactic and therapeutic HPV vaccines will 

undoubtedly relieve the global burden of HPV and help reduce incidence rates of HPV 

infection in millions of people each year around the world.
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Fig. 1. 
Schematic diagram to depict the current and next generation of preventive HPV vaccines. 

a Cervarix™ composed of HPV16 and HPV18 VLPs. b Gardasil® composed of HPV6, 

HPV11, HPV16, and HPV18 VLPs. c Gardasil®9 composed of HPV6, HPV11, HPV16, 

HPV18, HPV31, HPV33, HP-45, HPV52, and HPV58 VLPs. d L1 capsomer vaccine. e L2 

peptide vaccine. f Concatenated L2 peptide vaccine. g Chimeric L1-L2 VLP vaccine with L2 

on the surface
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Fig. 2. 
Therapeutic HPV vaccination schematic. Therapeutic vaccines activate the adaptive immune 

system by targeting E6 and/or E7 antigen(s), producing a cell-mediated immune response 

for the control or treatment of HPV infection or HPV-associated disease. Therapeutic HPV 

vaccination methods include, live-vector-based vaccines (bacterial vector or viral vector); 

peptide- or protein-based vaccines; dendritic cell-based vaccines; and DNA-based vaccines
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