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Preface

Papillomaviruses are among the most studied oncogenic viruses, recognized for their etiological

role in a broad spectrum of human malignancies. Since the discovery of the causal link between

human papillomavirus (HPV) and cervical cancer, our understanding of HPV’s involvement

in various cancers—including those of the anogenital tract and head and neck—has grown

exponentially. This Reprint, derived from the Special Issue “Papillomavirus - Induced Oncogenesis:

Current Insights and Future Directions" published in Viruses, brings together original research

articles, reviews, and short communications that provide a comprehensive perspective on the state of

HPV-related cancer research.

The subject matter of this volume spans from molecular biology to public health, offering

in-depth insights into mechanisms of HPV-induced oncogenesis, novel diagnostic and screening

approaches, immunological evasion strategies, epidemiological patterns, and prevention challenges.

The aim of this compilation is to bridge fundamental science with clinical and societal applications,

while fostering a deeper understanding of the biological complexity and global health significance of

HPV.

The motivation behind curating this Special Issue was driven by the persistent global burden of

HPV-associated cancers. Despite the availability of effective prophylactic vaccines and diagnostic

tools, significant disparities remain in implementation, particularly in low- and middle-income

countries. Through this collection, we hope to encourage interdisciplinary collaboration and

innovative thinking to close these gaps and promote equitable health outcomes.

This reprint is intended for a diverse readership, such as of virologists, oncologists, molecular

biologists, epidemiologists, public health professionals, and students alike. It also serves as a

valuable reference for educators, healthcare policymakers, and advocacy groups committed to cancer

prevention and control.

We extend our sincere gratitude to all contributing authors for their high-quality submissions

and dedication to the field. We are also grateful to the editorial staff of Viruses for their ongoing

support and professionalism. In particular, we would like to acknowledge Mr Muharrem Okan

Cakir, who served as an Assistant Guest Editor. His close involvement in coordinating submissions,

supporting peer review, and ensuring timely communication was instrumental to the successful

delivery of this Special Issue.

We trust that readers will find this Reprint informative, timely, and thought-provoking. It is our

hope that the work presented here will inspire future research and reinforce global efforts to reduce

the burden of HPV-associated cancers.

G. Hossein Ashrafi and Mustafa Ozdogan

Guest Editors
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Looking Back, Moving Forward: Challenges and Opportunities
for Global Cervical Cancer Prevention and Control
Philip E. Castle

Divisions of Cancer Prevention and Cancer Epidemiology and Genetics, US National Cancer Institute, National
Institutes of Health, 9609 Medical Center Dr., Room 5E410, Rockville, MD 20850, USA; philip.castle@nih.gov;
Tel.: +1-(240)-276-7120; Fax: +1-(240)-276-7825

Abstract: Despite the introduction of Pap testing for screening to prevent cervical cancer in the
mid-20th century, cervical cancer remains a common cause of cancer-related mortality and morbidity
globally. This is primarily due to differences in access to screening and care between low-income and
high-income resource settings, resulting in cervical cancer being one of the cancers with the greatest
health disparity. The discovery of human papillomavirus (HPV) as the near-obligate viral cause of
cervical cancer can revolutionize how it can be prevented: HPV vaccination against infection for
prophylaxis and HPV testing-based screening for the detection and treatment of cervical pre-cancers
for interception. As a result of this progress, the World Health Organization has championed the
elimination of cervical cancer as a global health problem. However, unless research, investments, and
actions are taken to ensure equitable global access to these highly effective preventive interventions,
there is a real threat to exacerbating the current health inequities in cervical cancer. In this review,
the progress to date and the challenges and opportunities for fulfilling the potential of HPV-targeted
prevention for global cervical cancer control are discussed.

Keywords: Human papillomavirus (HPV); cervical cancer; HPV-related cancers; Pap testing; cytology;
vaccination; gynecologic oncology

A. Part 1: Looking Back

1. Introduction

Cervical cancer is highly preventable. The implementation of widespread Pap testing,
starting in the mid-20th century in high-income countries (HICs), led to significant declines
in cervical cancer incidence, saving millions of lives. Unfortunately, these same benefits
were not fully realized in underserved populations living in those same HICs and those
living in low- and middle-income countries (LMICs). This was due to social inequities,
geographical barriers, complexity, lack of quality control, and/or resource limitations, the
latter of which include the lack of healthcare infrastructure, resources, and trained medical
personnel to provide screening, i.e., testing and follow-up care. Consequently, cervical
cancer became the “poster child” for cancer health disparities, with an order-of-magnitude
difference in cervical cancer burden between the wealthiest and poorest countries [1] and
significant differences between well-served and underserved populations in the wealthiest
countries like the USA [2,3] and others [4–10]. Cervical cancer incidence and mortality
were inversely correlated with gross domestic product per capita, and the ratio of cervical
cancer mortality to incidence increased with greater the incidence (Figure 1).
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Figure 1. (A) country-specific relationship between 2022 cervical cancer incidence [1] and gross
domestic product (GDP) per capita (on a log scale) in 2022 [11] (black dotted line shows the linear
trend); (B) country-specific relationship between 2022 cervical cancer mortality [1] and GDP per capita
in 2022 (black dotted line shows the linear trend); and (C) country-specific relationship between the
ratio of cervical cancer mortality to incidence and 2022 cervical cancer incidence [1] in 2022 (green
dashed line shows the logarithmic trend). * If GDP per capita was not available for 2022, the most
recent data were used.
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It is now accepted that high-risk human papillomavirus (HPV) is the nearly obligate
viral cause of cervical cancer [12]. This discovery catalyzed the development of two
complementary, highly efficacious precision prevention strategies, i.e., those that directly
target HPV including prophylactic HPV vaccination for primary prevention and HPV
testing-based screening for secondary prevention. Despite these advances, more than two
decades after their development and validation, cervical cancer remains a major cause
of morbidity and mortality in women globally, with an estimated 662,000 new cases and
349,000 deaths attributed to cervical cancer in 2022, with the vast majority occurring in
LMICs [1].

In 2018, the World Health Organization (WHO) announced a global call to action for
the elimination of cervical cancer as a public health problem. In 2020, the World Health
Assembly launched a Cervical Cancer Elimination Initiative [13]. Its strategy includes the
following WHO “90-70-90” targets to be reached by 2030: 90% of girls fully HPV vaccinated
by age 15 years, 70% of women screened twice using a high-performance test by the ages
of 35 and 45 years, and 90% of women diagnosed with pre-cancer and 90% of women with
invasive cancer treated. The “90-70-90” targets were designed to meet the “elimination”
metric of incidence rates below four cases per 100,000 women. Of course, the target of
treating 90% of invasive cancer will not contribute to the goal of reduced incidence but will
benefit the population by reducing cervical cancer-related mortality and morbidity.

Together, these three interventions, cancer prophylaxis through HPV vaccination,
cancer interception through HPV-based screening and treatment of cervical pre-cancers,
and cancer mitigation through detection and treatment of early cancer, will have profound
impacts on cervical cancer control, but each works on a different time horizon [14]. Mitiga-
tion will measurably benefit the population on the earliest time horizon through reduced
mortality and morbidity, screening-based interception next, and finally, prophylaxis, which
may take decades to observe its impact on cancer incidence. From modeling exercises, com-
bining primary prevention through HPV vaccination and secondary prevention through
HPV testing-based screening and treatment of pre-cancer and cancer will achieve the most
rapid risk reduction towards achieving the WHO goal [15,16]. In order to accelerate mor-
tality reductions and prepare for the anticipated sharp increase in screen-detected cancers
needing treatment, should screening programs go to scale, mortality reduction targets also
need to be set and included in the WHO’s goals.

At this juncture, as the field moves from basic and translational science to dissemina-
tion and implementation, it is a good time to review what has been achieved, why, and
consider the challenges ahead to achieve global cervical cancer prevention and control. I
provide my own perspective from my 25 years in the field. These lessons learned—and to
be learned—can and should inform future efforts to control other cancers globally.

2. A Brief History

How did we arrive at this unique opportunity? The evolution of our understanding of
cervical cancer is well described and discussed by others [17–19] and will be only recapit-
ulated here briefly as it relates specifically to this discussion. It began with Hippocrates,
at the beginning of the era of modern medicine and before the Common Era, who first
documented and described HPV-related diseases of genital and skin warts, cervical pre-
cursors or lesions, and cervical cancer. He observed that cervical abnormalities, which
he called “ulcers”, could progress to cervical cancer, providing the earliest insight into
carcinogenesis [18]. Namely, cancer does not arise spontaneously but through intermediate,
pre-cancerous changes that precede invasive cancer, which is still a foundational concept of
carcinogenesis today.

Almost 2000 years later, 19th-century surgeon Domenico Antonio Rigoni-Stern made
his famous observation about people engaged in sex work being more likely to die from cer-
vical cancer than celibate nuns (the opposite for nulliparity and breast cancer deaths) [18,19],
implicating a sexual factor in the development of cervical cancer. More than a century later,
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this observation fueled research to find the sexually transmitted causal factor, now known
to be HPV.

In the early 1920s, physician George Papanicolaou first observed cancer cells in a
cytology smear made from vaginal samples. Refinements in this method occurred over the
next two decades [20], including improved staining [21] and sampling directly from the
cervix [22], leading to what is known as the “Pap smear” for cervical cytology screening.
Widespread adoption of annual Pap testing followed recommendations first in the mid-
1940s, resulting in significant reductions in cervical cancer incidence and mortality in those
places that could implement it effectively [23].

In the 1960s and 1970s, epidemiologic research hotly pursued the causal sexually
transmitted infection, with a focus on herpes simplex virus. The discovery by Nobel-
Laurate Harald zur Hausen and colleagues in the late 1970s into the early 1980s [24,25] of
HPV genomes in cervical cancers revolutionized our understanding of the cause and the
natural history of cervical cancer. Over the next decades, international, transdisciplinary
teams of researchers, including but not limited to basic and clinical laboratory scientists,
clinicians, epidemiologists and statisticians, public health scientists, and other disciplines,
worked collaboratively to deepen our understanding of HPV and its role in cervical cancer
as well as develop and validate prophylactic HPV vaccination and HPV testing-based
screening, which are now seen as the standard of care for cervical cancer prevention and
control worldwide [26,27].

3. HPV and Cervical Cancer

It is now understood that the sexual transmission and persistence of high-risk HPV
genotypes (“types”) are the almost obligate cause of virtually all cervical cancer world-
wide. Approximately 13 HPV types (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and
68) have been designated as “high-risk”. In reality, there is a continuum of risk for HPV
types. HPV16 and HPV18, the two high-risk HPV types targeted by first-generation HPV
vaccines, cause approximately 70% of cervical cancer; HPV16 is the most carcinogenic HPV
type, causing approximately 55–60% of cervical cancer, and HPV18 is the second most
carcinogenic HPV type, causing approximately 10–15%. HPV31, HPV33, HPV 45, HPV52,
and HPV58 together cause another 20% of cervical cancer. On the other end of the spectrum
of high-risk HPV types, HPV68 is only considered a probable carcinogen, and the risk of
cancer is considerably less than HPV16 [28–30]. Some HPV types, especially those phyloge-
netically related to the high-risk HPV types, can rarely cause cervical cancer [28–32]. This
includes HPV66, which was mistakenly classified as high-risk [33] and now, unfortunately,
is included in all second-generation HPV tests, providing very little benefit but reducing
specificity, as it is commonly detected in low-grade abnormalities [32].

HPV infection also causes most cancers of the anus and a high percentage of cancers
of the vagina, vulvar, penis, and oropharynx [34–36]. Almost 5% of cancers globally are
attributable to HPV infection [36].

Other HPV types, notably HPV6 and HPV11, cause condyloma acuminata (genital warts)
and recurrent respiratory papillomatosis. Still, other HPV types have no known link to hu-
man disease, and some appear to have some tissue tropism for vaginal epithelium [37–40],
just as some non-genital HPV types have tropism for different skin locations [41]. Genital
types unrelated to cervical cancer and not targeted by or protected from current HPV
vaccines make for useful intrapersonal controls since they are all sexually transmitted
concomitantly and may allow for single-arm, non-randomized HPV vaccine trials [42] by
serving as markers for total HPV exposure.

The same 13 high-risk HPV types generally cause the same percentages of cervi-
cal cancer everywhere in the world [43] but with some notable variations in different
racial/ethnic populations, such as higher percentages of HPV35-related cervical cancers in
women of African descent [44–46] and HPV52-related cervical cancers in women of Asian
descent [47–49], likely because of the evolutionary selection of viral variants within those
populations. While HPV35 causes only about 2% of cervical cancer in the general popu-
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lation [28], it causes approximately 10% in women of African descent [44–46]. Although
HPV35 is not currently included in prophylactic HPV vaccine formulations, hopefully, it
will be included in future vaccines [50]. The relative public health importance of individual
HPV types cannot be determined by their prevalence in the general population, or even in
precursors to cancer, but must be determined in cancer itself.

HPV-negative cervical cancers do occur but are exceedingly rare once the denominator
of cervical cancers is corrected for the HPV-related cervical cancers that are prevented
(censored) by screening and treatment of HPV-related precursors. These HPV-negative
cancers are pathologically defined as cervical but have molecular features that are shared
with—and mostly resemble those of—endometrial cancer [51].

High-risk HPV prevalence is similar in exfoliated specimens from the vagina and the
cervix [38–40]. However, despite the vagina having a much larger surface epithelial area
to infect than the cervix (≤360 cm2 vs. ≤33 cm2, respectively [52,53]), cervical cancer is
20-fold more common cancer than vaginal cancer. That is, the cervix is at least 200-fold
more susceptible to HPV-induced carcinogenesis than the vagina, which does not account
for the vagina possibly being more exposed to HPV than the cervix, as the former is the
first mucosal epithelium exposed to it. The physiological nature of the susceptibility to
HPV-induced carcinogenesis of the annulus of tissue known as the cervical transformation
zone, where cervical cancer primarily occurs, is not completely understood. However, a
specialized stem cell, the cervical reserve cell, found under the columnar epithelium has
been implicated as the susceptible cell for HPV transformation [54].

Cervical cancer develops along a simple, robust causal pathway with four reliably
measured, natural history stages including the following: normal epithelium, hrHPV-
infected epithelium, cervical pre-cancer (defined best as histologic diagnoses of cervical
intraepithelial neoplasia CIN) grade 3 (CIN3) or adenocarcinoma in situ (AIS)), and invasive
cancer [55]. HPV is the most common sexually transmitted infection. Indeed, among those
who have ever been sexually active, it seems likely that nearly everyone has had an
HPV infection, given that there are hundreds of HPV types and epidemiologic studies of
incidence only detect a subset of those, infections can be acquired and cleared/controlled
in the interval between observations, there are no observations over the entire sexually
active life, and the entire lower genital tract can be infected but we typically only sample a
small portion of it for HPV testing. In prospective cohorts, a high percentage of women
test positive for HPV within a few years of observation, but the range of cumulative HPV
positivity (approximately 30–80%) is wide, likely the result of differences in populations,
the HPV test used, frequency of testing, and length of follow-up [56–61]. Natural history
modeling estimated the lifetime probability of at least one HPV infection to be 85% for
women and 91% for men [62], but, given the aforementioned factors, it could be higher still.

HPV persistence is the key determinant in the natural history of disease and is required
for progression to pre-cancer and then invasive cancer [63–65]. However, not all persistent
HPV infections develop into detectable CIN3/AIS, although it is probable that long-lasting,
persistent HPV infection is essentially a “molecular” pre-cancer whether there is an accom-
panying histopathologic diagnosis of CIN3. CIN2 grade 2 (CIN2), the standard threshold
of severity for treatment, is now understood to be an equivocal high-grade abnormality
that is highly regressive, especially in younger women [66–68].

The transition probabilities between stages are difficult to observe directly, except for
the acquisition of HPV infection, but they have been modeled [69]. The transition from
HPV infection to CIN3/AIS is typically observed following prevalent HPV infection and,
therefore, “left-censored”, i.e., the HPV infection has already persisted for some unknown
amount of time. Likewise, the CIN3/AIS transition to invasive cancer is left-censored. The
“Unfortunate Experiment” in New Zealand, in which treatment was purposely withheld
from approximately 150 women with CIN3, found approximately 35% of CIN3 progressed
to invasive cancer [70]. However, the median age of these women was 38 years, approxi-
mately 5–10 years after the peak of CIN3 in a screening cohort, and, therefore, their CIN3
was relatively “mature” [71]. The median time from HPV acquisition to cervical cancer
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detection ranges from 17.5 to 26 years, depending on the model used and its assump-
tions [69]. The age distribution of cervical cancer tracks with population behaviors and
exposure to HPV, i.e., those populations that initiate sexual activity at a younger age tend
to develop cervical cancer at younger ages, while those that start at an older age develop
cervical cancer at older ages [72–74], although the effects of the latter may be muted by the
effects of reduced circulating estrogen in peri- and post-menopausal women on hormonally
responsive cervical tissue [72].

Condoms, when used correctly, are effective in blocking HPV transmission in
women [75,76]. Male circumcision also reduces HPV carriage in men [77,78], and females
with circumcised male partners are lower risk of getting HPV than those with uncircum-
cised male partners [77,78]. There is also some evidence that topical microbicides with
carrageenan, a commonly used seaweed extract used as a thickening agent in food, provide
broad-spectrum, safe protection against cervical HPV acquisition [79,80].

Despite 40 years of studying the natural history of HPV and cervical cancer and its
clinical and molecular correlates, there are still important gaps in our knowledge. While we
know that women who are immunosuppressed because of HIV or receiving a solid organ
tissue transplant are at significantly higher risk of cervical cancer compared with immuno-
competent women [81–83], the specific immunologic factors that play a role in determining
the outcome of an HPV infection and clearance/control vs. persistence/progression in the
general population are unknown. A better understanding of the immunological determi-
nants of persistence would contribute to the development of effective HPV therapeutic
vaccines, which, to date, have demonstrated effectiveness against CIN2/3 [84] that is much
less than current standard-of-care physical (excisional or ablative) treatments [85]. A highly
effective pan-HPV therapeutic vaccine or anti-viral, combined with HPV-based screening,
could facilitate and accelerate global control of cervical cancer, especially in LMICs, where
there is a huge gap in medical and health-system capacity to provide care and treatment to
support the scale-up of screening [86].

There is also evidence of latency in HPV infections [87,88], which is a sub-clinical
infection that is maintained and presumably controlled by the host immune system [87].
However, the clinical significance of latent HPV infections and how frequently they occur
vs. true clearance remain unknown. A greater understanding of its role if any in cervical
cancer diagnosed in older women would inform decisions about the age and other criteria
for stopping screening.

4. Precision Prevention: Targeting HPV for Prophylaxis and Interception

A targeted, precision prevention approach of prophylactic HPV vaccination and HPV
testing-based cervical cancer screening is now widely accepted as the new standard of care
for the prevention of cervical cancer. The two strategies are complementary and combined
can accelerate the control of cervical cancer [15] as follows: (1) HPV vaccination for long-
term and perhaps lifetime cervical cancer risk reduction by preventing HPV acquisition
and (2) HPV testing-based screening to detect and intercept pre-cancer through treatment
before it becomes invasive to reduce cervical cancer risk immediately.

Prophylactic HPV vaccines produce high titers of HPV-neutralizing antibodies that
block cervical HPV infection [89]. Antibody titers following HPV vaccination are an order
of magnitude or greater than those that occur following natural infection, which provides
partial protection against re-infection against the same type [90,91]. First-generation vac-
cines targeted HPV16 and HPV18; one product also targeted HPV6 and HPV11 to prevent
genital warts and RRP. Different HPV vaccine formulations have been shown to provide
different levels of cross-protection against untargeted but phylogenetically related high-risk
HPV types [92–94]. A next-generation HPV vaccine includes additional five high-risk HPV
types plus HPV16 and HPV18 [95]. A summary of HPV vaccines, the projected health
benefits, and related biosimilars are shown in Table 1. Ignoring any future secular trends
in HPV, it is reasonable to assume that the first- and second-generation of HPV vaccines
could prevent approximately 3.5% and 4.5% of all cancers worldwide.
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Table 1. Overview of HPV vaccines.

Quadrivalent HPV Vaccines Bivalent HPV Vaccines Nonavalent HPV Vaccines

U.S. FDA-approved
product name Gardasil Cervarix Gardasil-9

Manufacturer Merck GSK Merck

Virus-like particle type
and dosing

40 mg HPV16; 20 mg HPV18;
20 mg HPV6; 40 mg HPV11 20 mg HPV16; 20 mg HPV18

60 mg HPV16; 40 mg HPV18;
30 mg HPV6; 40 mg HPV11;
20 mg HPV31; 20 mg HPV33;
20 mg HPV45; 20 mg HPV52;

20 mg HPV58

Adjuvant 225 mg amorphous aluminum
hydroxyphosphate sulfate

500 mg aluminum hydroxide and
50 mg 3-O-desacyl-4′

monophosphoryl lipid A (MPL)

500 mg amorphous aluminum
hydroxyphosphate sulfate

Projected, estimated
prevention benefits

70% of cervical cancers; 90%
of warts 84% of cervical cancers † 90% of cervical cancers;

90% of warts

Biosimilars
Cervivac ™ [96]

(Serum Institute of India,
Pune, India)

Cecolin ® [97,98]
(Xiamen Innovax Biotech Co. Ltd.;

Xiamen, China);
Walrinvax
(Walvax

Biotechnology Co.; Yunnan, China)

Cecolin 9 ® [99] (Xiamen
Innovax Biotech Co. Ltd.;

Xiamen, China)

† Assuming cross-protection against untargeted HPV types [92–94].

Registration clinical trials of HPV vaccines demonstrated nearly 100% reduction in
cervical pre-cancer [89,100]. Recent reports from Finland, Denmark, Sweden, England,
and Scotland have provided real-world evidence that HPV vaccination significantly re-
duces the incidence of cervical cancer [101–105]. HPV vaccination has been shown to be
safe [106–108].

There is now evidence that protection against HPV endures for a decade or more
with no evidence of waning immunity [109,110]. Importantly, there is a growing body of
evidence that a single dose of an HPV vaccine is sufficient to provide long-lasting protection
against targeted HPV types [110–115] and even cross-protection against untargeted but
related types [92].

HPV vaccination of women living with HIV (WLWH) is well tolerated, safe, and
generates adequate titers, albeit lower than populations without HIV [116–118]. However,
there is currently no evidence that HPV vaccination is effective in protecting WLWH against
HPV, cervical pre-cancer, or cancer [116–118].

HPV testing-based screening has replaced Pap testing/cervical cytology as the recom-
mended method for secondary prevention of cervical cancer through the detection and
treatment of cervical pre-cancer [26,119–121]. HPV testing is more sensitive but less specific
for cervical pre-cancer and early cancer than cytology [121,122]. As a result of its greater sen-
sitivity compared with other methods of screening, HPV testing more efficiently/effectively
reduces cervical cancer incidence [123] and mortality [124], and a negative HPV test pro-
vides a more effective “rule-out”, i.e., reassurance against cancer [123–126], than cytology
and other screening methods. The greater safety following a negative HPV test can be
used to extend screening intervals, thereby reducing the harms of screening, or, in the
same interval (as cytology), to reduce the risk further in screen-negative women. The U.S.
Preventive Service Taskforce currently recommends routine quintennial HPV testing alone
or concurrently with cervical cytology (“co-testing”) [119], although co-testing offers very
little in terms of clinical performance above what HPV testing alone can [126].

Importantly, HPV testing-based screening permits the use of self-collection of cervico-
vaginal specimens or urine for HPV testing. In controlled research settings, HPV testing of
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self-collected cervicovaginal specimens performs comparably to provider-collected cervical
specimens when a DNA amplification method of HPV testing is used [127–129].

Self-collection increases participation and acceptability of cervical cancer screening by
not requiring an initial clinical visit for cervical screening and obviates the need for a pelvic
exam with a speculum. Consistently, women prefer self-collected cervicovaginal specimens
over provider-collected cervical specimens [130–132]. However, one of the primary barriers
to the acceptance of self-collection is a lack of self-efficacy (i.e., women are concerned as to
whether they can complete it “as well as the clinicians”), and women cite this as a reason
that they might prefer provider-collected cervical specimens [130–132].

Urine collection for HPV testing obviates the need to insert a device vaginally and
therefore may be more acceptable to some women, as well as some transgender men and
nonbinary people with a cervix [133], in need of screening. Urine-based HPV testing
may overcome cultural barriers to cervical cancer screening. Although there are few
data for the HPV testing of urine, a similar comparability to provider-collected cervical
specimens when a DNA amplification method of HPV testing is used has been shown [134];
however, further research is needed to optimize its use. Several studies report preference
by women for, and greater confidence in the use of, urine over self-collected cervicovaginal
specimens [135–138].

HPV-positive women can be triaged with a second, more specific test (also known as
adjunctive or reflex testing) to “rule-in” those who need immediate further management
(colposcopy and biopsy or treatment). The addition of secondary testing trades off immedi-
ate sensitivity for better specificity, with the goal of allowing some benign HPV infections
to clear on their own. Thus, the population is stratified into low-risk (HPV-negative), who
return to routine screening, intermediate-risk (HPV+/Triage−), who are followed at shorter
intervals (increased surveillance), and high-risk (HPV+/Triage+), who need immediate
care. Programmatic sensitivity and effectiveness depend on the sensitivity of the second
test to identify immediately those who have cervical pre-cancer and cancer and losses in
the follow-up of those who are HPV+/Triage−.

Cytology testing was the first method used as a triage test for HPV+, either per-
formed concurrently (“co-testing”) or sequentially following an HPV+ result. Second-
generation HPV tests have included some degree of HPV genotyping to identify those
with HPV16 and HPV18 who are at the highest risk of cervical cancer [139–141] and war-
rant immediate clinical action or those with lower risk types that may be managed less
aggressively/invasively [142–144].

New biomarkers have emerged that may replace or complement cytology and HPV
genotyping as triage methods for the management of HPV-positive women. The most
promising include p16/Ki-67 immunocytochemistry [145–147] and methylation of the HPV
and host genomes [148–150]. p16/Ki-67 immunocytochemistry is now recommended for
the management of HPV-positive women in the U.S. [145]. Molecular triage methods such
as genome methylation might be particularly suited for self-collected specimens [151],
which may not be collected in a way to preserve whole cells or have fewer diagnostic
whole cells than found in a provider-collected specimen. New sequencing technologies
that measure methylation without the need for bisulfite conversion may make methylation
biomarkers more practical for clinical applications [152–154]. Another emerging approach
is machine learning algorithm-based analyses of cervical images [155–157].

HPV E6 and E7 oncogene products remain an intriguing target for detection since
low levels of E6 and E7 are necessary for genomic replication and amplification, but
their overexpression is a biomarker for cervical pre-cancer and cancer [158,159]. Thus,
a quantitative mRNA test with a low- and high-level cut point could function as both a
screening and triage test, respectively. Detection of low levels, such as those achieved
by commercial qualitative mRNA tests [160,161], would indicate the presence of HPV
infection, and a negative result would rule out HPV infection, allowing for extended
screening intervals. High levels of HPV E6/E7 mRNA are expected to have a high positive
predictive value for cervical pre-cancer and cancer and should be more common among
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the more carcinogenic types, i.e., high levels of HPV16 E6/E7 mRNA should be much more
common than HPV68 E6/E7 mRNA. An HPV16, HPV18, and HPV45 E6 oncoprotein test
(now just HPV16 and HPV18) was shown to be less sensitive but highly specific for cervical
pre-cancer compared with DNA detection [162], but this does not include a broad enough
group of types to be clinically useful. It also needs further development so that it is scalable
and reliable since it takes ~2.5 h to run a single test and is impacted by ambient testing
conditions, respectively (personal observation).

However, the increasing number of tools for the prevention of cervical cancer may
have the unintended consequence of increasing the complexity of providing care, leading
to its suboptimal provision. To ensure appropriate care, the following strategies should be
implemented: (1) risk-based decision-making to ensure equal care for equal risk [163] and
(2) a risk calculator/decision support tool to guide providers [164,165].

Importantly, as discussed below, many of the barriers (access to healthcare, home and
work obligations, financial toxicities, stigmatization, marginalization of/discrimination
against racial, ethnic, sexual/gender minorities, etc.) to screening will impede follow-up
care of HPV-positive women. These barriers must be addressed to realize the full benefits of
adding self-collection, HPV testing, and other strategies to increase participation in routine
cervical cancer screening.

5. Cervical Cancer: The Low-Hanging Fruit

It is worth noting that cervical cancer has some unique characteristics that make it
uniquely preventable and controllable. Table 2 summarizes the following reasons why
advances towards the prevention of cervical cancer have been exceptional: (1) a single
etiologic agent, (2) slow development of cancer, (3) ease of tissue accessibility, (4) a small
area of cancer susceptibility, and (5) a proven surrogate for cancer. While there are other
cancers with one or more of these characteristics, no others have all five of these specific
characteristics or are common enough that population-level interventions are warranted
and potentially cost-effective.

Table 2. Characteristics that make cervical cancer uniquely preventable.

Characteristic Comment

A. Single etiologic agent Approximately 13 HPV types cause virtually all cervical cancer worldwide. There are no
other cancers for which there is a single, identifiable causal agent.

B. Slow-growing cancer Average sojourn time from HPV exposure (initiation) to cancer is ~25 years.

C. Tissue accessibility

The cervix can be sampled directly by a brush for cytology and molecular testing for
screening and by biopsy forceps to collect tissue for diagnosis with an outpatient speculum
exam. The relative acceptability of sampling from this tissue allowed the early development
of Pap testing, which was key to elucidating the natural history of cervical cancer, including
the identification of a good surrogate (see D). Cervicovaginal sampling collects sufficient
amounts of HPV for detection that self-collection is feasible.

D. Small area of susceptibility
The vast majority of HPV-related genital cancers occur in a very small annulus of tissue, the
cervical transformation zone, with the most distal (from the vaginal opening) boundary
defined by the squamocolumnar junction, which can be visualized, making sampling and
diagnostic biopsies much simpler.

E. Proven surrogate for cancer
CIN3/AIS have some characteristics of invasive cervical cancer, most notably an HPV-type
distribution. A proven surrogate permitted the more rapid validation of novel, HPV-targeted
intervention strategies including HPV vaccination and HPV testing-based screening.

Some of the key lessons learned from studies of cervical cancer include the following:

• Natural history informs interventions. The elucidation of the natural history of cervical
cancer has guided the development and use of prevention strategies. It is now clear
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that younger women—and men—should be vaccinated against HPV before exposure
to it but not screened because they have very little true pre-cancerous lesions and
almost no cancer. However, mid-adult women need screening for long-persisting HPV
infections that have developed into cervical pre-cancer and cancer but will benefit very
little from HPV vaccination as they will acquire relatively few incident HPV infections
that will go on to become cancer [166,167].

• Surrogates accelerate progress. Having a good surrogate of cancer allows for rapid
cycling through novel interventions to identify those that are most promising without
requiring an incidence or mortality endpoint. CIN3 and AIS have HPV genotype
distributions that closely resemble that of invasive cervical cancer [144,168–171]; the
positivity for biomarkers associated with cervical cancer increases with increasing
certainty of pre-cancer [172,173]. Conversely, CIN2, which has been included in
combined endpoint (CIN2 or more severe abnormality (“CIN2+”)) to help power
prevention and screening trials, is highly regressive and is often caused by low-risk
HPV, as a result of likely being an admixture of manifestations of HPV infection (e.g.,
CIN1) and CIN3 rather than a true biological entity [66,174–176]. Thus, its inclusion in
a composite endpoint must be interpreted with caution. As a result of including CIN2
in endpoints, the clinical importance of certain HPV types can be overestimated. For
example, HPV66, which commonly causes CIN2 and low-grade abnormalities [32],
is included in all current HPV tests because of one influential study [33], despite
the fact that it rarely causes cancer [28,29,32] and is not considered a high-risk HPV
type [30,177]. Conversely, HPV18 is often under-represented in CIN3 compared with
its prevalence in cervical cancer [32,168,170,178]. Thus, a weighted average based on
histology and HPV genotype fraction based on cancer may better predict the impact
of an intervention on cervical cancer risk than simple HPV type prevalence when a
surrogate endpoint of CIN2+ is used [174].

• Screening works best as a two-step process. First rule out, then rule in. Typically,
diagnostic tests are used to confirm a disease in a selected population enriched for the
disease of interest, e.g., someone has a symptom, such as fever, and then a diagnostic
test is run to determine the underlying cause. In the case of cancer screening, the
intervention is performed in a population in which cancer and even precursors are
relatively rare. In this scenario, a single-test screening algorithm will have poor posi-
tive predictive value (PPV) unless the test is extremely specific [179], which usually
then sacrifices sensitivity. In the two-step, rule-out/rule-in algorithm, the first, more
sensitive test (HPV) rules out disease in the healthy population. An important but
underappreciated benefit of the rule-out algorithm is providing reassurance against
disease, i.e., telling healthy people that they are healthy and at low risk of cancer.
In the case of HPV testing, testing negative for the cause of cervical cancer allows
screening intervals to be safely extended, reducing screening harms.
When the triage test is applied to the sub-population of screen positives to risk stratify
and determine who needs further evaluation (rule-in), the PPV is much better be-
cause the endpoint of interest is enriched [179]. Using a two-step, rule-out/rule-in
algorithm, populations are stratified into three distinct risk groups, i.e., higher risk
(rule-out+/rule-in+), intermediate risk (rule-out+/rule-in−), and lower risk (rule-
out−), that can be managed according to clinical action thresholds. For example,
HPV+/Pap+ women are sent to colposcopy, HPV+/Pap− are placed under active,
annual surveillance (until there is evidence of increased risk in follow-up), and HPV−
return to routine, 5-year screening. The results of the screening test can be combined
with the triage test results for further risk stratification. For example, if HPV genotyp-
ing for HPV16 and HPV18 is available as part of HPV testing, the three tiers of risk are
(1) HPV16+, HPV18+, or Pap+ go to colposcopy (rule-out+/rule-in+), (2) HPV+ but
HPV16-, HPV18-, and Pap- undergo active annual surveillance (rule-out+/rule-in−),
and (3) HPV- return to routine screening. As a consequence, more high-risk women
are sent for immediate colposcopy, likely increasing programmatic sensitivity.
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Clinical action thresholds (CATs) can be established to guide the optimal management
of women by maximizing the population benefits-to-harms ratio as well as promoting
the principle of equal care for equal risk. CATs, based on risk, are used to guide
clinical decision-making and are informed by sociocultural acceptance of tradeoffs
in benefits and harms. Operationally, both biological (e.g., HPV16 detection) and
non-biological risk factors (e.g., social determinants of health) are integrated into an
individual risk estimate, and the CAT determines whether more (above the CAT)
or less (below the CAT) aggressive intervention is warranted, e.g., colposcopy vs.
surveillance, respectively.

• Implementing best practices is very difficult and slow. Even when the science and
evidence are robust, adoption is slow, especially in “disorganized” healthcare systems,
like cervical cancer screening in the U.S. It has been known that HPV testing is a better
screening test than cytology for 20+ years, but, even now, very few women living in
the U.S. get screened at the recommended screening intervals [180], screening tests are
overused [181], and most U.S. cancer centers do not recommend HPV testing as the
front-line cervical cancer screening test [182]. Vested interests almost certainly played
a role in the slow change from cytology to HPV testing. Without HPV testing, self-
collection will not be an option, which is key to reaching many women who cannot or
will not undergo a pelvic exam or obtain care in the clinic. Implementation research on
how to bring HPV testing into practice and de-implementing cytology-based screening
and over-screening is greatly needed. By comparison, national, publicly funded
healthcare programs, such as those in many European countries like The Netherlands,
tend to be more efficient and have better adherence to guidelines, thereby reducing
costs and harms of screening compared with the U.S. [183,184].

• Systematic Bias. The development of new technologies is subject to systemic biases.
The HPV35 story is an example of such a bias. The formative epidemiological stud-
ies of cervical cancer did not include enough cases of cervical cancer in women of
African descent to detect this important relationship and, consequently, HPV35 is not
included in any current HPV vaccine formulations. Those studies that did include
cases of cervical cancer from WLWH of African descent from sub-Saharan Africa and
differences in type distribution were first attributed to HIV co-infection. Whether
current multivalent HPV vaccines generate enough cross-protection to protect against
untargeted HPV35 is unknown. However, it was recently announced that one vaccine
manufacturer will develop a multivalent (> nine-valent) HPV vaccine that hopefully
will include HPV35 [50].

• New technologies can exacerbate health disparities. The role of Pap in accelerating
global cervical cancer prevention cannot be overstated. Millions of cervical cancers,
and deaths due to cervical cancer, were averted worldwide because of Pap testing,
though these benefits were concentrated in high-resource populations. Another im-
portant contribution of routine Pap testing was helping to elucidate the natural history
of cervical cancer, which had profound consequences for the subsequent development
of newer, more effective technologies directly targeting HPV. Having a Pap as a predi-
cate test facilitated the development of HPV testing. In addition, Pap testing-based
screening identified and validated CIN2/3 as precursors to cervical cancer, which
allowed clinical trials to use them as an early, surrogate endpoint for invasive cervical
cancer, which accelerated approvals of HPV testing and HPV vaccines. That said, it is
time to sunset Pap/cytology for the next-generation test for screening, HPV testing,
which, in addition to better sensitivity and negative predictive value, offers greater
flexibility for screening through self-collection, allowing more women to get screened.
Unfortunately, as discussed below, we are in danger of repeating the same mistakes
as the wealthiest women are given preferential access to these new, more effective,
HPV-targeted technologies for cervical cancer prevention.
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6. Discussion

Despite the successes of Pap testing, the geographical variation in cervical cancer
incidence and mortality in the U.S. and globally highlights important health inequities due
to differential access to high-quality screening and follow-up care. In the U.S., the unequal
burden of cervical cancer is related to many factors including but not limited to social, racial,
sexual, and ethnic discrimination, low income/poverty, stigma, and geographic isolation
such as rurality [3]. Communities with higher rates of cervical cancer mortality have poorer
access to health care in general [185]. State- and county-level cervical cancer mortality is
correlated with increased mortality of other preventable cancers, such as colorectal cancer,
and they are inversely correlated with average per capita income [186]. Counties with
persistent poverty (counties that have had at least 20% of their residents living below the
federal poverty line continuously since 1980) experience significantly higher mortality rates
in several cancers, including cervical, than those with non-persistent poverty [187].

Although HPV-based interventions have the potential to “close the gap” in the cervical
cancer burden in the U.S., they also have the possibility of exacerbating it if the underlying
causes of those disparities are not addressed [3]. The uptake of HPV vaccination, which
was first approved by the FDA in 2006 and recommended by the Advisory Committee on
Immunization Practices in 2007, has been unacceptably low. HPV vaccine coverage with
at least one dose was 25.1% in 2007 and 54% in 2012 [188]. As of 2022, 78% and 65% of
females aged 13–17 years received at least one and all recommended doses of HPV vaccine,
respectively, which was similar to the coverage in 2021 (79% and 64%, respectively) [189].
The percentage of adolescents with at least one HPV vaccine dose declined in those insured
by Medicaid and remained lowest among the uninsured [189]. By comparison, Australia
achieved >70% coverage with three doses of the HPV vaccine in female children in its first
year of introduction in 2007; differences across economic groups were significant [190] but
less pronounced than in the U.S. By 2017, Australia achieved nearly 90% coverage for at
least one dose and 80% coverage for three doses [191]. As of 2018, Australia had not yet
reported a decline in the age-standardized annual rate of cervical cancer incidence [192].

There are several factors that have likely influenced the uptake of HPV vaccination
in the U.S. and perhaps other places in the world. HPV vaccination is mandated only in
Virginia, Hawaii, Rhode Island, and Washington D.C. By comparison, measles, mumps,
and rubella vaccination and diphtheria, tetanus, and pertussis vaccination are mandated
by all states and Washington D.C., and the coverage in 2021 was 91% and 80%, respectively.
Hepatitis B vaccination, which requires three doses, is required by colleges and universities
in about 30% of states and the coverage in 2021 was 91% [193,194]. So, while requiring
vaccination undoubtedly improves coverage, its impact is somewhat variable.

Another factor that appears to influence HPV vaccine updates is the link between
HPV and sex. Parents are still concerned that HPV vaccination may promote high-risk
sexual behaviors in their children [195,196] despite the evidence that HPV vaccination does
not promote compensatory sexual behaviors [197,198]. Messaging to parents and providers
that de-emphasizes HPV vaccination as prevention for a sexually transmitted infection
(STI) and emphasizing its cancer prevention benefits may help [199–201]. Delivering HPV
vaccination as part of the early childhood vaccination schedule, as discussed in Part 2,
would not only simplify HPV vaccine delivery but could help to distance it as an STI
vaccine being delivered to preteens and early teens “before sex starts”.

