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Abstract: Human Papillomavirus (HPV) is the most prevalent sexually transmitted infection (STI)
globally and contributor to a significant proportion of infection-related cancers, including oral
squamous cell carcinomas (OSCCs). Persistent infection with oncogenic HPV strains is increasingly
recognized as a critical cause of oral cancers, particularly in India. While HPV infections are often
asymptomatic and transient, those that persist for year or more can lead to malignancies following
integration into host cell genome and disrupting tumor-suppressor genes. HPV vaccination,
including vaccines such as Cervarix, Gardasil or Gardasil-9, and the more recently introduced
CERVAVAC in India, has significantly reduced the incidence of cervical and other HPV-related
anogenital cancers. However, the potential of these vaccines in preventing HPV-linked OSCCs
remains underexplored, especially in the Indian context, where the incidence of these cancers,
particularly among younger populations, is on the rise. This review critically examines the role of
HPV vaccination in preventing HPV-associated OSCCs. It explores the biological mechanisms by
which HPV contributes to oral carcinogenesis, focusing on the most common HPV strains linked to
these cancers. The review also assesses the effectiveness of existing HPV vaccines in preventing oral-
HPV infections, drawing on the latest epidemiological and clinical studies. Despite promising
evidence supporting the efficacy of HPV vaccines, challenges such as low vaccine uptake, limited
public awareness, and socio-economic barriers hinder their widespread adoption in low-income
countries including India. This review also discusses the early outcomes of vaccination programs
on OSCC incidence and discusses strategies to enhance vaccine coverage, including targeted public
health initiatives and policy interventions. By addressing these gaps, this review aims to provide a
comprehensive understanding of the potential impact of HPV vaccination in reducing the burden
of HPV-associated oral cancers in India and offering insights for future research and public health
strategies.

Keywords: human papillomavirus (HPV); oral squamous cell carcinomas (OSCCs); CERVAVAC;
cancer vaccine

Significance:

e  HPV vaccine; the world’s first cancer vaccine developed by the University of Queensland in
Australia by Professors Ian Frazer and Jian Zhou.

e  HPV vaccination provides the greatest protection against HPV-derived cervical and oral
cancer.

e  HPV prophylactic vaccines are highly immunogenic, safe, and produce specific antibodies

against the virus subtypes.
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e Prophylactic HPV vaccination provide effective protection against most common oncogenic
HPYV infection and associated diseases in both men and women.

e  Challenges in scaling-up HPV immunisation along-with screening and early detection
particularly in developing countries may make the world cervical cancer-free in next one
decade or two.

e  Availability of therapeutic vaccine for treatment of already HPV infected diseases is

essential.

1. Background

Human papillomavirus (HPV) is a well-established etiological agent for various cancers,
including cervical, oral, and other head and neck and anogenital malignancies. It is one of the most
common sexually transmitted infections (STIs) globally and affects both men and women, playing a
significant role in the development of cervical and head and neck cancers (HNCs) [1]. In recent years,
the global incidence of HPV-driven oral cancers, particularly oropharyngeal carcinomas (OPC), has
risen considerably, making it a significant public health concern. Persistent infection with high-risk
HPV (HR-HPV) types specifically HPV types 16 and 18 is increasingly recognized as a critical cause
of oral cancers, particularly in India, where oral squamous cell carcinomas (OSCCs) are highly
prevalent [2].

Globally, OSCCs including oropharyngeal cancers, are the most common cancers, with more than
389,485 new cases annually and contributing significantly to cancer-related deaths[2,3]. India bears
the highest burden of OSCC, accounting for nearly one-third of global oral cancer cases, making it
the second most common cancer in the country [4]. OSCC represents a heterogeneous group of
malignancies that may involve the lip, tongue, buccal mucosa, floor of the mouth, sinuses, palate, and
the base of the tongue [5]. The incidence and mortality rates of OSCC are highest in Southeast Asia,
and delayed diagnosis contributes significantly to the high mortality rate [6].

The major risk factors for OSCC include tobacco use, excessive alcohol consumption, poor oral
hygiene and HPV infection. However, a concerning increase in OSCC cases, particularly OPC, though
its prevalence is not very in India (Kumar et al; unpublished) has been observed in younger
individuals, which is associated with persistent infection with HR-HPV [5,7,8]. HPV-positive OSCCs
are characterized by better response to therapy and improved prognosis, particularly among non-
smoking patients while a very low prevalence of HPV and worst prognosis has been observed among
tobacco users [7,9]. The identification of HPV as a causative agent of oral cancers has paved the way
for potential prevention through vaccination. While HPV vaccination has shown remarkable success
in reducing the incidence of cervical cancer, its potential impact on HPV-driven oral cancers is now
gaining attention [5]. This is particularly important in India, where oral cancer is one of the most
prevalent malignancies, and HPV-related cancers remain a significant burden.

Currently, several preventive HPV vaccines, such as Gardasil (quadrivalent against HPV types
6,11, 16, 18), Cervarix (bivalent against HPV types 16 & 18), and Gardasil-9 (nonavalent against HPV
types 6, 11, 16, 18, 31, 33, 45, 52, 58), have been approved by the U.S. Food and Drug Administration
(FDA) in 2006, 2009, and 2014, respectively [10,11]. Cecolin® and CERVAVAC®), recently licensed for
use in both girls and boys, can be administered through either a single-dose or two-dose schedule,
providing flexibility in immunization strategies [12]. These vaccines demonstrate high
immunogenicity and offer nearly 100% effective protection against persistent infection with targeted
HPV strains when administered prior to exposure, highlighting their critical role in HPV-related
cancer prevention [13-15].

Despite the availability of these effective vaccines, the incidence of HPV-related cancers
continues to rise, especially in low- and middle-income countries (LMICs) like India [10]. This has
prompted the World Health Organization (WHO) to set a goal of global cervical cancer elimination
as a public health problem by 2030, emphasizing vaccination, screening, and treatment as the primary
pillars for disease management [16,17]. Cervical cancer remains the leading cause of cancer-related
mortality among Indian women, with nearly 90% of deaths occurring in LMICs [18,19]. Vaccination
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coverage, however, remains inadequate in LMICs, including India, due to a range of factors such as
limited access, high costs, lack of awareness, cultural and religious resistance, and the absence of
consistent screening programs [17,20,21]. There is also a lack of centralized national HPV screening
and immunization programs, poor acceptability of screening, and limited access to effective
treatment for premalignant conditions. These challenges reflect significant obstacles, including (i)
production, distribution, cost, awareness, and societal stigma against vaccines; (ii) insufficient
national screening infrastructure for HPV and scaling-up of effective pre-malignant treatment; and
(iii) underdeveloped cancer treatment services, including palliative care for those with advanced
cancer, and the need for effective financing of both vaccination and screening initiatives. Although
prophylactic HPV vaccines are highly effective when administered before exposure, they do not
eliminate existing infections, underscoring the importance of developing therapeutic vaccines or
drugs. While there has been substantial progress in the development of therapeutic vaccines, no
candidate has yet received approval. Such vaccines aim to boost cell-mediated immunity to treat
existing infections and prevent disease recurrence, which would significantly improve treatment
outcomes.

