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Abstract: The vaginal microecology serves as a critical barrier for female reproductive tract health, with its dysbiosis being closely
linked to persistent HPV infection and the initiation and progression of cervical cancer. This review systematically outlines the
composition and functions of the vaginal microbiota and delves into the multifaceted mechanisms by which microecological imbalance
promotes human papillomavirus (HPV) acquisition, persistence, and oncogenic transformation. These mechanisms include dysregula-
tion of local and systemic immunity, chronic inflammation, alterations in microbial metabolites, and disruption of the epithelial barrier.
Furthermore, the article synthesizes recent advancements in novel strategies for cervical cancer prevention, auxiliary diagnosis, and
treatment based on microecological modulation. The overarching aim is to provide a consolidated theoretical foundation and identify
potential therapeutic targets for the precise prevention and management of cervical cancer, highlighting the pivotal role of maintaining
or restoring vaginal microbial homeostasis.
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Introduction

Cervical cancer remains a significant global health burden for women, with persistent infection by high-risk HPV
established as its primary etiological factor. However, the natural history of HPV infection reveals a critical paradox:
while HPV infection is extremely common, only a small fraction of infected individuals progress to cervical intraepithe-
lial neoplasia (CIN) and ultimately to invasive carcinoma.' This discrepancy underscores that viral presence alone is
insufficient for carcinogenesis and highlights the pivotal role of the host’s local microenvironment in determining the
outcome of infection. The vaginal ecosystem, comprising a complex community of microorganisms alongside host
epithelial and immune cells, is now recognized as a central regulator of this microenvironment. A balanced vaginal
microbiota, typically dominated by various Lactobacillus species, is crucial for maintaining mucosal health through the
production of lactic acid, bacteriocins, and hydrogen peroxide, which collectively lower vaginal pH, inhibit pathogen
adhesion, and modulate local immunity." Conversely, a state of dysbiosis—characterized by a depletion of protective
lactobacilli and an overgrowth of anaerobic bacteria—disrupts this homeostasis. A growing body of evidence from
diverse populations consistently links such vaginal dysbiosis to an increased risk of HPV acquisition, persistence, and the
progression of cervical lesions. For instance, studies have shown that women with cervical dysplasia and cancer exhibit
a significant increase in microbial diversity and a shift away from Lactobacillus dominance, often accompanied by
enrichment of genera like Gardnerella, Prevotella, and Sneathia. This association is not merely correlative; dysbiosis is
thought to facilitate carcinogenesis by impairing epithelial barrier integrity, altering metabolic pathways, and critically,
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by dysregulating local immune responses, creating a permissive environment for viral persistence and neoplastic
transformation.'

The interplay between vaginal dysbiosis and compromised local immunity represents a fundamental mechanism
linking microbial imbalance to HPV-driven carcinogenesis. A healthy, Lactobacillus-dominant microbiota is associated
with a controlled inflammatory state and robust mucosal defense. In contrast, a dysbiotic vaginal environment is
frequently characterized by a state of chronic inflammation and an imbalance in cytokine profiles. Research indicates
that dysbiosis can skew the local immune response, potentially shifting from a protective T-helper 1 (Thl)-type response,
which is crucial for viral clearance, towards a T-helper 2 (Th2)-type or regulatory response that may favor viral
persistence and tumor progression.” Specific studies have demonstrated that decreased abundance of Lactobacillus and
increased abundance of Gardnerella are correlated with alterations in Th1/Th2 cytokines, which are intimately tied to
tumor immunity.? Furthermore, women with cervical cancer or high-grade lesions show elevated levels of pro-
inflammatory cytokines and chemokines, such as IP-10, VEGF-A, IL-1B, and IL-6, in their cervicovaginal secretions.
This inflammatory milieu, driven in part by dysbiotic bacteria and their metabolites, can cause DNA damage, promote
cellular proliferation, and suppress effective anti-tumor and anti-viral immunity. For example, the enrichment of bacteria
like Gardnerella vaginalis is associated with biofilm formation and the upregulation of inflammatory mediators, which
may directly or indirectly enhance the expression of HPV oncogenes and facilitate immune evasion.> The immune
modulation extends beyond cytokines; dysbiosis has also been linked to the downregulation of critical innate immune
pathways, such as type I interferons and Toll-like receptor 3 (TLR3) signaling, which are vital for antiviral defense.*
Therefore, the vaginal microbiota acts as a key immunomodulator, and its dysbiosis creates a feed-forward loop of
inflammation and immune dysfunction that supports HPV persistence and cervical lesion progression.

Advancements in high-throughput sequencing and multi-omics technologies have profoundly deepened our under-
standing of the vaginal microenvironment’s role in cervical carcinogenesis, moving beyond taxonomic surveys to
functional insights. Metagenomic and metabolomic analyses reveal that the association between microbiota and disease
is not solely defined by which bacteria are present, but also by what they are doing. Shotgun metagenomic sequencing
has identified functional shifts in the vaginal microbiome during lesion progression, including the enrichment of specific
metabolic pathways related to nucleotide biosynthesis, amino acid metabolism, and ABC transporters in dysbiotic states
associated with cancer. Metabolomic profiling of vaginal secretions has uncovered distinct metabolic fingerprints
associated with HPV infection and different stages of cervical lesions. Studies report significant alterations in amino
acid metabolism (eg, phenylalanine, tyrosine, tryptophan biosynthesis), lipid metabolism, and central carbon metabolism
in women with persistent HPV infection or cervical cancer compared to healthy controls. For instance, specific
metabolites like 4-ethylbenzoic acid have been identified as significantly elevated in cervical cancer patients and
shown to promote cancer cell proliferation and invasion in vitro.” These metabolic changes are likely driven by the
altered microbial community and can, in turn, influence host cell physiology and the local immune landscape.
Furthermore, integrative multi-omics approaches, which combine data on the microbiome, metabolome, immunopro-
teome, and host transcriptome, are providing a systems-level view of the cervicovaginal ecosystem. Such studies have
demonstrated that metabolic features can be strong predictors of genital inflammation and that the metabolome may be
a more sensitive indicator of microenvironmental changes than microbial taxonomy alone. This functional perspective is
crucial for identifying potential biomarkers for early detection and risk stratification. Indeed, machine learning models
utilizing microbial and metabolic signatures have shown promising accuracy in distinguishing between different CIN
stages and predicting HPV infection outcomes, highlighting their translational potential.®

Composition, Function, and Assessment System of Vaginal Microecology
Core Characteristics and Typing of a Healthy Vaginal Microbiota

A healthy vaginal microbiota in reproductive-age women is characterized by a low-diversity ecosystem where bacteria
from the Lactobacillus genus typically dominate.” This dominance is functionally critical as these bacteria, particularly
species like Lactobacillus crispatus, Lactobacillus iners, Lactobacillus gasseri, and Lactobacillus jensenii, produce lactic
acid, thereby maintaining a low vaginal pH (typically between 3.8 and 4.5).* This acidic environment is a primary
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defense mechanism, inhibiting the overgrowth of pathogenic and opportunistic microorganisms.'® The composition and
stability of this ecosystem are often assessed through the framework of CSTs, a classification system refined by tools like
VALENCIA (VAginal. community state typE Nearest Centrold clAssifier) for standardized analysis across populations. '’
Based on 16S rRNA gene sequencing, vaginal microbiota profiles are commonly categorized into five main CSTs. CST
I is dominated by L. crispatus, CST Il by L. gasseri, CST III by L. iners, CST V by L. jensenii, and CST IV is
characterized by a paucity of Lactobacillus and a higher diversity of anaerobic bacteria, including genera like
Gardnerella, Prevotella, Atopobium, and Sneathia.®"!! Among these, CSTs I, II, and V, dominated by non-iners
lactobacilli such as L. crispatus, are most strongly associated with vaginal health and stability.'*'* In contrast, CST
III, dominated by L. iners, and especially CST 1V, which is Lactobacillus-depleted, are linked to an increased risk of
dysbiosis, bacterial vaginosis (BV), and adverse reproductive outcomes.®'*'> For instance, a vaginal microbiota
dominated by L. crispatus or L. iners in mid-pregnancy is more likely to remain stable, whereas other CSTs are more
prone to transition.'? Furthermore, early pregnancy dominance of L. iners (CST III) is associated with an elevated risk of
recurrent spontaneous preterm birth, partly due to its instability and higher propensity to shift to a non-Lactobacillus-
dominant (CST IV) state.'® Beyond bacteria, the vaginal ecosystem is a complex milieu that includes fungi (eg, Candida
spp.), viruses (including bacteriophages), archaea, and host secretions, all contributing to the overall microbial balance
and host defense.'®!” The composition is dynamic and influenced by numerous host factors, including hormonal status
(eg, menstrual cycle, pregnancy, menopause), age, ethnicity, socioeconomic factors like education level, and behaviors
such as sexual activity and alcohol consumption.'*'®'? For example, estrogen levels are crucial for maintaining
lactobacilli abundance, and its decline during menopause often leads to a rise in vaginal pH and decreased
Lactobacillus dominance, increasing susceptibility to conditions like genitourinary syndrome of menopause (GSM)
and urinary tract infections.”’*' Interventions like vaginal estrogen therapy can reverse these changes by promoting
Lactobacillus growth and lowering pH, particularly in individuals with a dysbiotic pre-treatment microbiota.”’ The
stability of the vaginal microbiota also varies, with “optimal” CSTs (I, II, V) and CST III generally being more
temporally stable than the diverse, “non-optimal” CST IV.'? This foundational understanding of the core features,
typology, and modulating factors of the vaginal microbiota is essential for investigating its disruptions and their clinical
consequences, including susceptibility to infections like HPV and the pathogenesis of cervical cancer.