The role of HPV vaccination in males warrants discussion. In general, gender-neutral
(males and females) will prevent more cancers than female-only HPV vaccination. Im-
portantly, men who have sex with men (MSM) may not benefit from the herd protection
of HPV vaccination of females, as was demonstrated early following the introduction of
HPV vaccination in women in Australia, where genital warts declined rapidly and sharply
in women and heterosexual men but not MSMs [202]. However, while gender-neutral
HPV vaccination is estimated to be a good value, it is generally less cost-effective than
female-only HPV vaccination because females gain the majority of the benefits [203–207].
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Thus, gender-neutral HPV vaccination might be a reasonable healthcare investment in
HICs but rapid, high-coverage HPV vaccination in females should be the priority in LMICs.

Expanding cervical screening in the U.S. via self-collection and HPV testing is a
promising, complementary approach to reaching the sub-population of women who do
not participate in current clinic-based programs. Yet, many of the underlying social de-
terminants of health (SDoH)-related barriers to cervical screening remain [3] and will not
be solved using self-collection alone. Figure 2 highlights some of those delivery barriers
for self-collection-based cervical cancer screening. In the U.S. context, the optimal health
service delivery model has not been established. Community health worker-based/door-to-
door approaches to delivering self-collection devices consistently show greater increases in
screening participation than more passive approaches (e.g., opt-out) [129,208] but they also
require a greater commitment of resources. A recent trial in the U.S. among those receiving
care at a U.S. integrated health care delivery system demonstrated a 17% increase in screen-
ing with mailed self-collection kits in women overdue for screening [209], but these women
are not representative of those who are most underserved by the U.S. healthcare system.Viruses 2024, 16, 1357 15 of 44 
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Figure 2. Some of the barriers and possible solutions for delivering self-collection and HPV testing
for cervical cancer screening along the care continuum in the U.S. † Need to be paid members of the
medical home, which will require a billable CMS code for their services. ‡ Women who test HPV
positive (HPV+) but are negative for HPV16 and HPV18 will need an extra visit for cytology in the
U.S. Self-collected specimens cannot be used for cytology because there are not enough diagnostic
cells, and it is unlikely that the medium used for the self-collected specimen will preserve whole cells.
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There are obvious financial barriers to those who do not have insurance or have
insurance but cannot afford the co-pay for any screening or follow-up care. Of note, recom-
mended cervical cancer screening in the U.S. starts (age 21 years) and ends (age 65 years)
largely before Medicare eligibility begins (age 62 years); therefore, other types of medical
insurance coverage are necessary to pay for care. While the CDC’s National Breast and
Cervical Cancer Program provides screening and diagnostic services [210], and treatment
for cervical pre-cancer and cancer is made available to Medicaid-eligible women through
state Medicaid programs under the Breast and Cervical Cancer Prevention and Treatment
Act of 2000 [211], less than 7% of the 5.3 million eligible women accessed the program
in 2017 [212]. Moreover, there are medical provider deserts, primarily in rural settings,
of gynecologic and radiation oncologists to manage invasive cervical cancers [213–215]
and gynecologists to biopsy and manage pre-cancerous abnormalities [216,217]. Because
follow-up of screen-positives requires clinical visits and pelvic exams, these remain barriers
to the completion of care.

In summary, highly effective tools to prevent cervical cancer are in hand. However, as
discussed in Part 2, the hard work begins now, which is how to make these tools available
to all.

B. Part 2: Moving Forward

Although HPV-targeting interventions for global prevention and control of cervical
cancer have been identified and are robust, their implementation presents many challenges.
Most of these challenges are related to the lack of healthcare infrastructure and financial
and human resources to implement them in LMICs. Investments to address these gaps
lag far behind the technological advances and will be the bottleneck to achieving WHO
goals to reduce the cervical cancer burden worldwide. Some of these barriers for each of
the three target goals are discussed below and summarized in Table 3.

Table 3. Some of the challenges and potential solutions to implementing WHO interventional targets
to achieve cervical cancer elimination. Bold type highlights areas in need of additional research.

HPV Vaccination Challenge Potential Solution (s)

Financial • Cost of vaccines.
• One-dose HPV vaccination.
• Expand GAVI eligibility and include Gardasil-9.
• Use lower cost biosimilars.

Technical/Logistical
• Lack of adolescent health

platform.

• Develop adolescent health platform.
• Include HPV vaccination of infants WHO EPI vaccine

schedule.

Human Capacity

• Expand the providers
who can provide HPV
vaccination.

• Training and certification of community health workers to
vaccinate.

Infrastructure
• Cold chain for vaccine

delivery.
• Develop cold-chain infrastructure.
• Develop temperature-resistant VLP vaccine.

HPV Testing-Based
Screening Challenge Potential Solution(s)

Financial

• Test cost.
• Development of low-cost testing technology.
• Establish a global procurement strategy for laboratory tests

and testing.

• Cost of disposables
(pipet tips, PPE, etc.).

• Tests that require minimal specimen handling and
processing.

• Global procurement strategy for laboratory tests and testing.
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Table 3. Cont.

HPV Testing-Based
Screening Challenge Potential Solution(s)

Technical/logistical

• Getting the specimen to
the HPV test.

• Development and validation point-of-care or near
point-of-care HPV tests.

• Use pre-existing or develop specimen courier networks to
transport specimens to central testing laboratory.

• Management of
HPV-positive women.

• Develop and validate deep learning algorithms for image
analysis to distinguish those with and without cervical
pre-cancer.

• Develop a robust methylation assay that works from a
self-collected specimen.

Human capacity
• Number of trained

technicians,
• Expand training and retention of laboratory technicians;

develop assays that require minimal training.

Infrastructure

• Lack of qualified labs
with “clean rooms” for
PCR-based testing.

• Develop assays that do not require PCR safe testing
environments.

Other

Management/Treatment of
Precursors Challenge Potential Solution (s)

Human capacity

• Limited capacity for
gynecologic services
including colposcopy
and treatment of
precursors.

• Increase gynecology training.
• Develop pan-HPV Therapeutics

• Limited capacity for
pathology.

• Screen and treat; screen, triage (non-pathology methods),
and treat.

• Develop an AI-based digital pathology platform.
• Increase human capacity in histotechnology and pathology.

Infrastructure
• Lack of clinics to provide

services. • Mobile clinics.

Cancer Treatment,
Management, and Care

Financial • Cost of treatment. • Subsidized care based on ability to pay.

Technical/logistical

• Long distances to reach
health care facilities with
cancer care capacities.

• Dedicated transportation for cancer care.

Human capacity

• Lack of gynecologic
oncologists.

• Lack of radiation
oncologists and
technologists.

• Lack of pathologists.

• Training and mentoring programs for staffing of gynecologic
oncology, radiation oncology, and pathology services.

Infrastructure
• Lack of LINACs.
• Lack of brachytherapy.

• Place more LINACs.
• Increase availability of brachytherapy.
• Validate the use of neoadjuvant therapy and surgery.

Policy

• Access to and acceptance
of morphine/opioids for
pain management [218].

• Policy changes and de-regulation of morphine/opioids.
• Education and training on their use and abuse.
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7. Achieving 90% HPV Vaccination

Prophylactic HPV vaccination is the ultimate cervical cancer risk reduction strategy,
but it is not a panacea because there are several generations of adult women who will
benefit little or not all from HPV vaccination. As a result, adult women generally will
not be targeted by public health programs for HPV vaccination, especially those living in
LMICs, because of the relatively poor cost-effectiveness compared with vaccinating younger
females [219,220]. There has been some consideration of delivering HPV vaccination
to adult women undergoing screening [221,222]. Such an approach would primarily
reduce the endemicity of HPV in the population rather than prevent cervical cancer, since
most HPV infections that ultimately cause cervical cancer are acquired before the age of
30 years [166]. It is also unknown whether multiple doses of HPV vaccine would be needed
in this older population, which would logistically complicate its delivery. The cost and the
cost-effectiveness of such an approach have yet to be determined and, given the significant
barriers to delivering screening, this “faster HPV” approach may be limited to certain
settings and target populations.

Relatively few women living in LMICs have received HPV vaccination compared with
HICs [223], further exacerbating the cervical cancer health disparities rather than narrowing
the gap. One-dose HPV vaccination should greatly increase its availability, deliverability,
and affordability for LMICs. Yet, even with one-dose HPV vaccination, GAVI The Vaccine
Alliance (“GAVI”) [224] subsidies, and Pan American Health Organization Revolving Fund
discounted vaccine pricing [225], cost may still be a significant barrier, especially for those
countries ineligible for support through these programs. Indeed, lower-middle-income
countries, which are not eligible for GAVI support, have had much lower HPV vaccine
uptake than low-income countries [223]. Strategies to increase the availability of lower-cost
HPV vaccine doses, including access to biosimilars, expanding GAVI eligibility, and/or the
development of a complementary global procurement mechanism, should help accelerate
HPV vaccine coverage.

Perhaps a more significant challenge is the delivery of HPV vaccination to preteens
and adolescents in some LMICs, especially those in sub-Saharan Africa (SSA), where health
service delivery to this large segment of the population is typically limited and focused
on reproductive health needs, although that is slowly changing [226–232]. Notably, as of
2020, 20% of the world’s population of adolescents, an estimated 250 million people, live in
SSA, and that percentage of the world’s adolescent population is expected to grow to 25%
by 2030 [233,234]. Thus, investment in the infrastructure, particularly in SSA, to develop
more comprehensive adolescent healthcare, especially to deliver preventive services, could
facilitate the delivery of HPV vaccination and have a broad impact on adolescent health.
This could be school-based, although not all adolescents attend secondary education, and
there is a significant decrease in school attendance with increasing age of adolescents,
especially in low-income countries [235], so a secondary system may be needed to achieve
high population coverage of HPV vaccination.

An alternative or complementary strategy is to deliver one-dose HPV vaccination,
if proven safe and highly immunogenic, as part of routine infant/early pediatric (“early
childhood”) vaccination, integrating it with other scheduled vaccines as part of WHO’s
Expanded Programme on Immunization [236,237]. The approach is highly plausible. Many
countries throughout the world have an early childhood immunization program, most of
which have policies that recommend or mandate childhood vaccination, although vaccine
coverage varies by country and correlates with country wealth [238–242]. Nevertheless,
many countries have at least some capacity and infrastructure to deliver HPV vaccination
to these young children. Moreover, existing data indicate long-term, age-specific anti-
HPV titers are higher the younger a person is vaccinated [243–245], suggesting that the
protective anti-HPV antibody titers could be even greater than those seen in preteens.
Importantly, demonstrating that HPV vaccination delivered to infants and young children
generates comparable immunity in adolescence to that generated by the current schedule
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in pre-adolescents would give vaccination programs more flexibility in the delivery of HPV
vaccination at the age that is most convenient.

Those countries that have not introduced HPV vaccination then could choose the most
convenient age group to deliver HPV vaccination for their context. For those countries
in which adolescent HPV vaccination is already offered, two implementation strategies
might be considered. The first is to continue vaccinating preteens and early adolescents
while initiating HPV vaccination in infants and young children. When the first cohort
of infants and young children reach the age of 9 years, vaccination of preteens is phased
out. The second option is campaign-style outreach to vaccinate children from infant and
early pediatric ages to the age at which female children are currently vaccinated, and then
subsequently continue HPV vaccination only of infant/early pediatric females. Of course,
other strategies might be considered and tailored to local needs and resources.

8. Achieving 70% HPV Testing-Based Screening

Globally, the varying ability to effectively implement Pap-based cervical cancer screen-
ing across the world has led to the current large disparities in cervical cancer burden.
Pap testing under the best circumstances is only a moderately sensitive and reproducible
screening method (compared with HPV testing) [122,246], and clinical performance can
only be accomplished when robust, extensive quality assurance and control measures are
taken [247]. There are now decades of experience demonstrating that Pap testing cannot
be successfully and effectively implemented at a population level in LMICs [248–252],
as indicated by the 10-fold disparities in cervical cancer burden worldwide [1], despite
claims to the contrary [253,254]. Whether Pap testing is more affordable than HPV testing
is irrelevant if it cannot be successfully implemented to scale in LMICs, and advocacy for
it gives false hope and delays the implementation of technologies that can realistically
reduce the burden of cervical cancer. In addition, the infrastructure, technical, and human
capacities to provide Pap testing are specialized and cannot be adapted to address other
healthcare needs in LMICs, thereby limiting the value of investing in it. Efforts should focus
on bringing HPV testing technologies to everyone, rather than investing in Pap technology
that cannot be scaled or sustained [253,255]. Or, as discussed below, resources should be
devoted to other preventable/controllable diseases that burden the population even more
than cervical cancer.

HPV testing is now considered the recommended method of cervical cancer screen-
ing [26,256] and, where available, should be considered the preferred, standard-of-care
method. Modeling studies show that a program of HPV testing-based screening offers
greater benefits and reduced harm compared with other methods in the general population
of women and WLWH [257,258].

However, many countries do not have a recommended screening test and others still
recommend cytology and/or visual inspection after acetic acid (VIA), not HPV testing [259].
Worldwide, most adult women have never been screened for cervical cancer with the
following large differences in those who have ever been screened by any method by World
Bank Economic Classification: 84% in high-income, 48% in upper-middle-income, 9% in
lower-middle-income, and 11% in low-income countries [259]. As a first step towards
achieving higher coverage for screening worldwide, national cancer control plans might
consider including recommendations for cervical cancer screening, with HPV testing as the
preferred method and a secondary method of choice as the stop-gap method until HPV
testing becomes available and affordable.

Although HPV testing is more feasible than some methods and more effective than
other methods for routine cervical cancer screening, there are formidable barriers to its
global implementation, especially in LMICs. Importantly, screening is not a test but a
multi-step process, the effectiveness of which is limited by the weakest step. Barriers in this
process include the following: (1) the availability of LMIC-ready, robust, and effective HPV
tests; (2) the limited number of gynecologists and clinicians who can provide colposcopic
services and treatment of precursors; (3) the lack of pathology services; (4) weak health

17



Viruses 2024, 16, 1357

systems to identify, call, and recall women for screening and care, etc.; and (5) the lack of
gynecologic oncologists to surgically remove early cancers and guide care and radiotherapy
services to treat more advanced cervical cancers. A major limitation of the Cervical Cancer
Elimination Initiative [13] is that it did not come with a plan to facilitate access to HPV
testing and treatment.

Technical challenges for implementing HPV testing in LMICs have been discussed
extensively and will be only briefly revisited here [260]. First, tests must have the necessary
characteristics to perform well in many LMIC settings where there is only basic laboratory
infrastructure and limited ability to run complex tests, and they must be performed under
a wide range of environmental conditions. Second, these tests must be validated and easy
to use, have a rapid sample-to-answer turnaround for some health service delivery models,
and minimize biomedical waste, which many LMICs do not have the capacity to manage.
Third, the testing cost, which includes not just the HPV test but all reagents, disposables,
equipment (amortized over its lifespan), and personal protective equipment, must be low
either because of the low cost of the technology itself or a global procurement strategy (e.g.,
a GAVI-like program or organization for in vitro diagnostics). Finally, the test must require
very limited or no equipment; otherwise, all the technical issues related to equipment use
and maintenance will be very problematic over time.

The ideal characteristics for an HPV test may differ by the care delivery model. Fun-
damentally, the three general delivery models include the following: (1) bring a test to
a person; (2) bring a person to a test, i.e., a central facility that has testing capability; or
(3) bring a specimen to a centralized testing laboratory.

In the first scenario, a single-use point-of-care (POC) test, such as a lateral flow test,
might be well suited for a low-volume setting, whereas a small (e.g., 96-well) batch test on a
clinical testing platform might be necessary for medium and higher volumes. In either case,
testing will need to be performed in the most basic setting (e.g., rural health clinic), likely
without any real laboratory infrastructure, and all testing (one or several tests) must be
performed within an hour to minimize the time burden on the women being screened. In
this setting, if it takes several hours to collect the necessary minimum number of specimens
to run a batch test, or the batch test is run with fewer specimens, thereby increasing the
testing costs, this approach becomes less attractive. Alternatively, campaign-style screening
events (i.e., mobile screening units) could be performed with a batch test, but this would
require the necessary logistics to move to different locations and provide comprehensive
follow-up care.

In the second scenario, individuals come to a clinical facility to get tested and care
on the same day. Like the first scenario, testing must be performed in short order to allow
the completion of care in a timely manner, especially since women may travel significant
distances/expend significant time coming to a facility, and there is a real risk of loss-to-
follow-up if they are required to return for a second visit.

However, same-day screen-and-treat is challenging to implement at any scale, except
in the context of research projects with dedicated personnel. In a real-world scenario, there
are many barriers to same-day screen-and-treat, e.g., laboratory personnel have other tests
to run and are not dedicated to HPV testing.

In the third scenario, specimens are collected remotely and tested centrally. Unlike
the first two scenarios, rapid testing is not necessary since screening is not completed
on the same day, but it would require linking the results back to the women and getting
HPV-positive women back to a clinic for follow-up care. Some LMICs may have a specimen
transport network, such as those used to transport blood for HIV and TB testing, which
HPV testing specimens could leverage, as was the case with COVID-19 testing during the
pandemic [261].

Screening algorithms usually rely on pathology to identify those at high risk, but that
is not possible in many LMIC settings. In many LMICs, especially SSA, pathology services
are very limited and unreliable, if available at all [262–264], and will not be able to handle
any increased workload corresponding to scaled-up screening any time soon. Indeed, it is
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not uncommon to find stacks of unread cytology and histology slides in pathology labs
throughout LMICs (personal observations). Machine-learning algorithms for the diagnosis
of histopathology slides might provide a solution in the future [265–268]. However, many
pathology labs do not have access to high-quality chemicals or equipment to fix and process
biopsies, well-maintained equipment to section biopsies, or histotechnologists to prepare
tissues. Therefore, scaled-up screening in these settings cannot rely on cytology as a triage
test or biopsy for diagnosis to guide the management of HPV-positive women.

Non-pathology-based algorithms to manage HPV-positive women will trade program-
matic sensitivity vs. specificity and pragmatic vs. accuracy. The most sensitive and simple
algorithm is to treat all HPV-positive women immediately, but this leads to significant
overtreatment by methods that may increase the risk of pre-term delivery [269]. Treating
those only with the highest-risk HPV types such as HPV16, HPV18, and/or HPV45, which
all next-generation HPV tests identify separately, would reduce overtreatment by roughly
70–80% while treating HPV types responsible for approximately 60–75% of cervical cancer.
An alternative strategy that has been proposed is to screen with only the eight or so most
carcinogenic HPV types that cause approximately 90% of cervical cancer, which is more
specific than tests that include 13 or 14 HPV types. Speculatively, adding VIA to detect the
highest-risk HPV types and find visually concerning abnormalities and cancer might incre-
mentally increase the sensitivity of the triage step, but it may be subject to the same intra-
and inter-provider variability that limits its effectiveness and at the “cost” of performing
many more pelvic exams.

New technologies hold promise in identifying which HPV-positive women are at the
highest risk of cervical cancer more effectively than VIA and could be combined with HPV
genotype information to further risk stratification [155,157]. These methods also require a
pelvic exam and so must be considered in the context of the aforementioned tradeoffs in
performance vs. pragmatism. These include deep-learning/artificial intelligence optical
image analysis of cervical images [155,157] and the use of optical fiber technology to provide
an in situ, in vivo diagnosis [270,271]. Importantly, these technologies work in real time
and thus, packaged with rapid sample-to-answer HPV testing, hold promise for one-visit,
same-day screening algorithms, with only one pelvic exam and completion of care in under
two hours. For remote specimen collection, an LMIC-ready host and/or viral methylation
panel reflex test from the same HPV testing specimen could identify only the high-risk
women who would need to come to the clinic to undergo a pelvic exam for treatment.

The issue of HPV test affordability is best addressed immediately through a global
procurement strategy that buys HPV tests in large quantities to keep prices low as well as
subsidizes costs to the end users, just as vaccines through GAVI [224] and other medications
through The Global Fund. The currently available HPV vaccines would not be affordable
otherwise; so, perhaps it should come as no surprise that neither are current HPV tests.
In the future, lower-cost POC tests [272], near point-of-care batch tests [273], and high-
throughput centralized testing will be more affordable and, therefore, sustainable, and the
appropriate HPV-testing technology can be matched to the care delivery model. Still, these
new HPV testing technologies will need an orchestrated procurement and subsidization
to make them available, especially to those populations of women with the greatest need.
Importantly, HPV testing implementation, especially using clinical testing platforms that
are multi-analyte or adaptable to other diagnostic targets, will build important capacity in
molecular diagnostics for other disease prevention, control, and management.

9. Achieving 90% Treatment

Regardless of the screening modality and delivery model, there must be a linkage
to care to treat cervical cancer precursors and invasive cervical cancer. Otherwise, the
full benefits of screening will be unrealized. Unfortunately, this component of the WHO
strategic plan is the least developed, as it requires significant investment in building
human and infrastructure capacities. Effective treatment of invasive cervical cancer re-
quires human capacities in pathology, gynecology, gynecologic surgery/oncology, and
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radiotherapy [274,275]. To incentivize the investment and development of these capacities
and infrastructure, the WHO cervical cancer elimination plan should include mortality
reduction targets, e.g., reduce cervical cancer mortality by 50% by 2050, akin to Presi-
dent Biden’s aspirational and inspirational Cancer Moonshot goal of reducing all cancer
mortality by 50% in 25 years [276].

Consider that there are approximately 8.1 billion people in the world now, if 7.5% of
the world population are women aged 35–45 years, and only 10% of those have had even
a single high-quality cervical screening in a lifetime, there are approximately 550 million
women who need cervical cancer screening today. Assuming a 20% HPV prevalence and
0.2% cervical cancer prevalence, this will translate into an additional 110 million women
in need of gynecologic care and 1.1 million women with screen-detected cancers that will
need cancer therapeutic services.

There are few surgeons, anesthesiologists, and obstetricians in LMICs [277,278], which
should be taken as a proxy for a lack of gynecology services for the treatment of cervical
cancer precursors. There is also a lack of sufficient expertise to deliver tissue destructive
(excision or ablation) treatment of cervical cancer precursors, which will result in both over-
and under-treatment and sub-optimal effectiveness [279].

Few women with cervical cancer living in SSA receive the cancer care they need [280–282].
In fact, few African countries have the adequate human capacity, equipment, and supplies
to treat cervical cancer. In a survey of African countries, where 43 of 57 responded and pro-
vided data, only 20% were deemed to have adequate gynecologic and radiation oncology
staffing [283]. Twelve countries (22%) reported having no gynecologic oncologists while
24 of 31 countries (77%) with gynecologic oncologists had ≤ five gynecologic oncologists
per 1000 cervical cancer cases [283]. Fourteen countries (26%) reported having no radiation
oncologists, while 21 of 29 countries (72%) with radiation oncologists had ≤ five radia-
tion oncologists per 1000 cervical cancer cases [283]. In comparison, for the approximately
14,000 cervical cancer cases diagnosed in the U.S. in 2023, there were approximately 1300 gy-
necologic oncologists (~93 per 1000 cervical cancer cases) and 5800 radiation oncologists
(~412 per 1000 cervical cancer cases) [284]. A recent study of publicly available databases
from 175 countries estimated that 57% of cervical cancers would require surgery, so an
estimated 630,000 of the 1.1 million screen-detected cases would need surgery if screening
was to scale up globally [215].

Effective treatment of advanced cervical cancer requires radiotherapy, which is best
accomplished using a linear particle accelerator (LINAC) and brachytherapy. Yet, some
LMICs do not have a LINAC, and those that do have insufficient numbers, often only
one or two, to manage the total number of in-country cancer cases, including but not
limited to cervical cancer, needing radiotherapy [280,283,285,286]. Indeed, the International
Atomic Energy Agency ideally recommends four radiotherapy units per million people,
with a minimum of at least 1.5 units per million, and most LMICs fall well short of
that capacity [287–289]. In addition, when a LINAC is in disrepair, it might be years
before it is repaired or replaced. Even when there is LINAC availability, there are also
significant geographical and financial barriers to providing radiotherapy in many of these
settings [280,290–292]. Likewise, brachytherapy is in short supply in Africa [283].

The situation in Uganda a few years ago provides an illustrative example. Starting in
2016, Uganda’s only LINAC, which provided the necessary radiotherapy for only 2.6% of
those in need (1 LINAC vs. the minimum of 60 LINACs needed for a Uganda population of
39 million in 2016), was broken beyond repair, and Uganda had no in-country radiotherapy
available [293]. Cobalt-60 radiotherapy was introduced in 2018–19 as a stopgap [294] until
a single LINAC machine was available in 2021.

Several organizations [295–297] are working to address these gaps in cancer care by
building human capacity and increasing access to radiotherapy. However, at the current
scale of these admirable efforts, the demand is already well beyond the ability of these
activities to address them, that is, before the substantial scale of screening in many countries.
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Therefore, a concomitant increase in the capacity to treat pre-cancer and cancer in
LMICs and low-resourced settings in HICs will need to accompany the scaling-up of
HPV testing-based screening. However, while a commitment to increase treatment and
diagnostic capacities is necessary, it will take years if not decades to achieve them, and
alternative strategies should be considered in the interim. Neoadjuvant chemotherapy
(NACT) followed by hysterectomy has been suggested as an alternative treatment regimen
in the absence of standard-of-care cisplatin-based chemoradiation to treat locally advanced
cervical cancer [290,298,299]. Yet, the evidence for the effectiveness of this alternative
therapy is inconsistent and/or lacking [298–303]. Further research on NACT followed by
hysterectomy is needed to establish its efficacy, for whom it works best, the best practices,
and the training on how to implement it.

Is it ethically acceptable to scale up HPV testing and the treatment of pre-cancer
without the concurrent capacity to treat invasive cancer? On one hand, it violates a well-
accepted doctrine that care must be provided for all who are screened. Yet, many women
would be spared from developing cervical cancer if there is sufficient capacity to treat pre-
cancers even if most cancers could not be appropriately treated. The decision to introduce
screening without the capacity to treat screen-detected invasive cervical cancer is an ethical
dilemma, but the decision must be left to informed, in-country policy makers.

Although the WHO calls for two rounds of screening at ages 35 years and 45 years,
perhaps it is worth considering only screening once in a lifetime for now and targeting
women in a slightly younger and more narrow age group, e.g., 30–35 years of age, in whom
there will be fewer screen-detected cancers and more but smaller pre-cancers that are more
easily and effectively treated [304]. As noted, many countries have never had population
screening for cervical cancer, and it will take time to build the human and infrastructure
capacities to support it. Targeting a smaller population for whom it will be easier to provide
care will give programs a greater chance at early success while building up the capacity to
screen a larger population and treat more advanced disease.

There is a great need for effective HPV therapeutics, which could be coupled with
HPV testing in a simplified screen-and-treat strategy. Unfortunately, there has been little
success to date in developing a therapeutic HPV vaccine with efficacy against cervical
pre-cancer that approaches that of current standards-of-care treatments (e.g., excision or
ablation) (>80%) [84,305,306]. The efficacy of these experimental vaccines has been limited
to approximately 20% and only against HPV16- and/or HPV18-related cervical pre-cancers,
meaning that the population effectiveness for preventing invasive cancer is no more than
~15%. A study of topically applied artesunate showed approximately two-thirds of CIN2/3
regressed, but approximately half of those CIN2/3 retained the causal HPV infection, which
means that it may not have cleared at all [307].

Notably, those trials included CIN2, which often regresses without treatment, espe-
cially in younger women [66]. Thus, even those additional CIN2 observed to regress during
the trial period of observation in the intervention arm may be subject to time interval bias,
and, had the cohort been observed sufficiently long, there would have been no difference in
the regression between the intervention and control arms. In addition, CIN2 is an admixture
of CIN1 and CIN3, i.e., either misclassified CIN1 or CIN3, and a CIN2 diagnosis is poorly
reproducible [176,308], so the transition from CIN2 to CIN1 may not be truly regression
but reclassification. Thus, the population effectiveness in reducing cervical cancer risk of
these HPV therapeutics may be significantly overestimated.

A recent meeting was convened to describe a preferred product profile for an HPV
therapeutic vaccine [86]. Local priming at the cervix may be necessary to recruit effector
T-cells across the basement membrane of the cervical epithelium to the site of the abnormal-
ity [309]. However, as noted, an HPV therapeutic vaccine may be less effective in WLWH,
in whom 6% of cervical cancer occurs [310], because they are immunocompromised. Thus,
a complementary strategy to develop a non-immune-related biological against HPV, such
as an antiviral, should be considered.
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More fundamentally, what is the minimum acceptable effectiveness of such biolog-
ical agents as a substitute for standard-of-care tissue-destructive treatments? The afore-
mentioned meeting [86] suggested that 50% direct efficacy against targeted HPV16- and
HPV18-related CIN2/3 and 50% cross-efficacy against CIN2/3-related types is the mini-
mum. By inference, this would suggest an efficacy of 50%, but that assumes equal efficacy
against CIN3 and CIN2, the latter of which is more likely to regress on its own [66], and
that women get the full regimen of multiple treatments. Nor is cross-efficacy assured,
at least for a therapeutic vaccine, given that they typically target E proteins that are less
well conserved between types than L proteins, which do show some cross-protection as
prophylactic vaccines, but not so much that it stopped the development of next-generation
prophylactic vaccines are multivalent to provide broader protection. Thus, it is reasonable
to assume that effectiveness might be significantly less than 50% for the base-case product.
When used correctly, tissue-destructive methods, such as excision and ablation, are highly
effective (~5–10% failure rate, i.e., 90–95% effective) [311], but, as discussed, they are much
more difficult and more resource-intensive to deliver effectively. Is it ethical to deliver
the lesser therapeutic option knowingly, given that it is likely to be less efficacious but
potentially more effective? Ultimately, should such a biological therapeutic emerge with
lower efficacy, local policy makers will need to weigh those tradeoffs and decide.

10. Cancer Care

Although not included in the WHO’s targets for cervical cancer control, palliative care
is a critical component in the cancer care continuum and cannot be overlooked. Women
living in LMICs and identified clinically or by screening with incurable late-stage cervical
cancer will need palliation for the highest quality of life for as long as possible. How-
ever, like with the other components of a comprehensive cervical cancer control program,
there are huge health inequities between HICs and LMICs in terms of access to palliative
care and opioid medications for pain control and cancer care [218,312–315]. As of 2013,
no African country had all seven essential opioid formulations (immediate-release oral
morphine; controlled-release oral morphine; injectable morphine; oral immediate-release
oxycodone; transdermal fentanyl; oral methadone) recommended by the International
Association for Hospice and Palliative Care [218]. A number of factors impact access to
these medications, including eligibility restriction, physician prescriber restrictions, no
emergency prescriptions by fax/phone or non-medical prescribing, limited prescription du-
ration, no pharmacist authority to correct prescription, and increased bureaucratic burden
of prescriptions, restricted dispensing sites, and negative language in laws.

11. Other Barriers

Another very underdeveloped capacity for delivering a comprehensive cervical cancer
elimination plan is the maintenance and repair of equipment. As noted, LINAC machines
fall into disrepair, and there must be a plan in place to maintain them [316], especially in the
lowest-resourced countries in the world, where LINAC availability is already well below
what is needed. Human and infrastructure capacities to provide preventive maintenance
and repairs for equipment are greatly lacking in LMICs [317]. It is very common to walk
through clinics and hospitals and see hallways cluttered with broken donated state-of-
the-art equipment that may never be repaired (personal observation) because often the
equipment needs to be shipped to another continent, usually the U.S., Europe, or Australia,
for repair and that just does not happen. Thus, the cost is more than the equipment itself,
and investment in the infrastructure to provide maintenance and repair services locally
will be critical for the sustainability of a cervical cancer control program.

12. Other Opportunities for Global Cancer Control

It is expected that other HPV-related cancers, anogenital cancers (anus, vulva, and
vagina), and oropharyngeal cancer will decrease significantly from HPV vaccination, but,
like with the cervix, it will take years if not decades before the impact will be observed.
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Strategies to pool data from countries that have adopted HPV vaccination early and have
good cancer registries (preferably with medical record linkage to vaccine status) will
help accelerate the generation of evidence that HPV vaccination is a broadly protective,
cancer-preventive vaccine and hopefully encourage its greater uptake.

Treatment of anal cancer precursors reduces anal cancer incidence [318]. There are
recommendations for screening, by cytology and/or HPV testing, and management of
positives, primarily targeting high-risk, HIV-infected individuals (men who have sex with
men and transgender women) but also extending to intermediate-risk individuals [319].
Given the greater morbidity in treating precursors of anal cancer compared with cervical
cancer and the lack of providers who can provide high-quality anoscopy, restricting to
high-risk individuals is the most practical and likely to be the most cost-effective.

Targeting other oncogenic infections, such as Epstein–Barr virus (EBV), which causes
nasopharyngeal cancer and lymphomas, hepatitis C virus (HCV), which causes liver cancer,
and h. pylori, which causes non-cardia gastric cancer, is perhaps the next best opportunity
to prevent/control a significant number of cancers globally. Active HCV can be detected
using mRNA assays and treated with directly acting anti-viral medications to prevent liver
cancer, but only 20% of liver cancers are due to HCV [320]. Nevertheless, a vaccine against
HCV could simplify its global control. EBV vaccines are in development [321,322], but
there is no identified nasopharyngeal precursor, and sampling the nasopharynx is more
invasive than sampling the cervix. Whether a vaccine demonstrating that it prevents or
treats EBV, or even prevents multiple sclerosis [323], is sufficient for regulatory approval
instead of a cancer endpoint is unknown. Screening for EBV serum biomarkers for NPC
control in high-risk populations is promising [324].

Gastric cancer [325] is one of the most common cancers, with an annual incidence of
1.1 million cases and an annual mortality of 0.77 million people, globally. Like cervical
cancer, gastric cancer is characterized by order-of-magnitude differences in burden between
high-burden and low-burden countries, like the U.S. Most of those gastric cases are non-
cardia cancers caused by H. pylori infection. In the U.S., gastric cancer is a multiple
disease with multiple causes, with H. pylori-related non-cardia cancer mostly affecting
immigrant populations from high gastric cancer-burden countries [326–328]. Although
population-level antibiotic treatment of H. pylori infection significantly reduces the carriage
of H. pylori [329], H. pylori infection recurs soon after antibiotics are stopped [330], and
the widespread use of antibiotics raises concerns about antibiotic stewardship in general
and antibiotic resistance of H. pylori [331–334]. Yet, despite the overall global burden of
and large health disparities in gastric cancer, research on developing alternative strategies
for gastric cancer prevention and control is lagging [335]. Like with cervical cancer, a
multi-prong strategy of targeted prophylaxis to prevent or treat early H. pylori infection,
screening and interception of chronic H. pylori infection or possibly gastritis [336–338], and
mitigation through early detection of gastric by endoscopy of high-risk populations might
be considered now, but a biological (e.g., vaccine) against H. pylori would greatly facilitate
gastric cancer control [339–341]. Novel delivery strategies for screening might improve
coverage and cost-effectiveness, e.g., combining fecal screening for H. pylori antigen or
DNA and colorectal cancer testing (FIT) to increase screening for both gastric and colorectal
cancer [342–344], and targeting families of those known to have a H. pylori infection, since
they likely share the same H. pylori infection, for screening and H. pylori treatment [345].
If an H. pylori vaccine is therapeutic, an H. pylori screen-and-vaccinate approach might be
highly effective.

13. Final Comments

Cervical cancer is the cancer for which we have the greatest opportunity, through
HPV-targeted interventions, to control and reduce the burden of a cancer worldwide. As
discussed, there are several advancements that would accelerate this process, which are
highlighted in Table 3. Still, even with current technologies, we could save millions of lives
over the next decades.
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Indeed, if we cannot do it for this cancer, what chance do we have to do it for any other
cancer? Unfortunately, those with greater resources are the ones who are given preferential
access to newer, more effective, HPV-targeted technologies, rather than equitable access for
all, potentially exacerbating health inequities first introduced with Pap testing. We are now
challenged to reverse the historical trends for these and virtually all health technologies
and interventions and achieve universal access and delivery to “close the gap”.

A comprehensive care program, from prophylaxis to palliation, must include the
missing but necessary investments to build human and healthcare infrastructure capacities
(including electronic health records) for delivery, as well as a global procurement strategy
that makes access to these life-saving and live-improving interventions equitable. While
the WHO’s call to action for cervical cancer elimination as a public health problem is
inspirational, a major human- and infrastructure-capacity-building investment must be
made to realize it. Who is going to make that commitment?

The question of “How good is good enough?” also needs to be asked in relation to
cervical cancer control. If the world’s female population is vaccinated with a multivalent
HPV vaccine at sufficiently high coverage, the incidence and mortality of cervical cancer will
likely decrease almost an order of magnitude compared with today’s rates and approach the
age-standardized rate of 4 cervical cancers per 100,000 that WHO has set out as threshold
for cervical cancer elimination as a public health problem. Although a combined strategy
of HPV-based screening with HPV vaccination will accelerate the control of cervical cancer
compared with HPV vaccination alone [15], its implementation is much more challenging
because of the greater costs and human resource and logistical requirements, and, on a
population level, fewer benefits and more harms. HPV vaccination is being implemented
more rapidly than HPV testing because vaccination is a “simpler” process, i.e., one shot
and one visit, vaccines are cheaper than HPV tests, and nearly every country has some
infrastructure and expertise for vaccination; most if not all of the 194 WHO member
states have at least diphtheria–tetanus–pertussis, hepatitis B, Haemophilus influenzae type b,
measles-containing, and polio vaccines, and more than 60% have HPV vaccines, included
in their routine vaccination schedules [346]. Several countries in Latin America started
vaccination more than a decade ago, and they are still struggling to implement HPV screen-
and-treat. In the absence of those investments needed for screening, interventions that may
be best buys and the easiest to implement might be those at the beginning and end of life
through prophylactic HPV vaccination in young childhood and palliation, including access
to narcotic drugs for pain control, for incurable cervical cancer, respectively.

Unfortunately, the roll-out of HPV vaccination in LMICs has been much slower than
desirable, and relatively few women living in LMICs have received HPV vaccination since
it was first available almost two decades ago. As a consequence, there was a missed oppor-
tunity to HPV vaccinate approximately 1 billion preteen women over the last ~15 years,
which could have averted approximately 10 million cases of cervical cancer over the next
30 years.

Importantly, while cervical cancer is uniquely preventable, its prevention must be
placed in the context of local needs and resources: it is not a leading cause of death
worldwide or in any World Bank classification of economies or continents [347]. Meanwhile,
other preventable causes of death, such as heart disease and diabetes, are far more common
causes of mortality [347,348]. Lack of access to clean water and associated diarrheal diseases
kills more than an estimated 1.2 million people worldwide, many of whom are children
living in LMICs [347,349]. Therefore, local needs and priorities should drive resource
allocation to cervical cancer programs.

An investment in cervical cancer prevention and control could be catalytic if made
with an eye toward addressing the broad set of health needs and inequities experienced
by resource-constrained populations. As noted, the high cervical cancer burden in regions
within HICs and LMICs across the world is a signpost for cancer and other health dispar-
ities [185]. We need to consider women as a whole being, not just their cervix, and their
family and community if we are to move towards health equity globally. Reducing maternal
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mortality, e.g., cervical cancer-related mortality, reduces intergenerational consequences of
those deaths, including orphaning of children and childhood death [350,351].

Such an investment would build the human, health system, and technical capacities
to address the cluster of chronic and non-communicable diseases that still differentially
burden lower-resourced populations [186]. This includes improved health systems and the
introduction of electronic health records [352] to track and guide the care of patients, human
capacity in medicine and public health to deliver care, molecular diagnostics, palliative
care, etc. Just as the initiation of the 20th-century space program undoubtedly led to the
technological revolution in the 21st century, an investment in cervical cancer prevention
and control in the 21st century could lead to a health revolution in LMICs and HICs in the
22nd century. The World Health Organization (WHO) has a call to action. We have talked
the talk—will we walk the walk?
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Abstract: Human Papillomaviruses have been associated with the occurrence of cervical cancer, the
fourth most common cancer that affects women globally, while 70% of cases are caused by infection
with the high-risk types HPV16 and HPV18. The integration of these viruses’ oncogenes E6 and E7
into the host’s genome affects a multitude of cellular functions and alters the expression of molecules.
The aim of this study was to investigate how these oncogenes contribute to the expression of immune
system control molecules, using cell lines with integrated HPV16 genome, before and after knocking
out E6 viral gene using the CRISPR/Cas9 system, delivered with a lentiviral vector. The molecules
studied are the T-cell inactivating protein PD-L1, its transcription factor HIF-1a and the latter’s
negative regulator, miR-143. According to our results, in the E6 knock out (E6KO) cell lines an
increased expression of miR-143 was recorded, while a decrease in the expression of HIF-1a and
PD-L1 was exhibited. These findings indicate that E6 protein probably plays a significant role in
enabling cervical cancer cells to evade the immune system, while we propose a molecular pathway in
cervical cancer, where PD-L1’s expression is regulated by E6 protein through a miR-143/HIF-1a axis.

