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Human papillomavirus (HPV)
infection — risk factors, mechanisms
of carcinogenesis and modern
prevention strategies for cervical

cancer - a narrative review

Katarzyna Bielawska'*, Wiktoria Julia Auguscik?,
Aleksandra Tlak?

ABSTRACT

Cervical cancer is one of the most common cancers worldwide, despite the availability of
preventive and diagnostic methods. Progression to cancerous changes takes a long time.
Infection with human papillomavirus (HPV) plays a crucial role, but not the only one.
Recent studies increasingly show that multiple viral, immunological, hormonal, and
microbiological factors influence the course and progression of the infection. This review
aims to summarize current knowledge on the mechanisms of HPV-dependent
carcinogenesis, with particular emphasis on the role of vaginal microflora,
environmental factors, and modern methods of prevention and diagnosis. This review
draws on 17 scientific papers published between 2011 and 2025, found through searches
in PubMed, Scopus, and Google Scholar. Disruption of the vaginal microbiome may
contribute to the persistence of HPV infection. A decrease in Lactobacillus bacteria and
an increase in anaerobic bacteria lead to inflammation and oxidative stress, which may
facilitate the integration of viral DNA into the host genome. There is increasing emphasis
on new diagnostic methods. Testing for epigenetic methylation markers (e.g.,, CADMI,
MAL) may improve the specificity of molecular tests. HPV vaccination is known to be a
preventive measure against CIN2+ lesions and cervical cancer. Restoring normal vaginal
microflora through the use of probiotics may be an important element in the prevention
and treatment of HPV infections in the future. The most effective way to decrease
incidence may be to combine comprehensive vaccination programs with modern,

integrated screening strategies.

Keywords: cervical cancer, epigenetic biomarkers, human papillomavirus (HPV),

microbiota, prevention

1. INTRODUCTION

The most common sexually transmitted disease is HPV infection (Schiffman et al.,
2011). Over 80% of sexually active women and men come into contact with the virus
during their lifetime. In most cases, HPV infection regresses spontaneously within
12-24 month. Only a small percentage of infections persist, leading to precancerous

changes (Vink et al., 2013). The main factor in cervical intraepithelial neoplasia
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(CIN) and invasive cancer is persistent infection with HPV-16 and HPV-18 (Schiffman et al., 2011).

The development of cervical cancer follows several stages. According to research (Vink et al., 2013), the average time for CIN2/3
lesions to progress to cervical cancer is approximately 23 years, but HPV-16 infection shows a tendency toward faster progression. The
development of cervical cancer is a complex process involving many factors. These include environmental, immunological, and viral
factors. The type of HPV virus and the integration of its genetic material into the host genome are of significant importance in the
development of carcinogenesis (Schiffman et al., 2011; Luhn et al., 2013; Bowden et al., 2023).

Persistent HPV infection is likely promoting vaginal and cervical dysbiosis. The predominance of anaerobic bacteria over
Lactobacillus species hinders virus clearance, encouraging chronic inflammation (Alimena et al., 2022; Lebeau et al., 2022; Mancilla et
al., 2024). The literature emphasizes the role of coexisting factors such as smoking, multiple births, and long-term use of hormonal
contraceptives, which may exacerbate the process of cellular transformation during HPV infection (Luhn et al., 2013).

Introduction of HPV vaccination programs and development of modern diagnostic methods have had a significant impact on
cervical cancer prevention. Molecular HPV DNA testing is highly sensitive but lacks specificity, which may lead to overdiagnosis of
transient or clinically insignificant lesions (Swid and Monaco, 2022).

The purpose of this review is to summarize current evidence on the natural course of HPV infection, with particular emphasis on

viral, environmental, and host factors that influence the progression of intraepithelial lesions to cervical cancer.
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Figure 1. PRISMA flow diagram showing the selection process of studies included in the review.