The Immune Barrier and Metabolic Functions of the Vaginal Microecology

The vaginal microecology serves as a crucial defense mechanism in women’s reproductive health, encompassing not only
the microbial flora but also its intricate interactions with local immunity and metabolism.*> A cornerstone of this defense
is the dominance of Lactobacillus species, which exert direct antimicrobial effects against pathogens, including HPV.
These beneficial bacteria inhibit pathogen colonization through multiple mechanisms: they compete for adhesion sites on
the vaginal epithelium, produce bacteriocins that are toxic to other microbes, and generate antimicrobial substances like
hydrogen peroxide and lactic acid.?* The production of lactic acid is particularly vital as it maintains a low vaginal pH,
creating an inhospitable environment for many pathogens and contributing to the integrity of the mucosal barrier.**
Specific strains, such as Lactobacillus crispatus, have been shown to modulate the innate immune response through
mechanisms like surface layer protein-mediated shielding of Toll-like receptor ligands and selective interaction with anti-
inflammatory receptors like DC-SIGN, thereby promoting an immune-quiescent state.>* This direct inhibitory action
forms the first line of defense against microbial invasion and dysbiosis.

Beyond direct antimicrobial activity, the vaginal microbiota and their metabolic byproducts play a pivotal role in
regulating local innate and adaptive immunity, thereby maintaining a balance between immune tolerance and surveil-
lance. A dysbiotic vaginal microbiota, characterized by a loss of Lactobacillus dominance and an increase in anaerobic
bacteria such as Gardnerella vaginalis, Prevotella spp., and Mobiluncus mulieris, is strongly associated with elevated
genital inflammation.?**® This inflammatory state is marked by increased levels of pro-inflammatory cytokines (eg, IL-
la, IL-1B, IL-6, IL-8, TNF-a) and chemokines, alongside evidence of epithelial barrier disruption, such as elevated
soluble E-cadherin.?’*® In contrast, a Lactobacillus-dominant, particularly L. crispatus-dominant, microbiota is linked to
immune quiescence and reduced inflammation.*>** The mechanisms involve the modulation of immune cell function; for
instance, L. crispatus inoculation in mice increased proportions of T cells expressing the regulatory cytokine IL-10, while
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G. vaginalis inoculation led to T cells expressing inflammatory cytokines TNF-a and IFN-y and decreased total numbers
of activated mucosal CD4+ and CD8+ T cells.>® Furthermore, microbial metabolites are key immunomodulators. Short-
chain fatty acids (SCFAs), products of bacterial fermentation, can influence immune responses.’' Other metabolites, such
as specific f-carboline compounds produced by L. crispatus, have been identified to suppress NF-«kB and interferon
signaling, demonstrating direct anti-inflammatory activity.*® This intricate regulation ensures that the immune system is
poised to respond to threats without causing excessive inflammation that could damage tissue or increase susceptibility to
infections like HIV.*

The vaginal microbiota is integral to maintaining the physical and chemical integrity of the cervicovaginal epithelial
barrier, a function closely linked to its metabolic output. A healthy, Lactobacillus-dominant microbiota supports
epithelial barrier function by enhancing the expression of proteins involved in cell-cell adhesion. For example,
metabolites from vaginal lactobacilli have been shown to upregulate E-cadherin levels in cervical cancer cells, while
downregulating matrix metalloproteinase 9 (MMP9), enzymes that degrade the extracellular matrix.** Conversely,
vaginal dysbiosis directly compromises this barrier. Inoculation with Gardnerella vaginalis in mice resulted in decreased
staining for the barrier protein Desmoglein-1 (DSG-1) in the vaginal epithelium, indicating a loss of integrity.*
Anaerobes like Mobiluncus mulieris can alter extracellular matrix remodeling pathways, including upregulating
MMP9, which is linked to adverse outcomes like preterm birth.>® The microbial community also influences the mucous
layer and the fucosylation patterns of epithelial cells, which are important for microbial colonization and protection.
A reduction in Lactobacillus, especially L. iners, has been associated with lower levels of core fucosylation on vaginal
epithelial cells, a change that can promote the proliferation and migration of cervical cancer cells.*® The mucosal barrier
itself is a composite of physicochemical, immune, and microbial components, and its breakdown is implicated in various
diseases.>® Therefore, the vaginal microbiota, through its structural and metabolic functions, is essential for preserving
the epithelial barrier, which in turn prevents pathogen translocation, regulates immune cell trafficking, and maintains
overall vaginal homeostasis.

Epidemiological and Clinical Evidence of Vaginal Microecological Imbalance
in Relation to HPV Infection and Persistence
Dysbiosis as a Risk Factor for HPV Infection

A substantial body of cross-sectional and cohort studies has established a significant association between vaginal
microbial dysbiosis and an increased risk of HPV infection. This dysbiosis is characterized by an abnormal elevation
in vaginal microbiota diversity, a reduction in the abundance of Lactobacillus species—particularly L. crispatus and
L. gasseri—and the overgrowth of specific anaerobic bacteria such as Gardnerella vaginalis, Prevotella spp., Sneathia
spp., and Atopobium vaginae."*’** For instance, a study comparing women with persistent high-risk HPV (HR-HPV)
infection to those who cleared the infection or were never infected found that persistent infection was associated with
a dysbiotic vaginal microbiota, marked by a decrease in Lactobacillus and Bifidobacterium.*® Similarly, research on
reproductive-age women in Xinjiang, China, demonstrated that HPV infection was linked to a significant increase in
vaginal microbial diversity and a higher proportion of Gardnerella.*® This shift from a Lactobacillus-dominant, low-
diversity community to a polymicrobial, high-diversity state is a hallmark of dysbiosis and is consistently correlated with
HPV acquisition and persistence across diverse populations.*'*** The depletion of protective lactobacilli, which maintains
vaginal health by producing lactic acid, hydrogen peroxide, and bacteriocins, compromises the local mucosal defense,
thereby creating a permissive environment for HPV infection.****

BYV, a clinical manifestation of severe vaginal dysbiosis, has been robustly identified as an independent risk factor for
HPV infection, particularly for infections with multiple HR-HPV genotypes.”>*® A meta-analysis of six studies
confirmed a significant association, with women diagnosed with BV having 2.68 times higher odds of cervical HPV
infection.*® This relationship appears bidirectional; while BV facilitates HPV acquisition, HPV infection itself can
exacerbate dysbiosis, creating a vicious cycle.*’ The severity of BV, often indicated by higher Nugent scores (a
standardized Gram-stain scoring system ranging from 0 to 10, where scores of 0—3 indicate normal flora, 4-6 indicate
intermediate flora, and 7-10 are diagnostic for BV) or more pronounced microbial diversity, correlates positively with
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HPV infection rates.*® Furthermore, BV and the associated dysbiotic microbiota are strongly predictive of persistent HR-
HPV infection and progression to high-grade cervical lesions, highlighting their potential as non-invasive biomarkers for
risk stratification.’® The dysbiotic state in BV is not merely a passive association; specific BV-associated bacteria
(BVAB) like Gardnerella vaginalis, Prevotella bivia, and Sneathia sanguinegens have been directly implicated in
mechanisms that may support HPV persistence and cervical lesion progression.**>

The mechanistic link between microbial dysbiosis and increased HPV susceptibility is partly mediated by the
elevation of vaginal pH. A healthy, Lactobacillus-dominant microbiota maintains a low vaginal pH (typically <4.5)
through lactic acid production, which serves as a crucial innate defense barrier against pathogens.* Dysbiosis leads to
a decline in lactobacilli and a rise in anaerobic bacteria that produce amines and other metabolites, resulting in an
elevated pH.>" This increase in pH disrupts the natural acidic environment, potentially damaging the cervical epithelial
integrity and directly increasing the susceptibility of epithelial cells to HPV infection.*”** Studies have confirmed that
women with vaginal dysbiosis consistently exhibit elevated vaginal pH levels.”' The loss of this acidic barrier may
facilitate viral entry and initial infection, while the concomitant inflammatory microenvironment fostered by dysbiotic
bacteria further impairs local immune surveillance, creating conditions favorable for HPV persistence rather than

clearance.’'>?