Keywords: HPV16; cervical cancer; immune escape; hypoxia; microRNAs; E6; PD-L1; HIF-1a;
miR-143

1. Introduction

Cervical cancer is the fourth most common type of cancer among women worldwide,
while more than 95% of total cases are linked to infection with the Human Papillomavirus
(HPV) [1,2]. In 2020, there were 604,000 cases of cervical cancer, 342,000 of which led
to death [2]. The vast majority of these cases were limited to low- and middle-income
countries, considering the lack of prophylactic vaccines and screening methods that are
widely used in high-income countries and serve as means for the prevention and early
diagnosis of the disease [1,3].

Human Papillomaviruses can be classified according to their ability to either cause
benign lesions (low-risk, LR) or lead to several types of cancer (high-risk, HR) [4]. Two
of these, HPV16 and HPV18, are responsible for most HPV-related cancers and are the
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causative agent for approximately 70% of all cervical cancer cases, while HPV16 by its own
is responsible for 55% of all cases [4,5].

The HPV genome is a small circular double-stranded DNA of almost 8 kb and it is
segmented into three regions: the early region (E) that encodes proteins E1, E2, E4, E5, E6
and E7, the late region (L) which encodes proteins—and L2, and the long control region
(LCR) also known as non-coding region (NCR) or upstream regulatory region (URR) [6,7].
The early proteins are necessary for genome replication and transcription, with E5, E6, and
E7 being responsible for oncogenesis [4,6]. L1 and L2 are important for the viral structure,
given that they code the major and minor capsid proteins, respectively, whereas the LCR
region does not code any proteins but contains various binding sites for transcription
factors [6].

During HPV infection, the viral genome that naturally exists in a circular episomal
form can break and integrate into the host’s genome, an event that aids cancer progression.
The most common site of integration has been reported to be the E2 ORF, resulting in the
loss of the E2 protein, which normally negatively regulates the E6 and E7 oncoproteins [7,8].
Additionally, throughout persistent HPV infection, multiple HPV genes can be expressed
by a single strand as a polycistronic pre-mRNA, while several transcripts are produced
by alternative splicing, which generates different mRNA expression patterns. Alternative
splicing within E6–E7 ORFs is a really common for HR-HPVs, in contrast to LR-HPVs
where no splicing in this region has been noticed [9]. Apart from the full-length E6, which
is produced from mRNAs with no splicing within E6 ORF, alternative splicing can generate
several transcripts containing E6 truncated mRNAs, named E6*I, E6*II, and E6ˆE7, which
are derived from a donor splicing site within the E6 ORF and one of the various acceptor
sites located in the early mRNA [9,10]. Protein products generated from the HPV16 E6*I
and E6*II transcripts are quite similar. However, it is suggested that they might play
different cellular roles, enriching the ways HPV16 can dysregulate the host’s molecular
networks and pathways [10].

E6 and E7 activation plays a pivotal role in the development of cancer, considering
these proteins’ ability to interfere with many cellular pathways, but most importantly
by dysregulating cell cycle, proliferation and apoptosis [6,11]. The way to achieve that
is with the well-established process of ubiquitin-dependent proteasome degradation of
p53—which regulates apoptosis—by E6 and the inhibition of the retinoblastoma protein
(pRb) —which promotes cell cycle progression—by E7. However, E6 seems to partic-
ipate in another crucial part of malignancy progression, the evasion of host’s immune
system [11,12].

HPV is considered a successful pathogen as it has the ability to evade host immune
responses and establish long-term persistent infection. The immune checkpoints are critical
to maintain tolerance against autoimmunity in physiologic conditions [13]. Programmed
cell death protein 1 (PD-1) is a transmembrane protein that acts as a checkpoint molecule
on T cells and is overexpressed in the tumor environment [13,14]. Its ligand, programmed
death-ligand 1 (PD-L1), is a critical immune checkpoint molecule that has also been ob-
served to be overexpressed on several types of tumors, and cervical cancer appears to be
no exception [15,16]. PD-L1 (encoded by CD274) is a transmembrane protein synthesized
in the endoplasmic reticulum of tumor cells and its interaction with the programmed cell
death protein 1 on T-cells restrains antitumor immunity by T-cell activation inhibition
or apoptosis, thus leading to cancer’s immune evasion [15,17]. This information renders
PD-L1 a possible candidate as a biomarker for cancer prognosis as well as a target for
cancer treatment [14,16]. PD-L1 has also been reported to be upregulated under hypoxic
conditions, a significant characteristic of tumor microenvironment [18,19].

HIF-1α is a transcription factor that plays a central role in the response to low oxygen
levels, or hypoxia, within the tumor microenvironment [20]. HIF-1α’s primary function is
to enable cells to adapt to low oxygen, making it a critical player in the survival of both
normal and cancer cells [19]. The interaction between PD-L1 and HIF-1α is complex. Under
conditions of hypoxia, HIF-1α can upregulate the expression of PD-L1 in cancer cells. This
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means that in the hypoxic regions of tumors, where immune cells often struggle to function
due to low oxygen levels, cancer cells can increase their expression of PD-L1 [18,21,22].
Consequently, this makes the tumor microenvironment even more inhospitable to immune
cells, allowing the cancer to evade detection and destruction by the immune system [21,22].

MicroRNAs are small non-coding RNA molecules of 19–25 nucleotides that target and
regulate a multitude of mRNAs [23]. The observation that these molecules’ expression is
differentiated in several diseases, including cancer, has put a magnifying lens on them as
possible biomarkers or therapeutic targets [24,25]. As far as HPV-related cervical cancer
is concerned, it has been reported that HPV’s oncoproteins, E6 and E7, seem to target
and modify the expression of a plethora of miRNAs, consequently intervening in cellular
pathways [23]. HIF-1a appears to be targeted by various microRNAs, one of which is miR-
143 that has been reported to negatively regulate the expression of HIF-1a [20,26,27]. Finally,
studies on miR-143 have shown the molecule’s aberrant expression in different types of
cancer, with the example of cervical cancer, where miR-143 is down-regulated [24,27].

The aim of the present study is to investigate whether HPV16 E6 oncoprotein plays an
interplay with a host’s critical immune checkpoint molecule, as well as a known transcrip-
tion factor that regulates its expression. Undertaking this endeavor, we are committed to
understanding the mechanism behind this interaction, with the exploration of a network or
a possible molecular pathway that includes HPV16 E6, a miRNA, HIF-1a and PD-L1 that
probably promotes cervical cancer’s immune evasion.

2. Materials and Methods
2.1. Cell Cultures

SiHa, CaSki and HEK293T cell lines were purchased from the American Type Culture
Collection (ATCC) (Manassas, VA, USA) and grown in Dulbecco’s Modified Eagle medium
(DMEM, Biowest #L0103) supplemented with 10% fetal bovine serum (FBS, Biowest #S1810)
(Gibco/Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 1% L-Glutamine
(Biowest #X0550) and 1% Penicillin-Streptomycin (Biowest #L0022). According to the
ATCC, SiHa cells contain 1–2 copies of the HPV16 genome per cell, whereas CaSki cells
contain approximately 600 copies per cell. HCK1T cervical keratinocytes were purchased
from Dr Tohru Kiyono of the National Cancer Center Research Institute (Chuo-ku, Tokyo,
Japan) [28] to be used as a control and were cultured in KSFM (Keratinocyte serum-free
medium, Gibco, #17005042) supplemented with 25 mg Bovine Pituitary Extract (BPE),
2.5 µg EGF, 1% L-Glutamine and 1% Penicillin-Streptomycin as proposed [29]. All cell
lines were cultured in a humidified incubator at 37 ◦C with 5% CO2. Wild type cells were
harvested after reaching approximately 80% confluence in 100 mm cell culture dishes.

2.2. Lentivirus Construction and Cell Transfection

The CRISPRdirect online tool (https://crispr.dbcls.jp/ accessed on 10 January 2023)
was used to design HPV16 E6 specific sgRNAs that include the PAM sequence, neces-
sary for the recognition from the CRISPR-Cas9 system. Several proposed sgRNAs were
tested in order to opt for the sgRNA set that knocks E6 out sufficiently. The sgRNAs we
ended up using were 16E6T2A (5′-CACCGTCCATAATATAAGGGGTCGG-3′) and 16E6T2B
(5′-AAACCCGACCCCTTATATTATGGAC-3′) and they were used for ligation into the lenti-
CRISPRv2 plasmid (Addgene #52961) which was digested with the BsmBI-v2 digestion
enzyme (New England Biolabs, #R0739). The ligated plasmid was cloned into TOP10
competent cells via heat shock and grown on LB agar plates supplemented with ampicillin
(100 µg/mL). Colonies were subjected to colony PCR to ensure successful insertion of
the sgRNAs, using the universal primer hU6-F (5′-GAGGGCCTATTTCCCATGATT-3′)
as a forward primer and as a reverse primer, the reverse sgRNA of each pair. Positive
colonies were grown overnight in LB broth supplemented with ampicillin (100 µg/mL).
The plasmid was extracted using the MACHEREY-NAGEL Plasmid DNA purification
NucleoBond Xtra Maxi (#740414) and was used for transfection of HEK293T cells, using the
calcium phosphate method, with the packaging and envelope plasmids psPAX2 (Addgene
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#12260) and pMD2.G (Addgene #12259). The produced lentivirus was isolated 3 days later
by penetrating the media of the transfected cells through a 0.45 mm filter and was used
for the transduction of SiHa and CaSki cells which have the HPV16 genome integrated,
aiming to knock-out the E6 oncogene. Optimal lentivirus concentration was determined
by using various concentrations of a lentiviral system expressing the green fluorescent
protein (GFP). Transfected cells were selected with puromycin (4 µg/mL). In order to have
sufficient RNA and protein to extract from the KO cells and to avoid extensive cell-death,
transfection was performed in ~80% confluent cells in 100 mm culture dishes and the
cells were harvested 4 days post-transfection. Concurrently, we conducted an experiment
in which we possessed 3 flasks of the same cell line: one control (untreated cells), one
transfected flask (harvested 4 days after puromycin treatment which is the flask used for
in vitro experiments) and one flask as apoptosis «observatory», in order to evaluate both
changes to cell morphology and decrease in number of viable cells. Successful E6 knock-out
was confirmed by checking p53 protein levels.

2.3. Western Blot

Protein was extracted from harvested cells using an RIPA buffer (Cell Signaling,
#9806) supplemented with PMSF (Cell Signaling, #8553) and protein concentration was
calculated with Bradford assay. Total protein extracts were subjected to electrophoresis on
10% SDS-polyacrylamide gels and transferred on PVDF membranes. After blocking with
5% non-fat milk in TBS-T, the membranes were probed overnight at 4 ◦C with the following
antibodies diluted in the same blocking buffer: anti-p53 (1:2000, mouse, Dako, #M7001),
anti-HIF-1a (1:1000, rabbit, Cell Signaling Technology, #36169), anti-PD-L1 (1:500 mouse,
Origene, #TA808771), and anti-β-actin (1:2000, mouse, Cell Signaling Technology, #3700).
Then, the membranes were washed with TBS-T and incubated for 1 h at room temperature
with the following species-specific HRP-linked secondary antibodies: anti-mouse (1:4000
Cell Signaling Technology, #7076) and anti-rabbit (1: 4000 Cell Signaling Technology,
#7074). After brief washing with TBS-T, membranes were incubated with LumiGLO
chemiluminescent substrate and hydrogen peroxide (Cell Signaling Technology, #7003) and
pictures were captured using the Invitrogen iBright FL1500 Imaging System.

2.4. qPCR

Harvested cells were subjected to RNA extraction using the TRIzol™ Reagent. Then,
the RNA was used for cDNA synthesis, using both SuperScript III Reverse Transcriptase
(Invitrogen, #18080) and Mir-X™ miRNA First Strand Synthesis Kit (Takara, #638315). The
cDNA was used as a template for qPCR, for which we selected the following primer sets:
HIF-1aF (5′-TCTCCATCT-CCTACCCACATACA-3′) with HIF-1aR (5′-TGCTCTGTTTGGTG
AGGCTGT-3′), PD-L1F (5′-TATGGTGGTGCCGACTACAA-3′) with PD-L1R (5′-TGGCTCC
CAGAATTACCAAG-3′), and GUSBF (5′-CTCATTTGGAATTTTGCCGATT-3′) with GUSBR
(5′-CCGAGTGAAGATCCCCTTTTTA-3′). GUSB was used as the internal control for com-
parative CT analysis. For miR-143 detection, a miR-143 forward primer was designed using
the miRprimer2 software version 2.0 (5′-TGCAGTGCTGCATCTCT-3′) and a universal
miRNA reverse primer was used that was supplied from the Mir-X™ miRNA First Strand
Synthesis Kit. The same kit provided us with a U6 forward and reverse primer set to use as
the internal control for comparative CT analysis. The mastermix used was Xpert Fast SYBR
(GRiSP, #GE20). Samples were run in an Applied Biosystems StepOnePlus™ Real-Time
PCR System and results were received through the StepOne Software v2.3.

2.5. Statistical Analysis

Western blot images were quantified using ImageJ (v1.54g) and protein expression
was normalized to β-actin expression levels. qPCR results were analyzed using the ∆∆Ct
method on Microsoft Excel for Microsoft 365 MSO (Version 2309). All experiments were
conducted in triplicates. The graphs were created in GraphPad Prism 8 and presented as
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mean with SD. Finally, an unpaired t-test was applied to examine our results, considering a
p value ≤ 0.05 to be statistically significant.

3. Results
3.1. p53 Protein Levels as a Marker for Successful E6 Knock-Out

To confirm the successful knock-out of the E6 oncogene in the transfected cell lines
that carry the HPV16 genome, we determined p53 protein levels via Western blot, taking
into consideration the fact that E6 integration and activation into the host’s genome leads to
p53 degradation and contributes to the establishment of the proliferative profile of cancer.
As it is presented in Figure 1, the E6KO SiHa and CaSki cell lines exhibit a statistically
significant rise in the p53 protein levels when compared to the wild type (WT) control
cells. To be precise, in the E6 knock-out cell lines, a second band appears in the blots which
can be attributed to the presence of the ∆40p53 isoform of the p53 protein that is mainly
targeted and degraded by the E6*II splice variant of E6 [10]. These results show that p53
degradation is reduced in the E6KO cell lines, meaning that E6 is sufficiently silenced.

Figure 1. (a) Western blot for p53 in SiHa and CaSki cell lines, before and after E6 knock-out.
β-actin served as the internal control; (b) Bar graphs depicting p53 levels in the cell protein extracts.
** p ≤ 0.01.

3.2. E6KO in Cervical Cancer Cell Lines Downregulates PD-L1 Expression

Firstly, the mRNA levels of PD-L1 were calculated via qPCR to determine whether
PD-L1’s gene expression levels are upregulated in SiHa and CaSki wild type cell lines in
comparison with the normal cervical keratinocytes HCK1T. As shown in Figure 2a, we
indeed noticed a more than threefold increase in PD-L1’s transcript levels in the cancer
cell lines. However, PD-L1 is significantly downregulated in the E6KO cell lines. This was
further confirmed with Western blot targeting PD-L1 in protein extracts derived from SiHa
and CaSki cells before and after E6KO, shown in Figure 2b,c. Additionally, PD-L1 levels
of E6KO cells were compared to HCK1T cells and displayed non-significant differences
(Figure S1). These results suggest that PD-L1 overexpression in HPV16 positive cervical
cancer is related to the activation of E6 in the tumor microenvironment.

3.3. HIF-1a Expression Is Controlled by E6 in Cervical Cancer

In order to assess HIF-1a expression, we conducted qPCR on the cDNAs created
by the cell lines’ RNA extracts. As it can be observed in Figure 3a, hypoxia-inducible
factor-1a is upregulated in cervical cancer cells in comparison to the normal cervical cells.
Conversely, the knock-out of E6 appears to result in a decrease in the transcript levels of
HIF-1a, proposing that the aforementioned upregulation is an aftereffect of the E6 activation
in HPV16 derived cancer. Moreover, after knocking E6 out, HIF-1a levels seem to be similar
to the normal cervical keratinocytes (Figure S2). Additionally, as shown in Figure 3b,c,
HIF-1a protein levels seem to significantly drop in the KO cell lines, further supporting
this hypothesis.
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Figure 2. (a) Bar graphs representing qPCR results. WT cervical cancer cell lines SiHa and CaSki were
compared to normal cervical keratinocytes HCK1T, while E6KO SiHa and CaSki were compared to
the WT strains. PD-L1 expression was normalized with GUSB; (b) Western blot for PD-L1 in SiHa
and CaSki cell lines, before and after E6 knock-out. B-actin served as the internal control; (c) Bar
graphs depicting PD-L1 levels in the cell protein extracts. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Figure 3. (a) Bar graphs representing qPCR results. WT cervical cancer cell lines SiHa and CaSki were
compared to normal cervical keratinocytes HCK1T, while E6KO SiHa and CaSki were compared to
the WT strains. HIF-1a expression was normalized with GUSB; (b) Western blot for HIF-1a in SiHa
and CaSki cell lines, before and after E6 knock-out. β-actin served as the internal control; (c) Bar
graphs depicting HIF-1a levels in the cell protein extracts. * p ≤ 0.05, ** p ≤ 0.01.
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3.4. E6 Inactivation Increases miR-143 Levels

Lastly, we needed to evaluate microRNA-143 expression levels in the cell extracts. To
this end, we conducted qPCR using microRNA-specific cDNA libraries of the cell lines
and the results we received are presented in Figure 4. miR-143 seems to be downregulated
in WT SiHa and CaSki cells when compared to the HCK1T keratinocytes. Nonetheless,
miR-143 is considerably upregulated in the cancer cell lines subjected to E6 knock-out and
does not show significant difference in expression when compared to the HCK1T cells
(Figure S3).

Figure 4. Bar graphs representing qPCR results. WT cervical cancer cell lines SiHa and CaSki were
compared to normal cervical keratinocytes HCK1T, while E6KO SiHa and CaSki were compared to
the WT strains. miR-143 expression was normalized with U6. * p ≤ 0.05, ** p ≤ 0.01.

4. Discussion

Cervical cancer is the most common HPV-related disease with an overall 5-year rela-
tive survival rate of 67% [2,30]. Patients diagnosed with cervical cancer may be subjected
to a variety of treatment schemes consisting of radiation therapy, chemotherapy and im-
munotherapy, to name but a few [30]. An immunotherapy drug that has shown potential in
increasing survival rate to patients with different types of cervical cancer is Pembrolizumab,
a monoclonal antibody that targets and binds on the PD-1 protein on the surface of T-cells,
thus denying PD-1/PD-L1 interaction and allowing T-cell mediated destruction of cancer
cells [31,32]. Several studies have reported that a great number of cervical carcinomas
overexpress PD-L1 [15,16,31,32], findings that go in line with the results of our study, where
we showed upregulated expression of the specific molecule in cervical cancer cell lines
that carry the HPV16 genome. So, our initial scientific question was the possible role of
viral oncogenes and specifically of E6, in pathways that take part in PD-L1 regulation, to
answer this question regarding the knocking-out of E6 oncogene constituted our strategy.
Definitely, we strongly kept in mind that E6 knockouts lead to apoptosis and cell death of
HPV containing cell lines [33]. Provided that for the apoptotic response 4–6 days are needed
in order to notice any difference in cell viability [34], cells in our experimental model were
harvested 4 days post-transfection while an additional flask with E6 KO cells evaluated in
parallel both for changes to cell morphology and decrease in number of viable cells.

As far as HPV16-related cervical cancer is concerned, our results indicate that the E6
oncoprotein seems to contribute to the PD-L1 overexpression, considering that PD-L1 levels
drop significantly in the cell lines that have gone through E6 knock-out. This implies that
E6 integration in the host’s genome triggers a number of alterations that ultimately lead
to cancer cells escaping immunosurveillance. In order to unravel the mystery of which
molecules take part in this event, it was important to examine PD-L1’s transcription factors.
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Hypoxia-inducible factor-1a is an important transcription factor that has been proven
to act as a master regulator of quite a few genes, especially in the hypoxic tumor microen-
vironment where HIF-1a thrives. In a normal aerobic environment, HIF-1a is regulated
by the ubiquitin-protease system, so its expression in normal cells is not stable. On the
contrary, in the tumor microenvironment, hypoxia leads to the continuous accumulation
of HIF-1α, making cancer cells continuously adapt to hypoxia [35]. HIF-1a is in an inter-
play with all hallmarks of cancer, like genomic instability, inflammation, vascularization,
tumor invasion and survival, amongst others [36,37]. Furthermore, there is strong evidence
that HIF-1a reinforces cancer’s immune evasion by dysregulating various characteristic
mechanisms of immune response, like the production of cytokines, assisting the activity of
immunosuppressive M2 macrophages in addition to inducing the expression of immune
checkpoint inhibitors [38,39]. PD-L1 is one of these immune checkpoint molecules that fall
under the regulatory control of HIF-1a.

Studies in the past have showcased HIF-1a’s ability to positively regulate PD-L1
under hypoxic conditions, as well as HPV16 E6’s upregulation of HIF-1a in the tumor
microenvironment [40,41]. However, the molecular mechanism of the interaction between
HIF-1a and PD-L1 in the presence of HPV16 in cervical cancer has not been studied.
Our research strongly supports the existing data, given that HIF-1a mRNA levels appear
significantly increased in the cervical cancer cell lines when compared to the normal cervical
keratinocytes, and correlates E6’s presence in the cancer cells with HIF-1a’s expression
increase. To elaborate, knocking E6 out considerably decreases HIF-1a’s levels, a change
that, in combination with PD-L1’s decrease in the E6KO cell lines, implicates that PD-L1’s
upregulation in HPV16-caused cervical cancer happens in a HIF-1a related manner.

An additional effect of the presence and accumulation of HIF-1a in tumors is pre-
sumed to be the contribution to tumor chemoresistance by obstructing drug transport and
uptake, whereas its overexpression is linked to worse prognosis for patients with cervical
cancer [39,42]. On the other hand, a molecule that has given signs of decreasing cancer cell
resistance to chemotherapeutics in addition to inhibiting several of the hallmarks of cancer,
like proliferation, tumor invasion and metastasis, is microRNA-143 [43–46].

MicroRNAs regulate a wide range of biological processes in the host-pathogen interac-
tions and are commonly encoded by viruses that undergo long-term persistent infection,
including HPV, acting either as oncogenes or as tumor suppressors by targeting different
mRNAs. Dysregulation of miRNA expression causes abnormal cell growth and differen-
tiation, assisting to the development of cancer or other diseases [24]. The expression of
several miRNAs in cervical cancer has been studied in order to further understand the way
the Human Papillomaviruses interact with the host’s cellular pathways, and this research
still has a lot to unravel. MicroRNAs’ expression profiles seem to differ depending on
the tissue studied and the cancer differentiation state, making the classification of each
biomolecule difficult. MicroRNA-143 has been reported to be up- or downregulated in
the tumor microenvironment of different tissues [47]. However, when it comes to cervical
cancer, many studies agree on miR-143’s down-regulation throughout all the stages of
cancer progression when compared to healthy tissue [23,24,27,47]. Our study’s findings are
consistent with this data, given that miR-143 levels are decreased in SiHa and CaSki cell
lines in comparison with the HCK1T normal cervical keratinocytes.

Induced expression of miR-143 in cervical cancer cells resulted into increased apop-
tosis as well as improved reaction to Cisplatin treatment, data that renders miR-143 a
possible tumor-suppressing microRNA, as well as a candidate biomarker for prognosis
or the optimization of cervical cancer treatment [27,44] Zhao et al. demonstrated, using
dual-luciferase reporter gene assay, that miR-143 directly targets and silences HIF-1a by
binding on its 3′UTR, thus, negating the transcription factor’s effects in the cervical tumor
microenvironment and ameliorating the cancerous phenotype. As mentioned above, in our
experiments, miR-143 expression drops in the cells that carry the HPV16 genome, however,
this downregulation seems to reverse after the knock-out of E6 in the same cell lines, where
a significant increase in the specific microRNA’s levels is exhibited. These results suggest
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that the expression of miR-143 is regulated by the activation of E6 after its integration into
the host’s genome.

miR-143 is definitely not the first case of a microRNA being regulated by E6 to promote
immune escape of cervical cancer by targeting PD-L1. As Ling et al. have already shown,
another miRNA—the miR-142-5p, seems to follow the same expression pattern of miR-143
in cervical cancer, whereas when overexpressed it appears to directly interact with PD-L1
and negatively regulate its expression [48]. Likewise, our results indicate that miR-143 is
in an interplay with the expression of PD-L1 in cervical cancer cells, yet this interaction
possibly happens in an indirect way, via the HIF-1a inhibition. However, regardless of the
way these miRNAs act on the immune checkpoint molecule, they both seem to be targets
of the HPV16’s E6 oncoprotein.

The way E6 acts on miR-143 is yet to be investigated. A hypothetical way in which E6
affects miR-143’s expression could be via the p53 degradation, for there is evidence that
supports that p53 post-transcriptionally upregulates miR-143’s expression [49,50]. This
interaction could explain how E6 integration into the host’s genome results in miR-143’s
negative regulation, since p53 gets degraded by E6 and can no longer enhance miR-143’s
expression. Nonetheless, the scenario that E6 directly targets miR-143 in either stage of the
microRNA’s biogenesis and maturation cannot be ruled out, but more research needs to be
conducted. Future experiments, including transfections with synthetic circRNA sponges,
represent a strategy for achieving targeted loss of miR143 function where the link between
E6–p53–miR143–HIF-1a–PD-L1 would be further enlightened.

5. Conclusions

In order to enhance PD-L1 targeting in cervical cancer treatment and improve response
rate, it is crucial to further investigate the molecules and the pathways that take part in PD-
L1 regulation. Towards this direction, our endeavor shows our preliminary data regarding
a mechanistic pathway were HPV16 viral oncogenes have a possible role. Our data could
propose a molecular network that leads to PD-L1’s upregulation in HPV16 related cervical
cancer through a mir-143/HIF-1a mediated axis and, consequently, to cervical cancer’s
ability to escape immunosurveillance.
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mdpi.com/article/10.3390/v16010113/s1, Figure S1: Bar graphs representing qPCR results. KO cervi-
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expression was normalized with GUSB. ns = non-significant; Figure S2: Bar graphs representing qPCR
results. KO cervical cancer cell lines SiHa and CaSki were compared to normal cervical keratinocytes
HCK1T. HIF-1a expression was normalized with GUSB. ns = non-significant; Figure S3: Bar graphs
representing qPCR results. KO cervical cancer cell lines SiHa and CaSki were compared to normal
cervical keratinocytes HCK1T. miR-143 expression was normalized with U6. ns = non-significant.
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Abstract: Persistent infection with HPV causes nearly 5% of all cancers worldwide, in-
cluding cervical and oropharyngeal cancers. Compared to HPV-negative (HPV−) head
and neck squamous cell carcinomas (HNSCCs), HPV-positive (HPV+) HNSCCs exhibit a
significantly improved treatment response; however, established treatment regimens were
largely developed for HPV− disease. Effectively de-escalating therapy and optimizing
treatment protocols to minimize toxicity for both HPV+ and HPV− tumors has been vari-
ably successful, in part due to the heterogeneity of cellular subpopulations. Single-cell
RNA sequencing (scRNAseq) has primarily been used to define immune cell populations
rather than the cell type of origin, epithelial cells. To address this, we analyzed published
scRNAseq data of HPV+ and HPV− HNSCCs to distinguish epithelial tumor cell popula-
tions as a function of HPV status. We identified the transcriptome signatures, ontologies,
and candidate biomarkers of newly identified epithelial subpopulations with attention
to those that are shared or enriched in HPV+ or HPV− HNSCCs. We hypothesize that
distinct epithelial cell populations and reprogramming in HPV− versus HPV+ HNSCC
represent important components of the pro-tumor environment. These are described here
as a foundation for the identification of new epithelial-cell-specific biomarkers, effectors,
and candidate targets for optimizing the treatment of HNSCC.

Keywords: human papillomavirus; HPV; head and neck cancer; HNSCC; single-cell
transcriptomics; scRNAseq; epithelial cells; cancer therapy

1. Introduction
Although a causal relationship between HPV infection and head and neck squamous

cell carcinoma (HNSCC) development was first reported over two decades ago [1] and a
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preventive vaccine is available, the incidence of HPV+ HNSCCs has continued to increase
and is predicted to represent the majority of HNSCCs in the future [2,3]. This trend reflects
the continued prevalence of oral HPV infection (i.e., ~7% of the US population, higher
amongst men) [4] that is associated with a 50-fold increased risk for developing HPV+
HNSCC [5]. It is well established that HPV+ and HPV− HNSCCs differ in anatomical
distribution, molecular drivers, patient demographics, treatment response, and clinical
course, and as such, can be considered distinct cancer types that warrant distinct treatment
algorithms [6]. For example, HPV-positive and HPV-negative HNSCCs tend to arise in
different anatomical locations: HPV-negative HNSCCs primarily occur in the oral cavity,
larynx, and hypopharynx, whereas HPV-positive HNSCCs commonly occur in the orophar-
ynx (e.g., tonsils, base of tongue, soft palate). This distinction aligns with epidemiological
data showing that approximately 90% of oral cavity HNSCCs are HPV-negative [7], while
around 70% of oropharyngeal HNSCCs are HPV-positive [8]. Altogether, these differences
support ongoing efforts to tailor HNSCC treatments based on patient and/or tumor char-
acteristics. For example, window-of-opportunity studies in HPV− HNSCCs utilizing PD1
or PDL1-targeting immune therapy have shown improved outcomes in intermediate-risk
HNSCC patients [9] and in locally advanced resectable HNSCC (KEYNOTE-689). However,
additional studies are needed to understand why some patients will respond favorably to
de-escalation and how to optimize treatment paradigms based on tumor characteristics, for
example, by HPV status.

With regards to HPV+ HNSCCs, various deintensification strategies have been tested
in clinical trials to maximize response while minimizing toxicity. These approaches have
included (1) replacement [10,11], reduction [12–14], or omission of cytotoxic chemother-
apy [15], (2) de-escalated adjuvant (chemo)radiotherapy following ablative surgery [16,17],
(3) reduction in dose of radiation following induction chemotherapy [18–22], and (4) reduc-
tion in dose of radiation during definitive (chemo)radiotherapy [23]. Unfortunately, recent
phase III clinical trials aimed at de-escalation approaches in HPV+ tumors (De-ESCALate
HPV [10], RTOG 1016 [11]) resulted in inferior outcomes and have demonstrated the need
for caution in deviation from standard of care [24]. In the wake of these studies, there is
a renewed interest in predictive and prognostic biomarkers that may help guide patient
selection for treatment tailoring [24,25]. For example, ongoing research on the utility of
serum HPV circulating tumor DNA assays [26–29] has led to promising initial results. Other
studies have correlated genomic biomarkers representative of tumor biology subtypes with
patient outcomes. These have included p53 status [30], PIK3CA mutation [31], MATH
score/ER-alpha expression [32], and TRAF/CYLD loss [33]. Thus, there is a clear need
to better understand the biology of HPV-driven carcinogenesis and the profiles and/or
reprogramming of key cell subpopulations specific to HPV+ disease.

Given that HPV exclusively infects the mucosal epithelium, and that squamous epithe-
lial cells are the cells of origin for HNSCCs, defining the effects of infection on epithelial
subpopulations is essential to advance new insights into HPV-reprogrammed host bi-
ology, candidate biomarkers, and targeted therapeutic strategies. Recent advances in
single-cell technologies such as single-cell RNA sequencing (scRNAseq) have enabled the
bioinformatic identification of distinct subpopulations within heterogenous tissues. With
scRNAseq, the transcriptomic signature of distinct epithelial subpopulations can be identi-
fied and analyzed to identify their respective gene and pathway signatures. A previous
publication [34] described scRNAseq data on HPV+ and HPV− HNSCCs to define distinct
cell types, and explored immune-cell-related processes and interactions that shape the
tumor immune microenvironment. Herein, we systematically analyzed the corresponding
epithelial compartment to identify cellular subpopulations and ontologies enriched in
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HPV+ vs. HPV− HNSCCs as a foundation for the discovery of novel biomarkers and
subtype-specific therapeutic targets.

2. Materials and Methods
2.1. scRNAseq Data Processing

Publicly available preprocessed single-cell RNA sequencing (scRNAseq) data were
downloaded from the Gene Expression Omnibus database: accession ID GSE164690 [34]
(Table S1). The R v4.1.1 library Seurat v4.4 was used for cell-type clustering and marker gene
identification [35]. Each sample was normalized by SCTransform, using the glmGamPoi
method and the number of RNA molecules per cell was regressed out. Samples were inte-
grated with common anchor genes using the rPCA method to minimize sample-to-sample
variation. Cell clusters were determined by the Louvain algorithm. UMAP dimension re-
duction was performed using the first 30 principal components. Marker genes for each cell
type were calculated using the Wilcoxon rank-sum test returning only genes that are present
in a minimum of 25% of the analyzed cluster. Epithelial cells were subset by isolating the
CD45- cells, reintegrating the data and curating the epithelial cells of interest by using
gene expression markers. Original annotations of HPV status, defined based on clinical
p16 IHC testing and confirmed by detection of viral genes, were retained for all samples.
Global expression of all epithelial cells originating from HPV− versus HPV+ tumors was
compared to define globally differentially expressed genes (DEGs). Each scRNAseq cluster
was considered a distinct epithelial subpopulation.

2.2. Ontology Analysis and Cytoscape Visualization

The transcriptomes and DEGs of select clusters were analyzed using the gProfiler web
server [36] for Gene Ontology (GO) terms, which includes Gene Ontology (GO) terms,
curated by the Ensembl database [37], and pathways from KEGG (https://www.genome.jp/
kegg/, accessed on 1 January 2025), WikiPathways (https://www.wikipathways.org/index.
php/WikiPathways, accessed on 3 January 2025), and Reactome (https://reactome.org/,
accessed on 4 January 2025). Complex enriched gene sets were visualized using the
Enrichment Map App [38] within Cytoscape 3 using parameters previously defined [39].
In brief, enrichment files and gene sets outputs from g:Profiler were processed using
Enrichment Map and terms with a false discovery rate less than 0.01 were considered
significantly enriched. Nodes represent pathways, and they are connected by edges (lines)
between nodes with genes in common. Node size is dependent on the enrichment score
associated with that pathway, while edges thickness is relative to the number of genes
shared between nodes.

3. Results
3.1. Identification of Epithelial Cells by Joint scRNAseq Analysis of HPV+ and HPV− HNSCCs

We sought to define the epithelial subpopulations present in HNSCC tumors and their
gene signatures, which have not been previously reported. To this end, published scRNAseq
data for six HPV+ and nine HPV− HNSCC tumors were processed with batch correction
(Figure 1A). UMAPs of all cells split by the HPV status of the parent tumor confirmed a high
level of overlap (Figure 1B). Unbiased clustering revealed 20 distinct populations whose
ontologies (Figure 1C) were assigned based on the corresponding distinct transcriptomic
signatures visualized by heatmap (Figure 1D). The identified cellular populations included
immune, epithelial, and stromal cells, demonstrating the heterogeneous cell types present
in the tumors.
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Figure 1. Joint analysis of HPV+ and HPV− HNSCC tumors with batch correction. (A) Overview of 
the bioinformatic pipeline to identify transcriptomically distinct epithelial subpopulations in 
scRNAseq data of HPV+ (n = 6) and HPV− (n = 9) HNSCCs. (B) Resulting UMAP of all cells separated 
by patient HPV status. (C) Cell clustering demonstrates a mix of immune, epithelial, and stromal 
cell types. (D) Heatmap of transcriptomically distinct clusters with select genes labeled. 

3.2. Identification of Global Transcriptomes and Pathways Distinguished by HPV Status 

Keratin-expressing clusters were jointly re-clustered to isolate epithelial cells from 
other cell types (UMAP Figure 2A). The global signature of epithelial cells in HPV+ vs. 
HPV− HNSCCs was first analyzed (heatmap, Figure S1). The cytoscape visualization of 
GO biological processes upregulated in HPV− vs. HPV+ HNSCCs revealed pathways re-
lated to immune activation, peptidase activity, and processes such as adhesion, angiogen-
esis, and apoptosis (Figure 2B). Conversely, a similar analysis for processes upregulated 
in HPV+ vs. HPV− HNSCCs included pathways related to metabolism, migration, and 
differentiation (Figure 2C). Additionally, KEGG pathway (Figure 2D) and reactome path-
way (Figure 2E) enrichment was assessed. Relative to HPV− HNSCCs, there was an up-
regulation in HPV+ HNSCCs in processes related to metabolism, tissue development, mi-
gration, and signal transduction. In HPV− HNSCCs, there was an upregulation of immune 

Figure 1. Joint analysis of HPV+ and HPV− HNSCC tumors with batch correction. (A) Overview
of the bioinformatic pipeline to identify transcriptomically distinct epithelial subpopulations in
scRNAseq data of HPV+ (n = 6) and HPV− (n = 9) HNSCCs. (B) Resulting UMAP of all cells
separated by patient HPV status. (C) Cell clustering demonstrates a mix of immune, epithelial, and
stromal cell types. (D) Heatmap of transcriptomically distinct clusters with select genes labeled.

3.2. Identification of Global Transcriptomes and Pathways Distinguished by HPV Status

Keratin-expressing clusters were jointly re-clustered to isolate epithelial cells from
other cell types (UMAP Figure 2A). The global signature of epithelial cells in HPV+ vs.
HPV− HNSCCs was first analyzed (heatmap, Figure S1). The cytoscape visualization of GO
biological processes upregulated in HPV− vs. HPV+ HNSCCs revealed pathways related
to immune activation, peptidase activity, and processes such as adhesion, angiogenesis, and
apoptosis (Figure 2B). Conversely, a similar analysis for processes upregulated in HPV+ vs.
HPV− HNSCCs included pathways related to metabolism, migration, and differentiation
(Figure 2C). Additionally, KEGG pathway (Figure 2D) and reactome pathway (Figure 2E)
enrichment was assessed. Relative to HPV− HNSCCs, there was an upregulation in HPV+
HNSCCs in processes related to metabolism, tissue development, migration, and signal
transduction. In HPV− HNSCCs, there was an upregulation of immune response, cell
motility, and peptidase activity, which notably indicated a relative downregulation in
immune response activation, cytokine signaling, and T-cell proliferation.
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pathways (D) and reactome pathways (E) upregulated in HPV− and HPV+ HNSCCs. 

3.3. Distinct Epithelial Cell Subpopulations Are Present in HPV− vs. HPV+ HNSCC Tumors 

Epithelial subpopulations were identified by unbiased clustering (UMAP Figure 3A, 
heatmap Figure 3B, dot plot Figure 3C. Cells from both HPV+ and HPV− HNSCCs were 
represented in all subpopulations. Enrichment (defined as ≥30% difference by cell num-
ber) of subpopulations in HPV+ versus HPV− HNSCCs was determined by analyzing the 
distribution of tumor cells across clusters (Figure 3D, arrows indicating enrichment). C1, 
C4, C5, C7 were found to be enriched in HPV+ HNSCCs, C2 and C3 in HPV− HNSCCs, 
and C0 and C6 were roughly equally represented in HPV+ and HPV− HNSCCs. C8 had 
too few cells to be confidently assessed. Each cluster/subpopulation was defined by a dis-
tinct transcriptomic profile, although in some subpopulations, there were differences in 
the signature between HPV+ and HPV− specimens (heatmap, Figure S2). 

Figure 2. Signatures upregulated in epithelial cells from HPV+ and HPV− HNSCCs. (A) UMAP of
keratinocytes isolated from the published scRNAseq data and re-clustered, separated by HPV status
to show extensive overlap. (B–D) Global differential expression analysis by HPV status. (B) Cytoscape
visualization of GO biological processes upregulated in HPV− vs. HPV+ HNSCCs reveals pathways
related to immune activation, peptidase activity, and processes such as adhesion, angiogenesis, and
apoptosis. (C) Cytoscape visualization of GO biological processes upregulated in HPV+ HNSCCs
includes pathways related to metabolism, migration, and differentiation. Top 10 KEGG pathways (D)
and reactome pathways (E) upregulated in HPV− and HPV+ HNSCCs.