2. REVIEW METHODS

In this review, we analyzed studies found in PubMed, Scopus, and Google Scholar. This review included an analysis of studies on
human papillomavirus (HPV) infections and their association with cervical intraepithelial neoplasia (CIN). Particular attention focused

on factors influencing the persistence of infection, such as the vaginal microbiome and the host immune response. We applied
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keywords including HPV, human papillomavirus, cervical cancer, vaginal microbiome, epigenetic biomarkers, methylation, screening,
and vaccination to locate relevant articles. We mainly analyzed publications from 2011-2025. We only added older works when they
were needed to supplement the context. We included only English-language studies that underwent peer review. Altogether, we
identified 135 papers: 45 in PubMed, 50 in Scopus, and 40 in Google Scholar. After removing 15 duplicates, we screened 120 records
and assessed 37 full-text articles for eligibility - the final analysis comprised 17 studies. Figure 1 presents the study selection process.
The primary sources of bias in this review may include the limited number of randomized controlled trials, heterogeneous study

designs, and small sample sizes, which could reduce the representativeness of the findings.

3. RESULTS

HPYV infection and mechanisms of cervical carcinogenesis

The development of cervical cancer is a multifaceted process. In most cases, HPV infection is resolved spontaneously within 12-24
months. However, persistent infection with HPV16 and HPV18 can lead to CIN3 lesions and cervical cancer (Schiffman et al., 2011;
Vink et al.,, 2013). Neoplastic changes develop because of the deactivation of the p53 and pRb tumor suppressors by the viral
oncoproteins E6 and E7. This phenomenon results in cell cycle dysregulation, genomic instability, and the survival of cells with
damaged DNA. At a later stage, gene expression deregulation and permanent activation of oncoproteins occur because of viral DNA
integration into the host genome (Nedjai et al., 2018).

The integration of viral DNA into the host genome leads to epigenetic changes, such as abnormal methylation of the CADM1, MAL,
DAPK1, and RARB suppressor genes. Recent studies show that increased methylation of viral genes (L1, L2) promotes persistent
infection and facilitates the integration of HPV DNA into the host genome (Bowden et al., 2023).

Immunological and hormonal factors influence the persistence and progression of HPV infection. HPV can effectively modulate the
host's immune response. The E6 and E7 oncoproteins inhibit the expression of type I and II interferons, weakening the activation of
cytotoxic T lymphocytes (CD8+) and NK cells. As a result, infected cells evade immune elimination, and chronic infection triggers
persistent inflammation (Luhn et al., 2013). Chronic HPV infection leads to inflammation of the cervical epithelium and increased
concentrations of proinflammatory cytokines (IL-6, IL-8, and TNF-a).

Smoking, long-term use of hormonal contraceptives, and multiple births are further factors that increase the risk of persistent HPV

infection and, consequently, neoplastic changes (Table 1) (Bowden et al., 2023).

Table 1. Primary risk factors of persistent HPV infection and CIN progression

Category Risk factor Proposed mechanism References

High oncogenic

) potential, E6/E7 Schiffman et al., 2015;
Viral HPV type (16, 18) o . .
oncoproteins inactivate | Vink et al., 2021.
p53 and pRb,
Altered cervical .
Long-term hormonal . . Macios and
Hormonal ) microenvironment, .
contraception Nowakowski, 2022;

enhanced proliferation,

. . L. Oxidative stress,
Environmental Smoking, multiparity, . . Bowden et al., 2023.
epithelial microtrauma,

The mechanisms described facilitate the progression of CIN lesions by stimulating proliferation signaling pathways, altering DNA
methylation, and inhibiting local immune responses. The cervical microenvironment, particularly the vaginal microbiota, further
influences infection outcomes. Its role in HPV persistence and the progression of precancerous lesions is discussed in detail later in this
article (Alimena et al., 2022; Lebeau et al., 2022).