Microecological Characteristics and HPV Persistent Infection and Delayed Clearance
Longitudinal studies consistently demonstrate that a sustained state of vaginal microbial dysbiosis is detrimental to the
spontaneous clearance of HPV and is closely associated with the persistence of HPV infection. A key finding is that
women characterized by a vaginal microbiota dominated by Lactobacillus iners or exhibiting high microbial diversity
have significantly lower HPV clearance rates compared to those with a microbiota dominated by hydrogen peroxide-
producing Lactobacillus crispatus. For instance, a study on women with high-risk HPV infection found that a decrease in
lactobacilli in the cervicovaginal microbiota was independently associated with HPV persistence, irrespective of age and
menopausal status.”* This aligns with broader observations where healthy women predominantly exhibit a L. crispatus-
dominated community state type (CST I), which is protective, whereas CST IV, associated with increased anaerobic
bacteria and higher diversity, is more common in patients with high-grade squamous intraepithelial lesions (HSIL) and
cervical cancer.”® The instability of the vaginal microenvironment itself may be a contributing factor; research has shown
that women with persistent HPV 16 infection exhibit a higher rate of transitioning between different bacterial community
profiles over time compared to those with transient infection, indicating microbial instability that may hinder viral
clearance.”® Furthermore, specific microbial community features are linked to infection outcomes. In a cohort of
reproductive-age women, the vaginal microbiota of those with persistent HPV infection was characterized by decreased
Lactobacillus crispatus and increased presence of Gardnerella and Shuttleworthia, with the latter’s presence suggested as
a potential signature for HPV infection progressing to low-grade squamous intraepithelial lesions (LSIL).*’ Conversely,
the restoration of a L. crispatus-dominated microbiota following surgical treatment for CIN has been associated with
HPV clearance.”’ These findings underscore that not all lactobacilli confer equal protection; the dominance of specific
species, particularly L. crispatus, over others like L. iners, is a critical determinant of the microenvironment’s capacity to
support HPV clearance.

Specific microbial markers have emerged as potential biomarkers for predicting HPV persistence and disease
progression. A decreased ratio of Lactobacillus crispatus to Lactobacillus iners or the detection of specific pathogens
like Sneathia sanguinegens are strongly implicated. Clinical analyses have identified that abnormalities in vaginal
microecological indicators, such as elevated pH (>4.5), positive sialidase (N-acetylglucosaminidase) activity, and the
detection of fungus, are independent risk factors for persistent HPV infection.’® The enzyme sialidase, often produced by
BV-associated bacteria, is frequently elevated in women with HR-HPV infection and cervical lesions, suggesting its role
in facilitating viral persistence.”> Among bacterial species, Gardnerella vaginalis load and the presence of its sialidase-
encoding gene NanH!1 have been found to be higher in women with persistent HPV16/18 infection compared to those
who cleared the infection.®” Other BV-associated bacteria (BVAB) also show strong associations. For example,
Atopobium vaginae, BVAB1, BVAB3, and Sneathia sanguinegens are significantly associated with prevalent hrHPV
infection, and BVABI and BVAB3, along with S. sanguinegens, show increased odds with greater CIN severity.* In
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women with persistent HPV infection, particularly those with high-grade CIN, the vaginal microbiota is often character-
ized by the co-dominance of Lactobacillus alongside increased microbial diversity and an abundance of anaerobic
bacteria and biofilm-forming phenotypes.®’ The enrichment of specific pathogenic genera, such as Gardnerella,
Prevotella (especially Prevotella bivia), Sneathia (including Sneathia amnii), Megasphaera, Streptococcus, and
Fannyhessea, is a recurrent theme in dysbiotic states linked to HPV persistence and lesion progression.'** Notably,
Prevotella overgrowth has been mechanistically linked to persistent HR-HPV infection and cervical lesions, potentially
through the activation of host NF-kB and c-myc signaling pathways.®® These microbial signatures, whether assessed
through 16S rRNA sequencing or functional enzyme activities, provide a tangible link between vaginal dysbiosis and the
clinical outcome of HPV infection, offering promising targets for risk stratification and intervention.

Molecular and Immune Mechanisms by Which Vaginal Microecological
Imbalance Promotes Cervical Carcinogenesis

Shaping of Chronic Inflammation and Immunosuppressive Microenvironment
Vaginal dysbiosis, particularly the overgrowth of bacteria associated with BV, plays a pivotal role in establishing
a chronic inflammatory state that fosters an immunosuppressive tumor microenvironment conducive to HPV persistence
and cervical carcinogenesis. Pathobionts—commensal microorganisms that can become pathogenic under certain con-
ditions, such as immune dysregulation or ecological imbalance—including Gardnerella vaginalis, Prevotella, and
Atopobium, can activate pattern recognition receptors like Toll-like receptors (TLRs) on cervical-vaginal mucosal
cells.®* This activation leads to the sustained stimulation of key inflammatory signaling pathways, most notably the
nuclear factor-kappa B (NF-«kB) pathway.®> The persistent activation of these pathways results in the continuous
production of high levels of pro-inflammatory cytokines, including interleukin-6 (IL-6), IL-8, IL-1f, and tumor necrosis
factor-alpha (TNF-0)).°*®® This chronic, low-grade “smoldering inflammation” is distinct from acute inflammatory
responses and creates a tumor-supportive milieu.’” For instance, studies in Hispanic women have shown that
a Lactobacillus-depleted cervicovaginal microbiome is associated with increased concentrations of these pro-
inflammatory cytokines.®® This inflammatory environment is further exacerbated by co-infections, such as with
Chlamydia trachomatis, which can impair local immune cell function and amplify inflammatory signaling, thereby
enhancing HPV persistence.®””°

The chronic inflammatory milieu actively shapes a local immunosuppressive state that enables HPV to evade immune
surveillance. Pro-inflammatory mediators recruit and activate immunosuppressive cell populations, including myeloid-
derived suppressor cells (MDSCs) and regulatory T cells (Tregs).71 For example, in cervical cancer patients, an
accumulation of CCR5+ monocytic MDSCs and Tregs in the peripheral blood has been observed, which correlates
with disease progression.”' Simultaneously, this environment suppresses the function of cytotoxic effector cells. The
activity of cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells is inhibited, which are critical for clearing virus-
infected and transformed cells.”>’* HPV oncoproteins themselves contribute to this immunosuppression; for instance,
HPV16 E7 can increase Treg populations to repress immune regression.”” Furthermore, the inflammatory cytokine
imbalance, characterized by elevated IL-1p and suppressed IL-8, may control immune cell infiltration and help establish
HPV infection by impairing neutrophil recruitment for viral clearance.®® This collective shift towards an immunosup-
pressive microenvironment protects HPV-infected cells from immune elimination, facilitating persistent infection.

Beyond immune modulation, the inflammatory mediators directly contribute to genomic instability and act synergis-
tically with HPV oncoproteins to drive malignant transformation. Cytokines such as IL-6 and TNF-o promote cell
proliferation and inhibit apoptosis, creating a permissive environment for clonal expansion of infected cells.®’
Furthermore, chronic inflammation induces the production of reactive oxygen species (ROS) and reactive nitrogen
species (RNS), leading to increased DNA damage and genomic instability.”* This damage provides a fertile ground for
the actions of HPV oncoproteins E6 and E7. Research demonstrates that specific vaginal dysbiosis bacteria can directly
influence the expression of these viral oncogenes. For instance, exposure of HPVI16-transformed SiHa cells to
Gardnerella vaginalis and Megasphaera micronuciformis increased the expression of E6/E7 genes and the production
of their oncoproteins, while also decreasing levels of tumor suppressors p53 and pRb.*° This synergy is critical; while
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inflammation causes DNA damage, HPV E6 and E7 proteins disrupt DNA repair mechanisms and inactivate tumor
suppressors, thereby locking cells into a proliferative state and accelerating the progression from persistent infection to
cervical intraepithelial neoplasia and invasive carcinoma.”® The resulting microenvironment is not merely permissive but
actively oncogenic, driven by the intertwined pathways of microbial dysbiosis, chronic inflammation, immune suppres-
sion, and viral oncogenesis.

Direct Regulation of Host Cell Signaling Pathways by Microbial Metabolites

Vaginal dysbiosis is characterized by significant alterations in the metabolic landscape, which directly influences host cellular
signaling pathways critical for cervical homeostasis and carcinogenesis. A hallmark of a healthy vaginal microenvironment,
predominantly maintained by Lactobacillus species, is the production of lactic acid, which acidifies the environment and
exerts protective effects.”® Dysbiosis, marked by a decline in Lactobacillus abundance and an increase in anaerobic bacteria,
leads to a reduction in lactic acid production and a shift in the profile of short-chain fatty acids (SCFAs), including butyrate and
propionate, which are metabolites produced by anaerobic bacterial fermentation.*"”® This metabolic shift is not merely
correlative but functionally significant, as these bacterial metabolites can directly modulate host cell behavior. For instance,
integrative analyses in rat models have demonstrated that microbial dysbiosis is tightly linked to systemic metabolomic
changes, including disruptions in lipid and amino acid metabolism, which are known to interface with key signaling pathways
like mTOR and gonadotropin-releasing hormone (GnRH) that regulate cell cycle and reproductive function.”” These findings
underscore that the metabolic output of the vaginal microbiota serves as a key interface for host-microbe communication, with
specific metabolites acting as signaling molecules that can either promote homeostasis or drive pathological processes.