In this article, we discuss the epidemiology of HPV-related oral cancers, the role of HPV
oncoproteins in disease progression, the current landscape of prophylactic HPV vaccines, and the
status of vaccination programs in India and globally. This review aims to highlight the potential
impact of prophylactic HPV vaccination on oral cancer prevention in India and the future
perspectives for controlling HPV-driven oral malignancies.

2. Epidemiology of Oral Cancer Prevalence in India

Oral cancer remains a significant global health burden, ranking as the 16t most common
malignancy worldwide, with an estimated 389,846 new cases and 188,438 deaths in 2022 [2]. The
incidence of oral cancer varies widely by geographic region, with the highest rates reported in South
and Southeast Asia, particularly India, Sri Lanka, and Bangladesh. Of the several types of oral cancers,
squamous cell carcinoma (SCC) is the most predominant form (90%) of malignancy and is a significant
public health challenge, particularly in India, which bears one of the highest global burdens [22,23].
OSCC often manifests as a small, unexplained lesion within the oral cavity, affecting the lips, tongue,
palate, cheeks and the oropharynx. While oral cancer ranks 16" worldwide in both incidence and
mortality, India accounts for approximately one-third of all global OSCC cases. This disproportionate
burden makes India the epicentre of oral cancer, especially in southern and central regions where the
incidence is highest [4].

India faces a critical situation, with oral cancer being the second most prevalent malignancy
overall and the most prevalent cancer among men. Recent data suggest that India has the largest
incidence and mortality rates of oral cancer accounting 143,759 (55.6%) new cases and 79,979 (56.5%)
deaths attributed to the disease in 2022 [19]. Projections indicate that these numbers could double by
2040 due to demographic changes and rising risk factor prevalence. Unlike the global average, where
oral cancer constitutes only 2-4% of all cancers, it accounts for more than 30% of cancer cases in India.
The late-stage diagnosis of OSCC remains a key challenge, with nearly 70% of cases in India detected
only in advanced stages, which severely limits treatment options and reduces survival rates. The 5-
year survival rate remains at around ~50%, substantially lower than in many developed nations [5].

The etiology of oral cancer in India is deeply intertwined with cultural and social practices,
notably tobacco use, both in smoked and smokeless forms, commonly consumed in forms like betel
quid, gutka, Bidi, Supari and khaini, are implicated in over half of oral cancer cases [24-27]. The
synergistic effects of tobacco and alcohol further amplify the risk of this disease [28,29]. In addition
to these traditional risk factors, infections with high-risk (HR) strains of human papillomavirus
(HPV), particularly HPV-16, is now recognized as significant contributors to the rising incidence of
oral cancer, especially among younger, non-smoking populations [7-10,30]. This shift underscores
the need for widespread HPV vaccination programs to curb the growing burden of HPV-related oral
cancers.
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Despite advancements in treatment modalities, including the transition from radical surgery to
organ-sparing techniques and radiotherapy, the mortality rate for oral cancer in India remains high,
primarily due to delayed diagnosis. Effective prevention strategies are crucial and encompass
comprehensive tobacco control programs, widespread HPV vaccination, public health campaigns,
and early screening initiatives. As the epidemiology of oral cancer in India evolves, public health
efforts must intensify focus on awareness, preventive vaccination, and early intervention to mitigate
the increasing incidence of oral cancers.

3. Prevalence of HPV in Various Anatomical Subsites of Oral Cavity

The oral cavity is anatomically complex, comprises various subsites which serve as potential
initiation points for malignancies. Among these, the lower lip, lateral border, and ventral surface of
the tongue are commonly affected by oral cancer, along with the floor of the mouth, buccal mucosa,
gingiva, hard palate, and retromolar trigone [31]. The prevalence of HPV-associated oral cancers
varies significantly across these regions, highlighting distinct susceptibilities. The base of the tongue
exhibits the highest prevalence of HPV-associated cancers at 50%, followed by the hard and soft
palate (42%), the floor of the mouth (40%), and the gingiva (40%). Moderate prevalence is observed
in the buccal mucosa (28.6%), often linked to betel quid chewing, while lower rates are noted in the
alveolar ridge and retromolar trigone (5.6%) [32,33] (see Figure 1). HPV presence is 0-5% in the other
sites of oral-tongue and 0-1% in lips which is very low compared to the oropharyngeal region [34].
These variations are influenced by differences in epithelial structure, immune microenvironment,
and exposure to risk factors. The high prevalence of HPV at the base of the tongue and oropharynx
underscores the growing burden of HPV-driven oropharyngeal cancers. This calls for targeted HPV
vaccination and robust public health strategies to mitigate the impact of HPV-related oral and
oropharyngeal malignancies.
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Figure 1. Anatomical regions of the oral cavity and oropharynx, with HPV prevalence percentages
highlighted across various subsites.

4. HPV Genomics: Structure and Function

Human papillomaviruses (HPVs), belonging to the Papillomaviridae family, exclusively infect
humans and have a circular double-stranded DNA (cdsDNA) genome of approximately 8kb, encased
in an icosahedral capsid [35,36]. To date, over 231 HPV genotypes have been identified, broadly
categorized into low-risk (LR) and high-risk (HR) types based on their oncogenic potential [37,38].
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Oncogenic HPVs primarily infect epithelial cells and are mainly transmitted through sexual contact,
leading to various malignancies such as cervical, genital, anal, and oral cancers
(www.cdc.gov/hpv/parents/about-hpv.html) [39,40]. LR-HPVs, such as HPV-6 and HPV-11, are
generally associated with benign warts or papillomas, whereas HR-HPVs, including HPV-16, HPV-
18, and HPV-35, can cause oncogenic lesions if the infection persists [41-43]. HPV-16 and HPV-18 are
responsible for over 70% of cervical cancer cases, while other HR types, such as HPV-31, -33, -35, -45,
-52, and -58, account for an additional 20% [42,44,45]