Vaginal microbiota in HPV persistence and cervical carcinogenesis

Recent studies confirm the relationship between vaginal and cervical dysbiosis and an increased risk of HPV infection persistence and
the development of cancerous lesions (Alimena et al., 2022; Lebeau et al., 2022). Normal microflora is predominantly dependent on
Lactobacillus bacteria, which maintain an acidic pH (3.5-4.5) through the synthesis of lactic acid, hydrogen peroxide (H>O:), and
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bacteriocins, which prevent the occurrence of pathogenic microorganisms and increase the resistance of mucous membranes. It is a
natural immune barrier that protects against HPV infections and other sexually transmitted pathogens (Alimena et al., 2022).

Dysbiosis leads to a decrease in Lactobacillus bacteria and an increase in the number of anaerobic bacteria such as Gardnerella
vaginalis, Atopobium vaginae, Prevotella spp., Sneathia spp., Megasphaera spp., and Mobiluncus spp. (Lebeau et al., 2022). Reduced
lactic acid production leads to a higher vaginal pH and increased activity of proteolytic enzymes and cytotoxic metabolites, which
damage the epithelium and compromise its barrier function.

Abnormal vaginal microflora promotes HPV infection by inducing a local inflammatory response. There is an increase in
proinflammatory cytokines (IL-1(3, IL-6, IL-8, TNF-a), activation of the NF-kB pathway, and recruitment of neutrophils and
macrophages to the site of infection. Chronic inflammation leads to the formation of reactive oxygen species (ROS), oxidative stress,
and DNA abnormalities in host cells. These factors facilitate the integration of viral DNA into the host genome, promoting the
development of neoplastic changes. (Lebeau et al., 2022).

HPV infection can also affect the composition of the vaginal microflora. Studies have shown that infection inhibits the expression of
host antimicrobial peptides, including SLPI and (-defensins, which are a source of amino acids for Lactobacillus species. This
bidirectional relationship forms a self-perpetuating cycle—HPV infection induces dysbiosis, and dysbiosis, in turn, sustains the
infection (Lebeau et al., 2022).

Studies involving premenopausal women have shown that CIN3 progression is associated with microbiota characterized by
increased diversity (community type IV). Female patients with spontaneous regression of HPV infection were found to have vaginal
microflora rich in Lactobacillus bacteria (community type I) (Banila et al., 2025). The results suggest that microflora testing may in
future serve as a marker for assessing the risk of persistent HPV infection and the progression of precancerous lesions. Studies
conducted among Latin women reported an association between the presence of bacterial vaginosis and an increased risk of HPV
infection, regardless of the patients' age and immune status (Mancilla et al., 2024). Moreover, particular bacterial species can secrete
enzymes that break down the extracellular matrix and modulate the expression of cell receptors used by HPV to penetrate the
epithelium.

Modulation of the vaginal microflora through the use of probiotics rich in Lactobacillus crispatus or L. rhamnosus bacteria seems to
be another method that can support the treatment of HPV infection. Proper biocenosis can reduce inflammation and improve CIN
treatment outcomes (Alimena et al., 2022; Mancilla et al., 2024). Preliminary clinical studies suggest that an intervention like this may

increase the likelihood of eliminating the virus and preventing its recurrence.

Screening strategies for cervical cancer

The basis for secondary prevention of cervical cancer is still screening, which enables early detection and effective treatment of
precancerous lesions. Conventional cytology (the Papanicolaou test), developed in the mid-20th century, remains the foundation of
cervical cancer screening. Since its introduction, this method has played a crucial role in lowering both the incidence and mortality of
cervical cancer worldwide (Schiffman et al., 2011). The later development of liquid-based cytology (LBC) improved the quality of the
material collected. It enabled the use of the same sample for molecular testing, including HPV detection (Table 2) (Swid and Monaco,
2022).

Table 2. Summary of various screening tests for cervical cancer

Method Principle Advantages Limitations Recommended interval
o Automated preparation, and ) Higher cost, o
Liquid-based cytology . Better sample quality, . Every 3 years, Nedjai et
HPYV testing on the same . specialized
(LBC) fewer artifacts. . al., 2018.
sample. equipment.