3.3. Distinct Epithelial Cell Subpopulations Are Present in HPV− vs. HPV+ HNSCC Tumors

Epithelial subpopulations were identified by unbiased clustering (UMAP Figure 3A,
heatmap Figure 3B, dot plot Figure 3C. Cells from both HPV+ and HPV− HNSCCs were
represented in all subpopulations. Enrichment (defined as ≥30% difference by cell number)
of subpopulations in HPV+ versus HPV− HNSCCs was determined by analyzing the
distribution of tumor cells across clusters (Figure 3D, arrows indicating enrichment). C1,
C4, C5, C7 were found to be enriched in HPV+ HNSCCs, C2 and C3 in HPV− HNSCCs,
and C0 and C6 were roughly equally represented in HPV+ and HPV− HNSCCs. C8 had
too few cells to be confidently assessed. Each cluster/subpopulation was defined by a
distinct transcriptomic profile, although in some subpopulations, there were differences in
the signature between HPV+ and HPV− specimens (heatmap, Figure S2).
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Figure 3. Enrichment of distinct epithelial subpopulations in HPV+ and HPV− HNSCC. (A) UMAP 
showing transcriptomically distinct clusters representing distinct epithelial subpopulations, sepa-
rated by HPV status of HNSCC tumor. (B) Heatmap corresponding to clusters with select genes 
labeled. (C) Dot plot of top genes expressed per cluster. (D) Distribution of cells from HPV+ and 
HPV− HNSCCs across scRNAseq clusters, with those enriched ≥30% by cell counts highlighted by 
arrows. 

3.4. HPV+ and HPV− Epithelial Subpopulations Are Defined by Differentiation Status and  
Cell-Cycle Phase 

We determined the differentiation status and cell-cycle phase of epithelial subpopu-
lations as previously described [39]. To this end, we probed for markers of embryonic/ba-
sal (COL17A+/KRT5+) (Figure 4A) versus differentiated (KRT13+/DMKN+) (Figure 4B) 
character, and markers of S (PCNA) (Figure 4C) and G2/M (MKI67) (Figure 4D) phase 
based on a well-defined set of markers for each [40,41]. This allowed the predominant 
differentiation state and cell-cycle phase(s) of each epithelial subpopulation to be defined 
and provide context into major biological processes that may appear in pathway analyses. 
We find that cells in S phase were predominately in C5, cells in G2/M phase in C3, and 
cells in C6 were in a mix of S and G2/M phases (Figure 4E). When broken down by HPV 
status, an increase in cells in S phase was observed for HPV+ vs. HPV− HNSCCs (Figure 
4F). 

Figure 3. Enrichment of distinct epithelial subpopulations in HPV+ and HPV− HNSCC. (A) UMAP
showing transcriptomically distinct clusters representing distinct epithelial subpopulations, separated
by HPV status of HNSCC tumor. (B) Heatmap corresponding to clusters with select genes labeled.
(C) Dot plot of top genes expressed per cluster. (D) Distribution of cells from HPV+ and HPV−
HNSCCs across scRNAseq clusters, with those enriched ≥30% by cell counts highlighted by arrows.

3.4. HPV+ and HPV− Epithelial Subpopulations Are Defined by Differentiation Status and
Cell-Cycle Phase

We determined the differentiation status and cell-cycle phase of epithelial subpopula-
tions as previously described [39]. To this end, we probed for markers of embryonic/basal
(COL17A+/KRT5+) (Figure 4A) versus differentiated (KRT13+/DMKN+) (Figure 4B) char-
acter, and markers of S (PCNA) (Figure 4C) and G2/M (MKI67) (Figure 4D) phase based on
a well-defined set of markers for each [40,41]. This allowed the predominant differentiation
state and cell-cycle phase(s) of each epithelial subpopulation to be defined and provide
context into major biological processes that may appear in pathway analyses. We find that
cells in S phase were predominately in C5, cells in G2/M phase in C3, and cells in C6 were
in a mix of S and G2/M phases (Figure 4E). When broken down by HPV status, an increase
in cells in S phase was observed for HPV+ vs. HPV− HNSCCs (Figure 4F).
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plots demonstrating distribution of select basal (A), differentiated (B), S phase (C), and G2/M phase 
(D) markers. (E) Distribution of G1, G2/M, and S-phase cells. C5 harbors predominately cells in S, 
C3 cells in G2/M, and C6 a mix of S and G2/M cells. (F) Distribution of epithelial cells across cell-
cycle phases by HPV status. 

3.5. Genes Ontologies of Epithelial Subpopulations Enriched in HPV+ HNSCCs 

The C1, C4, C5, and C7 subpopulations were proportionately increased in HPV+ 
HNSCCs. We have previously discussed C7, which most closely matches the previously 
reported HIDDEN cell signature, as being upregulated in HPV+ HNSCCs [39]. For each 
of these subpopulations, we sought to determine the defining processes and gene ontolo-
gies to elucidate the identity of these epithelial cell subtypes. We analyzed each of these 
subpopulations using Cytoscape visualization (Figures 5A, 6A, 7A, and 8A) and defined 
the top hits for GO biological processes (Figures 5B, 6B, 7B, and 8B), KEGG pathways 
(Figures 5C, 6C, 7C, and 8D), and reactome pathways (Figures 5D, 6D, 7D, and 8C). To 
identify candidate drivers of each subpopulation, transcription factor binding site enrich-
ment analysis was performed through Transfac analysis (Figures 5E, 6E, 7E, and 8E). Al-
together, we found that C1 was predominated by mitochondrial-related processes, e.g., 
cellular respiration and oxidative phosphorylation, C4 by cell migration, p53 signaling, 
and cancer cell metabolism, C5 by processes related to the S phase of the cell cycle such as 
DNA replication, and C7 by migration and tissue differentiation. 

Figure 4. Analysis of differentiation status and cell-cycle phase in epithelial subpopulations. Feature
plots demonstrating distribution of select basal (A), differentiated (B), S phase (C), and G2/M phase
(D) markers. (E) Distribution of G1, G2/M, and S-phase cells. C5 harbors predominately cells in S, C3
cells in G2/M, and C6 a mix of S and G2/M cells. (F) Distribution of epithelial cells across cell-cycle
phases by HPV status.

3.5. Genes Ontologies of Epithelial Subpopulations Enriched in HPV+ HNSCCs

The C1, C4, C5, and C7 subpopulations were proportionately increased in HPV+
HNSCCs. We have previously discussed C7, which most closely matches the previously
reported HIDDEN cell signature, as being upregulated in HPV+ HNSCCs [39]. For each
of these subpopulations, we sought to determine the defining processes and gene ontolo-
gies to elucidate the identity of these epithelial cell subtypes. We analyzed each of these
subpopulations using Cytoscape visualization (Figures 5A, 6A, 7A and 8A) and defined
the top hits for GO biological processes (Figures 5B, 6B, 7B and 8B), KEGG pathways
(Figures 5C, 6C, 7C and 8D), and reactome pathways (Figures 5D, 6D, 7D and 8C). To iden-
tify candidate drivers of each subpopulation, transcription factor binding site enrichment
analysis was performed through Transfac analysis (Figures 5E, 6E, 7E and 8E). Altogether,
we found that C1 was predominated by mitochondrial-related processes, e.g., cellular
respiration and oxidative phosphorylation, C4 by cell migration, p53 signaling, and cancer
cell metabolism, C5 by processes related to the S phase of the cell cycle such as DNA
replication, and C7 by migration and tissue differentiation.
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Figure 5. Gene ontologies of the HPV+ enriched C1 HNSCC epithelial subpopulation. (A) Cytoscape 
visualization of GO biological processes highlight genes related to the electron transport chain and 
aerobic respiration. Summary of top GO biological processes (B), KEGG pathways (C), and reactome 
pathways (D) demonstrates that the transcriptome of C1 centers on mitochondrial processes and 
ATP generation. (E) Transfac analysis for transcription factor drivers of the C1 subpopulation. 

 

Figure 6. Gene ontologies of the HPV+ enriched C4 HNSCC epithelial subpopulation. (A) Cyto-
scape visualization of GO biological processes highlights pathways related to migration, 

Figure 5. Gene ontologies of the HPV+ enriched C1 HNSCC epithelial subpopulation. (A) Cytoscape
visualization of GO biological processes highlight genes related to the electron transport chain and
aerobic respiration. Summary of top GO biological processes (B), KEGG pathways (C), and reactome
pathways (D) demonstrates that the transcriptome of C1 centers on mitochondrial processes and ATP
generation. (E) Transfac analysis for transcription factor drivers of the C1 subpopulation.
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Figure 6. Gene ontologies of the HPV+ enriched C4 HNSCC epithelial subpopulation. (A) Cytoscape
visualization of GO biological processes highlights pathways related to migration, cytoskeleton
organization, and metabolic processes. Summary of top GO biological processes (B), KEGG path-
ways (C), and reactome pathways (D). (E) Transfac analysis for transcription factor drivers of the
C4 subpopulation.
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Figure 7. Gene ontologies of the HPV+ enriched C5 HNSCC epithelial subpopulation. (A) Cytoscape 
visualization of GO biological processes highlights pathways related to proliferation. Summary of 
top GO biological processes (B), KEGG pathways (C), and reactome pathways (D) centers on cell-
cycle processes, particularly S phase. (E) Transfac analysis for candidate transcription factor drivers 
of the C5 subpopulation. 

Figure 7. Gene ontologies of the HPV+ enriched C5 HNSCC epithelial subpopulation. (A) Cytoscape
visualization of GO biological processes highlights pathways related to proliferation. Summary of top
GO biological processes (B), KEGG pathways (C), and reactome pathways (D) centers on cell-cycle
processes, particularly S phase. (E) Transfac analysis for candidate transcription factor drivers of the
C5 subpopulation.
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Figure 8. Gene ontologies of the HPV+ enriched C7 HNSCC epithelial subpopulation. (A) Cytoscape 
visualization of GO biological processes highlights pathways related to migration, development, 
and metabolism. Summary of top GO biological processes (B), reactome pathways (C), and KEGG 
pathways (D) include keratinocyte differentiation related processes. (E) Transfac analysis discover 
candidate transcription factor drivers of the C7 subpopulation. 
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Similarly, we examined the subpopulations proportionately increased in HPV− 
HNSCCs, namely, C2 and C3, using Cytoscape (Figures 9A and 10A) and by defining top 
hits for GO biological processes (Figures 9B and 10B), KEGG pathways (Figures 9C and 
10C), and reactome pathways (Figures 9D and 10D). We also determined transcription 
factor binding site enrichment by Transfac analysis (Figures 9E and 10E). C2 was domi-
nated by mitochondrial-related pathways such as biosynthesis and cellular respiration, 
signatures shared with HPV+ enriched C1 cells. Lastly, C3 was defined by genes involved 
in the G2/M cell-cycle regulation, including processes of organelle and chromosome or-
ganization, nuclear division, cytokinesis, and nucleic acid metabolism. 

Figure 8. Gene ontologies of the HPV+ enriched C7 HNSCC epithelial subpopulation. (A) Cytoscape
visualization of GO biological processes highlights pathways related to migration, development,
and metabolism. Summary of top GO biological processes (B), reactome pathways (C), and KEGG
pathways (D) include keratinocyte differentiation related processes. (E) Transfac analysis discover
candidate transcription factor drivers of the C7 subpopulation.
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3.6. Ontologies of Epithelial Subpopulations Enriched in HPV− HNSCCs

Similarly, we examined the subpopulations proportionately increased in HPV− HN-
SCCs, namely, C2 and C3, using Cytoscape (Figures 9A and 10A) and by defining top hits
for GO biological processes (Figures 9B and 10B), KEGG pathways (Figures 9C and 10C),
and reactome pathways (Figures 9D and 10D). We also determined transcription factor
binding site enrichment by Transfac analysis (Figures 9E and 10E). C2 was dominated by
mitochondrial-related pathways such as biosynthesis and cellular respiration, signatures
shared with HPV+ enriched C1 cells. Lastly, C3 was defined by genes involved in the
G2/M cell-cycle regulation, including processes of organelle and chromosome organization,
nuclear division, cytokinesis, and nucleic acid metabolism.
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Figure 9. Gene ontologies of the HPV− enriched C2 HNSCC epithelial subpopulation. (A) Cytoscape
visualization of GO biological processes highlights pathways related to biosynthesis and cellular
respiration. Summary of top GO biological processes (B), KEGG pathways (C), and reactome
pathways (D) centers on mitochondrial and ATP metabolic processes. (E) Transfac analysis for
transcription factor drivers of the C2 subpopulation.
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Figure 10. Gene ontologies of the HPV− enriched C3 HNSCC epithelial subpopulation. (A) Cyto-
scape visualization of GO biological processes highlights pathways related to cell cycle and prolif-
eration. Summary of top GO biological processes (B), KEGG pathways (C), and reactome path-
ways (D) centers on the G2/M phase of the cell cycle. (E) Transfac analysis for transcription factor 
drivers of the C3 subpopulation. 

3.7. Ontologies of Epithelial Subpopulations Equally Represented in HPV− and HPV+ HNSCCs 

Two epithelial subpopulations (C0 and C6) were found to be present in HNSCC tu-
mors regardless of HPV status. The same analysis for these subpopulations was per-
formed to define ontologies: Cytoscape (Figures 11A and 12A), GO biological processes 
(Figures 11B and 12B), KEGG pathways (Figures 11C and 12C), reactome pathways (Fig-
ures 11D and 12D), and transcription factor binding site enrichment by Transfac (Figures 
11E and 12E). C0 processes predominately related to immune responses, biosynthesis, and 
cell differentiation, while C6 featured a range of pathways related to the S and G2/M 
phases of the cell cycle, including ATP synthesis, translation, biosynthesis, and p53 class 
mediator signaling. 

Figure 10. Gene ontologies of the HPV− enriched C3 HNSCC epithelial subpopulation. (A) Cytoscape
visualization of GO biological processes highlights pathways related to cell cycle and proliferation.
Summary of top GO biological processes (B), KEGG pathways (C), and reactome pathways (D)
centers on the G2/M phase of the cell cycle. (E) Transfac analysis for transcription factor drivers of
the C3 subpopulation.

3.7. Ontologies of Epithelial Subpopulations Equally Represented in HPV− and HPV+ HNSCCs

Two epithelial subpopulations (C0 and C6) were found to be present in HNSCC
tumors regardless of HPV status. The same analysis for these subpopulations was per-
formed to define ontologies: Cytoscape (Figures 11A and 12A), GO biological processes
(Figures 11B and 12B), KEGG pathways (Figures 11C and 12C), reactome pathways
(Figures 11D and 12D), and transcription factor binding site enrichment by Transfac
(Figures 11E and 12E). C0 processes predominately related to immune responses, biosyn-
thesis, and cell differentiation, while C6 featured a range of pathways related to the S and
G2/M phases of the cell cycle, including ATP synthesis, translation, biosynthesis, and
p53 class mediator signaling.
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Figure 11. Gene ontologies of the shared C0 HNSCC epithelial subpopulation. (A) Cytoscape visu-
alization of GO biological processes highlights pathways related to immune response and prolifer-
ation. Summary of top GO biological processes (B), KEGG pathways (C), and reactome pathways 
(D) centers on antigen processing and translation. (E) Transfac analysis for transcription factor 
drivers of the C0 subpopulation. 

Figure 11. Gene ontologies of the shared C0 HNSCC epithelial subpopulation. (A) Cytoscape
visualization of GO biological processes highlights pathways related to immune response and
proliferation. Summary of top GO biological processes (B), KEGG pathways (C), and reactome
pathways (D) centers on antigen processing and translation. (E) Transfac analysis for transcription
factor drivers of the C0 subpopulation.
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Figure 12. Gene ontologies of the shared C6 HNSCC epithelial subpopulation. (A) Cytoscape visu-
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on translation and biosynthesis. (E) Transfac analysis for transcription factor drivers of the C6
subpopulation.

3.8. Summary of Newly Identified Transcriptome Signatures

Signatures discovered by Cytoscape visualization, GO biological processes, KEGG
pathways, and reactome pathways for each epithelial subpopulation and global expression
comparison are summarized in Table 1. Potential avenues for targeting cellular subpopula-
tions based on defining signatures were added.

Table 1. Summary of select signatures and potentially targetable phenotypes of cellular subpopula-
tions identified by scRNAseq analysis.

Enrichment Select Signatures Candidate Targetable Phenotypes

Global HPV−
- Immune response
- Cell motility
- Peptidase activity

- Peptidases

Global HPV+

- Biosynthesis
- Epithelial differentiation
- Migration
- Signal transduction

- Metabolic pathways
- Immune reactivation
- Plasticity

C0 Shared
- Biosynthesis
- Antigen processing and presentation
- Cell differentiation

- - Metabolic pathways
- - Immune reactivation
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Table 1. Cont.

Enrichment Select Signatures Candidate Targetable Phenotypes

C6 Shared

- S and G2/M phase of cell cycle
- Biosynthesis
- Oxidative phosphorylation
- Signaling by p53 class mediators

- Cell-cycle checkpoints
- Mitochondrial processes
- p53 signaling

C2 HPV− - Cellular respiration
- Electron transport chain - Mitochondrial processes

C3 HPV−
- G2/M phase of cell cycle
- Organelle and chromosome organization
- Nuclear division and cytokinesis
- RNA/DNA metabolism

- Cell division
- Mitotic machinery
- Nucleotide metabolism

C1 HPV+
- Oxidative phosphorylation
- Electron transport chain - Mitochondrial processes

C4 HPV+

- Cell migration
- Protein metabolism
- p53 signaling
- Glycolysis/gluconeogenesis

- Invasion
- p53 signaling
- Cancer cell metabolism

C5 HPV+

- S phase of cell cycle
- DNA replication
- Chromosome and cytoskeletal organization
- Translation

- DNA replication machinery
- Translation machinery

C7 HPV+
- Cell migration
- Epithelial differentiation

- Aberrant HPV-driven
differentiation (HIDDEN cells)

4. Discussion
Ongoing deintensification efforts and the study of new therapies in the treatment

of HPV+ and HPV− HNSCCs will benefit from the definition of differences within spe-
cific cellular populations and signatures. These offer opportunities for targeted treatment
and/or prognostic biomarkers towards improved treatment stratification, especially with
the increasing interest in neoadjuvant immunotherapy. Single-cell technologies enable
such studies by discovering cellular subpopulations and their respective transcriptomes
for greater granularity in our understanding of tumor- and microenvironment-specific
HNSCC heterogeneity. Recent studies using scRNAseq have largely focused on differ-
ences in immune cell and stromal subpopulations and transcriptomic profiles, which may
impact immunotherapy development [34,42]. For example, transcriptome profiles of tumor-
infiltrating leukocytes isolated from immunotherapy naïve HPV− vs. HPV+ HNSCC tu-
mors revealed that certain cell types, such as B cells, myeloid cells, and conventional CD4+

T cells, have divergent signatures by HPV status [43]. Thus, immunotherapeutic strategies
targeting CD8+ T cells or CD4+ regulatory cells may be equally efficacious between HPV+
and HPV− HNSCCs since these cell types have similar signatures independent of HPV
status; however, strategies targeting B cells, myeloid cells, and conventional CD4+ T cells
could require tailored designs to match the divergent signatures between HPV+ vs. HPV−
HNSCCs. These findings highlight the clinical importance of understanding divergent cell
subpopulations and signatures of HNSCCs by HPV status.

Because HNSCCs originate in epithelial tissues, we, therefore, reasoned that elucidat-
ing the signatures of epithelial subpopulations enriched in HPV+ vs. HPV− tumors may
identify biomarkers, as well as drivers of malignancy that might be therapeutic targets.
First, the global signature of epithelial cells was defined in HPV+ and HPV− tumors. HPV+
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HNSCCs harbored relatively decreased immune response activation signatures, including
decreased antigen presentation and interferon signaling. This signature is consistent with
numerous reported immunosuppressive activities of the high-risk HPV E5, E6, and E7
oncoproteins [44,45], including the modulation of antigen presentation [46], MHC surface
expression [47], and interferon signaling [48]. Additionally, this finding in epithelial cells
complements recent scRNAseq data in tumor-infiltrating immune cells, wherein conven-
tional CD4+ T cells were found to differ in their differentiation trajectory by HPV status,
having downregulated interferon responses and effector memory phenotypes [43]. There
was also an upregulation in processes related to epithelial differentiation, consistent with
the published disruption of the epithelial differentiation program by HPV towards the
formation of an HPV-induced differentiation-dissonant epithelial nonconventional (HID-
DEN) surface compartment [39]. Distinct differential signatures related to motility (HPV−
HNSCCs) and migration (HPV+ HNSCCs) may reflect the HPV-dependent epithelial-to-
mesenchymal transition (EMT) phenotypes. For example, EMT signature genes predicted
worse five-year overall survival in HPV−, but not HPV+, HNSCCs [49,50], highlighting
underlying mechanisms dependent on HPV. These differences may relate to distinct mech-
anisms whereby HPV reprograms epithelial cells and drives carcinogenesis, as the E6 and
E7 oncogenes have been shown to downregulate E-Cadherin [51] and induce EMT-like
processes [52,53]. Lastly, peptidase activity implicated in cancer progression was globally
upregulated in epithelial HPV− but not HPV+ cells, indicating therapeutic potential for
peptidase inhibitors tailored to HPV− tumors.

The particular advantage of scRNAseq technologies was next leveraged to delineate
transcriptomically distinct epithelial subpopulations. Eight subpopulations were subse-
quently subjected to in-depth analysis. Two of these (C0 and C6) were roughly equally
represented; two were enriched in HPV− HNSCCs (C2, C3), and four in HPV+ HNSCCs
(C1, C4, C5, C7). First, we examined shared, and, therefore, likely HPV-independent,
subpopulations. The C0 subpopulation was defined by metabolic biosynthetic processes
while C6 contained cells expressing markers of the G2/M and S phases of the cell cycle,
indicative of the HPV-independent presence of cells defined by metabolic and prolifer-
ative signatures. Studies of cancer cell metabolism have long highlighted the Warburg
effect, unique metabolic rewiring that allows persistent aerobic glycolysis and fuels rapid
biosynthesis, growth, and proliferation [54,55]. This signature was indeed observed in the
shared C0 subpopulations, and also in the HPV+ enriched C4 subpopulation. In the C6
subpopulation harboring proliferative cells, signaling by p53 class mediators was observed,
perhaps representing signaling downstream of the p53 pathway that permits cellular sur-
vival and uncontrolled growth. Given that the p53 tumor suppressor is the most commonly
mutated gene in HPV− HNSCCs [56] and that high-risk HPV E6 causes the degradation of
p53 [57–59], this ontology may reflect a shared functional loss of wild-type p53 followed
by unrestricted cellular growth, despite the difference in p53 mutational status between
HPV− and HPV+ tumors. This ontology was also shared with that of the HPV+ enriched
C4 subpopulation. Altogether, standard therapeutic techniques such as chemo/radiation
targeting shared proliferation and cancer cell metabolism signatures would be expected to
demonstrate efficacy against these HNSCC subpopulations regardless of HPV status.

Next, we examined epithelial subpopulations relatively enriched in HPV− HNSCCs
(C2 and C3). The C2 subpopulation was dominated by mitochondrial processes, such as
cellular respiration and electron transport chain functions, while C3 consisted of cells in the
G2/M phase of the cell cycle, featuring processes involved in organelle and chromosomal
organization, nuclear division, and cytokinesis. Future functional analysis of C3 might
yield therapeutic approaches targeting mitotic machineries in HNSCC specifically. This is
particularly relevant in light of the recent literature elucidating mechanisms and agents
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to target cancer cell mitochondria as a novel therapeutic [60,61] and/or to improve the
response to existing radiotherapy protocols [62]. Interestingly, a potentially analogous
subpopulation for C2 was identified in the HPV+ enriched C1 population, which was also
defined by mitochondrial and respiration processes. Several mechanisms of mitochondrial
reprogramming by HPV have been reported [63], such as the induction of proapoptotic
proteins, reactive oxygen species (ROS), and oxidative stress [64]. A comparative analysis
of these subpopulations may further define mechanisms whereby HPV reprograms and
dysregulates mitochondrial biology and/or ATP production. Differences and similari-
ties between C3 and C1 may then guide similar and/or distinct mitochondrial targeting
strategies for both HPV− and HPV+ HNSCCs.

Lastly, the remaining subpopulations enriched in HPV+ HNSCCs were considered.
The defining ontologies of C1 (mitochondrial processes), C4 (cancer cell metabolism), and
C7 (aberrant differentiation) were previously discussed, leaving the C5 subpopulation
consisting of cells in the S phase of the cell cycle. This enrichment reflected a global shift in
the distribution of cells defined by cell-cycle markers between HPV+ and HPV− tumors,
wherein we observed a notable increase in cells in the S phase (C5) in HPV+ tumors.
This finding was expected given that reprogramming of the cell cycle in high-risk HPV-
infected SE by the E6 and E7 oncogenes is classically defined by dysplasia, hyperplasia,
and hyperproliferation, and infected cells remain dependent on E6/E7 expression upon
transformation into SCC. Thus, the enrichment of cells in the S phase of the cell cycle is
anticipated for HPV+ tumors and underscores the validity of novel cell populations and
their possible functions identified here based on gene expression patterns.

Altogether, this work represents the first step towards a detailed understanding
of distinct epithelial subpopulations in HNSCCs, and their defining transcriptomes and
associated biological processes as a function of HPV status. In-depth analysis and functional
testing of differentially expressed genes, e.g., those regulating mitochondrial processes,
may advance the translational goal of developing novel biomarkers and approaches for the
tailored or joint suppression of HPV-driven and -independent effectors. Future analysis
may permit the discovery of novel biomarkers and therapeutic targets to eliminate epithelial
cells that are crucial for sustaining and promoting the development of each tumor subtype,
and new treatment approaches that are shared or uniquely dependent on HPV status. A
larger sample size of HPV+ tumors will be needed in the future to address the high clinical
variability amongst HPV+ HNSCCs and to identify sub-classes of HPV+ tumors that can
be used for stratification in de-escalation attempts.

5. Conclusions
We identify differentially expressed genes and pathways that define and distinguish

HPV+ and HPV– epithelial subpopulations in HNSCC. These can now be used as a founda-
tion for the discovery of biomarkers and, through functional laboratory testing, of effectors
of HNSCC progression and therapy resistance. New treatment strategies shared by or
tailored to HPV tumor status, both HPV+ and HPV−, may emerge from these data.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v17040461/s1, Figure S1: Heatmap of genes differentially expressed
in epithelial cells in HPV− vs HPV+ HNSCC tumors; Figure S2: Heatmap of genes differentially
expressed in epithelial cells in HPV− vs HPV+ HNSCC tumors organized by clusters, with select
clusters with distinct differences in gene profiles highlighted with arrows; Table S1: Data—scRNAseq
gene lists.
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Abstract: Human papillomavirus (HPV) is an oncogenic DNA virus that plays a role in different
cancer types. The aim of this study was to detect the prevalence and types of HPV and its relation
with p16, EGFR and clinical findings in lung cancer. HPV and EGFR detection and genotyping
of HPV were performed by polymerase chain reaction (PCR) and p16 by immunohistochemistry.
Fifty lung cancer patients and seven patients with non-neoplastic lung disease were enrolled in this
study. HPV was positive in 78% (39/50) of lung cancer cases. HPV 51 was the most frequent type,
followed by HPV 16. Moreover, p16 was positive in 24% (12/50) of the cancer patients, and all of
these patients were HPV-positive, while 27 HPV-positive patients showed no p16 expression. There
was no relationship between HPV infection and p16 (p = 0.05), gender (p = 0.42), age (p = 0.38), or
smoking history (p = 0.68). Although not statistically significant, the HPV prevalence was found to be
higher in cancer patients compared to non-neoplastic patients. The prevalence of HPV in lung cancer
varies across different studies, which may be due to differences in the detection methods, number of
patients, geographic regions, and vaccination status. Further studies are necessary to understand the
role of HPV in lung cancer pathogenesis.

Keywords: lung cancer; human papillomavirus (HPV); polymerase chain reaction (PCR); viral
oncology; p16 protein

1. Introduction

Lung cancer is the leading cause of cancer death in both men and women worldwide.
Smoking ranks first among the etiological factors that cause the development of lung
cancer [1–3]. The cases of lung cancer detected in non-smokers are more often seen in
females and in Asian countries. Furthermore, these cases have different molecular charac-
teristics compared to the cases of lung cancer in smokers. Genetic susceptibility, radiation,
environmental pollution, occupational exposure, and infectious agents, especially those of
viral origin, can be counted among the other factors that play a role in lung carcinogenesis,
apart from smoking [4–6].

It is known that about 10–15% of cancers seen in humans all over the world are caused
by Epstein–Barr virus, hepatitis B or C virus, human T-lymphotropic virus-1, human
papillomavirus (HPV) and Merkel cell polyomavirus. The viruses can promote cancer as
carcinogens or promoters.

HPV is a non-enveloped, small, double-stranded circular DNA virus and has “low-
risk” or “high-risk” types, which are defined according to their relation with cancer de-
velopment. HPV is known to dysregulate the cell cycle at the transition from the G1 to
S phase and to promote DNA synthesis for viral replication. The expression of the most
important viral oncoproteins, E6 and E7, is considered a first step in carcinogenesis since
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these oncoproteins inactivate the two important products of tumor suppressor genes p53
and retinoblastoma protein (pRb), respectively [7]. P16 is also a tumor suppressor pro-
tein that functions as an inhibitor of cyclin-dependent kinase 4 (CDK4) and regulates the
cell cycle. Loss of p16, as reported in a variety of tumors, including lung cancer, causes
phosphorylation of Rb, which ends up with uncontrolled cell proliferation [8–10].

The link between HPV and bronchial lesions was first established in the 1970s by
Rubel and Reynold, who found that there is cytological and histological similarity between
condyloma acuminatum and squamous cell papilloma of the respiratory tract. They
detected koilocytes, which are characteristic of HPV infections in the sputum samples
of patients with benign bronchial lesions [11]. There are also other studies presenting
condylomatous histological changes in bronchial epithelium and bronchial squamous cell
carcinoma, similar to the changes seen in the genital tract [4,12,13].

After these detections, the relationship between HPV infection and lung cancer has been
investigated in several studies until today. These studies revealed a great difference in the
HPV infection rate in lung cancer (0–78.3%) in different regions of the world. It is suggested
that this wide range may be due to the difference in sensitivity and specificity of the methods
used for HPV genotyping, the number of types of HPV analyzed, the diagnostic criteria, the
number and characteristics of patients and the ethnicity of patients [1,3,14–19].

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that affects
some signaling pathways in cell proliferation. Mutations in EGFR may cause uncontrolled
growth and proliferation of cells, especially in non-small-cell lung cancer (NSCLC). EGFR
mutations are detected more frequently in women, non-smokers, adenocarcinoma, and
Asian populations [20–23]. The most commonly detected mutations in EGFR in NSCLC are
exon 19 deletion (small in-frame deletions in exon 19) and L858R point mutation (amino
acid substitution (leucine to arginine) at codon 858 in exon 21) [20,21]. EGFR tyrosine-kinase
inhibitors (gefitinib, erlotinib) are considered the standard first-line treatment for patients
with EGFR mutations and therefore it is recommended that screening for EGFR mutations
should be a part of the routine clinical practice for NSCLC patients [20,23]. Previous studies
demonstrated that HPV infection was found more frequently in lung adenocarcinoma
patients with EGFR gene mutations than in patients without mutations, suggesting that
the viral protein E6 regulates the inhibitors of apoptosis of the EGFR/PI3K/AKT signaling
pathway [22,23].

In this study, we aimed to investigate the prevalence of HPV and its genotypes and
the relation with EGFR mutations, p16 protein expression and clinicopathological findings
in lung cancer.

2. Materials and Methods
2.1. Patient Selection and Data Collection

This study included 50 patients who had a histopathologic diagnosis of primary lung
carcinoma in lobectomy specimens and 7 patients who had surgery for a non-tumoral lung
pathology (bullous disease, infection) at a tertiary-level hospital between 1 January 2013 and
1 January 2019. None of the patients received HPV vaccination. This study was performed
in accordance with the ethical standards of the Declaration of Helsinki, 2013. The study
was approved by the Ethics Committee of Health Sciences University, Antalya Education
and Research Hospital (date and register number: 2019-242, 19/9). Hematoxylin and eosin
sections of the cases were obtained from the archive and examined histologically by the
authors (A.S.A. and İ.A.K.). The demographic and clinical characteristics of the patients,
including age, gender, smoking history (the patients who self-reported as a current or
former smoker and had smoked ≥100 cigarettes in their lifetime were accepted as “smoker”,
based on the criteria proposed by the Centers for Disease Control and Prevention), and
pathological data were obtained through patient records and pathology reports from the
hospital database. The non-metastatic patients (42/50) received adjuvant chemotherapy,
while the patients without EGFR and anaplastic lymphoma kinase (ALK) mutation received
palliative platinum-based systemic chemotherapy at a metastatic setting. Eight of the
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patients had distant metastasis. According to the frequency of occurrence, metastases were
detected in the brain, costa and liver.

2.2. DNA Extraction

DNA was extracted from the formalin-fixed paraffin-embedded blocks of 57 patients
for HPV analysis and 50 patients for EGFR analysis. Eight tissue sections of 10 µm thickness
were used per patient for DNA extraction. DNA was extracted and deparaffinized from
the sections using the QIAamp DNA FFPE Tissue kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instruction for real-time PCR analysis of HPV and EGFR. In order
to avoid contamination, precautions were taken, including extensive cleaning of the work
area, changing the microtome blades and cleaning of the microtome after cutting each
sample, performing extraction of DNA in tumoral and non-tumoral samples separately
and using appropriate protection equipment.

2.3. HPV DNA Detection and Genotyping

Detection and genotyping of human papillomavirus (16, 18, 31, 33, 35, 39, 45, 51, 52, 56,
58, 59, 66, 68) were performed using the HPV Genotypes 14 Real-TM Quant kit (Nuclear Laser
Medicine, Milan, Italy), which was based on two major processes: isolation of DNA from
specimens and multiplex real-time amplification of 4 PCR tubes for each sample, each tube
amplifying “16-18-31-IC”, “39-45-59-IC”, “33-35-56-68” and “51-52-58-66”. For each sample,
negative and positive clinical samples were used as controls. The HPV Genotypes 14 Real-TM
Quant kit contains the internal control (human beta-globin gene), which allows control of the
presence of cellular material in the sample in order to avoid false-negative results.

HPV DNA amplification was carried out in the real-time PCR cycler (Rotor-Gene™
3000/6000/Q (Qiagen, Hilden, Germany), and for the quantitative analysis, Microsoft®

Excel HPV Genotype 14 Real-TM.xls, ver. 09.09.21 (Sacace Biotechnologies®, Como, Italy)
was used according to the enclosed instructions.

2.4. EGFR Mutation Detection

The extracted DNA samples were assessed using real-time PCR (Rotor-Gene™ 3000/
6000/Q, Qiagen, Hilden, Germany) with the Easy EGFR Real Time PCR kit (Diatech
Pharmacogenetics, Jesi, Italy) following the manufacturer’s protocol. Each DNA sample
was analyzed for mutations on exon 18 (G719X), exon 19 (ex19del), exon 20 (T790M, S768I,
ex20ins), and exon 21 (L858R, L861Q). A positive control was included with the kit, and
distilled water was used as the negative control.

2.5. p16 Immunohistochemical Staining

For the detection of p16, monoclonal mouse anti-human antibody (clone INK4A,
Clone IHC116, 1:200 dilution, GeneAb, Richmond, BC, Canada) was used according to
the manufacturer’s suggested protocol, using the automated staining system Bench-mark
XT (Roche/Ventana Medical Systems, Tucson, AZ, USA). Deparaffinization at 75 ◦C was
followed by antigen retrieval by CC1 buffer for 64 min. Incubation lasted for 44 min at 36 ◦C.
Diaminobenzidine was used as a chromogen. After washing, the slides were placed in
differently graded alcohol solution and xylene and finally mounted with entellan. Cervical
cancer and parathyroid tissue were used as positive and negative controls, respectively. The
slides were evaluated by the authors (A.S.A., İ.A.K.). Nuclear and cytoplasmic staining in
≥10% of the tumor cells was accepted as positive, while <10% was considered as negative
for p16 [8].

2.6. Statistical Analysis

Statistical analyses were carried out using IBM SPSS Statistics for Windows, ver-
sion 23.0 (IBM Corp., Armonk, NY, USA). The descriptive findings were presented as
the mean ± standard deviation (SD) for the continuous data, and as the frequency and
percentage for the categorical data. The normality assumptions were controlled by the
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Shapiro–Wilk test. Categorical data were analyzed by the Pearson chi-square test and
Fisher’s exact test. Student’s t-test was used for analysis of the normally distributed
numerical data. Two-sided p values < 0.05 were considered statistically significant.

3. Results
3.1. Clinicopathological Characteristics of Patients

This study included 57 patients with a mean age of 63.2 ± 2.8 (range 27–83 years). In
this study, the male gender prevailed (84.2%) and almost 60% of patients had a history of
smoking. Thirty of the male patients and four of the female patients were smokers. All the
patients with non-neoplastic disease were non-smokers. The two most common histological
tumor types were squamous cell carcinoma (54.4%) and adenocarcinoma (22.8%).

The clinicopathologic characteristics of the patients are summarized in Table 1.

Table 1. The clinicopathological characteristics of the patients and their HPV status.

Characteristic HPV Positive
(n)

HPV Negative
(n)

HPV and p16 Positive
(n)

Age (years)
≤62 20 1 3

>62 23 13 9

Gender
Female 8 7 3

Male 35 7 9

Smoking history
Smoker 25 9 6

Non-smoker 18 5 6

Histopathological
diagnosis

Squamous cell carcinoma 20 11 7

Adenocarcinoma 13 0 1

Other tumors 6 0 4

Non-neoplastic 4 3 - *

EGFR status

Wild type 36 11 11

Mutated 3 0 1

Not applied 4 3 0

n: number of patients, * p16 immunohistochemistry was not applied in non-neoplastic patients.

3.2. HPV Infection, Prevalence of HPV Types, and Their Relationship with
Clinicopathologic Parameters

In total, 75.4% (43/57) of the patients were HPV-positive. The HPV positivity rate was
57.1% (4/7) in the non-neoplastic samples and 78% (39/50) in the neoplastic samples. All the
adenocarcinomas (13/13, 100%) and 64.5% (20/31) of the squamous cell carcinomas showed
positivity for high-risk HPV DNA. HPV 51 was the most frequent HPV type (49.1%, n = 27),
followed by HPV 16 (43.9%), HPV 31 (15.8%), and HPV 18 (12.3%). Among the smokers, the
HPV positivity rate was found to be 73.5% (25/34), and 28% (14/50) of the cancer patients
were non-smokers and HPV-positive. In terms of the histopathological diagnosis and HPV
status, the frequency of adenocarcinoma was higher in the HPV-positive cases.

The prevalence of the HPV types by gender and tumor type are represented in
Figures 1 and 2. Higher rates of HPV 51 and 56 positivity were detected in women; how-
ever, there was no statistically significant relationship between HPV infection and gender
(p = 0.42), age (p = 0.38), or smoking history (p = 0.68). HPV 16 positivity was more common
in adenocarcinomas (p = 0.006). Furthermore, HPV 51 was more frequent in adenocarcino-
mas and other histological types of carcinomas, including large- and small-cell carcinoma
and large-cell neuroendocrine carcinoma (p < 0.001), and it was the only type detected in the
histological types of carcinomas other than adenocarcinoma and squamous cell carcinoma.
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When the HPV and p16 positive tumors were analyzed as one category, HPV 51 was the
most frequent type, followed by HPV 16, as shown in Figure 3.
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Most samples (58.1%, 25/43) contained multiple HPV types, with HPV16 and HPV51
being the most prevalent. Figure 4 displays the occurrence of multiple HPV genotypes
among the different types of tumors and non-neoplastic lung tissue.
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3.3. Presence of EGFR Mutation and Its Relation with HPV

EGFR mutation was detected in 3/50 (6%) of lung cancer cases, and all the cases
with EGFR mutation revealed exon 19 deletion. All the EGFR-mutated patients had a
histopathological diagnosis of adenocarcinoma and revealed multiple infection of HPV
types 16 and 51, and two of them were smokers. There was no significant relationship
between HPV positivity and the presence of EGFR mutation in the lung cancer cases
(p > 0.999).

3.4. Detection of p16 by Immunohistochemistry

The expression of the p16 protein was detected in 12 of the 50 (24%) cancer patients.
HPV was positive in 100% of the p16-positive cases. A total of 11 cases were both p16-
negative and HPV-negative. The number of HPV-positive and p16-negative cases was
found to be 27. There was no significant relationship between HPV status and p16 protein
expression (p = 0.05), as shown in Table 2. The p16 expression showed variation in the
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different histological types of tumors. The highest expression was found in squamous
cell carcinoma (7/12), followed by small-cell carcinoma (3/12), large-cell adenocarcinoma
(1/12) and adenocarcinoma (1/12), as shown in Table 1.

Table 2. HPV rates in the p16-positive and -negative groups.

HPV-Positive
(n = 39)

HPV-Negative
(n = 11) p *

P16
Positive 12 (30.8) 0 (0) 0.05

Negative 27 (69.2) 11 (100)
* Fisher’s exact test, n (%).