The HPV genome is densely packed with eight overlapping protein-coding open reading frames
(ORFs), organized into three main regions: the early region (E), the late region (L), and the upstream
regulatory region (URR) [46]. The early region encodes six ORFs (E1, E2, E4, E5, E6, and E7) that are
crucial for viral replication, transcriptional regulation, and oncogenesis. E1 plays a central role in viral
DNA replication and contains a DNA-binding domain (DBD), an oligomerization domain, and an
ATPase domain [47,48]. It recognizes the viral replication origin within the long control region (LCR),
facilitating replication [49,50]. E2 is a homodimeric protein with a DBD at its C-terminus and a
transactivation domain (TAD) at its N-terminus. These domains are connected by a flexible hinge
region, enabling effective transcriptional regulation and viral replication [51,52]. E4 overlaps with the
E2 ORF and is primarily involved in viral release and the disruption of the cytoskeleton. It features a
leucine-rich motif (LLXLL) at its N-terminus, a proline-rich central region, and a cytoskeletal
disruption domain at the C-terminus [53,54]. E5 is a small hydrophobic protein embedded in the
membrane with three transmembrane domains (TMD-I, TMD-II, TMD-III). It promotes immune
evasion and cellular transformation by interacting with the epidermal growth factor receptor (EGFR)
and other host proteins [55,56].

The E6 protein is a well-established oncoprotein that plays a critical role in HPV-induced
carcinogenesis. It contains two zinc-binding sites with four CXXC motifs and a PDZ-binding motif at
its C-terminus, enabling interactions with cellular PDZ proteins such as Dlg and ZO-1, which are
involved in maintaining cell polarity (Figure 2). By targeting the tumor suppressor p53 for
degradation, E6 prevents apoptosis and promotes uncontrolled cell proliferation [9,57,58]. E6 can be
transcribed into several splice variants, including E6I, E6II, and E6*Ill, which modulate its
interactions with host cellular pathways [55,57]. The E7 protein is another major oncogenic driver,
composed of approximately 100 amino acids divided into three conserved regions: CR1, CR2, and
CR3. CR2 contains the LXCXE motif that binds to the retinoblastoma protein (pRb), disrupting its
tumor-suppressive function and releasing E2F transcription factors, which promote cell cycle
progression [59]. CR3, located at the C-terminus, includes a zinc-binding motif (CXXC), which is
essential for the stability and function of E7 [60]. The upstream regulatory region (URR), which
accounts for approximately 10% of the HPV genome, is a non-coding region that plays a crucial role
in regulating viral transcription and replication (see Figure 2). It contains the origin of replication

and multiple transcription factor binding sites, which control the timing and levels of viral gene
expression [11,61,62]. The late region of the HPV genome encodes two structural proteins, L1 and L2,
which form the viral capsid. L1, the major capsid protein, self-assembles into pentameric units that
make up 72 capsomeres, stabilized by interlocking arms and disulfide bridges [63,64]. L1 plays a key
role in viral attachment to host cells by binding to heparan sulfate proteoglycans and laminin-332 on
the extracellular matrix, which are crucial for the initial stages of viral infection [65]. L2, the minor
capsid protein, aids in genome encapsidation and facilitates viral entry into host cells. L2 also
interacts with L1 during the assembly of virus-like particles (VLPs), which are instrumental in vaccine
development [63,66]. This structural organization of the HPV genome is essential for understanding
its role in oncogenesis and provides valuable insights for the development of targeted therapies,
vaccines, and diagnostic tools aimed at preventing and treating HPV-associated cancers.
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Figure 2. Schematic representation of the HPV-16 genome illustrating its circular double-stranded
DNA structure and protein-coding regions. The early region encodes the proteins E1, E2, E4, E5, E6,
and E7, which are crucial for viral replication, transcriptional regulation, and oncogenesis. The late
region encodes the structural proteins L1 and L2, which form the viral capsid. Key functional domains
include zinc-binding CXXC motifs and PDZ-binding motifs in E6, the LXCXE motif in E7, and ATPase
and DNA-binding domains in E1. E5 is characterized by three transmembrane domains (TMD), and
E4 contains a leucine-rich motif (LLXLL). L1 and L2 are essential for viral particle assembly, with L1
mediating host cell attachment. The upstream regulatory region (URR) regulates viral transcription
and replication.

5. HPV-Induced Genomic Instability and Mechanism of Carcinogenesis

HPV is an epitheliotropic virus that primarily infects the basal layer of stratified
squamocolumnar epithelial tissues in the genital, head, and neck regions, typically through micro-
abrasions caused by physical contact. Although the majority of HPV infections (~80-90%) are
transient and asymptomatic, cleared spontaneously within 1-2 years, approximately 10% of HR-HPV
infections persist, leading to cellular changes that can progress to pre-cancerous lesions and,
ultimately, invasive cancer [9,67]. Persistence of HR-HPV infection for more than one year is a critical
factor for the aberrant expression of viral oncogenes and is a keystone for the genesis of invasive
cancer [68,69].

During a productive HPV infection, the viral genome remains in an episomal state
(extrachromosomal), replicating alongside the host genome in basal epithelial cells. However,
persistent infection often triggers viral DNA integration into the host genome, a critical event in HPV-
induced carcinogenesis [70]. Integration disrupts normal cellular processes and facilitates the
transition from premalignant to malignant lesions. This integration is thought to occur at any stage
of the episomal viral lifecycle, and the simultaneous presence of episomal and integrated viral DNA
in the same cells further destabilizes genomic integrity [68-70]. HPV-induced tumorigenesis is a
multistage process driven by genomic instability, a hallmark of cancer. Several key viral oncoproteins
contribute to this instability, with the E5, E6, and E7 proteins playing pivotal roles. E5 enhances the
epidermal growth factor receptor (EGFR) signalling pathways, promoting epithelial-mesenchymal
transition (EMT) and increasing cell migration, invasion, and resistance to apoptosis (see Figure 3)
[71,72]. However, during the later stages of malignancy, E5 is often deleted due to viral integration
into the host genome, suggesting its role is primarily important in early oncogenesis [73].