The biological effects of these microbial metabolites are highly concentration-dependent and context-specific, particularly
influencing inflammatory responses and apoptotic pathways in cervical epithelial cells. Certain SCFAs, like butyrate and
propionate, which are typically produced by bacterial fermentation, can exhibit dual roles. At physiological concentrations in
a balanced microbiome, they may contribute to anti-inflammatory and pro-apoptotic surveillance, helping to eliminate
damaged cells. However, in the context of dysbiosis, altered concentrations and ratios of these metabolites can have pro-
tumoral effects. Research indicates that propionic acid (PA) exerts its effects primarily through its ionized form, propionate,
which is the predominant species at physiological pH. Propionate can induce reactive oxygen species (ROS) generation
through mitochondrial electron transport chain disruption, leading to mitochondrial dysfunction characterized by reduced
membrane potential and ATP depletion. This oxidative stress subsequently triggers autophagic cell death pathways in cervical
cancer cells such as HeLa, suggesting a potential tumor-suppressive role under specific conditions.”® However, the biological
effects of propionate are concentration-dependent; at low concentrations, it may serve as an energy source for epithelial cells,
while at high concentrations, it can induce cytotoxic and pro-inflammatory responses. Conversely, other studies show that
forcing lipid catabolism, which can be mimicked by the short-chain fatty acid caproate, leads to ROS-dependent induction of
hypoxia-inducible factor-la (HIF1a).”” HIFla activation subsequently promotes glycolysis, lactate production, and cell
proliferation, while also upregulating anti-apoptotic proteins like BCL2 and activating pro-survival mitophagy.”” This
demonstrates that metabolites like caproate, under specific metabolic conditions, can activate signaling cascades (HIFla,
NF-kB, AKT/mTOR) that enhance cancer cell survival and proliferation, highlighting the complex, concentration-dependent
nature of metabolite action on apoptosis and inflammation pathways.

Beyond SCFAs, bacterial enzymes produced by the dysbiotic microbiota can interfere with critical host hormonal
pathways, such as estrogen metabolism, which plays a well-established role in cervical carcinogenesis. While the
provided references do not explicitly mention enzymes like 7a-dehydroxylase from Clostridium species, they strongly
support the principle that microbial metabolites directly regulate host signaling central to cervical biology. A pivotal
finding is that Lactobacilli-derived lactic acid isomers differentially regulate human cervical stem cells. Specifically, D-
lactic acid, but not L-lactic acid, was found to suppress the self-renewal and growth of both normal and precancerous
cervical organoids by modulating the PI3K-AKT pathway and the transcriptional regulator YAP1.%® This illustrates
a precise mechanism where a specific bacterial metabolite directly targets stem cell signaling pathways to control tissue
renewal and early tumorigenesis. Furthermore, the broader impact of the microbiome on host cell function is mediated
through its metabolic output, which can suppress or activate various signaling and metabolic pathways, although the
exact molecular interactions during carcinogenesis remain an area of active investigation.”® The correlation between
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specific vaginal bacteria (eg, Gardnerella, Pseudomonas) and serum metabolite levels (eg, L-arginine, oleic acid) linked
to reproductive cycle regulation further emphasizes the systemic signaling potential of the local microbial metabolome.””
Therefore, dysbiosis-induced alterations in the enzymatic and metabolic profile create a microenvironment that can
dysregulate estrogenic and other key signaling axes, thereby creating a permissive niche for HPV persistence and cervical
lesion progression.

Interaction Between the Microbiota and Cervical Epithelial Barrier Function

An imbalanced cervicovaginal microbiota can critically compromise the structural and functional integrity of the cervical
epithelial barrier, a primary line of defense against pathogens. Dysbiosis, characterized by a depletion of protective
Lactobacillus species and an overgrowth of anaerobic bacteria such as Gardnerella vaginalis and Fannyhessea vaginae,
is strongly associated with BV and has been linked to impaired epithelial integrity.”>*' This dysbiotic state can directly
disrupt epithelial cell-cell adhesion. For instance, protective Lactobacillus species, particularly L. crispatus, are known to
enhance epithelial barrier integrity through mechanisms like the regulation of E-cadherin, a key component of adherens
junctions.”®> Conversely, pathogens associated with dysbiosis can induce the breakdown of tight junctions, increasing
epithelial permeability. Gardnerella vaginalis has been shown to induce the expression of matrix metalloproteinases
(MMPs), specifically MMP-9, in cervicovaginal epithelial cells through Toll-like receptor 2 (TLR-2) activation.®* MMPs
are enzymes that degrade extracellular matrix components and can disrupt the basement membrane and intercellular
junctions. This increased permeability not only facilitates the invasion of pathogens like high-risk human papillomavirus
(HR-HPV) into the basal epithelial layer but also allows for the translocation of pro-inflammatory bacterial products and
cytokines into the underlying stromal tissue.*** The resulting chronic inflammation creates a microenvironment rich in
DNA-damaging reactive oxygen species and proliferative signals, which exacerbates local tissue damage and supports
viral persistence and oncogenic progression.***> Furthermore, longitudinal studies indicate that microbial dysbiosis and
biofilm formation, often involving Gardnerella and Fannyhessea, create self-reinforcing feedback loops that perpetuate
barrier dysfunction and inflammation, making the epithelium more susceptible to initial HPV infection and hindering
viral clearance.>® This breach of the physical barrier is a fundamental step in which the microbiota shifts from
a protective entity to a contributor to carcinogenic susceptibility.

Beyond disrupting physical barriers, specific pathogens within a dysbiotic microbiota can directly interact with
epithelial cells to induce molecular changes that prime the tissue for malignant transformation, such as epithelial—
mesenchymal transition (EMT). EMT is a process where epithelial cells lose their polarity and cell-cell adhesion, gaining
migratory and invasive properties, which is a hallmark of cancer progression. Certain BV-associated bacteria have been
implicated in driving pro-oncogenic changes in cervical epithelial cells. For example, in vitro studies using three-
dimensional cervical epithelial models have demonstrated that infection with bacteria like Fusobacterium nucleatum and
Peptoniphilus lacrimalis can elicit robust pro-inflammatory responses and modulate cancer-related metabolic pathways.
These inflammatory and metabolic alterations can activate signaling cascades that promote the expression of EMT-
inducing transcription factors. While direct evidence for EMT induction by vaginal bacteria in cervical contexts is
evolving, the mechanisms are suggested by related pathways. The chronic inflammation driven by dysbiosis leads to the
sustained production of cytokines like IL-6, which can activate oncogenic pathways such as STAT3 and NF-kB, known
to promote EMT.**#¢ Moreover, the disruption of epithelial barrier genes is evident in dysbiotic states. Studies have
shown that recurrence of BV is preceded by reduced expression of cervical epithelial adhesion molecules like
CEACAMS and CEACAM?7, alongside increased expression of inflammatory mediators such as IL6 and the growth
factor EREG.®*® This downregulation of adhesion molecules reflects a loss of epithelial phenotype. Additionally,
metabolomic analyses in conditions like cesarean section scar diverticulum, which involves microbial dysbiosis, have
found increased levels of metabolites like N-(3-hydroxy-eicosanoyl)-homoserine lactone, which can promote abnormal
apoptosis in epithelial and endothelial cells, further destabilizing the tissue architecture.’” The collective action of
inflammatory signals, genotoxic metabolites from bacteria, and the direct modulation of host gene expression by
microbial activity can thus create a permissive “soil” that supports the survival of HPV-infected cells, inhibits apoptosis,
and encourages the proliferation and eventual transformation of epithelial cells, laying the groundwork for cervical

intraepithelial neoplasia and invasive carcinoma.®**®
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The Reverse Impact of HPV Infection and Carcinogenesis on the Vaginal
Microecology

Potential Impact of HPV Virus Itself on Local Microbiota Structure

Research indicates that HPV infection, particularly persistent high-risk HPV (HR-HPV) infection, can actively or passively
alter the local cervicovaginal microenvironment, thereby influencing microbial colonization. A foundational study analyzing
vaginal metabolites in HPV-positive women revealed significant alterations in amino acid, lipid, and nucleotide metabolism
compared to HPV-negative controls, suggesting that HPV infection induces profound metabolic shifts in the vaginal
environment.® These metabolic changes, including enriched pathways for amino acid biosynthesis and central carbon
metabolism, likely create new ecological niches that favor the growth of certain bacterial taxa over others.®® Specifically,
HPV infection is strongly associated with a shift away from a Lactobacillus-dominant microbiota, characterized by decreased
abundance of protective species like Lactobacillus crispatus and an increase in microbial diversity and richness.”™”" This
dysbiotic state often features an enrichment of bacterial vaginosis-associated bacteria (BVAB) such as Gardnerella,
Prevotella, Sneathia, and Megasphaera.”** Longitudinal data further support the role of specific microbiota compositions
in HPV persistence; for instance, a depletion of Enterococcus and an enrichment of Lactobacillus iners at baseline were
associated with a lower likelihood of HR-HPV clearance within 12 months.”® The expression of HPV oncoproteins E6 and E7
is a key mechanistic link in this process. Studies have shown that the expression levels of HPV E6/E7 oncogenes increase with
the severity of cervical lesions and are positively correlated with the abundance of specific pathogenic genera like Sneathia,
Salmonella, PeptoStreptococcus, and Enterococcus.”® Tt is hypothesized that these viral proteins may indirectly reshape the
microbial niche by affecting epithelial cell cytokine secretion or surface receptor expression, although direct evidence from the
provided references is limited. Furthermore, a compelling hypothesis suggests that HPV may exploit the microenvironment
created by certain commensal or opportunistic pathogens. For example, a state of mild inflammation or metabolic dysregula-
tion induced by a dysbiotic microbiota might be advantageous for viral infection, replication, and immune evasion, forming
a “mutualistic” or “exploitative” relationship.”” This is supported by findings that microbial communities dominated by
L. iners and enriched with BVAB are key features associated with HR-HPV infection and abnormal cytology, indicating that
ecological imbalance facilitates viral persistence.”® The interaction is bidirectional and complex, as evidenced by research
showing that the vaginal microbiota’s structure and inferred functional potential, such as enriched transport systems and
transcription factors, are significantly altered in the context of HPV infection and associated cervical disease.’’