Figure 5 shows the immunohistochemical expression of p16 in the positive control
and cancer tissue samples.
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Figure 5. p16 staining, immunohistochemistry, Nikon Ci-L light microscope. (Nikon Corporation,
Yokohama, Japan) (A) Positive in cervix cancer as a positive control, ×40. (B) Negative in lung
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adenocarcinoma, ×100.

4. Discussion

Since lung cancer is the leading cause of cancer death worldwide, studies on the
etiological factors and carcinogenesis are important, especially for guiding prophylactic
therapy with vaccines and targeted therapy. Although there is some supporting evidence
concerning the relation between HPV infection and lung carcinogenesis, the subject is still
controversial, and because of this, studies on this issue are ongoing.

The rate of HPV positivity in lung cancer reported in several studies is between 0 and
78.3%. Some of the studies report that there is a close relationship between HPV and lung
cancer [3,14,24–26], while some of them report the very low prevalence of HPV in lung
cancer [1,2,27–29]. HPV seems to be more associated with lung cancer in certain geographical
regions of the world [6]. In many studies, it is evidenced that the prevalence of HPV in lung
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cancer is higher in Asian countries than on the other continents [15,30–35]. Furthermore,
the HPV prevalence rate ranging from 0% to 61% in different studies conducted in Greece
indicates that the results can be discrepant even within the same country [14,27].

In previous studies, the HPV positivity rate was found to be higher in cancer patients
than in non-neoplastic controls [15,26,36]. The most recent meta-analysis study reported
the prevalence difference of HPV to be 22% in lung cancer compared to control cases [24].
In our study, HPV positivity was detected in 78% of the cancer group and 57% in the
non-neoplastic group. The prevalence difference was found to be 21%, similar to the
meta-analysis study mentioned above.

To date, few studies have investigated the prevalence of HPV in lung cancer in Turkey.
The rate of HPV positivity reported in these studies is between 1.54 and 11.5% and the most
commonly detected HPV type is HPV 16/18 [37–39]. The differences in the sample types
and sizes, as well as the HPV detection/genotyping methods used, may be the reason for
the different results.

The high rate of HPV prevalence detected in our study in both cancer and non-
neoplastic tissue may be due to factors including the vaccination status and the number
of the patients selected from a single region. The FDA-approved HPV vaccine has been
on the Turkish market since April 2007. But, in Turkey, the HPV vaccine is not included in
the national vaccination program, and people who want to be vaccinated are vaccinated at
their own expense. None of the patients included in our study were vaccinated.

In previous studies, there are conflicting results regarding the association between
smoking and HPV infection. Some studies have shown that the interaction of smoking and
HPV induces viral oncoproteins [40] and that the majority of HPV-positive lung cancers
are smokers [36], whereas others concluded that smoking is an independent factor in lung
cancer [41]. It is suggested that some other factors, such as the number of lifetime sexual
partners, other lifestyle habits and additional molecular alterations may play a role in HPV-
related carcinogenesis in smokers [42]. In our study, the rate of HPV positivity was higher
in females and close between smokers and non-smokers with a little difference (73.5% and
78.2%), and no statistically significant difference was found between HPV infection, age,
gender, and smoking history, similar to the results of some other studies [1,27].

The relation between the presence of HPV and the histopathological type of lung cancer
is discrepant between studies. Some studies have observed the higher prevalence of HPV
in squamous cell carcinoma [3,10,14,15,24], while others have found a greater presence
in adenocarcinomas [9,32,43,44]. Our findings support the latter. The most frequently
detected HPV types worldwide are types 16 and 18 [3,24,26,29], while the other commonly
detected high-risk types are known to be types 31 and 33 [31]. In our study, the two most
commonly detected types were type 51 (49.1%) and type 16 (43.9%), followed by type 31
(15.8%) and type 18 (12.3%).

Although some studies found that HPV 16/18 is significantly associated with squa-
mous cell carcinoma, some reported that there is no statistically significant relation between
HPV 16/18 and the histopathological subtypes of cancer [3,26]. In a study by Baba et al.,
HPV type 16 was the most frequently detected type in both adenocarcinoma and squamous
cell carcinoma [43]. In our study, HPV 16 positivity was more common in adenocarcinomas
(p = 0.006). These different results may be due to the prevalence of the histopathological
type of cancer in the region, ethnicity, sample size of the study and other variables [3].

Furthermore, some studies revealed that HPV infections were more commonly detected
in patients with EGFR mutations [22–25,45,46]. It is assumed that the EGFR/PI3K/AKT
pathway may play an important role in HPV-associated lung carcinogenesis in EGFR-mutated
patients [22,23,47]. In our study, EGFR mutation was detected in 6% (3/50) of the patients
with cancer and all of the EGFR-mutated patients had a histopathological diagnosis of adeno-
carcinoma and multiple HPV infection with HPV types 16 and 51. There was no significant
relationship between HPV positivity and the presence of EGFR mutations in the lung cancer
cases (p > 0.999). This result may be due to the small number of EGFR-mutated patients
detected in this study.
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Moreover, p16, which is known as one of the regulators of the cell cycle, is found to
be inhibited in several cancer types through methylation and deletion. In dysplastic and
neoplastic cervical lesions, and oropharyngeal squamous cell carcinomas, the transcription
of the p16 gene is inhibited by HPV, resulting in abnormal expression of the p16 protein,
dysregulation of the cell cycle and tumorigenesis [48]. However, it is suggested that the
well-established relationship between HPV and p16 in cervical and oropharyngeal cancer
may not be the same in lung cancer. Not all HPV-infected patients who are expressing its
oncoproteins exhibit significant changes in p16 expression [9,49,50]. One of the aims of our
study was to search the relationship between HPV and p16 in lung cancer. We found that
p16 expression was positive in 24% (12/50) of lung cancer patients and all (12/12) of the
p16-positive patients were HPV-positive while none of the HPV-negative patients showed
p16 expression and 30.8% (12/39) of the HPV-positive patients were p16-positive. In our
study, there was no significant relationship between HPV status and p16 protein expression
(p = 0.05) in consistent with the results some other studies in the literature [9,49,50].

There were also discrepant results concerning p16 expression in different types of lung
tumors in the literature, with some studies reporting higher expression in adenocarcinomas
while others found it to be higher in SCCs [9,10]. In our study, we found p16 expression to
be higher in squamous cell carcinomas than adenocarcinomas. The number of patients, the
distribution of the tumor types and the p16 detection method may be the reasons behind
the discrepancy in the results.

Although there may be some possible limitations in our study, such as the small
number of patients and lack of follow-up data for survival analysis, it contributes to the
literature by providing information about the prevalence of HPV, the distribution of HPV
types, and its relationship with p16 in lung cancer patients from the Mediterranean region
of Turkey.

5. Conclusions

In conclusion, our study demonstrated the presence of HPV in lung cancer (39/50,
78%), but we think that more evidence is needed to prove the relationship between the
presence of HPV and lung carcinogenesis. HPV infection may be one of the factors playing
a role in the development of lung cancer. However, further studies using reliable methods
to search for HPV in a larger number of lung cancer patients across different geographic
regions are necessary to understand the role of HPV in lung cancer pathogenesis.
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A.S.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was performed in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Health Sciences University, Antalya Education
and Research Hospital (date and register number: 2019-242, 19/9).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sagerup, C.M.T.; Nymoen, D.A.; Halvorsen, A.R.; Iversen, M.L.; Helland, A.; Brustugun, O.T. Human papilloma virus detection

and typing in 334 lung cancer patients. Acta Oncol. 2014, 53, 952–957. [CrossRef] [PubMed]
2. Shikova, E.; Ivanova, Z.; Alexandrova, D.; Shindov, M.; Lekov, A. Human papillomavirus prevalence in lung carcinomas in

Bulgaria. Microbiol. Immunol. 2017, 61, 427–432. [CrossRef] [PubMed]
3. de Oliveira, T.H.A.; do Amaral, C.M.; de França São Marcos, B.; Nascimento, K.C.G.; de Miranda Rios, A.C.; Quixabeira, D.C.A.;

Muniz, M.T.C.; Silva Neto, J.D.C.; de Freitas, A.C. Presence and activity of HPV in primary lung cancer. J. Cancer Res. Clin. Oncol.
2018, 144, 2367–2376. [CrossRef] [PubMed]

80



Viruses 2024, 16, 1201

4. de Freitas, A.C.; Gurgel, A.P.; de Lima, E.G.; de França São Marcos, B.; do Amaral, C.M. Human papillomavirus and lung
cancinogenesis: An overview. J. Cancer Res. Clin. Oncol. 2016, 142, 2415–2427. [CrossRef] [PubMed]

5. Klein, F.; Amin Kotb, W.F.; Petersen, I. Incidence of human papilloma virus in lung cancer. Lung Cancer 2009, 65, 13–18. [CrossRef]
[PubMed]

6. Kotb, W.F.; Petersen, I. Morphology, DNA ploidy and HPV in lung cancer and head and neck cancer. Pathol. Res. Pract. 2012, 208,
1–8. [CrossRef] [PubMed]

7. Hussain, S.S.; Lundine, D.; Leeman, J.E.; Higginson, D.S. Genomic Signatures in HPV- Associated Tumors. Viruses 2021, 13, 1998.
[CrossRef] [PubMed]

8. Gatta, L.B.; Balzarini, P.; Tironi, A.; Berenzi, A.; Benetti, A.; Angiero, F.; Grigolato, P.; Dessy, E. Human papillomavirus DNA and
p16 gene in squamous cell lung carcinoma. Anticancer Res. 2012, 32, 3085–3089.

9. Zhou, Y.; Höti, N.; Ao, M.; Zhang, Z.; Zhu, H.; Li, L.; Askin, F.; Gabrielson, E.; Zhang, H.; Li, Q.K. Expression of p16 and p53 in
non-small-cell lung cancer: Clinicopathological correlation and potential prognostic impact. Biomark. Med. 2019, 13, 761–771.
[CrossRef]

10. São Marcos, B.F.; de Oliveira, T.H.A.; do Amaral, C.M.C.; Muniz, M.T.C.; Freitas, A.C. Correlation between HPV PCNA, p16, and
p21 expression in lung cancer patients. Cell. Microbiol. 2022, 8, 1–13. [CrossRef]

11. Rubel, L.; Reynolds, R.E. Cytologic description of squamous cell papilloma of the respiratory tract. Acta Cytol. 1979, 23, 227–231.
[PubMed]

12. Syrjänen, K.J. Condylomatous changes in neoplastic bronchial epithelium. Respiration 1979, 38, 299–304. [CrossRef]
13. Syrjänen, K.J. Epithelial lesions suggestive of a condylomatous origin found closely associated with invasive bronchial squamous

cell carcinomas. Respiration 1980, 40, 150–160. [CrossRef]
14. Hu, Y.; Ren, S.; He, Y.; Wang, L.; Chen, C.; Tang, J.; Liu, W.; Yu, F. Possible Oncogenic Viruses Associated with Lung Cancer. Onco

Targets Ther. 2020, 13, 10651–10666. [CrossRef]
15. Xiong, W.M.; Xu, Q.P.; Li, X.; Xiao, R.D.; Cai, L.; He, F. The association between human papillomavirus infection and lung cancer:

A system review and meta-analysis. Oncotarget 2017, 8, 96419–96432. [CrossRef]
16. Hussen, B.M.; Ahmadi, G.; Marzban, H.; Azar, M.E.F.; Sorayyayi, S.; Karampour, R.; Nahand, J.S.; Hidayat, H.J.; Moghoofei, M.

The role of HPV gene expression and selected cellular MiRNAs in lung cancer development. Microb. Pathog. 2021, 150, 104692.
[CrossRef] [PubMed]

17. Carpagnano, G.E.; Koutelou, A.; Natalicchio, M.I.; Martinelli, D.; Ruggieri, C.; Di Taranto, A.; Antonetti, R.; Carpagnano, F.;
Foschino-Barbaro, M.P. HPV in exhaled breath condensate of lung cancer patients. Br. J. Cancer 2011, 105, 1183–1190. [CrossRef]
[PubMed]

18. Rezaei, M.; Shayan, M.; Aghaei, A.; Hosseini, N.; Darabi, H.; Nouri, M.; Etemadi, A.; O’ Neill, A.; Nahand, J.S.; Mirzaei, H.; et al.
The association between HPV gene expression, inflammatory agents and cellular genes involved in EMT in lung cancer tissue.
BMC Cancer 2020, 20, 916. [CrossRef]

19. Yu, Y.; Yang, A.; Hu, S.; Yan, H. Correlation of HPV-16/18 infection of human papillomavirus with lung squamous cell carcinomas
in Western China. Oncol. Rep. 2009, 21, 1627–1632. [CrossRef]

20. Gaur, P.; Bhattacharya, S.; Kant, S.; Kushwaha, R.A.S.; Singh, G.; Pandey, S. EGFR Mutation Detection and Its Association With
Clinicopathological Characters of Lung Cancer Patients. World J. Oncol. 2018, 9, 151–155. [CrossRef]

21. Kumar, A.; Kumar, A. Non-small-cell lung cancer-associated gene mutations and inhibitors. Adv. Cancer Biol. Metastasis 2022, 6,
100076. [CrossRef]
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Abstract: The human papillomavirus (HPV) is an oncogenic DNA virus that is the most
commonly transmitted sexually transmitted virus. There is substantial evidence that HPV
is associated with different types of cancer. While the majority of studies have concentrated
on urogenital system cancers and head and neck cancers, the relationship between HPV and
gastrointestinal system cancers, particularly esophageal cancers, has also been the subject
of investigation. Given that HPV is a disease that can be prevented through vaccination and
treated with antiviral agents, identifying the types of cancers associated with the pathogen
may inform the treatment of these cancers. This comprehensive review examines the
relationship between HPV and cancers of the upper gastrointestinal tract, highlighting the
oncogenic mechanisms of the virus and its reported prevalence. A deeper understanding
of HPV’s association with cancer is relevant to the further development of cancer therapies.

Keywords: HPV; human papillomavirus; esophagus cancer; gastric cancer

1. Introduction
Infectious diseases are involved in the etiology of more than 50% of human cancers,

and about 10% are caused by viral infection [1]. Cancer-inducing viruses can lead to cancer
development by encoding several proteins in the target cell, reprogramming signals in the
development, growth and apoptosis stages, or by the progression of inflammation caused
by chronic viral infection [2]. Human papilloma virus (HPV) is one of the viruses known
to cause cancer. HPV is one of the most common sexually transmitted viral infections
worldwide, affecting both men and women. Among the most important cancer-causing
infectious agents worldwide, Helicobacter pylori ranked first with 36.3% and HPV ranked
second with 31.1% [3]. HPV has been identified as a causative agent of various types of
infections, including those affecting the skin and mucosal surfaces. While it is predomi-
nantly associated with diseases in the genital area, there is growing evidence suggesting
its role in infections and cancers affecting the head and neck region, as well as the gas-
trointestinal system. Recent years have seen an escalating focus on the link between HPV
and upper gastrointestinal tract cancers, underscoring the need for further research and
clinical monitoring in this area. HPVs infect stratified epithelium and can cause cervical
(>90% associated), anal, vulvar, vaginal and vulvar anogenital carcinoma and are also
causally associated with mucosal epithelial carcinomas, particularly oropharyngeal (4%
association) [4]. Since HPV is a common type of oncogenic virus and can be silently present
in the body for many years, its oncogenic properties, treatments and preventive methods
such as vaccination are frequently the subject of research. In addition, due to its popularity
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and common occurrence, its relationship with other types of cancer has also been investi-
gated. Studies have shown that HPV prevalence is associated with anal, colorectal, oral,
pharyngeal and esophageal carcinogenesis [5]. The association of HPV prevalence with
gastric carcinogenesis is controversial, and no study has shown an association with the
duodenum. The aim of this study is to review studies on the relationship between HPV
and esophageal, gastric and duodenal cancers.

2. HPV Virus
HPV is a DNA virus that does not encode for any enzyme or polymerase, requires a

host cell for replication, can only infect actively dividing cells, and targets cutaneous or
mucosal squamous epithelia [6]. The HPV genome has a circular DNA structure. There are
three categories of genes: early genes (nonstructural proteins; E1 to E7), which facilitate
viral genome expression and replication while also regulating host cell proliferation and
differentiation; late genes (structural proteins; L1 and L2), which are involved in viral
capsid formation; and transcriptional control region (long control region; LCR) [7,8]. There
are more than 400 types of HPV [9]. HPV is divided into five groups: gamma, beta, mu,
gamma and alpha; these are classified as cutaneous or mucosal. HPV8 (beta-cutaneous)
and HPV16–18–31–33–35–39–45–51–52–52–5–5–58–59 (alpha-mucosal) subtypes are at high
risk for invasive cancer, particularly cervical, anogenital, and oropharyngeal cancers [10].
Some cutaneous HPV types, such as HPV-8 (beta-cutaneous), have also been linked to
non-melanoma skin cancers, particularly in immunocompromised individuals [9,10]. HPV
is known to be transmitted through direct contact and through certain objects. Mucosal
HPV is mainly transmitted by sexual contact, but vertical transmission from mother to
child in the womb and more often perinatally is possible. HPV reaches the basal layer
through a wound or microdamage in the epithelium, where it can infect only the dividing
keratinocytes of the basal layer.

3. HPV Life Cycle
Human papillomaviruses (HPVs) are small, non-enveloped, double-stranded DNA

viruses that infect epithelial cells and establish long-term infections without causing im-
mediate cytopathic effects [11]. HPV transmission occurs primarily through direct contact,
and infection is facilitated by microabrasions on the epithelial surface, allowing the virus to
reach basal keratinocytes [12]. Once in a basal cell, HPV maintains its genome as an episome
and replicates simultaneously with host DNA during cell division [11]. This episomal state
allows the virus to persist in the host without triggering an immediate immune response.

HPV has an affinity for the squamocolumnar junctional tissue because basal cells are
particularly accessible in the squamocolumnar transformation zone and are particularly
susceptible to viral infection [13]. Progressive acid damage to the esophagus may increase
the likelihood of mucosal breaks that allow virus entry into the basal layer of the trans-
formation zone [13]. The SCJ is the transformation zone of the esophagus and resembles
the transition zone of the uterine cervix, where nearly all high-grade cervical lesions and
cancers arise [13]. The presence of HPV in these areas alone is not sufficient for cancer
development; cancer development is multifactorial.

HPV exhibits a tightly regulated life cycle that depends on the differentiation of
infected keratinocytes [14]. In basal cells, HPV replication is restricted, maintaining a low
copy number of viral genomes, typically between 50 and 100 copies per cell, and viral
oncogene expression is tightly controlled [11]. As infected basal cells differentiate and
migrate toward the epithelial surface, the virus enters the productive phase. During this
phase, viral genome replication increases to thousands of copies per cell, and structural
proteins such as L1 and L2 are expressed, enabling the assembly of infectious virions [12].
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The entire life cycle from initial infection to viral particle release takes approximately
three weeks [11].

A key feature of the HPV life cycle is its ability to evade immune detection by restrict-
ing viral gene expression to differentiating keratinocytes that are not actively involved
in immune surveillance [14]. Unlike many other viruses, HPV does not cause cell lysis;
instead, virions are released via natural epithelial shedding, allowing transmission to con-
tinue without eliciting a strong immune response [11]. HPVs are often found integrated
into host DNA in premalignant lesions and cancers, but this is not part of the viral life
cycle. In fact, integration is the end for the virus because it can no longer form a circular
genome [14].

HPVs are frequently detected to be integrated into host DNA in premalignant and
malignant lesions, but integration is not part of the normal viral life cycle [14]. In fact,
integration represents a dead end for the virus as it disrupts the circular structure of the
viral genome, preventing further episomal replication and transmission [15]. However,
integration is a crucial event in HPV-associated oncogenesis, as it often results in the
deregulated expression of the viral oncogenes E6 and E7, leading to inactivation of the
tumor suppressor proteins p53 and pRb, increased genetic instability, and malignant
transformation [14].

The persistence of high-risk HPV types, particularly HPV16 and HPV18, is strongly
associated with the development of cervical and other anogenital cancers [12]. Under-
standing the complex interplay between HPV replication, immune evasion, and oncogenic
potential is essential to develop effective prevention and treatment strategies.

4. HPV and Cancer
HPV is a significant etiological factor in various types of cancer, particularly cervical,

anogenital (anal, vulvar, vaginal, penile), and head and neck cancers (oropharyngeal).
Among cancer-causing HPV types, the most common and researched types are HPV-16
and HPV-18, which are responsible for more than 80% of cervical cancers worldwide,
while other types are HPV-31, HPV-33, HPV-45 and HPV-58, of which HPV-16 is the most
common type [16].

The process of HPV-induced carcinogenesis involves a complex network of interactions
between viral oncoproteins and host cellular pathways, resulting in genomic instability,
deregulation of cell cycle control, and evasion of apoptosis. The primary drivers of these
processes are the viral oncoproteins E5, E6, and E7.

HPV-associated lesions often become cancerous through damage to the viral genome
resulting from integration into the host genome. HPV oncoproteins E1 and E2 are involved
in initiation and regulation of HPV infection, E4 protein is mainly involved in viral release,
transmission and post-translational modification, E5, E6 and E7 in cellular proliferation,
invasion and metastasis, cell cycle arrest, angiogenesis, resistance to cell death, tumor-
promoting inflammation, genomic instability, evasion of growth suppressors, dysregulation
of cellular energy, escape from immune destruction and replicative immortality [17]. The E6
protein is known to promote the degradation of the tumor suppressor protein p53, whilst
the E7 protein is capable of inactivating the retinoblastoma protein (pRb), a process that
leads to uncontrolled cell proliferation and the avoidance of apoptosis. The E5 protein has
been demonstrated to increase the activity of both the E6 and E7 proteins and is involved in
the regulation of cell proliferation and apoptosis. These proteins have also been observed
to contribute to the initiation and progression of malignancy by interacting with cellular
signaling pathways, including PI3K/AKT, Wnt and Notch [7,18] (Table 1).
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Table 1. HPV proteins and functions.

Region Protein Pathway Function

Early
Region

E1 NF-κB Genome replication

E2 Regulation of gene transcription
Leas to cancer progression

E4 Viral release

E5 MAPK-ERK pathways

Major oncoprotein
E6 and E7 modulation

Suppression of p21 expression
Angiogenesis, proliferation, evading cell death

E6 PI3K, AKT, Wnt, Notch pathways

Degradation of p53
Degradation of apoptotic signaling cascade

Downregulates tumor suppressor genes
Genomic instability, proliferation, invasion,

immortality, inhibition of apoptosis and
DNA repair

E7 PI3K, AKT pathways

Inactivates pRb
Inactivation of p21 and p27
Overexpression of MMP-9

Immortality, invasion, metastasis, chronic
inflammation, genomic instability

E8 Repressor of transcription

Late
Region

L1 Major capsid protein

L2 Minor capsid protein

Long Control
Region Promotor elements, regulator region

NF-κB: Nuclear Factor kappa B, MAPK-ERK: mitogen activated protein kinase- extracellular-signal-regulated
kinase, PI3K: phosphatidylinositol-3-kinase, AKT: protein kinase B, DNA: deoxyribonucleic acid, MMP-9: matrix
metalloproteinase-9.

In addition to the abovementioned oncoproteins, the integration of HPV into the
host genome has been demonstrated to result in the increased expression of oncogenes.
This process has been shown to induce the disruption of normal chromatin interactions
and to silence tumor suppressor genes, a critical step in the process of carcinogenesis
that leads to genomic instability [9]. Proteases such as matrix metalloproteinases (MMPs)
have been observed to be upregulated in HPV-mediated carcinogenesis. The function of
these enzymes is to facilitate tumor invasion and metastasis by degrading components of
the extracellular matrix. Protease inhibitors have been identified as potential prognostic
markers for HPV-associated cancers, emphasizing their role in disease progression [7].

With HPV integration, the expression of E6 and E7 oncogenes is dysregulated, and
carcinogenesis is initiated, but this integration is not essential [13]. HPV is responsible for
more than 90% cervical cancers, and more than 70% of these are related to HPV16 and
HPV18. While HPV 18 and HPV48 show their carcinogenic effects by integrating into
the host DNA, HPV 16 integrates at a rate of 60–80%. In approximately 30% of HPV16-
positive HPV-related cancers, HPV 16 does not integrate into the host DNA and leads to
carcinogenesis by deletion and rearrangement [19].

The pathogenesis of HPV-related squamous cell carcinoma and adenocarcinoma of the
cervix involves different mechanisms, although both are driven by HPV infection. These
differences can be explained by differences in the DNA integration point of HPV (8q24.21
is integrated in adenocarcinoma, while 21p11.2 is integrated in squamous carcinoma), the
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involvement of different genomic areas (dysregulation of oncogenes such as STARD3 and
ERBB2 is observed in adenocarcinoma, while expression of viral oncogenes is increased in
aquatic carcinoma), and different molecular signatures (squamous carcinoma is associated
with keratinization and glucose metabolism pathways, while adenocarcinoma uses different
oncogenic pathways) [14,20].

In HPV-related cancers, a different mechanism operates compared to HPV-independent
cancers of the same region. This has resulted in HPV-positive cancers having better prog-
nosis; for example, in cervical cancer, HPV positivity increases radiosensitivity [16]. HPV-
related cancers are more commonly associated with squamous-type cancer, whereas HPV-
independent tumors are associated with both adenocarcinomas and squamous histological
subtypes; they are associated with earlier-stage lymph node involvement, more distant
metastasis, and generally worse oncologic outcomes [21].

5. HPV Detection
HPV screening tests are an important health screening that should be performed in

individuals with certain risk factors, especially due to the known cancer-risk-increasing
effects of HPV. HPV infections are mostly asymptomatic and in most cases are cleared
spontaneously by the immune system. However, some high-risk HPV types (especially
HPV 16 and HPV 18) can cause the development of cervical, anal and other types of cancer.
Therefore, HPV screening can help detect cancer at an early stage. High-risk groups such
as women, HIV-positive individuals, men who have anal sex and those with weakened
immune systems are the people who would benefit most from HPV screening tests.

The known tests for HPV diagnosis today are cervical screening and diagnostic tests.
Tests for other body parts are still under development. Oral HPV tests and anal HPV
tests are known tests, and genital tests for men are also under development. HPV DNA
screening tests can be performed with swab samples, liquid-based cytology or tissue
samples taken from areas such as the perianal region, oropharyngeal region, or skin. HPV
is not a hematological virus; therefore, it cannot be screened using serum samples. However,
there are studies that utilize antibodies, circular DNA, or fragments produced by HPV for
screening purposes.

HPV is a virus that does not grow in cell culture and therefore requires molecular
tests for diagnosis. HPV tests can be classified into three categories for cervical smear
tests: (1) nucleic acid amplification assays, (2) nucleic acid hybridization assays, (3) signal
amplification assays (Table 2) [22].

Table 2. Classification of HPV tests for cervical specimens.

Classification of HPV Tests

Nucleic Acid Amplification Assays

Micoarray
PapilloCheck

Polymerase Chain Reaction
COBASE 4800 HPV
Genome Sequencing

CLART HPV2
INNO-LIPA

Nucleic Acid Hybridization Assays
Southern blot

In situ hybridization
Dot blot hybridization

Signal Amplification Assays Cervista HPV
Hyrid Capture 2
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The recommended test for the diagnosis of HPV-associated oropharyngeal squamous
cancer in the College of American Pathologists (CAP) and American Society of Clinical
Oncology (ASCO) guidelines is p16 immunohistochemistry [23].

Anal area screening tests include a smear test and HPV DNA screening, just as in the
cervical area. In addition, biopsies taken from HPV-induced lesions such as warts can also
be diagnosed by HPV DNA screening.

It has been established that in numerous forms of cancer, DNA fragments, such as
circulating tumor DNA (ctDNA), are released into the blood. In HPV-associated cancers,
human papillomavirus (HPV) DNA can also be released into the blood following integration
into the host genome. Consequently, the presence of circulating HPV-DNA fragments has
the potential to serve as a marker for these cancers [24].

Next-generation sequencing (NGS) offers a non-invasive approach for the detection of
circulating tumor DNA (ctDNA) in HPV-associated cancers, offering significant advantages
over traditional methods such as droplet digital PCR (ddPCR) and quantitative real-time
PCR (qPCR), particularly in terms of sensitivity, specificity and the ability to provide
comprehensive genomic information, providing a non-invasive approach for diagnosis,
monitoring and prognosis.

6. HPV and Geographic–Epidemiological Insights
The prevalence of HPV exhibits significant variation across geographic and demo-

graphic contexts, thereby influencing its correlation with upper gastrointestinal cancers
and other HPV-associated malignancies. This variation is crucial for understanding the
broader implications of HPV in cancer epidemiology.

The prevalence of HPV was found to be 11.7% worldwide, in a meta-analysis con-
ducted by Bruni et al., which included 194 studies and more than 1 million women [22].
HPV is associated with 4.5% of all cancers worldwide and is responsible for 8.6% of cancers
in women and 0.8% in men [25].

It is reported that 90% of cervical and anal cancers, 70% of vulvar and vaginal can-
cers, 60% of penile cancers and 70% of oropharyngeal cancers are attributable to HPV
infection [26,27]. Approximately 60% of occurrences of oropharyngeal cancer (OPC) in
the United States have been associated with HPV, compared to 31% in Europe and 4% in
Brazil [28]. In contrast, India reports a high incidence of 38.4% of HPV-related OPCs, in
contrast to the low rates observed in many African countries [29].

HPV represents the most significant etiological agent in the development of cervical
cancer in women; nevertheless, it is also associated with anal and oropharyngeal cancers in
men, and HPV-associated cancer rates are elevated in younger age groups, especially in
areas exhibiting low vaccination rates [30].

The development of gastrointestinal cancers is often multifactorial, and HPV is one of
several risk factors; in particular, the association of HPV with esophageal squamous cell
carcinoma is very strong, but the evidence is insufficient for gastric or colorectal cancer [31].
Research indicates that the prevalence of HPV is elevated in patients diagnosed with
oropharyngeal and gastrointestinal cancers, thereby suggesting a potential association
between HPV 16 and 18 and the development of gastrointestinal system oncogenesis [31].

7. HPV and Esophagus
Esophageal cancer is the eighth most common cancer and the sixth most common

cause of death [32]. There are two main histologic subtypes of esophageal cancer: squamous
cell carcinoma (ESCC), 88% of cases, and adenocarcinoma (EAC), 12% of cases [33]. The
most commonly known etiologies of ESCC are drinking, smoking, heredity, hot drinks, HPV
infection and achalasia [34]. Recent studies have begun to investigate the mechanisms by
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which specific high-risk HPV types, particularly HPV 16 and HPV 18, may contribute to the
development of esophageal cancer, leading to novel preventive strategies and therapeutic
approaches targeting HPV.

HPV is a virus transmitted through contact and reaches the esophagus through orosex-
ual contact. The relationship between HPV and ESCC was first demonstrated by Syrjänen
in 1982, and as a result of the studies that followed, it is now known that the most common
types are HPV 16 and HPV 18 [35,36]. HPV-associated ESCC of the esophagus occurs
between 0 and 78% depending on geography, study design and method of HPV detection,
and in regions with high incidence of ESCC such as Iran and Northern China, HPV inci-
dence ranges between 32.8 and 63.6%, while in Europe and the USA where there is low
incidence of ESCC, HPV incidence is 15.6% and 16.6% [33].

The results of a meta-analysis and review conducted by Petrelli et al. indicate that
the association between HPV and ESCC is not as strong as that observed in cervical and
oropharyngeal cancers [37]. Furthermore, there is no definitive correlation between HPV
and p53 expression, a weak association with p16, and evidence suggests that ESCC envi-
ronmental factors may be a more significant risk factor [33,37]. In a study reported by Feng
et al. on Asian races, the oncogenic HPV E6 and E7 genes were shown to be involved in
the pathogenesis of ESCC by upregulating susceptible HLA-DQB1 by DNA demethyla-
tion [38]. HPV-16 E6 contributes to EC carcinogenesis by downregulating microRNA-125b,
a negative regulator of the Wnt/β-catenin signaling pathway [39]. Zhang et al. reported
that HPV-infected ESCC tumor tissue, compared with HPV-negative tissue, contained
longer telomeres due to the DNA methylation status of telomerase reverse transcriptase,
indicating a relationship with poor prognosis [40].

Barrett’s esophagus (BE) is a metaplastic change in the esophageal epithelium, whereby
the squamous cells are replaced by columnar cells. BE is the greatest risk factor for
esophageal adenocarcinoma (EAC). The risk factors for BE include gastroesophageal reflux
disease, smoking, obesity, hiatal hernia, male gender, white, and the sixth to seventh decade
of life, and the risk factors for EAC include BE, hiatal hernia, and smoking [41]. Barrett’s
esophagus affects about 5% of people in the US and about 1% worldwide, and first-line
treatment consists of proton pump inhibitors for control of reflux symptoms [42]. There are
some studies associated with HPV infection in EAC and BE, and it has been suggested that
HPV may cause EAC and BE due to abnormalities in the p53 and retinoblastoma protein
pathways, but these studies are very limited [1]. In a 2017 French study, 180 patients were
studied, 61 of whom had BE, and no association between BE and HPV was found [43].
Although there are some studies showing a negative association between HPV and EAC
and BE, the quality of the studies, geography, race and inappropriate tissue samples may
have contributed to this result, but it is now recognized that approximately 25% of patients
with EAC and BE are associated with HPV 16 and 18 [33]. The majority of HPV-positive
BE and EAC samples show downregulation of pRb due to cleavage of pRb by the E7
oncoprotein, upregulation of p16INK4a, and overexpression of p53 due to inactivation by
the E6 oncoprotein [44].

8. HPV and Stomach
Gastric cancer (GC) is the fifth most common type of cancer and the fourth most

common cause of cancer-related death [45]. GC has a complex etiology that is influenced
by a multifactorial genetic and environmental basis. The most well-established risk factors
include smoking, alcohol consumption, family history, dietary habits, infection with the
Epstein–Barr virus (EBV), and Helicobacter pylori (H. pylori). HPV is recognized for its
association with cervical cancer; however, recent research suggests a potential link between
HPV infection and gastric cancer. Understanding the biological pathways through which
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HPV may contribute to gastric carcinogenesis is essential to uncover potential preventive
strategies and therapeutic targets.

In 2007, the International Agency for Research on Cancer analyzed and discussed
previous studies and could not suggest an association between HPV infection and GC [46].
Studies on the association between HPV and GC are contradictory. It is considered that
these differences are related to factors such as the year in which the studies were conducted,
the design, the materials used and the test methods. In general, studies conducted in
China show that there is a relationship between HPV and GC, and as a result of large
meta-analyses conducted in recent years, it is seen that there is a positive relationship
between HPV and GC, especially HPV 16 [33,47,48]. HPV positivity in gastric cardia
cancers varies between 0 and 68% with the influence of factors such as geography, ethnicity
and gender, and it is known that the HPV association is stronger than in non-cardia gastric
cancers [49]. Although the presence of HPV in gastric cancer tissues has been shown in
studies, the molecular relationship between HPV and carcinogenesis has not yet been
clearly demonstrated.

Researchers have also examined the relationship between H. pylori, which is a known
etiological factor of gastric cancer, and HPV. Studies have demonstrated a correlation
between HPV positivity and H. pylori positivity in gastric cancer, with one potential
interaction pathway being correlation of HPV 16 and H. pylori Cag A positivity, the
development of dysplasia and adenocarcinoma due to HPV chronic infection, or HPV
and H. pylori coinfection [5,50]. EBV is the second most important viral factor in the
etiology of GC and accounts for approximately 10% of all gastric carcinomas. Similarly to
EBV infection, HPV may play a role in carcinogenesis by stimulating the NFκB signaling
pathway, which is critical for the proliferation and survival of cancer cells [51]. It has
been established that HPV infection accelerates the carcinogenic process through various
epigenetic mechanisms, including DNA methylation, histone modifications and changes in
microRNA expression. HPV oncoproteins E6 and E7, for instance, have been demonstrated
to promote a positive feedback loop by inhibiting histone acetyl transferase p300, thereby
increasing their own expression and further contributing to malignancy through the process
of epigenetic alteration [52].

A meta-analysis demonstrated an association between HPV 16 and gastric cancer
(GC), with a reported prevalence of HPV of 23.6%. Although HPV screening with serologic
tests is a reliable marker, the relationship between GC and HPV is more clearly evident in
gastric tissue samples. It was hypothesized that HPV may play a role in oncogenesis by
infecting gastric epithelial cells through oral entry, particularly by evading immune system
mechanisms [47].

9. HPV and Duodenum
Small bowel cancers constitute 3% of all gastrointestinal system cancers [53]. Duo-

denal adenocarcinomas account for only 0.5% of all gastrointestinal tract cancers [54].
The molecular abnormalities observed in small bowel adenocarcinomas are prevalent in
colon adenocarcinomas, but some occur with varying rates. There are no clearly defined
environmental risk factors for small bowel adenocarcinomas, but approximately 20% are
associated with predisposing diseases such as Crohn’s disease, Lynch syndrome, familial
adenomatous polyposis, Peutz–Jeghers syndrome, and celiac disease [55]. There are studies
showing that HPV is effective in colorectal carcinogenesis by inactivating p53 via the E6
oncoprotein. Considering the similarity of the molecular pathogenesis of small bowel
cancers to the molecular pathogenesis of colorectal cancers, HPV may also be effective in
small bowel cancers, but there is no study in the literature showing this relationship [51].
A study showing a relationship between HPV and duodenal cancer has not been seen in
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previous studies. However, it has been observed that cervical cancer and head and neck
cancer may involve the duodenum through metastasis [56,57]. However, the association of
HPV with cancer and metastasis in these patients has not been established.

10. Vaccine Status
HPV can cause cervical, vaginal, vulvar, penile, anal or oropharyngeal cancers, usually

clearing within 2 years, but with the development of persistent infection, especially in types
with a high risk of cancerization, such as HPV 16. HPV vaccines target the HPV types
that cause most HPV-associated cancers, and studies have shown that vaccines are highly
effective in preventing HPV-associated precancerous lesions and cancers [58].

It is recommended that HPV vaccines be administered at the age of 11–12 years. These
vaccines have demonstrated strong efficacy against anogenital diseases and associated
cancers, and they also have the advantage of potentially halting disease progression by
preventing the spread of HPV in individuals being treated for HPV-related diseases [59].

HPV vaccines comprise three categories, all of which utilize DNA recombinant tech-
nology and L1 protein purification, a process which has been demonstrated to activate
the immune system (Table 3) [60,61]. HPV vaccines are highly immunogenic, producing
high concentrations of neutralizing antibodies against the antigen HPV L1 protein and
activating both humoral and cellular immune responses. Numerous randomized clinical
trials have demonstrated almost 100% efficacy in preventing HPV subtype-specific precan-
cerous cervical cell changes, but vaccination does not provide protection in women already
infected with HPV-16 or HPV-18 [62,63].

Table 3. HPV vaccine types.

Vaccine Type HPV Type

Bivalent vaccine HPV 16-18

Quadrivalent vaccine HPV 9-11-16-18

Nonavalent vaccine HPV9-11-16-18-33-35-4-52-58

The increase in HPV-associated head and neck cancers, along with the demonstration
of efficacy in different cancer types, such as ESCC, underscores the importance of HPV
vaccination. The incidence of HPV-associated ESCC may be reduced through prophylactic
HPV vaccination.

11. HPV-Related Treatment
HPV-related cancers may create differences and some advantages in treatment due to

viral pathogenesis. In HPV-associated cervical cancers, when HPV is detected by a smear
test to prevent the disease, cancer development can be prevented with minimal surgical
treatments such as conization and cauterization in the precancerous period. Cervical,
oropharyngeal and vulvar cancers are more radiosensitive when HPV-associated than
when not, and this facilitates treatment [64]. In addition, preclinical and clinical studies
for the treatment of HPV viral oncogenesis are ongoing. TALENs and CRISPR/Cas9
gene editing techniques, which aim to disrupt viral oncogenes by targeting E6 and E7
oncoproteins, the most important oncoproteins in HPV-associated cancers, and thus inhibit
tumor growth and progression, are being investigated [65]. Another promising preclinical
study in the treatment of HPV-associated cancers aimed to induce CD8+ T cell responses
and kill tumor cells with customized viral immunotherapy targeting E6 and E7 proteins [66].
Oncolytic viruses are genetically modified or naturally occurring viruses that aim to induce
an immune response against the tumor and, to do so, selectively infect and kill cancer cells
while sparing normal cells. In HPV-associated cancers such as cervical cancer and head
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and neck squamous cell carcinoma, oncolytic viruses can be used more effectively as it is
easier to recognize cancerous cells due to the nature of the cancer. Oncolytic HSV, especially
genetically modified versions such as T-01, have been shown to inhibit the growth of cancer
cells in HPV-related cervical cancer models by restricting the spread of the virus to tumors,
leading to tumor cell death and immune response activation [67].