E6 and E7, the key drivers of HPV-mediated carcinogenesis, play central roles in maintaining
genomic instability and promoting malignant transformation. E6 mediates the degradation of the
tumor suppressor protein p53 by forming a complex with the E6-associated protein (E6-AP), leading
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to p53 degradation via ubiquitination (Figure 3). This results in the inhibition of p53-induced
apoptosis and facilitates uncontrolled cell proliferation [57]. E6 is also transcribed into multiple splice
variants (e.g., E6, E6II, E6*III), which modulate its interactions with host cellular pathways [55]. E7
targets the retinoblastoma protein (pRb), a critical regulator of cell cycle progression. By binding to
and degrading phosphorylated pRb, E7 releases E2F transcription factors, which drive the
overexpression of genes necessary for the G1-to-S phase transition [74]. In addition to disrupting the
PRb pathway, E7 also induces the degradation of p21 and p27, key inhibitors of cyclin-dependent
kinases (CDKs), further promoting unchecked cell cycle progression [59]. Together, E6 and E7
proteins act to maintain cell cycle activity in infected cells, even as they move from the basal to
suprabasal layers, circumventing the normal process of cell cycle exit and differentiation [74-76].
Moreover, E6 and E7 activate several important signalling pathways, including the
phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR pathway, which is critical for regulating cell
growth, proliferation, and survival [73]. These pathways are instrumental in driving the oncogenic
process, and their activation by E6 and E7 disrupts normal cell regulatory mechanisms, contributing
to HPV-induced malignancy. In addition to their roles in cell cycle dysregulation and apoptosis
inhibition, HR-HPV E6 and E7 proteins also suppress the immune response. By interfering with type
I interferon signalling and modulating immune-related pathways such as NF-kB and STAT, these
oncoproteins create an immune-suppressive environment that allows persistent viral infection and
promotes tumor development [77,78]. Both E6 and E7 oncoproteins facilitate polyploidy,
chromosomal instability, and the evasion of apoptosis, which are key contributors to malignant
transformation. This genomic instability, combined with the disruption of critical tumor suppressor
pathways, leads to the accumulation of further genetic aberrations necessary for tumor progression
[79,80]. Thus, understanding these mechanisms provides critical insights into the role of HPV in
cancer development and is essential for designing targeted therapeutic strategies, improving
vaccination programs, and developing diagnostic tools for HPV-associated malignancies.
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Figure 3. The molecular mechanisms through which HPV oncoproteins contribute to
carcinogenesis. E5 impairs immune surveillance and promotes epithelial mesenchymal transition
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(EMT). E6 targets p53 for degradation, evading apoptosis, while E7 inactivates Rb, leading to
unrestricted cellular proliferation. The interplay between E1, E2, and the viral genome facilitates viral
replication, further promoting oncogenic transformation. These pathways highlight the role of HPV
in disrupting cell-cycle regulation and immune response.

6. HPV-Induced Carcinogenesis in the Oral and Oropharyngeal Lesions

Oral HPV infection is the significant cause of HPV-positive oral cavity cancers, whose incidence
is rising globally [39,40]. Transmission predominantly occurs through sexual activity, with
significantly higher prevalence among individuals with multiple oral sexual partners, non-smokers,
and immunocompromised populations, such as those with HIV. While most oral HPV infections
(~80-90%) are transient and resolve within 1-2 years, persistent infections can lead to malignancy,
although the absence of a well-defined precancerous state complicates early detection [5,81].

The progression of HPV-OSCC begins with viral entry into basal epithelial cells through micro-
abrasions, leading to integration of the viral genome and transcription of early genes (E1 and E2),
which establishes persistent infection. Amplification of viral genes such as E4 initiates dysplasia,
often accompanied by loss-of-function mutations in TP53 and CDKN2A (p16/ARF) (see Figure 4) [36].
Oncogene expression (E5, E6, E7) further drives uncontrolled proliferation by inactivating tumor
suppressors like p53 and Rb, transitioning the disease into in-situ carcinoma. Additional genetic
alterations, including gains in TRAF3 and losses in PTEN, destabilize cellular homeostasis [58,82].
Invasive carcinoma develops with transcription of late genes, facilitating viral particle assembly. This
stage is marked by genomic instability, including oncogenic gains (PIK3CA, SOX2) and loss-of-
function mutations (TP63) (Figure 4). The absence of long-term natural history studies and an
intermediate disease state complicates screening and early detection strategies for HPV+ve OSCC,
underscoring the need for further research to clarify disease latency and progression dynamics [83].
These insights highlight critical molecular targets for early detection and therapeutic intervention in
HPV- HPV-associated oral malignancies.
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Figure 4. The progression of HPV-induced carcinogenesis is depicted, beginning with viral entry,
followed by stages of hyperplasia, dysplasia, carcinoma in situ, and culminating in invasive
carcinoma.

7. The Basis of Prophylactic HPV Vaccines

Virus-like particles (VLPs) are a groundbreaking invention in vaccine development, offering a
non-infectious yet highly immunogenic platform for combating HPV. HPV, a dsDNA virus, is
encapsulated within a protein shell comprising the L1 major and the L2 minor capsid proteins (Figure
5). These structural proteins play a crucial role in VLP assembly, which mimics the native virus but
lacks genetic material, ensuring safety while retaining immunogenicity [84,85].

VLPs are produced using recombinant DNA technology, with L1 proteins (and occasionally L2)
expressed in eukaryotic or prokaryotic systems. While eukaryotic systems enhance post-translational
modifications for improved immunogenicity, prokaryotic systems offer cost-effective scalability
[84,86]. L1 monomers self-assemble into pentameric capsomeres, which further aggregate into VLPs
that closely resemble the natural HPV capsid [87]. This structural mimicry elicits a robust immune
response by inducing the production of neutralizing antibodies. These VLP-based vaccines, such as
Gardasil and Cervarix, have shown remarkable success in preventing HPV-associated cancers. Their
ability to induce a strong, long-lasting immune response stem from their biomimetic design, which
triggers antigen-presenting cells to process and present VLP-derived antigens to T cells, initiating
antibody production. These antibodies neutralize the virus at the infection site, effectively preventing
HPV-induced carcinogenesis (Figure 5). Additionally, advancements in vaccine technology have led
to the development of L2-based vaccines, which offer broader protection against multiple HPV
strains compared to L1 VLP vaccines, which target a limited number of high-risk HPV types
[84,88,89]. The combination of structural mimicry, cost-efficient production, and broad-spectrum
immune activation positions HPV VLPs as a paradigm in modern prophylactic vaccine development.
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Figure 5. The schematic represents the structure of the HPV capsid comprising L1 and L2 proteins. It
outlines the recombinant DNA technology used in prokaryotic and eukaryotic systems to produce
VLPs, with L1 and L2 monomers assembling into capsomeres, forming VLPs for vaccine
development.