Disturbance of the Microbiome by Cervical Lesions and Their Treatment

Cervical high-grade squamous intraepithelial lesions (HSIL) and invasive carcinoma create a distinct local microenvir-
onment that significantly alters the composition of the vaginal microbiota. The pathological changes associated with
these lesions, including abnormal vascular proliferation, tissue necrosis, and alterations in local pH and oxygen tension,
foster conditions conducive to the proliferation of specific bacterial taxa. Studies consistently demonstrate that as cervical
lesions progress in severity, there is a marked shift away from a Lactobacillus-dominated vaginal microbiota towards
a more diverse community enriched with anaerobic and potentially pathogenic bacteria. For instance, research comparing
women with no intraepithelial lesion or malignancy (NILM), LSIL, and HSIL found statistically significant differences in
alpha diversity indices (Chaol, Inverse Simpson, Shannon, Observed) across the groups, indicating increased microbial
richness with lesion severity.”® The HSIL group showed specific enrichment of taxa such as Roseburia inulinivorans,
Micromonosporaceae family, and Pirellula genus, while Prevotella copri, Akkermansia muciniphila, and Fusobacterium
species were more abundant in both LSIL and HSIL groups compared to NILM.”® Furthermore, the vaginal bacterial
abundance is significantly higher in cervical cancer (CC) patients compared to those with squamous intraepithelial
lesions (SIL), accompanied by a non-significant decrease in Lactobacillus abundance and an increase in anaerobic genera
like Prevotella and Sneathia.”® This dysbiotic state is characterized by a large variety of vaginal microbes dominated by
non-Lactobacillus communities in cervical carcinoma, which can affect host amino acid and nucleotide metabolism,
producing metabolites associated with genital inflammation and carcinogenesis.'” The progression from HPV infection
to cancer is marked by decreasing levels of beneficial bacteria and increasing levels of pathogenic bacteria, which may
directly result from early HPV infection and serve as key factors in cancer progression.'’' This altered microbial
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landscape, driven by the diseased tissue’s unique physiology, is not merely a bystander but may actively contribute to
a pro-inflammatory microenvironment that supports lesion persistence and progression.

Surgical interventions for cervical pre-cancerous lesions, such as loop electrosurgical excision procedure (LEEP) and
cold knife conization (CKC), while effective at removing diseased tissue, physically disrupt the cervical architecture and
the local microenvironment. This iatrogenic perturbation can lead to post-operative vaginal microecological disturbances,
which are increasingly recognized as factors associated with the risk of persistent or recurrent HPV infection.
A retrospective study on patients treated for HSIL found that at one year post-surgery, a significant proportion
(35.56%) had persistent HPV infection.'®® This persistence was correlated with specific post-treatment vaginal micro-
ecological imbalances. The group with persistent HPV infection had significantly higher proportions of flora density class
IV (indicating abundant bacterial growth on microscopic examination) and flora diversity class IV (indicating the
presence of multiple bacterial morphotypes, reflecting a polymicrobial community), with the dominant bacteria being
mainly gram-positive large bacillus.'”® These classifications, which are based on Gram-stained vaginal smear micro-
scopy, are complementary to the molecular Community State Type (CST) classification used elsewhere in this review;
both approaches consistently demonstrate that increased microbial abundance and diversity are associated with adverse
outcomes following cervical treatment. Logistic regression analysis identified flora density, flora diversity, and dominant
bacteria as independent risk factors for persistent HPV infection after HSIL treatment.'®® This suggests that the surgical
procedure itself may induce a dysbiotic state that hinders the restoration of a healthy, Lactobacillus-dominant micro-
biome, thereby compromising local immune defenses and facilitating HPV persistence. Importantly, surgical excision
does not necessarily correct the underlying pro-inflammatory dysbiotic environment. An observational study found that
women with CIN had a significantly higher prevalence of Lactobacillus-depleted, high-diversity vaginal microbiota
(Community State Type IV) both before and after excisional treatment compared to healthy controls.'® Furthermore,
levels of proinflammatory cytokines like IL-1p and IL-8 remained significantly elevated post-treatment, while levels of
protective antimicrobial peptides decreased but remained lower than in controls.'®® These findings indicate that the
predisposition to a dysbiotic, proinflammatory vaginal environment may be inherent and not resolved by merely
removing the visible lesion, potentially explaining the continued high risk of disease recurrence. The physical disruption
from conization can have long-term consequences, as evidenced by its association with spontaneous preterm birth (sPTB)
in subsequent pregnancies, which is linked to altered vaginal microbiota characterized by increased alpha and beta
diversity at delivery.'® Therefore, monitoring and actively managing vaginal microecology after cervical treatment may
be crucial for improving HPV clearance rates and patient prognosis.

New Strategies for Cervical Cancer Auxiliary Diagnosis and Risk Assessment
Based on Vaginal Microecology

Microbial Biomarkers as Supplementary Tools for Cervical Cancer Screening

Current research is actively exploring the integration of specific vaginal microbial features with established screening
methods like HPV testing and cytology to enhance the predictive value for high-grade cervical lesions. This strategy is
particularly aimed at improving the risk stratification of HPV-positive women with normal cytology results. Studies
indicate that a dysbiotic vaginal microbiota, characterized by decreased abundance of protective Lactobacillus species
(especially L. crispatus) and increased diversity alongside enrichment of anaerobic bacteria, is associated with persistent
HPV infection and progression to CIN and cancer.'”"*® For instance, a lower proportion of Lactobacillus and higher
microbial richness are observed in women with high-risk HPV (hrHPV) infection and cervical lesions compared to
healthy controls.®*'% Specific microbial signatures, such as the overrepresentation of bacteria like Gardnerella vaginalis,
Prevotella spp. (eg, P. bivia), Sneathia spp. (eg, S. amnii), Fannyhessea vaginae, and Dialister, have been identified as
potential biomarkers linked to hrHPV persistence and the development of high-grade squamous intraepithelial lesions
(HSIL) or cancer.""'% % The potential of these microbial profiles to serve as a non-invasive tool is underscored by
findings that a vaginal microbiota dominated by L. crispatus and with low diversity is associated with a low risk of
developing SIL following hrHPV infection, whereas a high-diversity, Lactobacillus-depleted community correlates with
a higher risk.'® Consequently, research is directed towards developing microbial detection panels based on techniques
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like 16S rRNA gene sequencing or quantitative PCR to identify these “high-risk microbiota profiles”.*® These panels aim
to define CSTs and quantify key bacterial taxa to create predictive models. For example, the VALENCIA classification
system has been used to identify CST IV subtypes, which are characterized by high diversity and pathogenic bacteria and
are associated with HPV infection severity and CIN.'°® Advanced multi-omics approaches integrating microbiome data
with metabolomic and immunoproteomic profiles are further refining these predictive models, revealing that microbial
and metabolic features can reliably predict immune and inflammation biomarkers involved in carcinogenesis.'® The
diagnostic potential of such microbial biomarkers is significant; studies have shown that specific bacterial genera like
Gardnerella and Streptococcus can exhibit high diagnostic performance for distinguishing cervical carcinogenesis
stages.''” Moreover, biomarkers based on microbial single nucleotide variants (SNVs) have demonstrated even stronger
diagnostic capability for cervical cancer than species-level biomarkers alone.''" The ultimate goal is to establish robust,
clinically applicable panels that can complement current screening, helping to identify which HPV-positive women are at
greatest risk for disease progression and require closer surveillance or intervention, thereby improving the efficiency and

precision of cervical cancer prevention programs.*®'!?

Metabolomics and Multi-Omics Integration Analysis
Analysis of metabolite profiles in vaginal lavage fluid or secretions, such as amino acids, organic acids, and lipids, aims
to identify characteristic metabolic fingerprints associated with different stages of cervical lesions. Metabolomics, by
directly reflecting biochemical process changes and the body’s microenvironment, provides a comprehensive under-
standing of metabolite patterns during disease occurrence and development, offering new avenues for disease prevention
and diagnosis.'"® Cervical cancer exhibits typical cancer metabolic profiles, including glycolytic switching, high lactate
levels, lipid accumulation, and abnormal kynurenine/tryptophan ratios, with HPV contributing at least partially to these
alterations."'* Studies utilizing untargeted metabolomics on vaginal discharge have identified potential targets for early
warning of cervical cancer, revealing significant metabolic variations.''> For instance, research on cervicovaginal fluid
from patients with LSIL, HSIL, cervical cancer (CC), and healthy controls has shown that carcinogenesis is associated
with changes in microbiome diversity, individual taxa, and functions, alongside alterations in cervicovaginal metabolites
that correlate with microbial patterns.''® Specifically, lipids and organic acids change as cervical cancer progresses, with
the phenylalanine, tyrosine, and tryptophan biosynthesis pathway being crucial for cervical cancer development.''®
Furthermore, metabolomic profiling of cervical mucus has identified metabolites with high discriminatory power for
squamous cell carcinoma (SCC), such as oxidized glutathione (GSSG), malic acid, kynurenine, the GSSG/glutathione
(GSH) ratio, and the kynurenine/tryptophan ratio, indicating that cervical mucus can be used for metabolite screening in
cervical cancer.''” The vaginal metabolome also exhibits significant alterations in HPV-positive women, with major
changes observed in amino acid, lipid, and nucleotide metabolism, and enriched pathways including amino acid
biosynthesis, aminoacyl-tRNA biosynthesis, and central carbon metabolism.* These metabolic fingerprints not only
distinguish between different disease states but also correlate with specific microbial compositions, highlighting the
intricate interplay between the host metabolome and the vaginal microbiota in the context of cervical carcinogenesis.
Integrating microbiome, metabolome, host transcriptome, and epigenome data for multi-omics analysis holds promise for
constructing more accurate disease risk prediction models and revealing key pathogenic pathways. The integration of multi-
omic data, such as cervicovaginal microbiota, HPV status, neoplasia, and urinary metabolites, provides a detailed protocol for
understanding the systemic effects of cervical dysbiosis associated with HPV infections, which is useful for developing new
point-of-care diagnostic tests.''® Multi-omics studies have demonstrated that the cervicovaginal microenvironment’s compo-
sition and stability are significantly influenced by the interaction between vaginal microbiota and metabolites, with specific
microbial species and metabolic changes correlating with HPV infection and CIN progression.'"” For example, integrated
analyses of microbiome, metabolome, and immunoproteome data from cervicovaginal specimens have revealed that immune
and cancer biomarker concentrations can be reliably predicted by Random Forest regressors trained on microbial and
metabolic features, suggesting a close correspondence between the vaginal microbiome, metabolome, and genital inflamma-