12. Future Research Directions
The role of HPV in the oncogenesis of upper gastrointestinal system cancers remains

to be fully substantiated; however, there exist significant data indicating a correlation
between the two. The multifaceted interactions among genetic, environmental, and viral
factors in cancer development hinder a definitive evaluation of this relationship. In order
to understand the pathogenesis and oncogenesis of HPV and to reveal its relationship with
upper gastrointestinal system cancers, disciplines such as pathology, virology, oncology,
surgery and gastroenterology should work together and create a common perspective.

Current prophylactic vaccines target specific high-risk HPV types but do not cover all
oncogenic strains. Research is ongoing to develop vaccines that provide broader protection.
One promising approach involves the use of the minor capsid protein L2, which is highly
conserved across multiple HPV genotypes. Improving the immunogenicity of L2 by linking
short amino acid sequences from different oncogenic HPV types or by displaying L2
peptides on more immunogenic carriers may lead to pan-HPV vaccines. Additionally, there
is considerable interest in therapeutic vaccines aimed at eliciting immune responses against
established HPV infections and associated malignancies. These vaccines primarily target
the E6 and E7 oncoproteins that are consistently expressed in HPV-associated cancers. A
variety of platforms are being investigated in clinical trials, including protein-based, viral
vector, bacterial vector, and lipid-encapsulated mRNA vaccines [68].

One of the most challenging issues in HPV-related diseases is the lack of standardiza-
tion in HPV diagnosis. In addition to tissue screening, the development of new diagnostic
and screening tests from specimens such as blood and urine will pave the way for im-
provements in the diagnosis and treatment of HPV and related cancers. Early detection of
HPV-associated lesions is crucial for effective intervention. New technologies such as DNA
methylation triage, HPV integration detection, liquid biopsies, and AI-assisted diagnostics
have the potential to augment traditional screening methods such as cytology and HPV
nucleic acid testing. These innovations aim to increase sensitivity and specificity, reduce
false-positive rates, and enable more personalized risk assessments. Further research is
needed to validate and integrate these approaches into clinical practice [69].

Despite the proven efficacy of HPV vaccines, global immunization efforts face chal-
lenges such as low vaccination coverage, vaccine hesitancy, and inequalities in access to
healthcare in low- and middle-income countries. Research focused on understanding the
underlying causes of vaccine hesitancy, developing targeted education campaigns, and
implementing policies to improve vaccine availability is critical. Additionally, exploring
alternative vaccination strategies, such as single-dose regimens or needle-free delivery
systems, may increase acceptance and coverage [70].

The heterogeneity of HPV-associated cancers necessitates personalized treatment
approaches. Identification of biomarkers that predict response to treatment or disease
progression may inform personalized treatment strategies. Research into the tumor mi-
croenvironment, immune response profiles, and genetic alterations associated with HPV-
associated malignancies will aid in the development of personalized medicine approaches
and potentially improve patient outcomes.

As HPV vaccination programs mature, long-term studies assessing the durability of
vaccine-induced immunity and monitoring potential adverse events are essential. Such
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studies will inform booster vaccination programs when necessary and ensure continued
safety and efficacy of vaccination programs.

13. Conclusions
The human papilloma virus (HPV) is one of the well-documented oncogenic viruses

and has been the subject of extensive research. The fact that the source of cancer is a
viral pathogen makes the disease both preventable through vaccination and treatable with
antiviral therapy. Consequently, researchers are aiming to investigate viral diseases that
may be causative agents in diseases such as cancer, which have poor prophylaxis, diagnosis,
treatment, and prognosis. The objective is to make the disease less concerning by identifying
these viral pathogens. The objective of this study was to synthesize the existing literature
on the relationship between HPV and upper gastrointestinal tract cancers. We believe
that further investigation into the relationship between HPV and ESCC, EAC, and GC is
justified. Should the relationship and its underlying pathogenesis be elucidated through
further study, it would have significant implications for the treatment of these cancers.
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Abstract: Human papillomavirus (HPV), an oncogenic DNA virus, is the most common sexually
transmitted virus and significant public health concern globally. Despite the substantial prevalence
of HPV infection among men, routine testing remains elusive due to the lack of approved HPV
tests and the complexity of detection methods. Various studies have explored the link between
HPV and genitourinary cancers, revealing different associations influenced by geographic variation,
histological subtype and methodological differences. These findings underscore the importance of
further research to elucidate the role of HPV in male urogenital cancers. This comprehensive review
delves into the intricate relationship between HPV and male genitourinary cancers, shedding light
on the virus’s oncogenic mechanisms and its reported prevalence. A deeper understanding of HPV’s
implications for male health is essential for advancing public health initiatives and reducing the
burden of urogenital cancers worldwide.

Keywords: anal cancer; bladder cancer; HPV; Human papillomavirus; kidney cancer; male health;
oncogenic virus; penile cancer; prostate cancer; renal cell carcinoma; testicular cancer; urogenital
cancers; vaccine

1. Introduction

Human papillomavirus (HPV) is an oncogenic virus that primarily infects epithelium
or mucous membranes. Mucosal HPVs, transmitted through sexual contact, is the most
common sexually transmitted infection worldwide [1]. The prevalence of genital HPV
infection among men is significant, with approximately one-third of men worldwide
being infected by at least one type of genital HPV [2]. High-risk HPV types can lead to
precancerous lesions and are responsible for about 10% of cancers globally, including over
90% of cervical cancers, most anal cancers, and some vulvar, vaginal, penile, and head
and neck cancers [1]. HPV infection can persist for years before progressing to invasive
cancer. Understanding these mechanisms is crucial for developing effective treatments and
preventive measures against HPV-related cancers.

In recent years, there has been growing interest in the high prevalence of HPV in
men and its potential role in the etiology of urogenital cancers. There are two hypotheses
regarding the link between HPV and male genitourinary cancers. The first suggests an
anatomical basis, as the urethra serves as a reservoir and direct link between the urinary
and genital area, providing a natural route for viral migration. The second hypothesis
pertains to the natural affinity of HPV for epithelial cells. Typically, these viruses infect
epithelial cells with a strong preference for squamous epithelium, indicating a propensity
for urethral and bladder epithelium as well [3]. The aim of this study is to elucidate the
potential role of HPV in the etiology of male urogenital cancers, by examining its oncogenic
effects and reported frequency, within the context of current scientific evidence.
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2. HPV Types and Oncogenesis

HPV-DNA is a circular, double-stranded molecule surrounded by a protein coat. It
contains eight genes, split into early (E) and late (L) stages. E1 and E2 handle replication,
transcription, and cell regulation. E4 assists in cell cycle control and virion assembly.
E5 controls cell growth and virus modulation. E6 and E7 inhibit apoptosis and regulate
cell cycling.

HPV types fall into two categories: cutaneous and mucosal. Mucosal HPVs, trans-
mitted through sexual contact, include high- and low-risk oncogenic strains. Low-risk
types like 6 and 11 cause genital warts and recurrent respiratory papillomatosis, which
seldom progress to cancer. In contrast, persistent infection with high-risk types like 16, 18,
31, 33, 45, 52, and 58 can lead to precancerous lesions and are responsible for about 10%
of cancers globally, including over 90% of cervical cancers, most anal cancers, and some
vulvar, vaginal, penile and head and neck cancers [1].

3. Human Papillomavirus (HPV) and Its Role in Carcinogenesis

The most well-known mechanism of HPV in cancer development involves its onco-
proteins E6 and E7 (Figure 1).
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telomerase, a key enzyme for maintaining telomere length and ensuring cell immortality 
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Figure 1. Effects of HPV on host cells. HPV disrupts cell cycle regulation post-infection through
two main mechanisms: (A) Firstly, the E6 oncoprotein binds to P53, triggering proteolysis via the
ubiquitination pathway, activating the CDK cycle and cell cycle. (B) Secondly, the E7 oncoprotein
binds to Rb and other associated proteins, releasing the E2F transcription factor complex and ac-
tivating the cell cycle. (C) HPV inhibits type 1 IFN-γ receptor with E6 and E7 oncoproteins, and
it inhibits type 2 IFN-γ receptor signaling with E7 oncoproteins. (D) E6 and E7 oncoproteins also
inhibit NF-κB signaling. (E) E5 and E7 prevent surface expression of MHC molecules. E5 binds to
MHC-I and MHC-II in the Golgi and ER, inhibiting their transport to the cell surface. Abbrevations:
CDK: Cyclin-dependent kinase, ER: Endoplasmic reticulum, HPV: Human papillomavirus, IFN-γ:
interferon-gamma, NF-κB: Nuclear Factor kappa B.

When HPV DNA integrates into the host genome, E6 and E7 inactivate tumor suppres-
sor proteins such as p53 and Rb. High-risk HPV E6 proteins can activate telomerase, a key
enzyme for maintaining telomere length and ensuring cell immortality [4]. Additionally,
E6 can hinder DNA repair by binding and inhibiting DNA repair proteins, leading to
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an accumulation of mutations in the host genome [5]. Meanwhile, the E7 protein can
disrupt centrosome duplication by affecting cyclin E/cyclin-dependent kinase 2 (CDK2)
complexes, causing genomic instability and aneuploidy [6]. All these proccess leads to
increased cell proliferation, apoptosis resistance, and malignant transformation. Addition-
ally, HPV triggers chronic inflammation in prostate tissue, contributing to the oncogenic
process [7–9]. Another mechanism involves HPV disrupting the activity of the protective
enzyme APOBEC3B against viral infections. It’s believed that this process resulting in
genomic instability and oncogenesis is due to the indirect effect of HPV [10,11]. Persistent
infection with high-risk HPVs and progression from latent infection to invasive cancer can
take years to decades [4,12].

4. Immune Response to HPV Infection

Host defense mechanisms effectively control initial HPV infections in most individuals,
with only a subset progressing to invasive cancer. Physical barriers like mucous mem-
branes blocks virus entry, virus innate immunity recognizes HPV DNA through pathogen
sensors. HPV alters host gene expression to evade virus responses by deregulating DNA
methylation, histone modification, and nuclear factor kappa B (NF-κB) signaling. The
virus interacts with host proteins to inhibit virus responses, impairing antigen presen-
tation and promoting virus suppression. HPV manipulates protein functions to evade
virus responses by disrupting protein-protein interactions, inhibiting IFN signaling, and
inducing proteasome-mediated degradation of cytokines. The virus also interferes with
MHC molecule trafficking and antigen presentation [11].

5. Detection of HPV

Determining the link between exposure and outcome relies on accurately identifying
the exposure. Various methods are used in different studies to detect HPV, each with its
own strengths and limitations.

While the role of HPV in women’s health is well understood and extensively stud-
ied through various screening and research programs, men have been significantly less
involved in these efforts. This is partly because HPV-related diseases affect and result in
fatalities among women more frequently than men [13]. Although there’s been increased
focus on HPV infection in males in recent years, awareness and understanding of HPV-
related issues in men still lag behind that in women. Currently, there isn’t a universally
accepted and validated test for screening HPV in males [14]. The lack of routine screening
for HPV in men can be attributed to inconsistent results observed in testing. Obtaining
samples from penile skin poses challenges due to its anatomical structure, which is less
permeable compared to that of women. As a result, the efficacy of HPV testing methods in
men remains uncertain.

While obtaining samples for HPV detection in men isn’t as straightforward as cer-
vical smear collection, optimal sampling site for HPV testing in men remains unknown.
Penoscopy may be useful for detecting warts and carriers but has limited sensitivity for flat
lesions. Urethroscopy is recommended only for condylomas in the urethral meatus [15].
Other methods include investigating HPV presence in body fluids like urine and semen.
Serological methods that detect antibodies against HPV in serum have low sensitivity due
to the virus’s weak immune response in many cases and may not provide information
about infection activity or localization [16].

Morphological changes such as papillomatosis, hypergranulosis, acanthosis, and
koilocytosis in cancerous tissues indicate HPV infection but with low sensitivity. Immuno-
histochemical (IHC) methods for detecting HPV capsid proteins are highly specific but
have low sensitivity. Over the past decades, there has been significant advancement in the
methods used to detect HPV infection. Earlier techniques like hybridization/blotting have
been replaced by more efficient signal amplification assays, particularly quantitative poly-
merase chain reaction (qPCR), which can identify individual HPV genotypes. These qPCR
tests have become the primary approach for HPV screening and clinical diagnosis [17,18].
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Next-generation sequencing (NGS) offers a highly sensitive method for HPV detec-
tion, capable of identifying low-copy-number types, novel variants, and even those that
may evade detection by standard molecular methods. Whole-genome NGS, covering the
entire HPV genome, allows for precise identification of variants and subvariants beyond
genotype level.

Recent studies utilizing NGS have provided more accurate estimates of HPV’s contri-
bution to cervical cancer compared to traditional PCR techniques [19–21]. Discrepancies in
HPV testing methodologies across countries and studies primarily arise from differences
in sample types and the scientific resources at their disposal. This situation often leads
to methodological inconsistencies in studies aiming to evaluate the relationship between
HPV and organ-associated cancers, thereby compromising the reliability of the data. With
NGS technology becoming more cost-effective and robust, it is poised to rival existing
HPV-DNA tests. Furthermore, NGS holds promise in elucidating the genotype-phenotype
relationships in HPV-associated malignancies such as male urogenital cancers, offering
insights into the underlying molecular mechanisms of these diseases.

6. Penile Cancer

Penile cancer, with an average annual incidence of 1 per 100,000 men, is a rare malig-
nancy [22]. Despite its rarity and the curative potential of early-stage surgical intervention,
the physical and psychosocial morbidity associated with the disease and its treatment is
significant. Etiological factors are HPV infection, poor hygiene, lack of circumcision, in-
flammatory conditions, lichen sclerosis, immunosuppression, and smoking [23]. It typically
arises from mucosal surfaces and the most common localizations are glans penis and inner
prepuce [24]. Squamous cell cancer (SCC) is the most common type and carious subtypes
of SCC exist, including usual, papillary, condylomatous (warty), basaloid, verrucous, and
sarcomatoid [25,26]. Penile SCC mainly impacts older men, with the highest incidence
occurring in their sixties [27]. Recent observations suggest a rise in cases among younger
individuals, possibly linked to changes in sexual behaviors leading to increased exposure
to sexually transmitted diseases and higher rates of HPV infection [28].

Studies suggest approximately 40% of penile cancers are HPV-positive [29,30]. In a
retrospective analysis of over 1200 penile cancer cases by Backes et al., HPV positivity was
observed in 48% of patients, with the highest risk of HPV-related penile cancer development
reported in Asia [31]. HPV types 16 and 18 are the most commonly detected in penile
cancer cases, with both types present together in about one-third of cases [30,32,33]. The
prevalence of HPV positivity varies among different SCC subtypes, with higher rates
observed in basaloid and condylomatous types [31,34].

In penile intraepithelial neoplasia (PeIN), known as a precursor lesion of penile SCC,
HPV positivity rate increases with higher grades of dysplasia [30]. PeINs are now classified
as HPV-independent or HPV-associated according to the 2022 World Health Organization
(WHO) classification [35].

Uncircumcised men have higher HPV prevalence and it seem like circumcision pro-
tects against HPV and HPV-related penile cancer [27,36]. The prognostic significance of
HPV in penile cancer, which is well-established in head and neck cancers [37], remains
an area of research interest. Studies suggest that HPV presence is associated with a favor-
able prognosis in penile cancer [38,39], while a few suggests a poorer prognosis [40]. A
better understanding of HPV-related oncogenic mechanisms will likely shed light on the
prognostic significance of HPV in penile cancer.

In conclusion, penile cancer, though rare, warranting attention to preventive measures
and early detection strategies. HPV infection, among other factors, plays a pivotal role in
its etiology, with HPV-positive cases exhibiting varying prognostic implications.

7. Anal Cancer

Anal cancer is a relatively rare malignancy, but its incidence has been rising steadily
over the past few decades [22]. Anal squamous cell carcinoma (ASCC) is the most common

100



Viruses 2024, 16, 667

histologic type. HPV infection has emerged as a significant risk factor for the development
of ASCC. High-risk HPV has been detected in 90% of ASCCs, with HPV-16 is the most com-
mon type [41,42]. Anal intercourse and a high number of sexual partners throughout life
elevate the risk of persistent HPV infection, leading to subsequent high-grade squamous in-
traepithelial neoplasia (HSIL) and ASCC. Additionally, factors such as immunosuppression
resulting from HIV infection or the use of immunosuppressants post-solid organ transplan-
tation, hematologic malignancies, prior HPV-related cancers, autoimmune disorders, low
socio-economic status, and smoking history are also associated with an increased risk of
ASCC [43].

ASCC is considered to share similarities in its biology and natural history with cervical
cancer, including association with high-risk HPV infection to precancerous lesions to cancer.
Similar to the cervical transformation zone, the virus targets actively dividing basal cells
located in the transition zone, situated within the rectal columnar mucosa distal to the
dentate line, and spreads towards the squamocolumnar junction. Anal Papanicolaou (Pap)
smears involve cytological examination beyond the squamocolumnar junction but this
method lacks utility as a screening tool in high-risk populations. The gold standard is
high-resolution anoscopy (HRA), which involves examining the squamocolumnar junction,
anal canal, and perianal skin under magnification using an anoscope [44].

Anal HPV prevalence varies substantially by HIV-status and sexual orientation in men,
which is considered to increase HPV prevalence at the anal site [45]. A recent systematic
review, encompassing a large cohort of nearly thirty thousand men, assessed the prevalence
of anal HPV and HSIL, stratified by HIV status and sexual orientation. Among HIV-
negative men who have sex with women (MSW), the prevalence of anal HR-HPV was
found to be at 6.9%. In contrast, among HIV-positive MSW, the prevalence rates were
notably higher at 26.9% for HR-HPV. Among HIV-negative MSM, the prevalence was
41.2%, while among HIV-positive MSM, the prevalence rates were substantially elevated at
74.3% [46].

Findings from the U.S. Anal Cancer HSIL Outcomes Research (ANCHOR) study
revealed that treating anal precancers notably diminishes the risk of progressing to anal
cancer, particularly among people living with HIV aged 35 years and older [47]. These
outcomes emphasize the urgency of identifying effective methods for detecting anal pre-
cancers that can be promptly treated to avert further progression. Guidelines recommend
the implementation of screening programs utilizing anal cytology and high-resolution
anoscopy for high-risk populations, such as gay, bisexual, and other MSM, as well as
HIV-negative women with a history of anal intercourse or other HPV-related anogeni-
tal malignancies. These recommendations draw inspiration from the successes observed
in cervical cytology screening. However, the absence of randomized controlled studies
demonstrating the preventive efficacy of screening in these high-risk populations precludes
its routine endorsement at present [43].

The high prevalence of anal HPV among young MSM underscores the importance of
gender-neutral HPV vaccination prior to sexual debut, compared to catch-up vaccination
efforts. Additionally, HIV-positive MSM represent a priority group for ASCC screening
initiatives [46]. Consistent with these findings, another study investigating the efficacy
of HPV vaccines in preventing anal precancerous lesions and ASCC revealed compelling
evidence supporting the substantial effectiveness of vaccination in reducing anal HPV
infection and HSIL among HIV-negative individuals vaccinated at or before the age of
26. Importantly, the limited impact observed in individuals HIV-positive beyond this age
suggests that vaccines may confer greater benefits in populations with lower levels of
sexual exposure to anal HPV [48].

The presence of HPV infection significantly impacts the prognosis of ASCC. Individ-
uals with HPV-negative tumors are less likely to respond to CRT than those with HPV-
positive tumors [49,50]. A meta-analysis has shown that patients with HPV-positive/p16-
positive tumors have improved survival outcomes compared with patients with either
HPV-negative/p16-positive or HPV-positive/p16-negative tumors [51].
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In an NGS study of HPV in ASCC, samples with viral integration had higher PIK3CA-
activating mutation rates, which is an APOBEC editing signature in HPV-positive HNSCC
were associated with increased mutational burden, suggesting immunogenicity and suit-
ability for immune therapy [52].

In conclusion, the escalating incidence of anal cancer, primarily attributable to HPV
infection, necessitates a multifaceted approach for effective management. While HPV
vaccination represents a crucial preventive strategy, screening programs utilizing anal
cytology and HPV testing hold promise, particularly for high-risk groups.

8. Prostate Cancer

Prostate cancer (PCa) is the most common solid tumor in men and ranks high among
cancer-related deaths [53]. Alongside known factors like age, family history, and genetic
risk; modifiable risk factors such as smoking, diet, obesity, and reduced physical activity
play a role in PCa etiology [54–56].

Prostate tissue is predominantly glandular in origin, it also contains a transition
zone similar to the cervix. However, only about a quarter of PCa cases originate from
this zone [57]. Although squamous metaplasia can occasionally occur in PCa tissues, it
is known to be hormonally driven. Glandular structures are dominant in PCa [58–60].
While it could be speculated that squamous metaplasia observed in the prostate may be
HPV-related, it could also serve as a potential reservoir for HPV.

HPV presence in prostate tissue was first identified by McNicol and Dodd using PCR
method [61]. Subsequent studies showing koilocytosis in PCa tissues suggest a potential
role for HPV in PCa etiology [62,63]. Most studies investigating the relationship between
HPV and PCa use tissues from patients with benign prostatic hyperplasia (BPH) as the
control group [63–67]. While understandable due to the quantitative advantage over
normal prostate tissues, this approach can lead to confusion considering that pre-cancerous
lesions are often evaluated under the umbrella of BPH. A meta-analysis, conducted by
Tsydenova IA et al., included 27 studies and 3122 tissue samples, focusing solely on studies
using PCR-based methods, showed a significant association between HPV and PCa in
normal tissues, although among the studies using BPH tissues as controls, there was no
significant relationship between HPV presence and PCa. These results highlighted how
even the choice of control tissue can influence outcomes [68].

The most comprehensive review examining the relationship between PCa and HPV
included 60 studies, with 51 studies investigating HPV presence in tissues and 13 studies
in blood, using various methods including PCR, ELISA, hybridization, and IHC. Among
the included studies, 11 (18%) showed a positive association between HPV presence and
PCa development [69].

Research exploring the potential role of HPV in PCa pathogenesis has utilized vari-
ous methodologies, yet findings remain inconclusive. Traditional PCR-based techniques,
commonly employed in prior studies, may lack the sensitivity required to detect past
HPV infections, limiting their ability to elucidate the HPV-PCa relationship [63–67,70]. In
contrast, a study by Khoury et al., utilizing NGS methods on the Human Genome Atlas
database, found no HPV presence in 53 PCa cases [71]. Given the high sensitivity and
specificity of the method employed, this study stands out with a high level of evidence
compared to many others with different methodologies. Further studies using similar
methodology are crucial to investigate the relationship between HPV and Pca.

The timing of human papillomavirus (HPV) involvement in the oncogenic process is
another unresolved problem. Although HPV is implicated in both cervical cancer formation
and progression, its role in PCa is thought to involve a ‘hit and run’ phenomenon, wherein
HPV triggers early malignant transformation in prostate cells and then becomes cleared,
explaining the absence of viral genome detection in PCa tissues [72–76]. Some studies
propose HPV’s effectiveness in later stages of oncogenesis, associating HPV presence with
a high Gleason score, contradicting the ‘hit and run’ hypothesis [65]. However, many
studies have not confirmed this relationship [72,77]. These inconsistencies underscore
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the need for further research to elucidate the complex interplay between HPV and PCa
development. Additionally, the potential impact of HPV vaccination on PCa risk remains
uncertain, warranting future studies to explore preventive measures in PCa carcinogenesis.

In conclusion, existing studies on the association between HPV and PCa are hindered
by methodological variations and diverse control groups, resulting in insufficient evidence
to conclusively establish the role of HPV in PCa etiology. Despite suggestive findings, the
current body of literature lacks robustness, emphasizing the inadequacy of available data
to firmly support the involvement of HPV in PCa carcinogenesis. Conflicting results and
differing interpretations underscore the necessity for more comprehensive investigations in
this field. Moreover, as all studies to date have been observational in nature, the potential
impact of HPV vaccination on PCa risk remains uncertain and warrants further exploration.

9. Bladder Cancer

Bladder cancer (BC) ranks as the tenth most common cancer globally [53]. It origi-
nates from the urothelium, which is a waterproof protective barrier against urinary tract
infections. It undergoes rapid shedding and regeneration in response to acute injury
or infection.

Histologically, BC is categorized into different types, including urothelial carcinoma
(UC), squamous-cell carcinoma (SCC), and adenocarcinoma. UC constitutes about 95% of
BC cases, encompassing various differentiated and histologic subtypes. BC can be further
classified based on invasion depth into muscle-infiltrating BC (MIBC) and non-muscle-
infiltrating BC (NMIBC). NMIBC affects around 75% of patients [78].

Smoking remains a significant independent risk factor for BC development, with per-
sistent smokers having a threefold higher risk compared to non-smokers. Schistosomiasis
is recognized as a notable cause of SCC. Other factors contributing to BC occurrence in-
clude exposure to occupational carcinogens, genetic predisposition, and dietary habits [79].
Lately, there’s been a focus on the link between BC and infections like HPV and similar
viruses [80–82].

Numerous investigations have explored how HPV infection impacts the bladder
epithelium. Furthermore, HPV DNA has been identified in urine and washing specimens
from individuals with BC, along with BC tissues [83]. Additionally, there’s a positive
correlation between high-risk HPV infection and tumor advancement, with the latter often
linked to p53 mutation [84].

In a meta-analysis conducted by Sun J. et al., comprising 6065 BC patients, the preva-
lence of HPV was found to be 16% (11–21%). Studies indicated that HPV increases the
risk of BC (OR: 3.35, 95% CI: 1.75–6.43) and its recurrence (OR:1.87, 95% CI: 1.24–2.82),
which showed the latent prognostic effect of the virus [85]. In a meta-analysis conducted
by Muresu et al., a HPV prevalence of 19% was reported. HPV types 16 and 18 were most
commonly detected in BC samples, and HPV was shown to increase the risk of BC by more
than sevenfold (OR: 7.84, 95% CI: 4.34–14.15) [86]. Studies have also found that the virus is
associated with muscle invasion, high grade, and advanced stage disease in patients with
BC [87,88]. However, these results were influenced by heterogeneous variables such as
region, the method used to detect HPV (PCR vs. others), sample (e.g., FFPE, fresh tissue),
and BC histology.

Asia has the highest prevalence of HPV, with reported HPV positivity reaching up to
45% in studies [85]. The difference in prevalence between continents may be attributed to
factors such as genetic differences, cultural disparities, and sexual habits, in addition to the
method used to detect HPV. Furthermore, analysis of studies conducted in Asia indicates
that the presence of HPV increases the risk of BC by more than sixfold (OR: 6.2, 95% CI:
2.167–18.250) [89].

The relationship between HPV and BC varies according to the histological subtypes.
Due to the predominant histological subtype being UC, many studies have indicated
an association between HPV and UC, while data showing an increased risk for SCC are
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limited [58,59]. Interestingly, in patients with UC, squamous differentiation associated with
HPV has been shown to negatively affect prognosis [90,91].

While the exact connection between HPV infection and the development and advance-
ment of BC isn’t fully understood, a comprehensive review of existing literature indicates
that there is a positive link between HPV infection (especially high-risk types) and BC,
particularly UC, although some studies suggest that HPV may not be a direct cause [92–94].

10. Renal Cell Carcinoma

Renal cell carcinoma (RCC) is one of the common cancers in men, with an incidence
rate of 4.4% reported worldwide [95]. The predominant histological type, clear cell RCC,
accounts for the majority of cases. Risk factors for RCC are advanced age, male gen-
der [96], genetic factors (e.g., von Hippel-Lindau syndrome) [97,98], smoking [99], diet,
hypertension [100], obesity [101], and environmental exposures (e.g., cadmium and as-
bestos) [102,103].

The potential role of HPV in RCC etiology was first studied in the early 1990s [104].
Subsequent research has explored whether this virus, commonly found in the male gen-
ital system, contributes to RCC risk. In a study by Farhadi et al., HPV was detected in
30% of tumor tissues from RCC patients. The absence of HPV’s L1 capsid protein and
cellular changes associated with the virus, such as koilocytosis, in RCC patients led to the
interpretation that HPV’s life cycle is disrupted in advanced stages. The presence of HPV
was also associated with high-grade tumors in this study [105]. Another study showed
a 14.3% prevalence of HR-HPV in RCC samples using PCR, while HPV was not found
in any healthy renal tissue in the control group, suggesting a potential role for HPV in
RCC etiology [106]. Additionally, a study using ISH demonstrated a 52% positivity rate for
HPV-DNA in RCC tissues [107]. However, a comprehensive study by Khoury et al. using
data from the Human Genome Atlas did not establish a relationship between RCC and
HPV [71]. Similarly, another study involving various histological types of RCC found no
association between HPV and RCC [108]. Apart from case reports and case-control studies,
there is a lack of extensive research on this topic. Given the heterogeneity of methods
used to detect HPV-DNA and the conflicting results of studies, it is not possible to defini-
tively conclude that HPV plays a role in RCC etiology based on current evidence. Further
large-scale studies using standardized methods are needed to investigate this relationship.

11. Testicular Cancer

Testicular cancer (TC) is the most common solid tumor in men aged 20–40 years,
comprising approximately 1–2% of all cancers. It is histologically classified into germ cell
tumors (TGCT) and non-germ cell tumors. Risk factors for TC include cryptorchidism,
genetic predisposition, and substance use [109,110]. The similarity in age of onset between
TC and diseases caused by sexually transmitted infections raises the possibility of infectious
agents playing a role in the etiology of TC.

In a case-control study investigating HPV presence in semen samples using PCR and
FISH, HPV was detected in 9.7% of patients diagnosed with TGCT and 2.4% of healthy
controls [111]. Another study by Stricker et al. evaluated HPV antibody levels in 39 TC
patients using ELISA, revealing a 5% HPV positivity rate, although HPV presence in
malignant tissues of these patients was not examined [112]. This finding is not sufficient
to demonstrate an association between HPV presence and TC. Indeed, studies evaluating
HPV in tissues using PCR have not found HPV presence in either patients or control
groups [113,114].

Recent studies have highlighted the potential role of HPV in male infertility by directly
infecting male gametes, leading to decreased fertility due to increased sperm DNA damage
and abnormal chromosome numbers. HPV is believed to attach to sperm cells at specific
sites on their heads, similar to other viruses that infect sperm [115,116]. With increasing
evidence suggesting a link between HPV and male infertility, questions have arisen about
its role in TC. But when assessing the correlation between testicular germ cell neoplasms
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and HPV, it is crucial to consider that HPV exhibits a predilection for epithelial tissues,
whereas testicular germ cell neoplasms originate from non-epithelial sources. Further
research of high quality is required to better understand this relationship.

12. HPV Vaccination

The optimal long-term approach for mitigating the risks associated with HPV-related
cancers is vaccination. Vaccines consist of virus-like particles (VLPs) designed to elicit
immunity against specific HPV types included in the vaccine formulation. The initial
efficacy trials focused on quadrivalent (4vHPV) vaccine, containing HPV-16, HPV-18,
HPV-6, and HPV-11 VLPs and bivalent vaccine (2vHPV), containing HPV-16, HPV-18,
HPV-6, and HPV-11 VLPs. There is also nine-valent HPV vaccine (9vHPV), provides
additional protection against HPV-31, 33, 45, 52, and 58. The Centers for Disease Control
(CDC) recommends HPV vaccination for individuals aged 11 to 12 years, with females
up to the age of 26 years, boys up to the age of 21 years, and specific populations up to
the age of 26 years recommended for catch-up immunization [117]. 9vHPV vaccine is also
indicated for preventing anogenital lesions in both men and women up to the age of 45, as
well as oropharyngeal and other head and neck cancers caused by select HPV types [117].

HPV vaccination elicits robust levels of HPV-type-specific antibodies, particularly in
children under 16 years, compared to older age groups [118]. Despite the demonstrated
efficacy of HPV vaccination in males, several countries have yet to implement routine
vaccination for boys, resulting in notably low vaccination coverage among males. Efforts to
enhance medical awareness regarding the benefits of male HPV vaccination may enhance
disease management and increase vaccine acceptance among parents and boys. A sys-
tematic review assessing HPV vaccination efficacy in male populations found significant
effectiveness against HPV-related anogenital diseases, with the highest efficacy observed
against anal intraepithelial neoplasia (AIN) and genital condyloma [119].

The era of prophylactic vaccination underscores the importance of updating the
potential individual benefits for boys receiving the HPV vaccine, especially in light of the
rising frequency of head and neck HPV-associated cancers. Lechner et al. highlighted key
points indicating that the incidence of HPV-associated oropharyngeal cancer is expected to
rise until the benefits of gender-neutral prophylactic HPV vaccination become evident [120].
Also, individuals living with HIV and MSM face elevated risks of HPV-related diseases due
to HIV-induced immunosuppression. Although vaccinating women can confer indirect
protection to heterosexual men, MSM and bisexual men do not benefit from this herd
immunity [119].

Although the existing vaccines are primarily preventive, they have shown advan-
tages in individuals undergoing treatment for HPV-related conditions such as cervical
intraepithelial neoplasia (CIN), genital warts, anal neoplasia, and recurrent respiratory
papillomatosis (RRP). The mechanism behind inhibiting further disease progression is
believed to involve halting the spread of HPV [121,122].

Another area of research pertains to the protective efficacy of single-dose HPV vacci-
nation. In a randomized, multicenter, double-blind, controlled trial conducted in Kenya in
2022, involving women aged 15–20 years, single-dose administration of 9vHPV or 2vHPV
vaccines revealed that a single dose effectively prevented incident persistent oncogenic
HPV infection, demonstrating comparable efficacy to multidose regimens assessed over an
18-month period [122]. However, evidence regarding the effectiveness of a single dose of
HPV vaccine in boys is currently lacking.

Young cancer survivors have a higher risk of developing HPV-related malignancies
compared to the general population, often due to underimmunization [123,124]. HPV
vaccines are effective in these individuals, with timing based on individual risk factors and
no need for prior HPV testing [125].
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13. Conclusions and Future Directions

Unraveling the complex interplay between HPV and genitourinary cancers in men
requires further research. While evidence suggests a potential link, inconsistencies and
methodological limitations necessitate a multifaceted approach (Figure 2). Standardizing
HPV detection methods across healthcare settings is essential to ensure consistency and
reliability in diagnosis. Longitudinal studies are needed to track HPV progression over
time and understand its evolution into cancer.
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Evaluating the impact of HPV vaccination on cancer incidence will provide valuable
insights into the effectiveness of vaccination programs. Deciphering the oncogenic mecha-
nisms of HPV in genitourinary tissues is crucial for identifying potential therapeutic targets.
Identifying high-risk populations and developing targeted interventions can help tailor
prevention and screening strategies. Additionally, developing specific diagnostic tools
for early detection and conducting comprehensive epidemiological surveys are essential
for global mapping and informed public health policies. Promoting vaccination and safe
sex practices through targeted public health campaigns can increase vaccine uptake and
reduce HPV transmission. Evaluating the feasibility and benefits of routine HPV testing
in clinical settings is necessary for effective screening programs. Lastly, investigating the
efficacy of existing and novel therapies for HPV-positive cancers will improve treatment
outcomes and patient survival. By prioritizing these research avenues, we can enhance our
understanding of the HPV-genitourinary cancer link and achieve significant advancements
in public health.
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Abstract: High-risk human papillomavirus (HR-HPV) and other sexually transmitted
infections (STIs-O) are promoters to the development of cervical cancer (CC), especially
when they co-exist. This study aims to determine the prevalence of the major STIs-O and
the rate of co-infection in women previously diagnosed with HR-HPV infection. For this
observational study, 254 women aged 25–65 years who were being followed up for HR-HPV
infection (without a CC history) were recruited at a hospital’s Gynaecology Department
from February 2024 to November 2024. Their endocervical specimens were collected and
processed for HR-HPV, Chlamydia trachomatis, Neisseria gonorrhoeae, Mycoplasma genitalium,
and Trichomonas vaginalis detection by RT-PCR using commercially available reagents
and equipment. The overall rate of infection was 38.6% for HPV and 4.3% for ITSs-O
(3.8% in HPV-negative women and 5.1% in HPV-positive women). The presence of ITSs-O
in women aged 25–34 was higher in those with a persistent positive result for HR-HPV
(20.0% vs. 4.2%). Diverse multiple co-infections were found in HPV-positive women, whilst
some single STIs-O were found in HPV-negative women. These results support the benefits
of STI-O screening beyond an HR-HPV positive result, especially in those women under
35 years old.

Keywords: sexually transmitted infections; human papillomavirus; cervical cancer
screening

1. Introduction
Cervical cancer (CC) represents the second most prevalent oncological disease among

women worldwide, with a significant impact on quality of life and economic costs. In
Spain, estimates for 2023 indicate that 2047 women were diagnosed with CC and 664 deaths
were attributed to this disease [1]. Nevertheless, there is substantial scientific evidence that
preventive measures against CC can be both feasible and effective. Firstly, although not
typically fatal, the disease predominantly affects young, sexually active women. Secondly,
it is associated with modifiable environmental risk factors. Thirdly, it is frequently pre-
ceded by progressive cell dysplasia. Finally, the cervix is easily accessible for diagnostic
procedures, specimen collection, and indirect observation.

In relation to the aforementioned environmental risk factors, a number of microor-
ganisms have been identified as contributing to the development of alterations and ma-
lignancies that lead to CC by altering the cellular environment [2]. However, the Spanish
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CC screening programme, apart from smear tests, only include high-risk human papillo-
mavirus (HR-HPV) detection [3–5], despite the fact that HPV infections are encountered
by over 80% of women during their lifetime, with less than 2% developing CC [6] and the
majority of infections being cleared by the host [7,8].

In fact, the risk of developing CC and/or cervical intraepithelial neoplasia (CIN) as
well as the incidence and persistence of HR-HPV and other sexually transmitted infections
(STI-O) have been found to be increased in the presence of vaginal dysbiosis and vaginosis
(symptomatic vaginal dysbiosis) [9–11]. Conversely, the absence of STI-O in addition to
HR-HPV is associated with a reduced likelihood of histological abnormalities. Furthermore,
certain microorganisms have been found to be associated with the appearance of CIN even
with a higher OR for CC than HR-HPV. This is exemplified by Chlamydia trachomatis (CT),
the most prevalent STI in western countries: its co-infection with HR-HPV increases the
OR for high-grade squamous intraepithelial lesion (HGSIL) and CC even further [10,12].
Indeed, screening for CT is recommended in sexually active women under 25 years of
age and in sexually active women over 25 years old when at increased risk, such as those
having new partners, multiple partners, or a partner who has an STI [13].

Moreover, in addition to CC, STIs can impact personal wellbeing, mental health,
and relationships and lead to significant complications “including pelvic inflammatory
disease, ectopic pregnancy, postpartum endometriosis, infertility, and chronic abdominal
pain in women; adverse pregnancy outcomes, including abortion, intrauterine death,
and premature delivery; neonatal and infant infections and blindness; urethral strictures
and epididymitis in men” and other extra-gynaecological malignancies depending on the
specific pathogen involved, such as arthritis secondary to gonorrhoea and chlamydia [14].
Therefore, it is of the utmost importance that diagnosis and treatment be promptly initiated
in order to ensure optimal medical care [13,14]. The greatest risk factor for an STI is
a previous diagnosis of another STI. This is due in part to the fact that the subsequent
oxidative stress and/or chronic inflammation serves as a facilitator for new pathogens to
exert damage, thereby increasing the risk of co-infections, chronic infections, and further
disorders. Despite the focus on HR-HPV infection’s role in the development of CC, it is
crucial to recognise that HPV is the most frequent STI worldwide and should be treated
as such. This entails assessing for co-infection, establishing a window of opportunity for
treatment and promoting HPV clearance.

There is considerable variation in the prevalence of STIs-O between countries; how-
ever, it is higher in women who are HR-HPV positive. Hence, numerous studies have
emphasised the necessity for routine screening and monitoring of HR-HPV co-infection
with STIs-O [15–18], aligning with the viewpoint that this approach is cost-effective when
the rate of co-infection exceeds 3% [19,20]. In this regard, it is well documented that
the prevalence of CT exceeds 3% in women up to 40 years of age in other countries [21].
However, the presence of HR-HPV and STIs-O, as well as the rates of co-infection, remain
insufficiently documented in our setting. Furthermore, a unifying criterion is currently
being established at the national level to provide a standardised guideline for CC pre-
vention programmes, which have previously been implemented at the discretion of each
Autonomous Community [3,22]. Consequently, new local insights are essential to inform
public health guidelines regarding screening, diagnosis, and treatment of HR-HPV infection
and STIs-O, with the aim of reducing their contribution to the burden of disease.