8. Historical Milestones of HPV Vaccination

The development of HPV vaccines marks a pivotal advancement in the prevention of HPV-
related cancers. This journey began in 1991, when Dr. Jian Zhou and Dr. Ian Frazer developed the
first HPV vaccine, laying the groundwork for future innovations targeting HPV strains responsible
for cervical and other HPV-related cancers. In 2006, Merck & Co. introduced Gardasil, the first
quadrivalent HPV vaccine licensed by the FDA, which targets HPV types 6, 11, 16, and 18, preventing
cervical cancer and genital warts. Following this, in 2007, Cervarix, developed by GlaxoSmithKline,
was licensed by the FDA. This bivalent vaccine targets HPV types 16 and 18, focusing on the strains
most commonly associated with cervical cancer. Between 2012 and 2013, Cecolin, another bivalent
vaccine developed by Xiamen Innovax Biotech, demonstrated high efficacy rates of 100% and 97.3%
against HPV types 16 and 18 respectively and was licensed in 2014 for use in China by the Chinese
Food and Drug Administration (CFDA). During this period, broader vaccines continued to emerge.
In 2020, Gardasil 9, a nonavalent vaccine targeting nine HPV types (6, 11, 16, 18, 31, 33, 45, 52, 58),
was launched, providing even greater protection against HPV-related cancers. In 2021, Cecolin was
prequalified by the World Health Organization (WHO), enabling global distribution, particularly in
regions with limited healthcare resources. The progress continued in 2022 with the development of
Walvax, a recombinant HPV vaccine created by Yuxi Zerun Biotechnology, licensed by WHO to
target HPV types 16 and 18 (WHO vaccine position papers. Geneva: World Health Organization,
www.who.int/teams/immunization-vaccines-and-biologicals/policies/position-papers). In 2024, the
Serum Institute of India is expected to release Cervavac, a quadrivalent HPV vaccine targeting types
6, 11, 16, and 18, offering an affordable option in regions like India, where cervical cancer remains a
significant burden. These timelines reflect the sustained global efforts to prevent HPV-related cancers
(Figure 6). Since the breakthrough in 1991, HPV vaccines have evolved to cover more strains, offering
broader protection and accessibility, becoming a cornerstone in reducing the global burden of HPV-
related diseases.
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Figure 6. Historical timeline presents key milestones in the development and approval of various
HPV vaccines from 1991 to 2023.

Current prophylactic HPV vaccines: Prophylactic HPV vaccines are designed to prevent
infections caused by various strains of HPV including most common high-risk and low-risk HPV
types [86,90]. These vaccines play a crucial role in preventing viral manifestations associated with
HPYV, including cervical cancer, oral cancer, and other HPV-driven diseases [86,90,91]. These vaccines
are based on virus-like particles (VLPs) that are composed primarily of the L1 protein, the major
component responsible for forming the viral capsid [92]. These VLPs mimic the structure of the native
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virus but lack genomic material, rendering them non-infectious. Upon administration, these VLPs
stimulate the immune system by mimicking the outer shell of the virus, thereby eliciting a robust
immune response without causing an actual infection [93,94]. VLPs lack the viral genome, rendering
them non-infectious, but they effectively stimulate the immune system to produce antibodies,
providing protection against HPV infections [95]. Clinical trial data revealed that the immune
response generated by these vaccines is both robust and long-lasting, offering significant protection
against HPV. These vaccines are highly immunogenic, safe, well tolerated and showed preventive
effects against the majority of people infected by HR- and LR-HPV strains from various regions,
different age ranges and races [84]. These vaccines give ~100% extensive and effective protection
against HPV infection with vaccine targeted HPV strains and related premalignant lesions if
administered before sexual debut [13,14]. Clinical trials found that all three vaccines are >90%
effective in preventing most common HR-HPV type 16 and 18 infection when given to girls prior to
sexual debut, or to women without prior HR-HPV infection [96,97]. All three vaccines significantly
increase antibody response after administration compared to untreated HPV infections. National
vaccination programmes with simply 50% coverage of two or three dosage regimens have shown to
significant decreased in HPV infection rate at the population level [98,99]. In the fight against HPV-
induced cancers, vaccination has been found a game-changer in many developed countries. There
are currently six prophylactic vaccines available for HPV prevention.

A. Cervarix™-bivalent HPV vaccine: Cervarix, a bivalent prophylactic HPV vaccine developed
by GlaxoSmithKline (GSK) Biologicals (Belgium). The European Medicines Agency (EMA) and the
FDA both granted their approval to Cervarix™, is a 2-valent HPV (2vHPV) in September 2007 and
October 2009, respectively and provides protection against HPV types 16 and 18, which are
responsible for the majority of HPV-associated cervical and head & neck cancers [100,101]. The
vaccine contains L1 proteins from HPV types 16 and 18, and uses the AS04 adjuvant system, which
includes 500 pg of aluminum hydroxide combined with a Toll-like receptor 4 (TLR4) ligand and 50
pg of 3-O-desacyl-4'-monophosphoryl lipid A (MPL) (see Table 1). This adjuvant system enhances
the immune response following vaccination [102,103]. Cervarix is administered intramuscularly,
with a two-dose regimen recommended for individuals aged 9 to 14 years, and a three-dose regimen
for those aged 15 years and older [104]. Clinical trials have demonstrated high efficacy in preventing
HPV 16/18 infections and associated cervical and oropharyngeal cancers in vaccinated individuals
compared to non-vaccinated controls [97,105,106]. Additionally, Cervarix has shown partial cross-
protection against other high-risk HPV types, such as HPV 31 and 45, as observed in Phase II trials
[107]. Cervarix also provides significant protection against anal infections caused by HPV 16 and 18,
with an 84% reduction in infection rates in young women [108]. Long-term studies have
demonstrated 100% efficacy of Cervarix in preventing HPV 16/18-associated CIN2+ lesions in women
aged 18 to 25 years [107,109]. Furthermore, the vaccine has been shown to reduce vulvar infections
related to HPV 16/18 by 50% [110]. In younger populations, such as girls aged 12 to 13, Cervarix has
demonstrated nearly 100% reduction in high-grade cervical lesions caused by HPV 16/18,
underscoring its critical role in preventing cervical cancer [111].