. . . . . L Low specificity | Every 5 years.
Detection of high-risk viral High sensitivity, early

HPV DNA test ) . ) (transient Schiffman
genetic material. detection. ) ]
infections). etal., 2011.
. Potential high . o o
. . DNA methylation of o Still in research | In validation, Nedjai et
Epigenetic assays . specificity for
host/viral genes. phase, al., 2018.

relevant infections.
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The discovery of the link between HPV infection and cervical cancer was a breakthrough in prevention, leading to the development
of molecular tests that detect the genetic material of high-risk HPV. These tests are more sensitive and have a higher negative
predictive value in detecting CIN2+ lesions than cytology. Thanks to the introduction of these tests, it is possible to extend the time
between screening tests to 5 years (Rebolj et al., 2024). It noted that the specificity of the tests described is lower, which can lead to the
detection of clinically insignificant lesions and transient infections (Macios and Nowakowski, 2022).

Current recommendations suggest that tests detecting viral genetic material should form the basis of screening. According to the
2020 guidelines of the American Cancer Society (ACS), HPV screening should be performed every 5 years starting at age 25. An
alternative may be cytology every 3 years or a combination of both methods (cytology plus HPV) every 5 years (Swid and Monaco,
2022).

Pap smears remain an important diagnostic method in screening. They enable morphological assessment of cervical epithelial cells
and allow for the identification of abnormalities unrelated to HPV, including infections, metaplastic changes, and rare glandular
changes. (Swid and Monaco, 2022). In areas where molecular testing remains inaccessible, cytology continues to play a key role because
of its low cost and widespread availability (Schiffman et al., 2011)

In order for tests detecting viral genetic material to be reliable in diagnosis, it is necessary to control the quality of the tests
performed, validate analytical platforms, and provide appropriate training for physicians. Studies show that the most effective
screening method is a combined approach—initial HPV testing followed by cytological verification of positive results. Using both

methods reduces the number of unnecessary colposcopies (Rebol;j et al., 2024;).

HPYV Vaccination in Cervical Cancer Prevention

The most important achievement in primary prevention of cervical cancer was the introduction of HPV vaccination. At the moment,
bivalent, quadrivalent, and nonavalent vaccines are available on the commercial market. All vaccines target high-risk HPV types—
mainly 16 and 18 —which are responsible for approximately 70% of cervical cancer cases. (Schiffman et al., 2011). HPV vaccination
substantially lowers the risk of developing high-grade cervical lesions (CIN2+ and CIN3+) and thereby prevents progression to invasive
cancer. (Table 3) (Ikeda et al., 2021).

Table 3. Current strategies for cervical cancer prevention

Prevention type Example actions Mechanism Effectiveness
HPV vaccination Prevention of infection | Up to 90-95% CIN2+
Primary (bivalent, quadrivalent, | with high-risk HPV reduction Ikeda et al.,
nonavalent) types (16, 18). 2021
Early detection and Reduced mortality.

Screening: cytology, .
Secondary treatment of Schiffman
HPYV tests, co-testing.

precancerous lesions. et al., 2015
Treatment of CIN, reduced recurrence and | Under clinical
Tertiary microbiota modulation | improved immune evaluation, Rebolj et al.,
(L. crispatus probiotics), | response. 2024

A nationwide case—control study from Japan by Ikeda et al., (2021), which included women aged 20-29 years, reported that HPV
vaccination prevented more than 90% of CIN2+ lesions. This finding supports the strong association between high vaccination coverage
and reduced incidence of cervical precancerous lesions in screening programs.

Schiffman et al., (2011) highlighted that widespread vaccination calls for an update of current cervical screening strategies, since
declining rates of high-risk HPV infection among vaccinated women alter both predictive values and optimal screening intervals.
Population studies show that HPV infection rates are significantly lower in countries with high vaccination coverage. This also applies
to unvaccinated individuals, which is a result of herd immunity (Rebolj et al., 2024). The high efficacy of HPV vaccines has long been
proven. However, vaccination rates remain low in many countries due to social, financial, and organizational factors. Achieving high
vaccination rates—especially before the onset of sexual activity —is crucial to ensuring maximum protection. However, in several

countries, including Poland, vaccination rates remain below the levels recommended by international health authorities (ECDC, 2021).
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Nevertheless, HPV vaccination does not replace the need for continued cervical cancer screening. Current guidelines consistently
recommend continued participation in screening programs for both vaccinated and unvaccinated women, because the available

vaccines do not protect against all oncogenic HPV types (Schiffman et al., 2011).