Therefore, the present study aims to determine the presence of the major STIs (Chlamy-
dia trachomatis (CT), Trichomonas vaginalis (TV), Neisseria gonorrhoeae (NG), and Mycoplasma
genitalium (MG)) and the rate of co-infection with HR-HPV in women previously diagnosed
with HR-HPV infection in a Spanish setting.
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2. Materials and Methods
2.1. Study Setting and Design

A prospective cross-sectional observational study was conducted in the Miguel Servet
University Hospital, a Spanish tertiary care hospital located in Zaragoza, which serves a
total catchment area of over 400,000 people. Samples were collected from February 2024 to
November 2024.

2.2. Participants and Sample Collection

All women attending the hospital’s Gynaecology Department for the CC screening
programme, who met the eligibility criteria listed below and signed the informed consent
form, were recruited to participate in this study. The following inclusion criteria were
applied: participants had to be followed up for HR-HPV infection detected in the last year
and be aged between 18 and 65 years old. As exclusion criteria, participants had to have no
history of CC, and they could not have been treated for an STI-O or enrolled in an HPV
vaccine study in the previous year.

Their endocervical specimens were collected by a trained gynaecologist and preserved
in transport medium (PreservCyt® solution, Hologic, MA, USA) for transfer to the labora-
tory on the same day. They were stored at room temperature until the next day, when they
were analysed in accordance with the routine procedure.

2.3. Laboratory Testing and Outcomes of Interest

The samples were processed at the hospital microbiology laboratory for the detection
of HR-HPV, and those with a positive result were subjected to further analysis to determine
the presence of CT, NG, MG, and TV. All analyses were conducted using real-time PCR
(polymerase chain reaction) on the cobas® 5800 System with the use of cobas® HPV, cobas®

CT/NG, and cobas® TV/MG reagents (Roche Diagnostics, IN, USA).
The results were classified in accordance with the manufacturer’s specifications as

either negative or positive. In cases where the initial classification was inconclusive, a
second test was conducted to provide further clarification. In instances where uncertainty
persisted, a new sample from the participant was analysed.

The results obtained from the cobas® 5800 System software regarding the HR-HPV,
CT, NG, TC, and MG tests were exported as a tab-separated values file from the instrument
and converted into a spreadsheet for analysis. The designated investigator extracted the
results for data storage and analysis, and the age of each participant at the time of sample
collection was added as an additional outcome of interest.

2.4. Statistical Analysis

A descriptive analysis of the clinical results was conducted. The rates of STI co-
infection were determined by calculating the ratio of the total number of cases to the
number of positive results. Further analyses of the data were conducted using descriptive
and inferential statistics. Categorical variables were presented as absolute and relative
frequencies (n, %), and age was presented as the median and interquartile range. Group-
wise comparisons by age were performed using Student’s t-test or Chi-square (χ2) test.
A two-tailed p value was considered statistically significant when p ≤ 0.05. All analyses
and graphs were conducted using the open-source software Jamovi 2.2.5, MS Excel 2016
(Microsoft, Redmond, WA, USA), MS PowerPoint 2016 (Microsoft, Redmond, WA, USA),
and MS Word 2016 (Microsoft, Redmond, WA, USA).
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2.5. Ethics

This study was conducted in accordance with the Declaration of Helsinki and its
subsequent modifications. Prior to sample collection, all participants provided written
informed consent. The protocol was approved by the Ethics Committee of Aragon and by
the hospital management.

3. Results
A total of 254 women were selected for the present analysis, with a median age of

40.5 years (interquartile range 35.0–48.0). Supplementary Figure S1 shows that there were
HR-HPV-positive cases included 23 (9.1%) HPV16, 12 (4.7%) HPV18, and 73 (28.7%) other
HR-HPV cases; STIs-O-positive cases included 7 (2.8%) CT, 3 (1.2%) MG, 2 (0.8%) TV, and
1 (0.4%) NG cases.

Table 1 shows the overall infection rates, which were 38.6% for HR-HPV and 4.3% for
ITSs-O (3.8% in HR-HPV-negative women and 5.1% in HR-HPV-positive women). Addi-
tionally, ITSs-O rates were shown according to age group. A higher rate of ITSs-O was
found among women under 35 years of age with a HR-HPV positive result, in comparison
to those with a negative HR-HPV result (20.0% vs. 4.2%). Furthermore, in this age group,
the odds ratio for an ITS-O positive result in HR-HPV-positive women was 5.6 when
compared to HR-HPV-negative women (p = 0.05). In the case of the eldest women, no STIs
were found after 48 years of age (the positive ITS results found in those HR-HPV-negative
women over the age of 45 belong to women aged between 47 and 48).

Table 1. STIs rates by HR-HPV test result.

HR-HPV-Positive STI-O in HR-HPV-Positive
98/254 (38.6%)

STI-O in HR-HPV-Negative
156/254 (61.4%)

Raw OR
(CI 95%) p Value

Overall 98/254 (38.6%) 5/98 (5.1%) 6/156 (3.8%) 1.34 (0.4–4.5) 0.63

Age (years)
25–34 15 (24.2%) 3/15 (20.0%) 2/47 (4.2%) 5.6 (0.8–37.6) 0.05
35–44 43 (43.0%) 2/43 (4.6%) 2/57 (3.5%) 1.3 (0.2–9.9) 0.78
45–54 27 (45.8%) 0/27 (0.0%) 2/32 (6.2%) 0.22 (0.0–4.8) 0.19
55–65 13 (39.4%) 0/13 (0.0%) 0/20 (0.0%) - -

Note. HR-HPV: high-risk human papillomavirus, STI-O: sexually transmitted infection other than HR-HPV,
OR: odds ratio.

Supplementary Figure S2 illustrates the distribution of age according to the HR-HPV
and ITS-O results. The distribution of age differs significantly according to the ITS-O result
in both HR-HPV-positive and -negative women. No older women from 55 to 64 years of
age tested positive for ITS-O (independently of the HR-HPV result), and only two (33%)
women between 45 and 54 years tested positive for ITS-O among those with a negative
HR-HPV result.

Supplementary Figure S3 depicts the values for age according to the presence or
absence of each ITS. The age of women with a positive result for MG was found to be
lower (31.0 (interquartile range 29.5–32.5)) than that of women with a negative result
(41.0 (interquartile range 35.0–48.0)). Conversely, the age of women with a positive result
for overall HR-HPV was higher (39.5 (interquartile range 33.0–47.3)) than that of women
with a negative result (42.0 (interquartile range 37.0–48.8)). Both p values are ≤ 0.05.

Figure 1 and Table 2 shows the microorganisms involved in ITS co-infections. Figure 1
depicts a total of 104 infected specimens, representing 40.9% of the total number tested.
Of these, 4 (1.6%) were triple infections, 9 (3.5%) were double infections, and 91 (35.8%)
were single infections. HR-HPV (in particular those differing from HPV16 and HPV18)
were the microorganisms most frequently involved (100% in triple and double infection
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and 93.4% in single infection), being followed by CT (present in 25.0%, 22.2%, and 4.4%,
respectively) and MG (present in 50.0%, 0.0%, and 1.1%, respectively), as Table 2 shows. In
addition, in women with HR-HPV positivity, one case was identified with MG and CT and
another with MG and NG. The remaining cases were identified as co-infections between
different types of HR-HPV. Eight specimens with multiple HR-HPV co-infections were
found. These included five cases of co-infection with HPV16 and other HR-HPVs, one case
of co-infection with HPV18 and other HR-HPVs, and two cases of co-infection with HPV16,
HPV18, and other HR-HPVs. In samples from women negative for HR-HPV, only single
ITS cases were found: CT was found in four samples, MG in one, and TV in another.

Figure 1. ITS rate by number of co-infections (single, double, and triple).

Table 2. Major microorganisms involved in double and triple STIs co-infection.

No. of Involved
Microorganisms

Chlamydia
trachomatis

Neisseria
gonorrhoeae

Mycoplasma
genitalium

Trichomonas
vaginalis HPV-16 HPV-18 Other

HR-HPV
No.

HR-HPV

3 0 0 0 0 1 1 1 3
3 0 0 0 0 1 1 1 3
3 1 0 1 0 0 0 1 1
3 0 1 1 0 0 0 1 1
2 0 0 0 0 1 0 1 2
2 0 0 0 0 1 0 1 2
2 0 0 0 0 1 0 1 2
2 0 0 0 0 1 0 1 2
2 0 0 0 0 0 1 1 2
2 0 0 0 0 1 0 1 2
2 1 0 0 0 0 0 1 1
2 1 0 0 0 0 1 0 1
2 0 0 0 1 1 0 0 1

Note. HR-HPV: high-risk human papillomavirus, HPV: human papillomavirus, No.: number, and STIs: sexually
transmitted infections.

4. Discussion
In women participating in a CC screening program who had a previous HR-HVP

positive result in the last year, the following rates were documented: a persistent positive
result for HR-HPV (38.6%), an any-ITS rate (40.9%), and a multiple infection rate (5.1%)
involving at least one HR-HPV (in 100%) and one ITS-O (in 38.5%). Furthermore, a
significantly higher presence of ITS-O was observed in women under 35 years old with a
persistent positive HR-HPV result when compared to women with a negative HR-HPV
result (20% vs. 4.2%).
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The present findings are in alignment with those of several studies from vari-
ous countries, which also identified a simultaneous presence of HR-HPV with the
STI-O [10,12,15,19,21]. However, it should be noted that the rates vary according to the
specific population and methods under study. For instance, a study conducted in our city in
2005 found HR-HPV in the 8.4% of their total population, compared to our 38.6%, and this
rate differed significantly according to age (10.6% vs. 24.2% in 25–35 years, 4.4% vs. 43.0%
in 35–44 years, 5% vs. 45.8% in 45–54 years, and 0% vs. 39.4% in 55–64 years), but all these
differences could be explained by the fact that their participants were not identified as
having a previous HR-HPV positive result [23]. Likewise, a study on female sex workers in
Galicia, published in 2012, found that HR-HPV presence was associated with bacterial vagi-
nosis, including TV and Candida spp. [24]. Moreover, a large European study (with notable
Spanish contributions) identified a positive correlation between the number of identified
STIs and the risk for CC development [25]. To the best of our knowledge, however, the
present study is the first to assess several STI-O regarding HR-VPH presence in our city
and region.

Notwithstanding the unavailability of a framework for the comparison of studies, it is
anticipated that our findings will contribute to the scientific evidence that the prevailing
guidelines for CC screening should be observed to ensure their continued utility. Indeed,
the Spanish CC screening programme is currently under review [26], and nowadays it
includes a cytology every three years for those between 25 and 34 years of age and a
HR-HPV test every five years for the rest under 65 years, except in case of a positive
result for HR-HPV, for which cytology is conditionally performed and the frequency of
HR-HPV testing is reduced to one year. Although Spanish guidelines already recognised
that co-infection with some STI-O is one of the risk factors for VPH persistence and CIN
and CC development [23], this concern is not currently incorporated in the general protocol,
but it is asserted that specific action protocols should be implemented for women who
meet the high-risk criteria for their individual risk assessment and follow-up [26].

In this regard, the findings of the present study suggest that the routine indication
for ITS-O screening should be considered as conditional on a HR-HPV positive result for
Spanish women, as it is aligned with the criteria described in the Spanish CC screening pro-
gramme consensus [26], and it is evident that it would be cost-effective at the rates observed
here [19,20]. In this context, it is important to note that the cost-effectiveness of STI screening
varies according to the approach adopted [27]; however, most researchers agree that inter-
ventions should be justified based on the prevalence of STIs in each population, with a lower
threshold of 3.1% suggested in a previous review of this assessment [20]. Furthermore, it
is crucial to recognise that the cost-effectiveness of STI screening is often underestimated,
as many studies fail to account for the long-term complications of STIs or the associated
intersectoral or social costs, such as the impact on patients and their families, informal
care, and work productivity [28]. Consequently, experts recommend implementing STI
screening interventions at least in high-risk populations (where STI prevalence is higher),
while also considering their cost-effectiveness in the general population, encompassing
key aspects such as self-sampling, tailored strategies, and accessibility improvement [29].
Regarding this matter, self-sampling has been shown to reduce both costs and disparities
in access to cervical swab testing, though professionals are still required to address the psy-
chological impact of co-infection diagnoses and to establish effective treatments, especially
given the stigma surrounding STIs, which may act as a barrier to healthcare access [30].
In response, experts advocate for reducing stigma by integrating sexual health services
within a broader healthcare framework; this approach would also provide patients with
opportunities for additional STI testing, including HIV screening, partner notification, and
access to pre-exposure prophylaxis for HIV prevention (if appropriate), as well as other
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essential services [29]. Moreover, extending testing for STIs-O by using the same unique
sample and extracting with a similar PCR technique by using multiplex kits (as enabled by
Roche Diagnostic reagents, instruments, and platforms) would facilitate implementation
into the laboratory routine contributing to improved cost-effectiveness.

In fact, given the imminent adoption of population-based CC screening in Spain in
accordance with a European Commission directive [31], and the assertion that HR-HPV
detection would serve as the most suitable primary screening test for vaccinated women
(basically the younger women) due to its sensitivity and predictive value surpasses that
of cytology [32], in which a higher frequency of STI detection is also observed for this
population group, this particular scenario offers an opportunity for screening STI-O by
PCR conditional on the primary HR-HPV result. This approach would be highly valuable
for this population group, not only in terms of CC prevention but also in addressing some
of the issues associated with STI-O testing in Spain [33].

However, it is important to recognise the limitations of this study. Its cross-sectional
design does not allow for causality or other longitudinal effects to be observed. The
potential for bias arising from the desire to participate could not be assessed. Moreover,
the relatively small size of our sample limits the statistical power of our results and may
give rise to type 1 error, particularly in the context of segmented analyses. However, this
issue can be overcome by increasing the sample size through further recruitment, which is
planned for the continuation of the present study. This will also allow for the identification
of additional related findings.

Furthermore, it is evident that the local nature of this study means that findings should
be interpreted with caution when attempting to extrapolate them to other populations or
healthcare settings, in which the presence of potential confounders (e.g., sexual behaviour,
vaccination status, immunosuppression, smoking, alcohol consumption, or socio-economic
status) may impact both HR-HPV and STIs-O rates in different ways [34]. In this sense, it
is noteworthy to acknowledge that the incidence and prevalence rates of cervical cancer
in Zaragoza are consistent with those of Spain (5 and 31 per 100,000 inhabitants, respec-
tively) [1] and are among the lowest in the European Union (EU) [22]. Comparing with
the EU rates, the Spanish CC screening participation is lower (access disparities related
to education and income groups are present), and the proportion of daily smokers and
individuals with excess of weight is higher; however, alcohol consumption is lower, and
HPV vaccination among 15-year-old girls is among the highest [22]. Furthermore, the
employment of different diagnostic methods used for identifying STIs or microorganisms
may potentially lead to misclassification of infection status, depending on their level of
sensitivity and specificity [35].

On the other hand, the present study focuses on the major STIs, in accordance with
the research priorities of the WHO 2022–2030 agenda for STI diagnosis and prevention [36].
However, cervicovaginal dysbiosis, characterised by a decrease in lactobacilli populations
and an increase in both alpha and beta diversity, has also been found to be associated
with different stages of CC development and other related gynaecological conditions,
involving additional microorganism species through mechanisms and relationships that
are beginning to be elucidated [2,34,37–40]: bacteria such as Gardnerella vaginalis, Atopobium
vaginae, Sneathia amnii, Lactobacillus iners, Prevotella spp., and Ureaplasma spp., fungus
such as Sporidiobolaceae, Saccharomyces, Candida spp., and Malassezia, and viruses such as
herpes simplex 2 and anelloviruses. Likewise, several host endogenous risk factors for
CC, such as nutritional or genetic features, could be considered for the management of
CC prevention [34]. Therefore, further studies are required to explore the usefulness of
additional microorganism determinations and other biomarkers in order to improve future
preventive screening.
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5. Conclusions
The findings of the present study support the benefits of implementing STI screening

in Spanish women under 50 years old previously diagnosed with a HR-HPV infection,
especially in those under 35.

Given the potential benefits and projected cost-effectiveness of incorporating STI-O
testing into preventive CC screening, policymakers should consider implementing evidence-
based interventions in this manner, particularly among high-risk and younger populations.
Further research is encouraged to identify and optimise the most effective approaches.
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Abstract: We have been encouraging practicing gynecologists to adopt molecular diagnostics tests,
PCR, and cancer biomarkers, as alternatives enabled by these platforms, to traditional Papanicolaou
and colposcopy tests, respectively. An aliquot of liquid-based cytology was used for the molecular
test [high-risk HPV types, (HR HPV)], another for the PAP test, and one more for p16/Ki67 dual-stain
cytology. A total of 4499 laboratory samples were evaluated, and we found that 25.1% of low-grade
samples and 47.9% of high-grade samples after PAP testing had a negative HR HPV-PCR result. In
those cases, reported as Pap-negative, 22.1% had a positive HR HPV-PCR result. Dual staining with
p16/Ki67 biomarkers in samples was positive for HR HPV, and 31.7% were also positive for these
markers. Out of the PCR results that were positive for any of these HR HPV subtypes, n 68.3%, we did
not find evidence for the presence of cancerous cells, highlighting the importance of performing dual
staining with p16/Ki67 after PCR to avoid unnecessary colposcopies. The encountered challenges
are a deep-rooted social reluctance in Mexico to abandon traditional Pap smears and the opinion of
many specialists. Therefore, we still believe that colposcopy continues to be a preferred procedure
over the dual-staining protocol.

Keywords: uterine cervical cancer screening; HPV genotyping; p16/Ki67 biomarkers; gynecology
private practice

1. Introduction

The specific detection of the human papillomavirus (HPV) subtype has favored the
reduction in the mortality and morbidity rate in women due to cervical cancer (CC) world-
wide [1]. This reduction has been achieved due to the widespread use of liquid-based
cytology preparations to obtain cervical samples and the implementation of new molecular
technologies for HPV genotyping by polymerase chain reaction (PCR) [2–5].

Globally, CC is the fourth most common cancer in women, with 604,000 new cases
in 2020 [5]. About 90% of the 342,000 deaths caused by CC occurred in low- and middle-
income countries [6,7]. The highest rates of this tumor incidence and mortality are in
sub-Saharan Africa (SSA), Central America, and South-East Asia. Regional differences in
the CC burden are related to inequalities in access to vaccination, screening and treatment
services, risk factors (including human immunodeficiency virus (HIV) prevalence and
social and economic determinants such as sex), gender biases, and poverty. Women living
with HIV are six times more likely to develop CC compared to the general population, with
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an estimated 5% of all cases attributable to this infection. The contribution of HIV to CC
disproportionately affects younger women, and as a result, 20% of children who lose their
mother to cancer do so due to this neoplasia [8].

In Mexico, this neoplasm represents the second cause of cancer in women, with
9440 new cases per year, and the second cause of death, with 4340 cases [9]. Among
women with invasive CC, around 70% are diagnosed with locally advanced disease, which
highlights deficiencies in timely diagnosis [9]. All these data reinforce the need to continue
implementing early screening strategies for CC in Mexico and in other Latin American
countries with similar incidences.

In recent years, the diagnosis of HPV infections by detection of viral DNA and PCR
genotyping of high-risk (HR) variants in cervical samples has replaced the traditional Pap
smear due to its higher sensitivity [1,10]. The improvement in the HR HPV detection
capacity offered by PCR and its automation has led various countries, such as Australia,
to abandon the Papanicolaou test as a CC screening tool [11]. On the other hand, in Latin
America, the efforts to implement HPV genotyping by PCR continue to be limited, and
greater awareness of this serious female health problem is necessary in public institutions
and private hospitals [12].

HPV is a highly transmissible virus that leads to transient infections, with several
factors increasing the risk of its persistence, including genetics, age, smoking, and the
specific genomic sequence of the infecting virus [13]. To date, more than 150 subtypes of
papillomavirus viruses have been described that, based on their association with CC, have
been classified as very HR (HPV-16 and HPV-18), twelve HR subtypes (HR12), and other
low-risk (LR) types that are associated with benign mucosal lesions [14]. The high- and
very-HR HPV subtypes (16, 18, and HR12) are associated with malignant lesions and cause
approximately 70% of CC cases worldwide [15,16].

The cytological course caused by transient HPV infection begins with low-grade
squamous intraepithelial lesions, of which 90% revert to healthy epithelium. However,
HR-HPV-specific infections aggravated by host risk factors are more difficult to reverse,
and their persistence leads to high-grade squamous intraepithelial lesions (moderate or
high dysplasia) that can progress to CC [15]. Cytological assessment by the expert cytotech-
nologist is highly relevant for predicting the course of HPV infection. However, it has its
limitations, such as low sensitivity and the impossibility of distinguishing persistent infec-
tion from reinfection [17]. These are examples in which molecular tools such as PCR, given
their greater sensitivity and ability to identify the subtype of HPV infection, outperform
traditional diagnostics [4,5].

To date, seven PCR assays for the detection and genotyping of HPV from cervical
cell samples have been validated. Three of them are tests aimed at amplifying a region of
the L1 gene (Abbott Real-Time HR HPV Test, Anyplex II HPV HR Detection, and Cobas
4800 HPV Test). At the same time, another four are assays that amplify early-region genes
(BD Onclarity HPV Assay, HPV-Risk Assay, PapilloCheck HPV-Screening Test, and Xpert
HPV) [18].

In Mexico and the rest of Latin America, strategies have been developed to implement
these molecular PCR tests for HPV detection in public and private institutions [12]. How-
ever, automated PCR methods, such as those used in our laboratories (Cobas 4800 HPV
Test), stand out from other methods for their ability to process many simultaneous samples
and their speed and diagnostic accuracy [19]. Using an internal control for co-amplification
of a human gene makes it possible to practically eliminate the analysis of invalid samples
and the presence of false negatives [19].

Although the specific detection of HPV genotyping by PCR is currently the “gold-
standard” technique in the early diagnosis of CC, complementary technologies have been
developed for diagnosing premalignant cervical lesions in liquid cytology samples [20]. The
p16INK4a (p16) protein is a regulatory protein of the cell cycle under normal physiological
conditions [21]. This biomarker is effective in histological samples and is widely used
to improve the reproducibility of cervical biopsy assessment and accuracy in detecting
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premalignant lesions [20,22–24]. Likewise, the simultaneous detection of p16 and Ki67 (a
proliferation biomarker) within the same cervical epithelial cell has been proposed as a
marker of cellular transformation mediated by infections with the 12 HR HPV genotypes
(HR12) [25]. This combination of biomarkers (p16/Ki67 dual-stain cytology, Cintec-Plus)
has provided excellent results in cervical cytological samples where it has been used for
the detection of premalignant and malignant lesions of CC [26–30].

Given the proven advantages of the herein-described molecular tests, we have been im-
plementing them in our laboratories and boosting their adoption among private practicing
gynecologists in Mexico.

2. Materials and Methods
2.1. Clinical Samples and Diagnostic Algorithms

A total of 4499 cervix samples received consecutively in our laboratories were analyzed
using three strategies: (a) molecular PCR analyses (to screen for the presence of HPV
infections); (b) liquid-based cytology to search for cellular alterations suggestive of HPV
infections, and (c) finally, if the medical expert followed the triage, they requested the
laboratory to perform dual-staining cytology (to assess if the cellular transformation process
has already started). PCR was used to test all 4499 samples, 3806 were subjected to liquid-
based cytology, and 567 samples were analyzed by p16/Ki67 dual-stain cytology.

2.2. Clinical Specimen Sampling

Cervical samples from the cervix were taken by gynecologists in private clinical
practice using a cervix brush and deposited in a transport medium (ThinPrep or Roche
Cell Collection Medium). The vials with the samples were sent at room temperature to the
laboratory, where they were stored and refrigerated (4 degrees Celsius) until processing.

2.3. Liquid-Based Cytology (PAP Test)

Liquid-based cytology slides were prepared by a cytotechnologist and interpreted
according to the Bethesda System for Reporting Cervical Cytology (third edition, 2017). In
contrast, a pathologist reviewed 50% of negative samples and 100% of the positive ones for
quality control and quality assurance.

2.4. HPV PCR Assay

The COBAS 4800 HPV Test (Roche) is an FDA-approved and validated qualitative
test device for detecting HPV DNA in swabs from the cervical canal. This test amplifies
target DNA isolated from cervical epithelium by real-time PCR to detect HPV 16 and HPV
18, along with a simultaneous pooled result for 12 other HR genotypes in a single test.
The entire procedure is automated, and the manufacturer’s instructions are followed. The
COBAS 4800 HVPV Test Primers are used to amplify DNA from 14 HR-HPV types (16, 18,
31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68) in a single analysis, where probes with four
different reporter dyes screen different targets in the multiplex reaction: dye 1 screens 12
pooled HR-HPVs (31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68), dyes 2 and 3 screen for
HPV 16 and 18, respectively, while dye 4 targets the human β-globin gene to provide a
control for uterine cervical cell adequacy for extraction and amplification.

2.5. p16/Ki67 Dual-Stain Cytology

One slide for each sample was prepared for PAP testing using a Cytospin chamber
adapter and subjected to p16/Ki67 dual-stain cytology using the CINtec Plus Cytology
Kit (Roche Laboratories, Indianapolis, USA), according to the manufacturer’s instruc-
tions. Immunohistochemistry staining was performed using a BenchMark GX Stainer
followed by evaluation by a trained cytotechnologist. An initial evaluation was performed
to confirm the presence of the minimal criteria for squamous cellularity defined by the
Bethesda terminology. Subsequently, the slide was checked for the presence of double-
immunoreactive cervical epithelial cells, that is, cells with simultaneous brown cytoplasmic
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p16 immunostaining and Ki67 red nuclear immunostaining, which were interpreted as
positive by double-stained cytological analysis regardless of the morphological interpre-
tation. A pathologist reviewed all cases with positive cells for double-staining to confirm
the result.

The PCR results were compared with the PAP findings using a contingency table and
chi-square test. All data analyses were performed using Graph Pad Prism 10 (GraphPad
Software, Inc. (Boston, MA, USA).

3. Results

Four thousand and four hundred ninety-nine liquid-based cervical samples were
performed on samples from patients referred by private gynecologists mostly from central
regions of Mexico. A molecular PCR study for genotyping of HPV was performed on all
samples to detect the 14 most common HR genotypes of HPV to contribute to the early
prevention of CC. In parallel, Pap tests were performed on 84.6% (n = 3806) of samples.

The global distribution of the results of the viral genotypes revealed by the PCR
analysis is described in Figure 1. In 99.4% of cases, the samples received were considered
adequate for this test, given that they rendered positive during the amplification of the
internal control gene, i.e., the genomic β-globin gene. In cases where samples did not pass
this control (0.6%), a second sample was requested from the gynecologist. This request
was met on 53.8% of occasions (14/26). Thus, the final number of PCR results was 4487, or
99.7% of the samples received.
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CC (HR12).

Out of the 4487 results obtained, 68% tested negative for any of the 14 HR HPV
genotypes analyzed. Out of the 1438 samples that tested positive for HR HPV (32%), 1261
(87.7%) were positive for any of the 12 HR HPV subtypes present in the group. In 12.3%
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of cases, the positive result corresponded to HPV16 and/or HPV18 subtypes, considered
very HR for CC. It was observed that 86% of positive cases presented an isolated viral
genotype without involving genotypes 16 or 18, while 14% showed co-infections with one
of the two most oncogenic HR HPVs (viral genotype 16 or 18). Most of the positive samples
yielded positive PCR results for the group of 12 HR subtypes (HR12). Overall, 24.5% of
patients had PCR results involving very HR viruses (HPV16 and/or HPV18), alone or in
combination with HR12 viral types. The results of PCR viral genotyping distributed by age
range are shown in Table 1.

Table 1. Distribution of the different HPV subtypes by age groups.

Total
PCR

Positivity by Viral Type

Age (y) Total HR-HPV12 HPV16 HPV18 Coinfections

<25 411 181 152 9 1 19
25–35 1724 614 450 57 16 91
>35 1691 409 296 44 12 57

Total 3826 1204 898 110 29 167
HPV: human papillomavirus; HR: high-risk; PCR: polymerase chain reaction; y: years.

The data shown in Table 1 correspond to 3826 samples for which data on the age of the
patients were available. However, if the results are stratified by age ranges, the population
under 25 years of age was the one that showed the highest percentage of overall positive
HPV-PCR results: 44% (181/411) tested positive for one of the high or very HR subtypes.

If the results distributed by viral subtype are analyzed, the population between 25 and
35 years of age always shows a higher risk of infection with high or very HR genotypes.
More than 50% of the results were positive in this age range for any viral genotype alone or
in co-infection: 50.1% (450/898) for HR12, 51.8% (57/110) for HPV16, 55.2% (16/29) for
HPV18, and 54.5% (91/167) for a viral co-infection.

If the different positive subtypes are analyzed by age range, the HR12 subgroup
always shows the highest percentage: 84% (152/181) in patients younger than 25 years,
73.3% (450/614) for the age range of 25 to 35 years, and 72.4% (296/409) for those over
35 years. However, for the other subtypes, their behavior by age is vastly different. For
HPV16, 5% (9/181) was obtained for those under 25 years of age, 9.3% (57/614) for the
range of 25 to 35 years, and 10.8% (44/409) for others over 35 years of age. For HPV18,
the data were 0.6% (1/181) for those under 25 years of age, 2.6% (16/614) for those 25
to 35 years of age, and 2.9% (12/409) for those over 35 years of age. The data for viral
coinfections showed that 10.5% (19/181) correspond to those under 25 years of age, 14.8%
(91/614) for the age range of 25 to 35 years, and 13.9% (57/409) for those over 35 years
of age.

Analyzing the results globally, it stands out that: (a) The population under 25 years of
age presented a higher percentage of positive results for HR12 viral types (84%), compared
to 77.3% of the group between 25 and 35 years of age and a figure of 72.4% for those over
35 years of age. (b) The population between 25 and 35 years of age presented a higher
percentage of results for co-infection, with 14.8%, compared to 13.9% in the group over
35 years of age and 10.5% in those under 25 years of age. (c) The population over 35 years
of age presented a higher percentage of positive results for HPV16 with 10.8%, compared
to 9.3% for the age range of 25 to 35 and 5% for those under 25. Likewise, the population
over 35 years of age presented a higher percentage of positive results for HPV18 (2.9%),
compared to 2.6% for the age range of 25 to 35 and 0.6% for those under 25 years of age.

The global distribution of the 3806 Pap test results, which represent 84.6% of the total
of 4499 PCR tests, is shown in Figure 2. The positive results were sub-classified as low
grade (69.1%) or high grade (30.9%). All negative and positive samples from the PAP test
underwent PCR testing for the detection of high or very high-risk (HR) HPVs. Using a
contingency table, we compared the results of the gold standard for HPV detection (PCR)
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with those of the PAP test. Within these findings, we noted that the percentage of false
positives in cytology was 5.6% (n = 200) of the total samples assessed. Additionally, Figure 2
presents the results of HR HPV-PCR among the 3184 samples identified as negative in
the PAP test. Notably, among these, 703 samples (22.1%) yielded positive results for viral
genotypes of high or very HR for CC. Within this subset of false negatives from cytology
for HPV detection, 85.9% (n = 604) corresponded to the 12 HR subtypes (HR12), while
14.1% (n = 99) were attributed to HPV16 or HPV-18, which are very HR genotypes.
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Figure 2. General distribution of PAP screening and HR HPV genotyping results by PCR.

Table 2 shows the distribution by age of the 622 samples with a positive result for PAP,
and whether they are low- or high-grade. The most striking results correspond to patients
over 35 years of age: 110 samples (45 low-risk and 65 HR) produced negative results in
the PCR test, representing 45.6% of potential false positives (110/241). The percentages
of the lack of correlation between PAP and HPV-PCR were lower in the other age ranges:
25.4% in the age range of 25 to 35 years [(53 + 21)/291] and 17.7% for those under 25 years
[(10 + 6)/90].

Table 2. Distribution by age range of the positive PAP results (n = 622) with negative HPV PCR
results (PCR NEG) versus positive (PCR POS).

PAP LOW-GRADE PAP HIGH-GRADE

AGE (y) PCR NEG PCR POS PCR NEG PCR POS Total

<25 10 64 6 10 90
25–35 53 170 21 47 291
>35 45 88 65 43 241

Total 108 322 92 100 622
PCR: polymerase chain reaction; y: years.

Table 3 shows the HR HPV-PCR genotyping results in the 422 double-positive samples
in both the HPV-PCR and PAP tests (n = 322 low-grade and n = 100 high-grade). A total of
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61.8% of the samples were positive for HR12, 16% were positive for HR12 plus HPV16, and
15.2% were positive for isolated HPV16. Overall, 79.6% of the analyses obtained an isolated
infection [(261 + 64 + 11)/422], and 20.4% corresponded to double or triple co-infections
[(4 + 67 + 1 + 41)/422].

Table 3. Distribution of the different HPV subtypes in coincident positive PAP and PCR results.

PAP + PCR Positivity n = 422 %

HR12 261 61.8

HPV16 64 15.2

HPV18 11 2.6

HPV16 + HPV18 4 0.9

HR12 + HPV16 67 16.0

HR12 + HPV18 11 2.6

HR12 + HPV16 + HPV18 4 0.9
HPV: human papillomavirus; PCR: polymerase chain reaction; y: years.

Figure 3 shows the results of the confirmation tests for CC performed using p16/Ki67
dual-stain cytology (CINTEC PLUS). A total of 536 samples (37.3%) from the subgroup of
1438 positive results for 14 HR HPV types were tested. A total of 31.7% were positive for
dual staining. These results also confirm that 68.3% of the positive results for any of the HR
HPV subtypes do not present cellular transformation, which highlights the importance of
performing p16/Ki67 dual-stain cytology after PCR to avoid unnecessary colposcopies in
the screening of CC patients.
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These samples came from private practice gynecologists in private hospitals. In 100%
of the cases, the gynecologists continued to perform the traditional Pap test in parallel
with HPV genotyping analysis using PCR (Cobas). Although this double screening for
the early diagnosis of CC represents an extra cost for their patients, gynecologists argue
that the traditional Pap test allows them to identify other gynecological lesions (suspected
infections by bacteria, fungi, or other viruses) that the PCR test alone does not allow. In
Figure 4, we present a strategy to encourage the increased adoption of molecular methods,
highlighting the benefits of employing these tools throughout the entire process, from
sample collection to patient reporting. In our experience, gynecologists are aware of the
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good sensitivity and specificity of the molecular PCR test and the costs of the study for
their patients are the only reason for not requesting the HPV genotyping test together with
the traditional PAP test.
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Regarding the possible reasons why the dual-stain test is not widely requested within
the global detection program for CC in the private gynecology sector, we can include the
following: (1) Extra costs for many of the patients, for whom the cost of the PCR study
already represents a large increase over the expense of the traditional PAP; (2) Ignorance
on the part of the patients of the objective and scope of the staining in CC screening, which
implies a longer explanation time in private medical consultations; and (3) Reticence from
a subgroup of gynecologists (colposcopists) since the positive/negative result of the dual-
stain test determines (or relativizes) the need for surgical intervention (colposcopy) in their
patients. This result seems to interfere with their area of expertise and business, which may
be one of the causes of the low return rate in the confirmatory dual-stain test.

4. Discussion

The results presented here correspond to 4499 samples received in our laboratories
during three years for CC screening. The distribution of HPV subpopulations in all samples
is comparable to other results published internationally. However, this study shows for the
first time the results in the Mexican population within the private medicine market [1,9].

It should be noted that if we analyze the results within each age range, the population
under 25 years of age was the one that showed the highest percentage of overall positive
HR HPV-PCR results: 44% tested positive for one of the risk subtypes, high or very high,
compared to 35.6% of positive results in the population between 25 and 35 years of age and
24.2% of positive results in the population over 35 years of age.

Likewise, our results make it possible to highlight that the population between 25
and 35 years of age presented a higher percentage of results for viral co-infections with
high or very HR for CC viral types at 14.8% compared to 13.9% in the group over 35 years
of age and 10.5% in those under 25 years of age. On the other hand, the population over
35 years of age was the one that presented a higher percentage of positive results for HPV16
and HPV18.

Once we organized the PCR results into a contingency table alongside the PAP results,
we identified 5.6% false positives and 18.5% false negatives for the PAP results. These
findings strongly support the advantages of using PCR as the standard test for detecting
the human papillomavirus and preventing CC. The most striking results correspond to
patients older than 35 years, who show 45.6% potential false positives. The percentages of
PAP vs. HR HPV-PCR non-correlation were lower in the other age ranges: 25.4% in the
age range of 25 to 35 years and 17.7% for those younger than 25 years. These results may
suggest the existence of an age bias when interpreting PAP results in the older population,
who are theoretically more prone to presenting with CC.
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Likewise, our data allowed us to detect a percentage of 68.3% negative results using
confirmatory p16/Ki67 dual-stain cytology in the population of positive patients in the
HR HPV group. These results made it possible to reassure the patients who had initially
received a worrying result from the PCR test and to reduce the performance of unnecessary
invasive tests (for example, colposcopy).

Although the PCR test for HPV screening is well known by gynecologists, p16/Ki67
dual-stain cytology is not a widely requested test for CC screening. Out of the total HR-HPV-
positive samples, only 37.3% were claimed for re-analysis with confirmatory dual staining.
PCR tests detect molecular changes within the cell that are not manifested in morphological
changes. This premise supports the promotion of PCR and p16/Ki67 dual-stain cytology as
primary screening methods for HPV detection and CC prevention, as they provide greater
diagnostic sensitivity to the physician. It is worth noting that, although there are other
sensitive methods for HPV detection, such as NGS (Next-Generation Sequencing), this
option is costly and would take longer to obtain results (even weeks). In addition, this
method is not validated for the clinical diagnosis of CC.

We acknowledge the limitations of our study in enhancing the robustness of our
results. One limitation is the absence of clinical information or pathological tissue analysis
of the patients, which is crucial for determining the sensitivity and specificity parameters,
particularly within our study and the evaluated population sample. However, the most im-
portant challenges encountered after carrying out these works are: (1) Continue promoting,
among gynecologists, that the papillomavirus PCR technique (HR HPV-PCR) is the best
method for CC screening due to the lower presence of false negatives and false positives.
(2) Stimulate the study of dual staining in HR12-positive patients to focus colposcopy
procedures only on those patients who have cancer cells. (3) Promote the establishment
of new protocols agreed between the Medical Societies of specialists (Gynecology and/or
Colposcopy) for the better diagnosis and treatment of patients with CC [31,32]. (4) Recently,
a new global WHO strategy to achieve the elimination of CC as a public health problem by
2030 has been launched. It is called “Strategy 90-70-90”: 90% of girls (and boys in countries
where resources allow) are to be fully vaccinated with the HPV vaccine by age 15, 70% of
people are to be screened with a high-performance test, and 90% of persons identified with
cervical disease will have received treatment [33]. However, there are large inequities still
to be resolved. Significant disparities continue to increase between countries and within
different regions of the same country. Large differences persist between sociodemographic
groups, household income, and children’s access to health insurance. The aspects in which
we should improve to achieve these objectives are: (a) Accelerate the implementation of
HPV screening programs, (b) Take advantage of diagnostic and therapeutic innovations,
and (c) Focus on equity [33].

To address these challenges, we are considering and proposing to (1) Disseminate in
gynecology congresses in our countries the benefits of molecular diagnosis of HR HPV
by PCR, insisting on its greater speed, specificity, and sensitivity. (2) Carry out dissem-
ination campaigns of these new technologies in social networks aimed at the neediest
female population in the prevention of CC. (3) Inform and achieve scientific discussion
in specialized societies on the clinical risks associated with the unnecessary performance
of many colposcopy procedures, for example, infertility or miscarriages. (4) Implement
two innovations in our countries: (a) Promote self-collection programs for HR HPV-PCR
screening, and (b) Test and validate new detection procedures close to the patient, such
as point-of-care (POC) testing. The self-collection programs have already been validated
by many countries around the world [34]. The sensitivity and specificity of self-sample
HPV tests are like provider-collected HPV tests, and some devices are excellently accepted
by women from very different countries [34–36]. Regarding the accessibility of less expen-
sive and convenient methodologies than automated laboratory machines, especially for
developing countries, there is great interest in POC testing instruments that could be fast,
low-cost, and with a minimal training requirement [33].
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5. Conclusions

The HR HPV genotyping results by PCR show the low specificity and selectivity of
the PAP test for CC screening. Up to 47.9% false positives have been observed in samples
with a cytology diagnosed as high-grade positive. Likewise, 22.1% of false negatives have
been observed in samples diagnosed as negative in the PAP test. The results of p16/Ki67
dual-stain cytology in positive PCR samples for any of the HR HPV subtypes show that
68.3% do not present with cancer cells, highlighting the importance of performing these
tests to avoid unnecessary colposcopies after the screening of possible patients with CC.