tion involved in cervical carcinogenesis.'*’

Moreover, metabolome features were identified as the top predictors of the
cervicovaginal microenvironment, with lipids such as sphingolipids and long-chain unsaturated fatty acids being strong

predictors of genital inflammation, while predictions of vaginal microbiota and pH relied mostly on alterations in amino acid
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metabolism.'” Multi-omics approaches have also been employed to investigate the mechanisms of drug action, such as
Doxorubicin in cervical cancer, by combining transcriptomic and metabolomic analyses to uncover intricate gene-metabolite
networks, such as the correlation between ANKRDI8B gene expression and L-Ornithine levels, providing insights for
developing more effective therapeutic strategies.'>° Furthermore, integrating metabolomics with network pharmacology
has elucidated the mechanisms of natural compounds like naringin and kaempferol in treating cervical cancer, identifying
differential metabolites and key metabolic pathways such as steroid hormone biosynthesis, sphingolipid signaling, arachidonic
acid metabolism, and the tricarboxylic acid cycle.'*'*'** These integrated analyses facilitate the identification of potential
biomarkers for disease progression and metastasis. For instance, plasma-based proteomic and metabolomic characterization
has identified distinct biomarker panels for predicting lung and lymph node metastases in cervical cancer patients, with high
diagnostic accuracy.'”® Additionally, multi-omics data integration has been used to map HPV integration sites in the host
genome, identifying novel candidate target genes for cervical carcinogenesis and potential therapeutic targets.'>* The inferred
bi-directional interactions between vaginal microbiota, metabolome, and persistent HPV infection accompanied by high-grade
CIN further underscore the potential of multi-omics in revealing modulatory mechanisms, such as how cervical differentially
expressed genes across distinct CIN grades may influence correlated vaginal microbiota and metabolome.'?*'?¢ Ultimately,
these comprehensive multi-omics frameworks aim to develop personalized medicine approaches by correlating diagnostic
modalities with stages of HPV-mediated transformation, enhancing clinical precision, prioritizing high-risk individuals, and

reducing overtreatment.'?’

Application Prospects of Regulating Vaginal Microecology in Cervical Cancer
Prevention and Treatment

Probiotics and Prebiotics Intervention Therapy

Oral or topical application of specific probiotic strains, such as Lactobacillus crispatus and Lactobacillus thamnosus,
constitutes a primary strategy for restoring microbial balance. Clinical trials have demonstrated that probiotic adjunctive
therapy can enhance the cure rate of BV and, in some studies, shows potential to promote HPV clearance or reduce the
recurrence rate of lesions. For instance, a randomized controlled trial involving women with HPV infections found that
long-term oral administration of Lactobacillus crispatus M247 was associated with a higher rate of clearance of
cytological abnormalities related to HPV compared to a control group undergoing only follow-up.'*® This suggests
that modulating the vaginal microbiota through probiotics may influence the natural history of HPV infection. The
rationale behind using probiotics lies in their ability to counteract pathogenic bacteria, induce apoptosis in cancer cells,
and exert other anticancer activities, as evidenced by studies on cervicovaginal bacteria.'*® Specifically, certain vaginal
lactic acid bacteria (LAB) isolates from healthy women exhibit significant antimicrobial activity against pathogens
isolated from cervical cancer patients, highlighting their biotherapeutic potential."*® The restoration of a healthy,
Lactobacillus-dominated vaginal microbiome is crucial because vaginal dysbiosis, characterized by increased microbial
diversity and a decrease in lactobacilli, is strongly associated with persistent HPV infection and progression to CIN and
cervical cancer (CC).>*'3""!32 Probiotics can enhance the immune response, promote a balanced vaginal microbiome, and
reduce the risk of secondary infections, thereby creating an anti-inflammatory environment that adversely affects cancer
cell growth and metastasis.'>* Furthermore, specific strains like Lactobacillus fermentum have been shown in molecular
studies to potentiate the anti-cancer effects of chemotherapeutic agents like Vincristine Sulfate in HeLa cervical cancer
cells, enabling a reduction in the effective chemotherapeutic dose while enhancing apoptosis and suppressing oncogenic
signaling pathways.'** This underscores the role of probiotics not only in prevention but also as adjuvants in cancer
therapy to improve efficacy and reduce adverse effects. The efficacy of probiotics in managing HPV clearance and
improving cytological and inflammatory outcomes is supported by systematic reviews, which indicate that probiotics are
effective in restoring vaginal microbiota and are associated with better management of HPV-related conditions.'*’
However, the clinical application requires further validation through comprehensive research to confirm the safety and
efficacy of probiotic formulations, as current evidence, while promising, comes from studies of varying design and

1 1
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Prebiotics, such as oligosaccharides, provide nutrients for beneficial bacteria, selectively promoting their growth, and their
combined use with probiotics may yield superior effects. The concept of using prebiotics, probiotics, and synbiotics
(combinations of both) represents a novel approach for the prevention and treatment of cervical cancer by modulating crucial
metabolic pathways, including the reduction of inflammation and oxidative stress, promotion of apoptosis, inhibition of cell
proliferation, and suppression of oncogene activity.'*® For example, dietary fiber intake is associated with a reduced risk of
HPV infection, and certain prebiotics like inulin and fructo-oligosaccharides can decrease the frequency of gastrointestinal
adverse effects in cervical cancer patients.'>® This highlights the systemic benefits of modulating the gut-vaginal axis.
A specific multi-ingredient vaginal gel containing Trametes versicolor extract along with prebiotics and other coadjuvants
has been developed to support natural HPV clearance and promote lesion regression, though current clinical evidence remains
preliminary and requires further rigorous trials.'* In the context of cancer treatment side effects, a phase 2 randomized
controlled trial investigated the use of an oral prebiotic (amylase-resistant starch) to prevent acute radiation proctitis in patients
receiving radiotherapy for cervical cancer; however, it did not demonstrate a significant benefit over a control digestible starch,
possibly due to concurrent chemotherapy and a decrease in intestinal probiotics.'** This points to the complexity of
interventions in clinical settings and the need for optimized strategies. The interaction between the gut and vaginal micro-
biomes is significant, and dysbiosis in either can influence the progression from HPV infection to cancer.'*> Therefore,
interventions like the “intestinal-vaginal” probiotics administration strategy, which involves simultaneous delivery of
probiotics to both sites, have been proposed to correct dysbiosis induced by therapies like antibiotics or chemotherapy
more effectively than single-channel interventions.'*""'** This approach aims to harness the synergistic interactions between
host microbiota communities. While prebiotics alone have shown limited efficacy in some clinical reviews compared to
probiotics, their role in selectively nourishing beneficial microbes remains a valuable component of a comprehensive

microbiota modulation strategy.'*?