B. Gadasil®-quadrivalent HPV vaccine: Merck & Co (United States) developed the world’s first
cancer vaccine; Gardasil®-4 also known as Silgard for the protection and prevention against certain
strains (HPV types 6, 11, 16, 18) of HPV [112]. Where HPV 16 is known to be the causative agent of
85-96% of HPV associated oral cancers and HPV 6 & 11 are responsible for 90 % of all genital wart
cases [83,113]. This vaccine contains 120pg of antigen/dose (HPV-16 L1- 40 ug, HPV-18 L1-20 ug,
HPV-6 L1-20 ug, HPV-11 L1-40 ug), and it is adjuvanted with amorphous aluminum
hydroxyphosphate sulfate (225ug). It is expressed in Saccharomyces Cerisiae and recommended
intramuscularly in three schedules with 0.5 ml/dose (see Table 1). Non-infectious VLPs, which are
included into the Gardasil®-4, are created by the self-assembly of purified recombinant L1 viral
structural proteins. Gardasil®-4 provides maximum protection for young adolescent girls/boys (9-13
years), women aged between 15-45 and between 16-26 years aged men. Administration of Gardasil-
4 have shown to develop antibodies in blood serum against HPV 16 and 18 which was corelated with
oral cancer [114]. The quadrivalent vaccine has been found highly effective against advanced-grade
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of cervical lesions, vaginal, vulvar and premalignant lesions or warts of genital area [13].
Additionally, prevalence of oral HPV in young adult males indicated lower prevalence of HPV 6, 11,
16 and 18 in vaccinated men as compared to non-vaccinated [115].

C. Gardasil®9-valent HPV vaccine: Gardasil® (MSD) is a nonavalent HPV vaccine
manufactured by Merck & Co in United States and was approved in 2014 by FDA for the additional
protection against HPV 31, 33, 45, 53 and 58 as compared to its quadrivalent predecessor. Gardasil®9
is also contains 500 pg of amorphous aluminium hydroxyphosphate sulfate as an adjuvant along
with L1 VLPs of HPV 6, 11, 16, 18, 31, 33, 45, 52 and 58 and expressed in the S. cerevisiae system
(Table 1) [1,116]. Both Gardasil®9 and Gardasil®4 are approved for use in both female and male
adolescents and young adults (9-26 years old children). Gardasil, making it capable of providing
protection against 90% of cervical cancers [95,117]. Vaccination trials indicated the reduction and
prevention of HR-HPV cases, targeted by Gardasil-9 implementing its efficacy and advantages in
being used as a prophylactic measure against HPV-associated diseases [116,118,119]. Clinical studies
revealed that Gardasil®9 was highly protective (97.4%) against advanced grades of cervical, vaginal,
vulvar, and anal lesions in females aged between 16-26 [120]. More than, 126 countries have
incorporated the HPV vaccination into their national immunisation programmes, but only
approximately 28 of them have introduced the 9-valent vaccine, with the vast majority being high or
upper middle-income countries (https://view-hub.org/vaccine/hpv; 2023) [121].

D. Cecolin: Cecolin, a bivalent HPV vaccine developed by Xiamen Innovax Biotech (China), is
the first domestically produced HPV vaccine in China to receive approval from the Chinese Food and

Drug Administration (CFDA). This vaccine, produced using an E. coli expression system, is designed
to protect against HPV types 16 and 18, which are responsible for the majority of HPV-associated
cancers (Table 1). Cecolin has demonstrated a strong safety profile and high efficacy in preventing
HPYV infections and associated precancerous lesions [122-124]. Cecolin received prequalification from
the WHO in 2021 and was approved for a two-dose schedule by the CFDA on December 31, 2019. By
March 2023, it had been licensed in several countries, including Bangladesh, Morocco, Nepal,
Thailand, the Democratic Republic of the Congo, and Cambodia (https://www.path.org/media-
center/new-hpv-vaccine-innovax-receives-who). The vaccine contains VLPs derived from the L1
proteins of HPV 16 and 18, adjuvanted with 208 ug of aluminum hydroxide to enhance the immune
response (https://extranet.who.int/pqweb/content/cecolin%C2%AE). The E. coli-based production
system used for Cecolin is robust, cost-effective, and scalable, making it an excellent option for mass
production, especially in regions with limited healthcare resources. This method offers high growth
rates and yields, which are critical for meeting global demand for HPV vaccines. Cecolin vaccine is
recommended for girls aged 9-14 in a two-dose regimen and for individuals above 14 years in a three-
dose regimen. Clinical studies have shown that Cecolin elicits excellent immunogenicity and safety
in phase II and III clinical trials, demonstrating strong protection against HPV 16/18 infections and
associated high-grade genital lesions [123,125-127]. A comparative study also demonstrated the non-
inferiority of Cecolin to Gardasil, highlighting its efficacy in preventing HPV-associated diseases
[122]. Its affordability, combined with its scalable production system, has the potential to address
global supply constraints and make HPV vaccination more accessible in low- and middle-income
countries [127].

E. Cecolin 9: A new generation HPV vaccine: Cecolin-9, also developed by Xiamen Innovax, is
a second-generation 9-valent HPV vaccine targeting HPV types 6, 11, 16, 18, 31, 33, 45, 52, and 58
(Table 1). Preclinical studies have demonstrated that Cecolin-9 exhibits similar immunogenicity to
Gardasil 9 in both mice and non-human primates [128]. Early data from the phase 1 clinical trial have
revealed its safety and immunogenicity in healthy adults. A multicentre, randomized, double-blind,
controlled phase 3 trial is currently being conducted in China to further evaluate the its efficacy,
immunogenicity, and safety in women aged 18-45 years [129].

F. CERVAVAC: A quadrivalent India-made HPV vaccine: CERVAVAC, developed by the
Serum Institute of India, is the first indigenously produced quadrivalent, gender-neutral HPV
vaccine, representing a significant step forward in the fight against HPV-related cancers in India.
Targeting HPV types 6, 11, 16, and 18, CERVAVAC provides protection against both low-risk strains,
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which cause genital warts, and high-risk strains linked to cervical, vaginal, vulvar, penile, anal and
oral cancers, as well as precancerous lesions [95]. This vaccine is particularly significant for India,
where cervical cancer remains a leading cause of mortality from HPV-induced cancers [10]. One of
the key advantages of CERVAVAC is its affordability, priced between 3200-400 per dose, enhances
its accessibility, making it suitable for low- and middle-income populations that bear the highest
burden of HPV-related diseases [130]. Clinical trials conducted in across 12 hospitals in India
demonstrated a robust immune response, high efficacy, and a favourable safety profile, particularly
in the 9-14-year age group, positioning it as a promising candidate for large-scale immunization
programs. Integrating CERVAVAC into India’s national vaccination framework could significantly
reduce HPV-related disease incidence, including oral cancers, and contribute to global HPV
prevention efforts [130].