4. DISCUSSION

The literature clearly confirms the key role of HPV in the pathogenesis of cervical cancer. Increasing evidence suggests that this process
is much more complex than previously assumed (Schiffman et al., 2011; Luhn et al., 2013; Vink et al., 2013; Bowden et al., 2023). HPV
infection is the leading risk factor for cervical cancer. Still, many interacting factors influence the further development of the disease —
both viral and involving the host organism, microbiota, and hormonal balance (Alimena et al., 2022; Mancilla et al., 2024; Lebeau et al.,
2022; Banila et al., 2025).

Differences in the rate of progression from HPV infection to invasive cancer are an essential topic for researchers. Median time to
cervical cancer development from high-grade intraepithelial neoplasia (CIN2/3) is approximately 23 years, confirming the long-term
and multi-stage nature of carcinogenesis (Vink et al., 2013). At the same time, population data suggest that HPV-16 infections progress
more rapidly, emphasizing the importance of the virus genotype as a factor determining disease dynamics (Schiffman et al., 2011; Vink
et al., 2013). However, many retrospective studies have reported wide variation in the timing of lesion progression and regression,
likely reflecting differences in study populations and diagnostic approaches. There is a lack of prospective studies with long follow-up
periods that would allow the natural course of infection to be precisely determined, depending on the type of virus and the patient's
immune status.

Much of the current research focuses on the epigenetic and immunological mechanisms of cancer transformation. The introduction
of conventional cytology into screening has significantly reduced mortality from cervical cancer, but it is characterized by low
sensitivity in detecting early lesions. This fact highlights the need to introduce additional methods into screening strategies, such as
molecular tests or epigenetic marker analysis (Nedjai et al.,, 2018; Bowden et al., 2023). Studies show that HPV genetic material
detection also has limited application because it has low specificity, which can result in overdiagnosis of transient infections (Rebolj et
al., 2024).

The dominance of anaerobic bacteria over Lactobacillus bacteria leads to chronic inflammation and an increased frequency of viral
DNA integration into the host genome. It remains unproven whether dysbiosis is the cause or effect of HPV infection. Studies indicate a
bidirectional relationship between abnormal vaginal microflora and HPV infection (Alimena et al., 2022; Lebeau et al., 2022; Rebolj et
al.,, 2024). A more detailed analysis of this relationship could complement the treatment strategy for HPV infection through the use of
probiotics that would support the elimination of the virus. This area requires randomized trials to confirm the effectiveness of the
described therapeutic intervention..

Primary prevention through HPV vaccination is another area of dynamic development. Studies conducted in Japan confirm that
vaccination is more than 90% effective in preventing CIN2+ lesions (Ikeda et al., 2021). A similar decline in cervical cancer incidence is
being seen worldwide in countries with high vaccination coverage. The introduction of universal HPV vaccination programs have led
to a change in the epidemiological picture of infections. There is a reduction in the incidence of HPV 16 and 18 infections among
vaccinated individuals, while other types of the virus not covered by vaccination are becoming more common. The lower prevalence of
HPV-16 and HPV-18 infections may reduce the predictive value of molecular tests for cervical cancer. This aspect should inform the
planning of future screening programs.

The main barriers include a lack of adequate health education and low public awareness. In light of research findings from other
countries (Schiffman et al., 2011; Ikeda et al., 2021; Rebolj et al., 2024), increasing vaccination coverage should become one of the key
objectives of public health policy.

5. CONCLUSION

HPV infection is the primary factor in the development of cervical cancer, and its course depends on the interaction of viral,
immunological, and microbiological aspects. Effective prevention should combine HPV vaccination with modern screening strategies,

which will reduce morbidity in the coming years.
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