Ultimately, the goal of these interventions is to correct the microbial imbalance that
contributes to a pro-inflammatory microenvironment conducive to HPV persistence and cervical carcinogenesis, thereby
offering a complementary therapeutic avenue alongside conventional treatments.'**'** Future research should focus on high-
quality, standardized clinical trials to evaluate the efficacy of specific probiotic strains and prebiotic compounds in modulating

the vaginal microbiome and their impact on cervical cancer incidence and progression.**'3”

Targeted Microbiota Modulation for Immune Regulation and Combination
Therapy

The emerging field of targeted microbiota modulation represents a promising frontier in the management of HPV
infection and cervical cancer, with a particular focus on immune regulation and synergistic combination therapies.
A key strategy involves designing engineered probiotics as mucosal vaccine vectors or utilizing their metabolites as
immune adjuvants to enhance local immune responses against HPV. The vaginal microbiota, especially Lactobacillus
crispatus, plays a crucial protective role by modulating innate immunity. Studies have shown that L. crispatus surface
layer proteins can shield Toll-like receptor (TLR) ligands and selectively interact with the anti-inflammatory receptor
DC-SIGN, thereby modulating the local immune response and reducing pro-inflammatory cytokine concentrations.?*
Furthermore, the exopolysaccharides (EPS) produced by L. crispatus have been identified as key immunomodulatory
structures, enhancing immune-regulatory responses (eg, LAP TGF-beta-1) and anti-inflammatory markers (eg, CST5) in
vaginal epithelial models, while their absence triggers elevated levels of pro-inflammatory cytokines like IL-1p, IL-6, and
IL-8.'%° This positions L. crispatus and its specific components as potential candidates for engineering. The concept of
using probiotics as therapeutic vectors is supported by evidence that certain strains, such as Lactiplantibacillus plantarum
Probio87, exhibit selective antimicrobial activity and demonstrate anticancer properties by reducing proliferation and
inducing apoptosis in HPV-positive cervical cancer cell lines.'*” Moreover, oral administration of the probiotic
Bifidobacterium bifidum has been shown to induce antitumor immune responses in an HPV-related tumor model,
activating tumor-specific IL-12 and IFN-y and enhancing CD8+ cytolytic responses, with intravenous administration
proving particularly effective.'*® These findings underscore the potential of engineering probiotic strains to express HPV
antigens, thereby creating live biotherapeutic vaccines that can directly prime mucosal immunity at the site of infection.
Concurrently, the metabolites produced by a healthy microbiota, such as lactic acid and certain short-chain fatty acids
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(SCFAs), contribute to maintaining an acidic pH and exhibit immune-modulating properties, suggesting their utility as
natural adjuvants to bolster vaccine efficacy or as standalone immunomodulators.'*® The transition from a Lactobacillus-
dominant microbiota to a dysbiotic state enriched with anaerobic bacteria like Gardnerella, Fannyhessea, and Sneathia is
associated with a pro-inflammatory microenvironment characterized by increased IL-1f, which supports HPV persistence
and carcinogenesis.*®'>* Therefore, interventions aimed at restoring eubiosis, such as VMT or the use of defined
synthetic bacterial consortia, have demonstrated efficacy in mouse models of bacterial vaginosis by suppressing pathogen
growth, attenuating inflammation (eg, downregulating IL-1B and IL-8), upregulating anti-inflammatory IL-10, and
restoring microbial diversity.'>" These approaches directly modulate the local immune landscape, shifting it from a pro-
tumorigenic, inflammatory state to one conducive to immune surveillance and viral clearance.

In the context of conventional cancer treatments like surgery, radiotherapy, and chemotherapy, adjunctive microecological
modulators hold significant potential to mitigate treatment-related adverse effects, improve local immune status, and
potentially reduce recurrence risk. Conventional therapies often disrupt the host’s microbial communities, which can affect
treatment efficacy and side effects.'*® For instance, chemoradiation for locally advanced cervical cancer leads to a strong
reduction in cervical bacterial load, though the diversity may not change significantly in all cases.'>* This disruption can
contribute to complications such as mucositis and vaginitis. Probiotic supplementation has been explored as a strategy to
counteract these effects. Clinical trials indicate that oral probiotic supplementation, for example with Lactobacillus plantarum
Probio87, can reduce vaginal HPV abundance, improve Nugent scores, and enhance quality of life in HPV-positive women,
possibly by lowering systemic inflammation (eg, reducing pro-inflammatory IL-1B and IFN-y) and modulating T-cell
markers.'>* Similarly, the use of prebiotics, probiotics, and synbiotics has been shown to decrease the frequency of
gastrointestinal adverse effects in cervical cancer patients undergoing treatment.'*® The gut-vaginal axis is a critical con-
sideration, as gut microbiota dysbiosis can influence systemic immunity and inflammation, thereby impacting cervical health.
Mendelian randomization studies suggest a causal link, identifying specific gut microbial taxa (eg, protective Actinomyces
and risk-promoting Lachnospiraceae UCG001) associated with cervical cancer occurrence.'>* Therefore, oral probiotics that
modulate the gut microbiota may exert beneficial effects on the vaginal microenvironment through this axis.'>> In patients
with vaginal candidiasis, oral lactobacilli probiotics have been shown to prevent dysbiotic shifts in both vaginal and gut
microbiota, preserving crucial microbial populations for protection and immunity.">® This holistic modulation is vital during
anticancer therapy, where maintaining mucosal integrity and a balanced immune response is paramount. Furthermore,
restoring a Lactobacillus-dominant vaginal microbiota may enhance the efficacy of other treatments. For example,
L. crispatus abundance has been identified as a predictor of successful labor induction, with its supernatant shown to modulate
the transcriptome of cervical stromal cells, upregulating genes involved in tissue remodeling and immune regulation.'” This
principle may extend to cancer therapy, where a healthy microbiota could prime the tissue for better response to radiotherapy
or chemotherapy by maintaining epithelial barrier function and modulating local inflammation. The potential of microbiota-
focused interventions as complementary strategies is increasingly recognized. Probiotics represent a valuable complementary
approach against cervical cancer, with future research needed to focus on clinical trials evaluating their efficacy in modulating
the vaginal microbiome and impacting cancer incidence and progression.*> By mitigating treatment-induced dysbiosis and
inflammation, adjunctive microecological therapies could not only improve patient quality of life by reducing side effects like
vaginitis but also potentially alter the tumor microenvironment to lower the risk of recurrence, offering a novel dimension to
personalized oncology care.

Exploration of Phage Therapy and Precision Microbiota Transplantation

The exploration of phage therapy for the cervicovaginal tract represents a theoretically precise strategy to target specific
pathogens without broadly disrupting the commensal microbiota. This approach is gaining attention, particularly for
conditions like urinary tract infections (UTIs) and BV, where antibiotic resistance and recurrence are significant
challenges. For uropathogenic Escherichia coli (UPEC), a common pathogen that can ascend from the vaginal reservoir,
studies have demonstrated the potential of lytic bacteriophages. Research using the phage ®HP3 and phage cocktails has
shown that pretreatment can significantly inhibit UPEC growth in simulated vaginal fluid and reduce the adhesion and
invasion of UPEC onto human vaginal epithelial cells (VK2/E6E7)."*® In vivo models using humanized microbiota mice
have further shown that daily intravaginal administration of ®HP3 can significantly reduce vaginal UPEC burden,

14 https: International Journal of General Medicine 2026:19



Gao et al

highlighting its potential as a preventive strategy for UTIs.'>® Beyond UPEC, phage therapy is also being investigated for
BV-associated microbiota. Studies have successfully isolated and characterized phages against bacterial strains com-
monly found in BV, such as Enterococcus faecalis, Enterococcus faecium, and Shigella flexneri, demonstrating their lytic
activity and potential as an alternative to antibiotics.'®® Furthermore, phage display technology, while distinct from
therapeutic phage use, underscores the broader utility of phages in gynecological health; for instance, it has been
employed to screen for human neutralizing antibodies against HPV18 virus-like particles and to isolate affibody
molecules that bind to and inhibit the HPV16 E6 oncoprotein, showing promise for targeted therapy in HPV-positive
cervical lesions.'®""'> However, despite these promising preclinical findings, the application of therapeutic phages
specifically for cervicovaginal dysbiosis or HPV-related conditions remains in its infancy. Significant challenges include
the need for phage cocktails to address polymicrobial infections, potential bacterial resistance to phages, and a lack of
standardized protocols and clinical trial data specific to gynecological applications.'®*'®* The theoretical advantage of
precision pathogen clearance is compelling, but translating this into safe and effective clinical therapies for cervical and
vaginal health requires extensive further investigation.

Inspired by the success of fecal microbiota transplantation (FMT) for gastrointestinal disorders, the concept of VMT
has been proposed as a novel therapeutic strategy to restore a healthy, Lactobacillus-dominated vaginal ecosystem,
particularly for recurrent BV.'®>!'%® The rationale is that transferring the complete vaginal microbiota from a healthy
donor could rapidly correct dysbiosis, offering an advantage over antibiotics, which can harm beneficial lactobacilli and
have high recurrence rates, or probiotics, which may show inconsistent efficacy.'®”'®® Preclinical evidence supports the
potential of this approach. For example, studies on Lactobacillus vaginalis have shown that its metabolites can alleviate
colitis in mice via microbiota modulation, illustrating the principle that specific vaginal-derived bacteria can have
systemic therapeutic effects.'®® Furthermore, the critical role of early-life microbiota establishment, influenced by
maternal vaginal microbes during birth, underscores the importance of a healthy vaginal microbiome and provides
a conceptual foundation for restoration therapies.'’!”" However, the translation of VMT into a standardized clinical
intervention faces substantial hurdles concerning safety, efficacy, and ethics. A major challenge is the considerable inter-
individual variability in treatment outcomes, which is likely influenced by host genetics, baseline vaginal microbial
composition, immune status, and environmental factors, necessitating personalized approaches.'®®!'7* Safety concerns are
paramount, as the transfer of live microbiota could potentially introduce pathogens or disrupt local immune homeostasis,
potentially influencing not only vaginal health but also systemic conditions or cancer risk, given the associations between
genital dysbiosis and gynecological malignancies.'®*'”® Ethical considerations parallel those of FMT and include
rigorous donor screening, informed consent, and the establishment of vaginal microbiota banks to ensure quality and
safety.'®>'%” While VMT and related precision microbiota-based interventions like live biotherapeutic products (LBPs)
derived from donor strains represent a promising frontier for treating dysbiosis-associated diseases, including those
linked to cervical health, their clinical application requires rigorous evaluation through well-designed clinical trials to

establish standardized protocols, confirm long-term safety, and demonstrate reproducible efficacy.'’*!”>