Table 1. Comparative profiles of prophylactic HPV vaccines for prevention of HPV-linked cancers.
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In the 2024 budget, India’s Finance Minister prioritized HPV vaccination, announcing a phased
rollout targeting girls aged 9 years and a broader cohort of 10-14-year-olds [130]. The initiative will
primarily be school-based, focusing on girls in in the 5%-10% standards. Once fully implemented,
approximately 68 million girls aged 9-14 years will require vaccination in the initial phase, followed
by annual vaccination of about 11 million 9-year-olds.
(https://pib.gov.in/PressReleasePage.aspx?PRID=1885597). With India contributing nearly one-fifth
of the global cervical cancer cases, the inclusion of HPV vaccines in the national immunization
program (NIP) is a critical step towards global cervical cancer elimination [10].

A landmark study in India provided pivotal evidence supporting the WHO recommendation
for a single-dose HPV vaccination schedule. In this study, girls aged 10-18 years received one, two,
or three doses of Gardasil, with 15 years of follow-up. Vaccine efficacy against persistent HPV 16/18
infections was comparable across all groups: 95.4% for single-dose recipients, 93.1% for two-dose
recipients, and 93.3% for three-dose recipients [131]. Furthermore, 96% and 97% of single-dose
recipients retained detectable antibodies against HPV 16 and 18, respectively, 10 years post-
vaccination [132]. These findings, corroborated by a randomized trial conducted in Kenya, reinforce
the cost-effectiveness of a single-dose regimen [133]. Modelling studies indicate that a single-dose
HPV vaccination program in India could prevent nearly 1 million cervical cancer cases over the
lifetime of 120 million girls currently aged 10 years and younger, aligning with WHO’s elimination
targets.

Following phase II/III randomized trials demonstrating immunological equivalence to Gardasil
in individuals aged 9-26 years, CERVAVAC was approved for use in India. The Serum Institute has
committed to ensuring an adequate supply of the vaccine at an affordable price for the NIP. The
Indian National Technical Advisory Group on Immunization (NTAGI) approved CERVAVAC for a
two-dose regimen, with plans for further data collection on long-term immunogenicity to support
approval of a single-dose schedule [130].

Given economic and logistical challenges, a single-dose regimen offers substantial benefits,

simplifying the vaccination process by eliminating the need for follow-up doses and conserving
resources that could be redirected towards vaccinating boys. Gender-neutral vaccination offers faster
virus elimination through robust herd immunity, protects boys against anal and oropharyngeal
cancers, and reduces the stigma associated with girls-only vaccination programs. Expediting the
approval of a single-dose schedule for CERVAVAC based on demonstrated immune equivalence
with Gardasil should be a priority for Indian regulators and NTAGL

G. WalrinVax: WalrinVax, developed by Yuxi Zerun Biotechnology, is a bivalent HPV vaccine
targeting HPV types 16 and 18, the high-risk strains responsible for a significant majority of HPV-
related cancers, including cervical and oropharyngeal cancers [95]. Approved by the Chinese Food
and Drug Administration (CFDA), WalrinVax represents a significant step forward in expanding
global HPV prevention efforts, especially in regions with limited vaccine access. WalrinVax utilizes
an aluminum phosphate (225 pg) adjuvant to enhance immune response and has demonstrated
strong efficacy and safety profiles in clinical studies (Table 1). A phase III clinical trial conducted
across multiple sites assessed the its safety, immunogenicity, and effectiveness in women aged 9-26
years. A study on determining the safety and effectiveness of 2 dose regiment of WalrinVax to women
of age group 9-14 and 18-24 yrs old suggested no inferiority as compared to 3 dose regiment [134]. In
addition, the two-dose regimen for girls aged 9-14 years exhibited non-inferiority to the three-dose
regimen, emphasizing the vaccine's flexibility and suitability for varied immunization schedules.

9. Global Impact of HPV Vaccination on the Prevention of Oral Cancers

HPYV, particularly the HR-HPV-16 strain, is a significant causative agent of both cervical cancer
and oral malignancies, including oropharyngeal carcinoma. While HPV vaccines were initially
developed to prevent cervical HPV infections, emerging evidence demonstrates their efficacy in
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reducing oral HPV prevalence and the risk of HPV-associated oral cancers. Multi-dose vaccination
regimens, specifically two or three doses, have been shown to provide superior protection against
oral HPV infections compared to single-dose schedules, emphasizing the need for complete
adherence to vaccination protocols [135,136].

A study by Chaturvedi et al. in the U.S. highlighted HPV vaccination as an effective strategy for
preventing HPV-positive oral and oropharyngeal cancers, particularly in men, although low
vaccination rates limited its population-level impact [137]. Similarly, Katz et al. reported that
unvaccinated individuals had a 19-fold higher risk of developing oropharyngeal cancer compared to
vaccinated individuals, based on a study of over 1.3 million participants, including 4,380 OPC cases
[138]. A study by Castillo et al demonstrated a 72% reduction in oral HPV-16 prevalence among high
school students in Colombia who received two doses of the HPV vaccine compared to unvaccinated
individuals [139].

In Costa Rica, a randomized trial involving 7,466 women aged 18-25 years found that HPV
vaccination achieved a remarkable efficacy of 93.3% against oral HPV-16/18 infections after four
years, significantly surpassing the 72% efficacy observed for cervical infections in the same cohort.
Hirth et al. further validated these findings by showing a lower prevalence of oral HPV-16 among
vaccinated individuals aged 18-30 compared to unvaccinated participants [140]. Similarly, Mehanna
et al. in the UK demonstrated a significantly reduced prevalence of oropharyngeal HPV-16 among
vaccinated females aged 12-24 years (0.5% vs. 5.6%, P = 0.04) compared to their unvaccinated
counterparts [106].

Systematic review by Nielsen, K. J. et al further supports the vaccine’s efficacy and analyzed
nine studies involving 48,777 participants and reported a relative prevention percentage (RPP) of
83.9% for oral HPV positivity following vaccination [141]. They found significant reductions in
vaccine-type oral and oropharyngeal HPV infections, with IgG antibodies detected in the oral cavity
post-vaccination, confirming immune activation and protection [141]. These findings collectively
highlight the profound impact of HPV vaccination in reducing oral and oropharyngeal HPV
infections. Despite the proven efficacy of HPV vaccines in preventing oral and oropharyngeal
cancers, uptake remains low due to limited awareness of the link between HPV and oral cancer,
cultural stigmas surrounding sexually transmitted infections, and the lack of targeted vaccination
campaigns emphasizing oral cancer prevention. Additionally, high costs and logistical challenges in
implementing vaccination programs further hinder widespread adoption, particularly in low- and
middle-income countries. Expanding vaccination programs to include oral cancer prevention offers
a promising opportunity to address the global burden of HPV-associated malignancies and
underscores the critical role of vaccines in comprehensive cancer prevention strategies.