The results of our interactions with practicing gynecologists can be summarized as
follows. There is a deeply embedded societal reluctance to abandon traditional PAP tests
given the long history of public relations campaigns to convince women and their doctors
of their value as the preferred prevention tool for the diagnosis of CC. In the opinion
of some specialists, colposcopy remains preferred to dual-staining protocols despite the
invasive and frequently unnecessary practice.

Eradicating CC still is a challenge in Mexico due to poor prevention education and the
inefficacy of current PAP technology. Our goal is to educate doctors and their patients about
the benefits of the new molecular screening technologies for effective primary screening for
HPV and the diagnosis of CC.
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Abstract: The menace of human papillomavirus (HPV) infections among low- and middle-income
countries with no access to a free HPV vaccine is a public health concern. HPV is one of the
most common sexually transmitted infections (STIs) in Nigeria, while the most known types of
HPV genotypes being transmitted are the high-risk HPV-16 and 18 genotypes. In this study, we
explored the predictors of self-reported HPV infections and HPV genital warts infection among a
population of students, non-academic staff, and academic staff of Ibrahim Badamasi Babangida (IBB)
University located in Lapai, Nigeria. We also assessed their knowledge about HPV infections and
genotypes, and sexual behaviors. An online cross-sectional study was conducted by setting up a
structured questionnaire on Google Forms and it was distributed to the university community via
Facebook and other social media platforms of the university. The form captured questions on HPV
infection, and knowledge about HPV infection and genotypes, as well as the sexual health of the
participants. All variables were described using frequencies and percentage distribution; chi-squared
test statistics were used to explore the association between HPV infection (medical records of HPV
infection) and the participants’ profile, and a logistic regression analysis was performed to examine
the factors associated with HPV genital warts infection among the population. This study reveals
those participants between the ages of 26–40 years (81.3%) and those currently not in a sexually
active relationship—single/divorced (26.4%)—who have self-reported having the HPV-16 and -18
genotypes. Moreover, participants between 26–40 years of age (OR: 0.45, 95%CI: 0.22–0.89) reported
themselves to be carriers of HPV genital warts. Therefore, this study reveals the factors associated
with HPV infection and genital warts peculiar to IBB university students and staff. Hence, we suggest
the need for HPV awareness programs and free HPV vaccine availability at IBB university.

Keywords: HPV awareness programs; HPV infection; HPV genotypes; HPV genital warts; HPV
knowledge; HPV vaccine

1. Introduction

Human papillomavirus (HPV) is one of the most common sexually transmitted infec-
tions (STIs) among adults, of which HPV 16, 18, 31, and 35 (high-risk types) [1] are the most
prevalent HPV genotypes among sexually active adults in the northern part of Nigeria [2,3].
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These high-risk HPV genotypes, especially HPV 16 and 18, have been clinically proven to
be the leading cause of cervical cancer in women across low-income African countries [4,5].
However, the low-risk (11, 42, 61, 70, and 81) HPV genotypes are capable of causing HPV
genital warts [6]. Numerous studies have revealed that HPV is also highly associated with
the growth of HPV genital warts in both men and women [7,8]. In most cases, persons
with a healthy immune system can be HPV-free over time even after being infected. An
HPV vaccine-built immunity and other types of preventative vaccines (such as toxoids,
messenger ribonucleic acid (mRNA), and subunit vaccines [9]), alongside with some other
factors (such as healthy weight, healthy food, exercise, and staying away from excessive
alcohol intake and smoking [10]) can effectively repel against persistent HPV infections
within two years before it develops into a tumor [11] and other immunological diseases [12]
in the presence of a healthy immune system. However, north-central Nigerian adults are
faced with some challenges which have contributed to the spread of HPV infection such as
the unavailability of some protective measures. Although this is associated with the lack
of knowledge of HPV in general, the following are also factors: abject poverty (resulting
in the inability to purchase HPV vaccines, eat healthy food, and attend paid HPV-related
seminars), individuals’ ethical imperatives, the unavailability of free medical services, and
some national policies. In terms of national policies, this is a contributing factor such that
the government does not put in place policies to make an HPV vaccine available at a low
cost and enforce it as a part of the routine vaccination program in Nigeria [13]. Due to these
challenges, there have been increases in the cases of HPV infection and the cervical cancer
mortality rate among women in the north-central part of Nigeria yearly [14]. According to
the statistical report gathered by the ICO/IARC Information Centre on HPV and Cancer
(HPV Information Centre) in October 2021, among other kinds of cancers, the HPV-related
(HPV 16 and 18) cancer occurrence in the female population of ages ≥ 15 years in Nigeria
was 66.9% amidst 56.2 million total females who are at risk of cervical cancer [15].

Some epidemiological studies have also in the past revealed demographic variations
among low-income settlements in Nigeria and its association with HPV infection [6]. For
instance, a study conducted for 16 years in a rural area in Nigeria reveals that inacces-
sibility to childhood and adolescent routine immunization as a preventive measure for
preventable diseases [16] is more prevalent in low- and middle-income areas in Nigeria and
other sub-Saharan African (SSA) countries, causing severe infant mortality [17], thereby
putting non-HPV vaccinated adults at risk of persistent HPV infections. Similarly, a study
conducted among adolescent and young girls in Jos, Nigeria also shows that the lack of
HPV vaccine and lack of knowledge about HPV enhanced the prevalence of HPV among
the population [6]. Hence, it has been proven that the availability of free medical ser-
vices to provide organized HPV programs, HPV vaccines, and HPV testing and cervical
cancer screenings using cytology/visual inspection/colposcopic biopsy in low-income
settlements would help to mitigate HPV infection cases and the cervical cancer mortality
rate in Nigeria [2,5,18].

In this study, we explored the demographic predictors of self-reported [19] HPV
infections and HPV genital warts infection among low-income students, and non-academic,
and academic (lecturers) staff of Ibrahim Badamasi Babangida (IBB) University located
in Lapai, Nigeria, considering their income rate as compared to the country’s minimum
wage and if they have reported to have had an HPV infection in the past. Furthermore,
age as another demographic factor was also analyzed to observe if the population’s age
is likely to affect their monthly income rate. Abject poverty as one of the predictors of
HPV infection was considered for analysis in this study, especially in low-income and
lower-middle-income countries (LMICs) (as in Nigeria) [20], where the citizens cannot fend
for their medical services in the presence of a Gross National Income (GNI) per capita at
$2157 as recorded in 2019 by the World Bank collection of development indicators.
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2. Motivation—Problem Definition

In the absence of knowledge about HPV and cervical cancer even in an academic/
educational environment, there is a likelihood that there would be cases of HPV infection
among a population. Sadly, the male population in the society are not aware of their
HPV status, thereby causing females to harbor the risk of contracting HPV, which further
develops into cervical cancer in the future [21]. Clinical research has revealed that HPV
takes 10–15 years to develop into abnormal cells [22]. The purpose of this paper is to
reveal the risk factors of HPV infection and genital warts in an academic environment
and study those who have self-reported cases of HPV infection and genital warts using
statistical methods. Our results can be adopted by the Niger State Ministry of Health for
HPV awareness in an academic setting, healthcare sectors, and private organizations, and
by individuals as a guide for safe sexual practices and knowledge about HPV.

3. Methods and Materials
3.1. Study Design and Setting

This was an online cross-sectional study among students, and non-academic and
academic staff of Ibrahim Badamasi Babangida (IBB) University, Lapai, Niger State, Nigeria.
IBB University comprises students and staff from various regions in Nigeria, which includes
Igbo, Yoruba, and Hausa major ethnic groups. However, data to determine which regions
the participants are from were not captured in our questionnaire. Taking into consideration
the privacy of the participants, Nigerian citizens have right to their private data and the
Nigerian constitution guarantees privacy protection to all citizens. Hence, the Nigeria Data
Protection Regulation (NDPR) was enforced during data collection [23].

3.1.1. Sample Size

The sample size determination formula for a cross-sectional study was used in
this study:

n =
Z2

α × pq × de f f

d2 (1)

where:
n = minimum sample size;
z = standard normal deviation of 95% confidence level—corresponds to a value

of 1.96;
p = record of HPV genital warts from similar studies in southwestern Nigeria was

(0.22) [24];
e = level of precision of 0.04;
q = 1 − p; 1 − 0.22 = 0.78;
deff = 1.98—a design effect (deff) of 1.98 was factored because the study cut across

clusters (i.e., cluster of students, and non-academic and academic staff);
n = 1615;
na (after adjusting for a 10% non-response rate) = 1860.
A total of 1860 eligible people who completed the online questionnaires were consid-

ered for/enrolled in this study (Figure 1).
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Figure 1. Study enrolment flowchart. 
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data were collected using an online data collection tool (Google survey form). The ques-
tionnaire was set up on the Google survey form and the function that restricts multiple 
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3.1.3. Study Instrument and Data Collection 
A structured questionnaire was used, which captured the demographic characteris-
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distributed via Facebook and email address (it was sent to students who could not attend 
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3.1.2. Sampling Method

Having established a high incidence of sexual behavior [25] which is a risk factor for
HPV infection among university students and staff [26,27]. we, thus, carried out this study
among the university community, at Ibrahim Badamasi Babangida University, Lapai in
Niger State, Nigeria. IBB University is located in the north-central region of Nigeria and has
a student capacity of about 7000, 820 non-academic staff, and 310 academic staff. The data
were collected using an online data collection tool (Google survey form). The questionnaire
was set up on the Google survey form and the function that restricts multiple responses
from participants was enabled.

3.1.3. Study Instrument and Data Collection

A structured questionnaire was used, which captured the demographic characteristics,
information about HPV and sexual health, and knowledge about early sex and HPV-16 and
-18 genotype. In order to improve the response rate, we raised awareness (live event) about
the study through the Facebook platform during the COVID-19 pandemic in 2019, but data
collection lasted between 2019–2022. The lead investigator and a group of gynecologists
in Nigeria and the United States of America facilitated the event. During the event, par-
ticipants were asked to fill in an online questionnaire—the Human Papillomavirus (HPV)
and Cervical Cancer Risk Assessment (HCRA) Tool (also known as the HPV Assessment
Test (HAT) Tool [1]). The link to the online questionnaire (Google Forms) was distributed
via Facebook and email address (it was sent to students who could not attend the online
event). Google Forms is an electronic platform designed for creating surveys, quizzes, and
knowledge evaluations. The Google Form can be created and administered on personal
computers, and mobile devices, as well as tablets. Some of its important features are
real-time data capturing, friendly user interface, the ability to limit responses to once per
person, etc. The Google Form has proven to be effective for research data collection and
other data-capturing activities [28].

3.1.4. Study Variables

The outcome variable for this study was self-reported medical record/history of HPV
genital warts (Yes or No). The explanatory variables included the 1. Demographic vari-
ables: Gender [Male, Female]; Age group (15–25, 26–40, 41–64); Level of education [High
school/equivalent, and BSc/MSc/Doctorate degree)]; Income in USD ($) [Below 100, 100–200,
above 200], $100 ≡ #45,000 Nigerian currency; and Marital Status [Married—currently in a
sexually active relationship, not in a sexually active relationship (single/divorced)]; 2. Sexual
Health/Behavior: Sexual intercourse [Yes, No]; Age at first sex (15–20, 21–30, >30 years);
Number of the sexual partner in a lifetime [1, 2–4, >4]; Kind of sex [vaginal only, others (anal,
oral, and vaginal)]; Knowledge about early sex [Yes, No]; and Protected sex, defined as the use
of condom for sexual intercourse [unprotected, protected]; and 3. Information on HPV factors:
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Vaccinated against HPV [Yes, No]; HPV seminar attendance [Yes, No]; and Knowledge of
HPV-16 and -18 genotypes [Yes, No].

3.2. Data Analysis

We summarized all the variables using frequencies and percentages (descriptive
statistics). Moreover, a chi-square test of association was carried out to test the association
between the participants’ profiles and self-reported medical record/history of HPV genital
warts. We examined the factors associated with HPV infection by fitting a binary logistic
regression, and an adjusted odds ratio (AdjOR) was reported.

Model Expression
The model expression implemented for statistical analysis is the logistic regression

model [7]:
Log

pi
1 − pi

= β0 + X1β1 + X2β2 + X3β3 + εi (2)

where:
Log pi

1−pi
is the probability of HPV genital warts up to ith participant;

X1 denotes sexual health, X2 represents the HPV factors (HPV vaccination, and HPV
seminar), and X3 denotes demographic variables;

β0 is the model intercept, while β1, β2, and β3 denote the coefficients for sexual health
and demographic characteristics;

εi is the error term which was assumed to follow the binomial distribution.
Stata MP version 15 was used for statistical analysis, and p-values < 0.05 were consid-

ered significant at a 95% confidence interval (CI).

3.3. Ethical Considerations

The ethical approval for this study was obtained from the Niger State Ministry of
Health Review Committee (protocol number: ERC PIN/2022/08/17 and approval number:
ERC PAN/2022/08/17) in Minna, Niger State, Nigeria. Participants provided consent by
clicking the “accept to participate” button after reading the informed consent statement
on the first page. In order to assure the privacy and confidentiality of the participants,
all participants voluntarily participated in this study and no identifying information was
captured. Since data were collected online, the study has no/minimal risk to the health of
the participants, their environment, and their relatives.

4. Results
4.1. Demographic Characteristics of the Study

The results in Table 1 below reveal the demographic characteristics of the students,
non-academic staff, and academic staff who participated in this study (n = 1860). The par-
ticipants’ age ranged between 15–64 years with Mean 32.1 ± 7.13 SD. The study contained
more female than male participants, whereby 1750 (94.1%) of them were females and 110
(5.9%) were males. Most of the participants were millennials; thus, 1512 (81.3%) were
aged 26–40 years, while 151 (8.1%) and 197 (10.6%) were aged 15–25 years and >40 years,
respectively. Only 136 (7.3%) had a high school education and 1724 (92.7%) had a BSc or
MSc or Doctoral Degree. Most of the participants recorded having an average livelihood,
where 739 (39.7%) earned below 100 USD monthly, 27.4% earned between 100–200 USD,
and 32.9% earned above 200 USD monthly. The majority of the population of 1369 (73.6%)
were in a marital, sexually active relationship, and 26.4% were not in a marital, sexually
active relationship.
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Table 1. Demographic characteristics of the participants.

Variables Frequency (n = 1860) Percent (%)

Gender
Male 110 5.9

Female 1750 94.1
Age

15–25 151 8.1
26–40 1512 81.3
41–64 197 10.6

Education
High School/Equivalent 136 7.3

BSc, MSc, Doctorate Degree 1724 92.7
Income (USD)

Below 100 739 39.7
100–200 509 27.4

Above 200 612 32.9
Marital status

Currently married 1369 73.6
Not in a sexually active relationship

(Single/Divorced) 491 26.4

4.2. Information about HPV and Sexual Health of Participants

The results in Table 2 below present the information about the participants’ self-
reported HPV infection and sexual health. Mostly, 1843 (99.1%) were sexually exposed,
where about a half (49.4%) had an early sexual debut from the ages of 15–20 years, 875
(47.5%) experienced a sexual debut between the ages of 21–30 years, and 57 (3.1%) had
a sexual debut at age ≥31 years. It was observed that 569 (30.9%) participants have
had only one sexual partner in a lifetime, 636 (34.5%) have had 2–4 sexual partners, and
638 (34.6%) have had ≥4 sexual partners. Among those who had more than one sexual
partner, 934 (73.3%) practiced unprotected sex and 340 (26.7%) practiced protected sex,
1790 (97.1%) practiced vaginal sexual intercourse, and 53 (2.9%) practiced other (anal, oral,
and vaginal) sexual intercourse. Furthermore, only 528 (28.4%) have attended an HPV
seminar. Moreover, the rate of HPV vaccination was low, where just 107 (5.8%) among
the participants have been vaccinated against HPV infection. Finally, 74 (4.0%) of the
participants reported that they have had medical records of HPV genital warts, while 55
(3.0%) have had medical records of HPV-16 and -18 genotype infections.

Table 2. Sexual health and HPV information.

Variables Frequency (n = 1860) Percent (%)

Have you ever had sex?
Yes 1843 99.1
No 17 0.9

Age at first sexual intercourse (n = 1843)
15–20 911 49.4
21–30 875 47.5

31 and above 57 3.1
Number of sexual partners in lifetime

(n = 1843)
1 sexual partner in a lifetime 569 30.9

2–4 sexual partners in a lifetime 636 34.5
>4 sexual partners in a lifetime 638 34.6

Protected sex (n = 1274)
Unprotected sex 934 73.3

Protected sex 340 26.7
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Table 2. Cont.

Variables Frequency (n = 1860) Percent (%)

Kind of sex practiced (n = 1843)
Vaginal sex 1790 97.1

Others (anal, oral, vaginal) 53 2.9
HPV seminar

No 1332 71.6
Yes 528 28.4

Ever received HPV vaccine?
No 1753 94.2
Yes 107 5.8

Medical record of HPV-16 and -18 genotypes
No 1805 97.0
Yes 55 3.0

Medical record of HPV genital warts infection
No 1786 96.0
Yes 74 4.0

4.3. The Participants’ Knowledge about the Association between Early Sex and HPV-16 and
-18 Genotypes

Figure 2 below shows the population’s level of knowledge about the association
between early sex and the HPV-16 and -18 genotypes. Quite a number of the participants
agreed that early sex is associated with HPV infection, which means that 822 (44.2%) have
knowledge about early sex, but knowledge about the HPV-16 and -18 genotypes was low
as the statistical analysis revealed that only 149 (8.0%) among the participants agreed that
they have any knowledge about the HPV-16 and -18 genotypes.
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4.4. Association between HPV Infection and Participants’ Profile

At the time of the survey distribution, the results in Table 3 below show the association
between participants who recorded self-reported HPV infection and the participants’ profile
using chi-square test. The rate of HPV infection was 13 (8.6%) among those aged 15–25 years
compared to the 56 (3.7%) and 5 (2.5%) rate among participants aged between 26–40 years
and 41–64 years, respectively; p = 0.007. There was a preponderance of 27 (5.5%) of HPV
infection among those who were not in a marital, sexually active relationship compared to
married participants; p = 0.045. Similarly, more 48 (5.1%) of those who practiced unprotected
sexual intercourse had HPV infection compared to those who practiced protected sexual
intercourse; p = 0.096. Moreover, HPV infection was more common—5 (9.4%)—among
those who practiced other (anal, oral, and vaginal) kinds of sex compared to those who
practiced vaginal sex only; p = 0.083. HPV infection was 14 (9.4%) among those who have
knowledge about the HPV-16 and -18 genotype compared to those—60 (3.5%)—who do
not; p < 0.001. The proportion of HPV infection was slightly higher—42 (5.1%)—among
participants who had knowledge about early sex compared to those who did not have
knowledge about early sex; p = 0.027.

Table 3. Association between HPV infection (medical records of HPV infection) and the partici-
pants’ profile.

Self-Reported HPV Infection

Variables No Yes
Test Statistics
(Chi-Square/

Fisher’s Exact)
p-Value

Gender 0.67 0.414
Male 104(94.5) 6(5.5)

Female 1682(96.1) 68(3.9)
Age 9.85 0.007 **

15–25 138(91.4) 13(8.6)
26–40 1456(96.3) 56(3.7)
41–64 192(97.5) 5(2.5)

Education 0.04 0.852
Elementary School and High School 131(96.3) 5(3.7)

BSc, MSc, Doctorate Degree 1655(96.0) 69(4.0)
Income 1.41 0.495

Below 100 706(95.5) 33(4.5)
100–200 493(96.9) 16(3.1)

Above 200 587(95.9) 25(4.1)
Marital status 4.07 0.045

Married 1322(96.6) 47(3.4)
Not in a sexually active relationship

(single/divorced) 464(94.5) 27(5.5)

Have you ever had sexual intercourse? 0.71 0.645
No 17(100.0) 0(0.0)
Yes 1769(96.0) 74(4.0)

Age at first sexual intercourse 1.07 0.585
15–20 876(96.2) 35(3.8)
21–30 837(95.7) 38(4.3)
≥31 56(98.2) 1(1.8)

Number of sexual partners in lifetime 3.4 0.182
1 sexual partner in a lifetime 553(97.2) 16(2.8)

2–4 sexual partners in a lifetime 609(95.8) 27(4.2)
≥4 sexual partners in a lifetime 607(95.1) 31(4.9)
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Table 3. Cont.

Self-Reported HPV Infection

Variables No Yes
Test Statistics
(Chi-Square/

Fisher’s Exact)
p-Value

Protected sex 2.77 0.096 *
Unprotected sex 886(94.9) 48(5.1)

Protected sex 330(97.1) 10(2.9)
Kind of sex practiced 4.97 0.083 *

Vaginal sex only 1721(96.1) 69(3.9)
Others (anal, oral, vaginal) 48(90.6) 5(9.4)

HPV seminar 0.28 0.600
No 1281(96.2) 51(3.8)
Yes 505(95.6) 23(4.4)

Knowledge about HPV-16 and -18
genotype 12.44 0.000 **

No 1651(96.5) 60(3.5)
Yes 135(90.6) 14(9.4)

HPV vaccine? 1.95 0.162
No 1686(96.2) 67(3.8)
Yes 100(93.5) 7(6.5)

Knowledge about early sex 4.89 0.027 **
No 1005(96.9) 32(3.1)
Yes 781(94.9) 42(5.1)

* p-value is significant at 10% level of significance. ** p-value is significant at 5% level of significance.

4.5. Factors Associated with HPV Genital Warts Infection among Students, Non-Academic Staff,
and Academic Staff in North-Central Nigeria

The results in Table 4 represent the factors associated with HPV infection among
the study participants using the logistic regression model. Only two variables had a
significant association with HPV infection. The likelihood of HPV infection was lower
among those aged between 26–40 years (AdjOR = 0.45, CI: 0.22–0.89, p = 0.024) and
41–64 years (AdjOR = 0.31, CI: 0.10–0.95, p = 0.041) compared to those aged 15–25 years.

Table 4. Factors associated with HPV genital warts infection among students, non-academic staff,
and academic staff in north-central Nigeria.

Self-Reported HPV Genital Warts Odds Ratio 95% CI p-Value

Lower Upper
Gender

Male ref
Female 0.80 0.32 1.99 0.630

Age
15–25 ref
26–40 0.45 0.22 0.89 0.024
41–64 0.31 0.10 0.95 0.041

Marital status
Married ref

Not in a sexually active relationship
(Single/Divorced) 1.39 0.81 2.40 0.233

Kind of sex practiced
Vaginal sex ref

Others (anal, oral, vaginal) 2.13 0.77 5.84 0.143
Protected sex

Unprotected sex ref
Protected sex 0.59 0.32 1.09 0.095
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5. Discussion

This study examined 1860 students, non-academic staff, and academic staff in north-
central Nigeria on their demographic characteristics, their awareness/knowledge about
HPV infections and HPV genotypes, and their sexual health and practices. The findings
observed are a concern to public health.

Considering the demographic characteristics, we observed that the study sample was
representative as it includes both high school/equivalent (low-levelled) and BSc, MSc,
and Doctorate Degree (high-levelled) elite participants between the ages of 15–64 years,
whereas most were between the age of 26–40 years. However, the gender distribution was
not even as there were fewer males than females in the study. However, the survey also
included some questions about cervical cancer, and this might be why male participants
were not interested in taking the survey. The distribution of the participants based on
their monthly income was fairly even. The distribution of the participants’ based on their
marital status was skewed, where most of the participants indicated that they were in a
sexually active relationship (married or separated), which is because the rate of divorce
among ever married couples is low in the north-central region of Nigeria as compared to
other regions [29]. This skewedness is expected because the north-central part of Nigeria is
mostly populated by Muslims who believe that their religion detests divorce, according
to Sunan Abu-Dawud, Book 6:2173 [30]. Moreover, a study conducted to examine cancer
of the cervix in Zaria [31] and Lagos [32] revealed that most of the study participants
were married which validates our result for having more participants who are currently in
a marriage.

The result of the participants’ sexual behavior shows that a large majority of the
participants reported having had sexual intercourse in their lifetime, and having their
first experience between the age of 15–20 years, and more having had >4 partners in
a lifetime. These results corroborate with other studies’ results that have explored the
predictors of HPV among the male and female population, where early sex (≤20 years)
is common among early and late adolescents in Nigeria [33], having 1 or more sexual
partners before the age of 20 years [15], and having >4 sexual partners in a lifetime [34].
Furthermore, a vast number of the participants were also not concerned about practicing
safe sex before they entered into a sexually active relationship. We excluded those who
indicated having had only one sexual partner and analyzed those who have had >1 sexual
partners (1274 participants) in a lifetime; the result revealed that most of the participants
(73.3%) who fall under these group do not practice safe sex (with the use of condoms).
This aligns with results from other studies that have reported that condoms are not widely
used among non-married people in Nigeria [35]. A survey distributed by NOIpolls, in
alliance with the National Agency for the Control of AIDS (NACA) and AIDS HealthCare
Foundation (AHF) in 2020 to mitigate the spread of HIV/AIDS, reveals that only 34% of
Nigerians indicated that they use condoms during sexual intercourse [36]. This study also
reveals that the combination of anal, oral, and vaginal sex was low among the population,
as 97.1% participants mostly practiced vaginal sex only. This is because the population
under study might be affected by religious beliefs and detest the act of oral and anal
sex. Another study also revealed that vaginal sex (95.2%) was mostly practiced among
adolescents in Nigeria who were examined for self-reported HIV transmission [37].

The proportion of the participants with awareness of HPV-related seminars and
the HPV vaccine was low (28.4% and 5.8%, respectively), similar to the corresponding
percentage from a study that revealed that only 9.0% have had knowledge about HPV
and cervical cancer programs/seminars [38], while another study examined secondary
school female teachers in Lagos who have had an HPV vaccine (2.2%) given to their teenage
children [32].

The chi-square test was used to measure the association between self-reported HPV in-
fection and the participants’ profile. A statistical analysis shows that there was a significant
association between HPV infection and the participants aged between 26–40 years (Fisher’s
exact, p = 0.007), not in a marital sexually active relationship (Fisher’s exact, p = 0.045), who
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had no knowledge about HPV-16 and -18 genotypes (Fisher’s exact, p < 0.001), and who had
no knowledge about early sex (Fisher’s exact, p = 0.027). The result about the participants
who have self-reported having HPV infection correlated with the results from other studies
where there exists an association between the population under study aged ≤ 30 years
(Fisher’s exact, p = 0.006) [39], those with an unstable marital status or are single with
multiple sexual partners (Fisher’s exact, p = 0.022 and p = 0.001, respectively) [40], and lack
of knowledge about HPV (Fisher’s exact, p < 0.0001) [41] as predictors of HPV infection.

A regression analysis also reveals the factors predicting HPV genital warts among
the population under study. The result shows that participants between the ages of
26–64 years have reported that they were likely carriers of HPV genital warts: 26–40 years
with AdjOR = 0.45, CI: 0.22–0.89; and 41–64 years with AdjOR = 0.31, CI: 0.10–0.95). Thus,
the participants between the ages of 26–40 years have higher odds as compared to those
between the ages of 41–64 years (p-value, p = 0.024 and p = 0.041, respectively). This result
aligns with previous studies where ages lower than or equal to 30 years are more likely to
be infected than those whose ages are over 45 years [15,39,42,43]. Conversely, the variables
of gender, marital status, kind of sex practiced, protected sex, and knowledge about early
sex were not significantly associated with HPV infection in this study.

5.1. Study Strength and Limitations

The availability of a large sample size is one of the strengths of this study and it is
also the first study to be conducted in Lapai, Niger State. It was also an achievement to
include the male population in this study. However, one of the limitations faced by the
study is that we had an extremely low sample size of the male population as compared to
the female population. Therefore, we acknowledge that the male population in this study
was not well-represented. An additional significant limitation of this study is that we have
conducted the study based on self-reported data only. Hence, some responses provided
by the participants to sensitive questions may have been biased. Furthermore, during
data collection, we did not provide categorization for students, non-academic staff, and
academic staff; thus, the Human Papillomavirus (HPV) and Cervical Cancer Risk Assessment
(HCRA) Tool (questionnaire) has been modified and currently used for the last phase of the
research field work for data collection.

5.2. Conclusions

HPV infection was high among participants (who have self-reported having a medi-
cal/history of the HPV-16 and -18 genotype) between the ages of 26–40 years, currently
not in a sexually active relationship, and who had no knowledge about the HPV-16/-18
genotypes and the consequences of an early sexual debut. Moreover, participants > 26 years
of age are likely to be carriers of HPV genital warts. These factors have been revealed
as the most important predictors peculiar to IBB university students, non-academic staff,
and academic staff in this study. Hence, the need for awareness about HPV is required/a
must for the safety and well-being of the IBB university community. As a concern and
solution, this situation, therefore, suggests the need for free routine HPV vaccination and
programs in universities in Nigeria, as well as stresses the importance of sex education
among adults through awareness programs in the academic environment populated with
low- and middle-income earners in Nigeria.
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Abstract: Cervical cancer, along with other sexual and reproductive health and rights (SRHR)
conditions, poses a significant burden in the Kingdom of Saudi Arabia (KSA). Despite the availability
of effective preventive methods such as vaccinations, particularly against the Human Papillomavirus
(HPV), awareness about such preventive methods and HPV vaccination remains alarmingly low in
the KSA, even with governmental effort and support. While many women are aware of the risks,
the uptake of the HPV vaccine remains below 10% (7.6%) at the country level. This highlights the
urgent need for Knowledge, Attitude, and Practice (KAP) at the community level to raise awareness,
dispel misconceptions, and empower women to embrace vaccinations. Additionally, there is a need
to revitalize the cancer registry system to better track and monitor cervical cancer cases. This short
communication aims to map these barriers while identifying opportunities for impactful research.
Drawing from the scientific literature, government reports, and expert insights, we highlight the
challenges surrounding the tackling of HPV. By exploring diverse sources of knowledge, this paper
not only highlights current obstacles but also proposes actionable solutions for future interventions.

Keywords: HPV; cervical cancer; HPV vaccine; prevention; Saudi Arabia

1. Introduction

Cancers and neoplasia stand out as major contributors to the global burden of mortality
and morbidity. Cervical cancer is the fourth most common cancer in women worldwide,
with an estimated 660,000 new cases and 350,000 attributable deaths annually as of 2022 [1].
Furthermore, cervical cancer disproportionately impacts the Global South, necessitating
urgent public health action [2].

A significant portion of the burden of cervical cancer is preventable, given that one
of the major contributing factors is the presence of carcinogenic strains of the Human
Papilloma Virus [HPV]. Particular HPV strains, especially subtypes 16 and 18, have, in fact,
been documented to be involved in the development of precancerous cervical lesions and
neoplasia. The implementation of preventive measures, notably HPV vaccination, could
potentially avert up to 70% of these cases [3].

Countries located in the Middle East are explicitly affected by the burden of cancers,
which holds true for Saudi Arabia. The KSA is home to 37 million inhabitants [4]. Alongside
other nations in the Middle Eastern and Northern African Region (MENA), the KSA is
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experiencing a shift in the mortality and morbidity patterns [5]. The Saudi healthcare
system is facing increased strain due to the rising prominence of cancer and other non-
communicable diseases.

While the burden of mortality and morbidity from cervical cancer is low in the KSA
when compared with other regions in the world, it is swiftly evolving into a matter of
significant public health concern [6]. Numerous barriers impede prevention, screening and
treatment of cervical cancer, leading to a complex challenge for the healthcare system [7].
There exists multiple knowledge and research gaps, particularly in the realm of preventive
efforts such as HPV vaccination [8].

Recognizing the preventable morbidities and mortalities associated with cervical
cancer, as well as the global efforts and resources dedicated to combatting HPV, it is crucial
to address the current barriers to cervical cancer and HPV vaccination efforts in the KSA.
The aim of this paper is to map the current barriers to cervical cancer and HPV vaccination
efforts in KSA, and to outline opportunities for impactful research. This paper aims to bring
findings from the scientific literature, government reports, and the experience of experts on
the ground to the forefront in order to shed light on the challenges and outline solutions
for the future. Additionally, this study aims to provide a comprehensive overview of the
existing knowledge gaps and methodological limitations surrounding HPV and cervical
cancer, thereby directing future research efforts towards generating the data needed to
inform more effective public health strategies.

By enriching the literature with comprehensive data on these aspects, this study seeks
to provide valuable insights that can inform the development of a detailed national strategy
to eliminate cervical cancer in the KSA.

2. Materials and Methods

The study utilized a dual approach to examine the burden of cervical cancer and
vaccination efforts in the KSA. The first part involved a mapping review that integrated
both qualitative and quantitative data to chart the KSA’s progress in tackling cervical cancer
and in their vaccination efforts.

To guide and contextualize the research, a mapping review framework established
by Paré and Kitsiou [9] was used to identify extensive literature across multiple electronic
databases. To ensure broad coverage and minimize potential gaps, the following combina-
tion of databases was used: (“Human Papillomavirus” [MeSH] OR HPV [Title/Abstract])
AND (“Cervical Neoplasms” [MeSH] OR “Cervical Cancer” [Title/Abstract]) AND (“Papil-
lomavirus Vaccines” [MeSH] OR “HPV Vaccine” [Title/Abstract]) AND “Saudi Arabia”
[MeSH]. The search was aimed at identifying relevant articles, with an emphasis on ran-
domized controlled trials, systematic reviews, and reputable grey literature from sources
like the WHO and the Saudi Ministry of Health.

Following the literature search, a meticulous screening process was employed to
manage the references efficiently, eliminate duplicates, and select studies that aligned with
the research question. Articles selected for a full-text review were individually assessed by
the authors to determine their alignment with the inclusion criteria. This was supplemented
by ‘reverse snowballing’ to capture any additional relevant studies.

The inclusion criteria for this review were defined as follows:

• (1) The types of articles considered included empirical research studies conducted in
Saudi Arabia.

• (2) The review was limited to articles published from 2015 onward to ensure the
relevance of the data in reflecting current trends and developments in HPV trends.

• (3) The focus of the review was on studies that analyzed specific variables related to
HPV in the KSA.

• (4) Only articles originally written in English and Arabic were included, to accommo-
date the linguistic scope of the study.

The selected studies were then systematically charted and recorded, detailing the
citation, location, method of evaluation, and key HPV indicators assessed.

150



Viruses 2024, 16, 974

As a complement to the analysis, expert opinions were gathered from notable Saudi
Arabian experts across different fields. These experts were chosen for their extensive
experience in addressing HPV from the perspective of various disciplines (epidemiology,
microbiology, and public health). Their broad expertise provided unique and valuable
perspectives on the challenges and strategies related to cervical cancer and HPV vaccination.
Written informed consent was secured from the experts before the beginning of the study.

3. Results
3.1. Awareness

Sexual and Reproductive Health and Rights [SRHR] awareness is consistently low
in the MENA region, including the KSA, with a particular deficiency in understanding
cervical cancer among women, as noted in [10]. The overall awareness levels remain largely
undocumented at the population level [10]. Notably, prior to 2022, SRHR topics, including
cervical cancer, were absent from the school curricula in Saudi Arabia. Subsequent updates
introduced a modest inclusion of these subjects in high school, primarily within the health
fields at universities [11].

Despite these efforts, some awareness gaps persist, extending to medical professionals.
Recent data highlight a significant lack of information and referrals for cervical cancer
screening among women. Although the Ministry of Health aims for implementation, there
remain challenges in realizing these intentions.

Questions arise about the integration of cervical cancer prevention, such as HPV
vaccination, into the healthcare system. A recent nationwide study in the KSA focused on
sexually active Saudi women aged 21 to 65, revealing concerning trends in cervical cancer
screening and HPV vaccine uptake [8]. The findings showed that only 22.1% of participants
had undergone cervical cancer screening, with merely 7.6% receiving the HPV vaccine.
Despite some positive attitudes towards screening and vaccination, a significant 84.1% of
participants lacked the essential knowledge about cervical cancer screening.

These observed gaps in the uptake of preventive measures are associated with sub-
optimal communication between primary care physicians and the target population, in-
sufficient educational campaigns, and a lack of health promotion programs. This trend
continues to persist, with 40% of those declining the HPV vaccine citing reasons like limited
awareness and concerns about injection-related adverse events [10].

Insufficient awareness, even among healthcare professionals, leaves women without
the essential knowledge about cervical cancer and screening. Addressing these challenges
is vital for enhancing awareness of SRHR and promoting preventive measures in the region.
Furthermore, there is a public inquiry regarding the incorporation of HPV vaccination into
the Saudi healthcare system, ensuring its availability for young women at general practices
without charge.

3.2. Vaccine Hesitancy

The prevention of cervical cancer faces additional challenges beyond awareness, with
vaccine hesitancy standing out as a significant hurdle [10]. In 2020, a study uncovered that
only 2% of Saudi females had received the HPV vaccine [12]. Surprisingly, even among
populations with a solid comprehension of cervical cancer risks, the vaccine uptake remains
low, with less than 10% of females having received any form of HPV vaccination [13].
Surprisingly, this hesitancy extends to healthcare students, including those in medical,
nursing, and dentistry fields. Cultural and religious factors also appear to play a role
in shaping attitudes, with the factor of traditional medicine holding importance within
communities [14].

Informal networks, such as family and friends, seem to play a vital role in dissemi-
nating information and encouraging vaccination [15]. Leveraging these networks could
contribute to overcoming the hesitancy surrounding vaccines, especially in communities
where cultural and religious factors heavily influence decision-making.
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It is worth noting that the KSA approved the commercial vaccines Gardasil and
Cervarix in 2010, with widespread implementation occurring in 2017. The Ministry of
Health then began integration of the vaccines into the national immunization schedule,
making them available to girls aged 9–13 [16]. However, the implementation seems to
currently be in the pilot phase, limited to selected regions of the KSA, and lacks a compre-
hensive overview.

3.3. Treatment

Cancer is increasingly recognized as a major public health concern and economic bur-
den in the KSA. The Saudi government has prioritized the healthcare system, investing in
infrastructure, and providing education and training opportunities for health professionals.
Currently, there are 15 specialized oncology care settings situated in major cities, catering
to around 80% of the Saudi population, with ongoing efforts to extend such services to less
populated areas [17,18].

Cancer care in the KSA is accessible to all Saudi citizens free of charge, and non-
citizens can avail themselves of these services through health insurance and non-profit
organizations. The current cancer care model in the country follows a “find it and fix it”
approach, lacking comprehensive risk factor surveillance programs and proactive interven-
tions [19]. Patients usually access cancer care settings through various routes, including
primary or secondary healthcare referrals, screening centers diagnosis, or emergency room
presentations [20].

Aligned with the Saudi Vision 2030, a new care model is being developed, focusing
on the prevention of non-communicable diseases [NCDs] and involving the private sector
more actively in cancer care [19]. Despite this, several challenges to cervical cancer exist
in the KSA. Improving the quality of cancer care is a continuous process. One area of
improvement would be the strengthening of current cancer registries. The Saudi health
authority would, in fact, benefit from more capability to track and monitor current cancer
trends, care outcomes, and survival rates [21]. This is especially true for the cases where
Saudi citizens seek healthcare outside of the country. A rigorous registry would, in fact,
help tailor current outreach efforts and understand current needs.

4. Way Ahead and Conclusions

In light of the current barriers to cervical cancer prevention and HPV vaccination in the
KSA, a multidimensional approach ought to be outlined. A pervasive challenge is the lack
of awareness, with certain segments of the Saudi population vaguely acknowledging the
risk of cervical cancer, while overall community-level awareness remains low. Additionally,
awareness of HPV vaccination options is consistently limited, emphasizing the need for
innovative strategies to educate adolescents and the individuals of reproductive age.

To enhance awareness, health authorities should delve into current knowledge gaps,
identify contentious ideas, and understand the influence of traditional and religious beliefs.
Recent data indicate suboptimal awareness among healthcare professionals, highlighting
the importance of targeted efforts to inform medical practitioners, nurses, and healthcare
providers. This, in turn, can create a ripple effect, empowering patients to make informed
decisions about their sexual and reproductive health.

A holistic approach to raising awareness, coupled with an understanding of community-
level health-seeking behavior, presents a significant intervention opportunity. Furthermore,
existing shortcomings in cervical cancer screening in the KSA, exacerbated by underutilized
screening opportunities and insufficient referrals from primary care practitioners, require
attention. A thorough examination of the current care pathway is essential to structuring
strategies for optimal outcomes.

Augmenting screening efforts could involve incorporating HPV testing, potentially
as part of pre-marital screenings for sexually transmitted infections. This approach aligns
with a broader strategy to improve reproductive health outcomes. The healthcare sector’s
deficiencies extend to the cancer registration infrastructure, where gaps in gathering ac-
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curate and up-to-date cancer epidemiology data at the national level persist. Establishing
a well-functioning database for cervical cancer cases in the KSA is crucial for tracking
trends, identifying high-risk groups, and developing evidence-based prevention strate-
gies. A robust information system would contribute significantly to improving the overall
effectiveness of cervical cancer prevention initiatives in the KSA.
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