Uptake of HPV vaccination for oral cancer prevention in India: Oral cancer remains one of the
most prevalent cancers in India, with HPV-16 being the primary strain associated with HPV-positive
oral cancers. Although HPV vaccines have significantly reduced cervical cancer globally, their
potential in preventing oral cancers is only beginning to gain recognition. In India, however,
awareness of the role of HPV in oral cancers remains limited, and vaccination campaigns have largely
focused on cervical cancer prevention among women, with little emphasis on oral cancer prevention
[142]. This narrow focus neglects growing evidence linking high-risk HPV strains, particularly HPV-
16, to oral cancers, leaving a critical gap in public health strategies. Recent initiatives in India offer a
promising opportunity to address this gap. State-led programs in Delhi, Sikkim and Punjab have
successfully integrated HPV vaccines into the National Immunization Schedule (NIS) [143,144].
Furthermore, a nationwide campaign targeting girls aged 9-14 years is set to launch in February 2024
under the "Women-Shakti" initiative and the vision for a "Developed India-2047", aiming to expand
vaccine coverage and reduce the burden of both cervical and oral cancers. However, the uptake of
HPV vaccination for oral cancer prevention remains limited due to high costs, misinformation about
vaccine safety, and cultural stigmas surrounding vaccination [143],
https://www.gavi.org/vaccineswork/india-resolves-reduce-cervical-cancer-vaccinating-girls?).
Currently, HPV vaccines are primarily available through private practitioners, restricting
accessibility for lower-income populations [145].  The introduction of India’s first indigenous HPV
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vaccine, Cervavac, in September 2022, marks a significant step toward enhancing affordability and
accessibility [131], Serum Institute's HPV vaccine, India's 15t indigenous shot against cervical cancer)
(https://www.rgcirc.org/blog/hpv-vaccination-in-india-new-progress-and-the-way-forward).

However, poor awareness of the link between HPV and oral cancers, coupled with the absence of
targeted public health initiatives, continues to impede vaccine uptake. Addressing this challenge
requires integrating HPV vaccination into the national immunization schedule, prioritizing public

education, and broadening research efforts to highlight the dual benefits of vaccination for cervical
and oral cancer prevention. These measures are essential to effectively reduce the burden of HPV-
associated oral cancers in India.

10. Challenges in Implementing HPV Vaccination in India

HPYV vaccination is a critical intervention in preventing cervical cancer, the third most common
cancer among women in India, and oral cancers, particularly affecting males [5,10]. Despite the
recognition by the WHO of HPV vaccination as a public health priority, particularly in low- and
middle-income countries, India faces numerous challenges that hinder widespread implementation
[146].

A major challenge is the lack of awareness about HPV and its association with cancer, both
among the general population and healthcare professionals. Misconceptions about vaccine safety,
limited knowledge among healthcare professionals, and cultural stigmas surrounding sexually
transmitted infections discourage open discussions and acceptance of HPV vaccination, particularly
for adolescents [143]. In conservative communities, fear that HPV immunization might promote early
sexual activity further exacerbate resistance, despite evidence disproving such claims [10,147].
Logistical challenges also impede vaccine delivery. India’s vast geography and predominantly rural
population complicate equitable access to vaccination. Inadequate healthcare infrastructure,
particularly in remote areas, and unreliable cold-chain systems compromise vaccine efficacy and
distribution [145]. Additionally, the high cost of vaccines, despite the introduction of affordable
options like CERVAVAC, remains prohibitive for low-income families unless subsidized or included
in national immunization programs [10].

Gender-neutral” or “universal HPV vaccination programs, which primarily target girls to
prevent cervical cancer, overlooks the rising incidence of HPV-related oral and oropharyngeal
cancers in men. Studies highlight the vulnerability of men, especially those with high-risk behaviors
like tobacco and alcohol use, emphasizing the need for gender-neutral vaccination strategies to
achieve herd immunity [10,148,149]. Furthermore, fragmented policies and the absence of a unified
national vaccination strategy contribute to uneven vaccine coverage across the country [17].

Despite these challenges, there have been recent positive developments in India. The Indian
government’s 2024-budget includes provisions for a national HPV vaccination campaign targeting 9-
14 age group girls, and the introduction of the low-cost CERVAVAC® vaccine represents a step
toward making HPV vaccination more accessible to a broader segment of the population. However,
these initiatives must be supported by comprehensive public health campaigns that aim to raise
awareness, dispel myths, and educate both parents and healthcare providers on the importance of
HPV vaccination in preventing cancers.

11. Concluding Remarks and Future Perspectives

HPV vaccination represents a transformative strategy for reducing HPV-associated cancer
burdens, including oral and oropharyngeal cancers. While global success in reducing cervical cancer
incidence is well-documented, the potential for preventing HPV-driven oral cancers remains
underexplored, especially in high-burden regions like India. Indigenous vaccines such as
CERVAVAC and the WHO'’s endorsement of single-dose regimens provide an opportunity to
expand vaccination coverage, particularly in resource-limited settings.

Emerging evidence highlights the efficacy of HPV vaccines in reducing oral HPV infections,
particularly those linked to high-risk strains like HPV-16 which is almost exclusively associated with
oral and oropharyngeal cancers. Cross-protection against non-vaccine strains and reductions in oral
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HPV prevalence among vaccinated populations underscore their broader prophylactic potential.
Gender-neutral vaccination, combined with targeted public health initiatives, is critical to addressing
the growing incidence of HPV-associated oral cancers in men. Moving forward, overcoming vaccine
hesitancy through culturally tailored public health campaigns and engaging community leaders and
political bill will be critical. Addressing logistical barriers, such as cold chain infrastructure and
equitable distribution in rural areas, must be prioritized. Integration of HPV vaccination into India’s
national immunization program, coupled with robust surveillance systems to monitor vaccine
impact, can significantly accelerate progress toward eliminating HPV-related cancers.

Future research should evaluate the long-term efficacy of HPV vaccines in reducing oral and
head and neck cancer burdens and explore therapeutic vaccines for treating established HPV
infections. Robust surveillance systems are essential to monitor vaccine impact and inform policy
adjustments. With sustained commitment from policymakers, healthcare providers, and researchers,
HPV vaccination has the potential to become a cornerstone in the fight against HPV-associated
cancers, paving the way for significant reductions in their global burden over the coming decades.
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