Current Challenges and Future Research Directions

Confirmation of Causality and Deepening of Mechanistic Research

The current body of research predominantly establishes correlations between vaginal dysbiosis and HPV-driven cervical
carcinogenesis, yet definitive causal relationships remain elusive. Numerous studies consistently report associations
where a shift from a Lactobacillus-dominant vaginal microbiota, particularly Lactobacillus crispatus, to a diverse
community enriched with anaerobic and pathogenic genera such as Gardnerella, Prevotella, Sneathia, Megasphaera,
and Fannyhessea, is linked to increased susceptibility to high-risk HPV (HR-HPV) infection, viral persistence, and
progression through CIN to invasive cancer."**** For instance, a systematic review of metagenomic studies confirmed
that progression from HPV infection to cervical lesions and cancer is associated with a reduction in Lactobacillus
species, especially L. crispatus, and an enrichment of anaerobic species like Gardnerella vaginalis.>’ However, as
highlighted in multiple reviews, these findings are largely observational and cross-sectional, making it difficult to
determine whether dysbiosis is a cause, a consequence, or a co-factor in the carcinogenic process.'***** To move beyond
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correlation and establish causality, there is a critical need for more prospective longitudinal cohort studies and the
development of mechanism-focused animal models, such as humanized mouse models. These models would allow
researchers to track temporal changes in the vaginal microbiome before, during, and after HPV infection and lesion
development, thereby validating the proposed causal chain.'>' An umbrella review of meta-analyses graded the
association between an altered vaginal microbiome and HPV persistence/CIN/cancer as supported by strong evidence,
yet it also emphasized the necessity for randomized evidence and causal inference studies to confirm these observational
links.'”

Concurrently, there is an urgent need to elucidate the specific molecular mechanisms by which dysbiotic bacteria or their
metabolic products interact with HPV oncoproteins to disrupt host cellular homeostasis. Emerging research is beginning to
delineate these pathways. In vitro studies using HPV-16 transformed epithelial cells (SiHa) have demonstrated that exposure
to specific vaginal dysbiosis-associated bacteria can directly modulate the expression of the viral oncogenes E6 and E7 and the
production of their corresponding oncoproteins.’® For example, strains of Gardnerella vaginalis and Megasphaera micro-
nuciformis were shown to increase the expression of E6/E7 genes and oncoprotein levels, while Lactobacillus crispatus and
L. gasseri had modulating or suppressive effects.’® This dysregulation of E6 and E7, which target the host tumor suppressors
p53 and pRb, respectively, is a central event in HPV-induced carcinogenesis. Co-culture experiments with M. micronuciformis
confirmed a decrease in p53 and pRb protein levels in SiHa cells, accompanied by a higher percentage of cells progressing to
the S-phase of the cell cycle.’® Beyond direct interference with viral oncogene expression, dysbiotic microbiota are implicated
in creating a pro-inflammatory microenvironment that supports carcinogenesis. Women with dysbiotic vaginal microbiota
often present with elevated levels of pro-inflammatory cytokines, such as IL-1B, TNFa, and IL-6, and a shift in immune
responses.’*® While some dysbiosis-associated bacteria can induce interferon-y (IFN-y) production, they are also potent
stimuli for interleukin-17 (IL-17), suggesting a mixed T-helper response that may not be dominated by the Th1 differentiation
crucial for effective viral clearance.” This chronic inflammatory state, coupled with altered mucosal immunity, can facilitate
HPV persistence and immune evasion. Furthermore, multi-omics approaches are revealing how microbial metabolites may
serve as signaling molecules. A study identified 4-ethylbenzoic acid (4-EA) as a metabolite significantly elevated in the
vaginal secretions of cervical cancer patients, which was found to promote the proliferation, migration, and invasion of
cervical cancer cells in vitro.” Metabolomic analyses post-therapy for high-grade CIN have shown dynamic shifts in metabolic
pathways, including glycerophospholipid and amino acid metabolism, suggesting a functional restoration of the vaginal
ecosystem linked to microbial changes.'”” Future research must integrate metagenomic, transcriptomic, epigenomic, and
metabolomic data to map the comprehensive signal networks through which specific bacterial species influence host cell cycle
control, apoptosis, DNA repair mechanisms, and epigenetic reprogramming, ultimately cooperating with HPV to drive

malignant transformation.>®'”®

Individual Differences and the Establishment of Standardized Protocols

The composition and stability of the vaginal microbiota are profoundly influenced by a complex interplay of host-specific
and environmental factors, leading to significant individual heterogeneity that complicates the establishment of universal
health standards. Factors such as race, geographic location, lifestyle habits, and hormonal levels are critical determinants
of microbial community structure. For instance, a Lactobacillus crispatus-dominated vaginal community is consistently
associated with favorable reproductive outcomes, including improved conception and implantation rates.'”® Conversely,
dysbiosis, characterized by a departure from this lactobacilli-dominated state, is linked to conditions like infertility and
suboptimal responses to treatments such as assisted reproductive technologies.'” This variability is further compounded
by host genetic predispositions, where common genetic variants are implicated in nearly 30% of cervical cancer cases,
influencing individual susceptibility to persistent HPV infection and subsequent carcinogenesis.'®® The interaction
between the microbiota and the host immune system is a key mediator of these outcomes; a diverse vaginal microbiome
and associated genital inflammation have emerged as potential drivers of high-risk HPV positivity and disease
severity.'®! However, methodological challenges, including contamination in low-biomass samples, variations in sequen-
cing workflows, and inherent population heterogeneity, currently hinder data comparability and the development of
robust, stratified microbial health benchmarks.'” Future research must, therefore, prioritize the systematic integration of
these confounding variables—such as genetic background,'®® local environmental factors like exposure to microbial
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metabolites (eg, butyrate from oropharyngeal bacteria),'®? and sexual behavior—to move beyond a one-size-fits-all
approach and establish nuanced, population-specific criteria for defining a “healthy” vaginal ecosystem in the context of
HPV infection and cancer risk.

The current landscape for interventions targeting the vaginal microbiome, such as probiotics, synbiotics, or antimicrobial
strategies, is marked by a lack of standardized protocols, leading to heterogeneous efficacy and unclear clinical guidelines. There
is an urgent need for large-scale, multi-center, randomized controlled trials (RCTs) to validate the effectiveness and safety of
these interventions and to inform evidence-based clinical practice. Existing evidence suggests that interventions like probiotics
yield variable results, underscoring the necessity for individualized strategies that may include metabolic modulation and lifestyle
optimization.'” The selection of probiotic strains, dosage, duration of treatment, and delivery methods remain largely
unstandardized. Furthermore, the choice of therapeutic agents is complicated by the intricate co-regulation between the vaginal
microbiota and the host immune system, which jointly determines the outcome of HPV infection.'®® For instance, the efficacy of
any microbiota-targeted therapy may depend on the individual’s immune status and specific microbial profile. Future RCTs
should employ standardized microbiome metrics and use clinically relevant endpoints, such as live birth rates in fertility contexts
or HPV clearance and regression of precancerous lesions in oncology settings.'”® The goal is to develop stratified intervention
protocols. This precision approach is echoed in broader cervical cancer management, where treatment is increasingly moving

towards personalized strategies based on molecular profiling (eg, PD-L1 status, tumor mutational burden)'®*

and surgical
techniques are being refined for individualized care, such as tailored uterine radiotherapy volumes to reduce toxicity.'®> Similarly,
the development of predictive models using machine learning that integrate clinical parameters and pathological images for the
spontaneous regression of low-grade lesions represents the frontier of personalized intervention.'®® Therefore, concerted efforts
are required to conduct rigorous clinical trials that will not only establish the efficacy of microbiome-modulating therapies but
also define clear, actionable guidelines for their application, ultimately enabling the integration of precision microbiome
management into comprehensive cervical cancer prevention and treatment paradigms. Methodological challenges, including
contamination in low-biomass samples, variations in sequencing workflows, and inherent population heterogeneity, currently
hinder data comparability and the development of robust, stratified microbial health benchmarks.'” Emerging approaches such
as culturomics—a high-throughput culture technique that enables the recovery of a broader range of bacterial and fungal strains
that may not be detected through 16S rRNA sequencing alone—offer a complementary strategy to address these limitations.
Culturomics can capture viable microorganisms and provide isolates for functional characterization, potentially revealing novel
microbial players in cervical carcinogenesis that are missed by molecular methods alone. Future research must, therefore,
prioritize the systematic integration of these confounding variables.

Innovative Research Driven by New Technologies

The application of advanced technologies such as single-cell sequencing and spatial transcriptomics is revolutionizing
our understanding of the spatial and cellular context of host-microbiome interactions in cervical carcinogenesis. While
traditional high-throughput 16S rRNA sequencing has established that a non-Lactobacillus-dominant vaginal microbiota,
characterized by increased diversity and specific anaerobic bacteria like Gardnerella, Prevotella, and Dialister, is

associated with HPV infection persistence and progression to CIN and cancer,'®”'®®

these methods lack spatial
resolution. Emerging spatial omics technologies are now poised to dissect the precise anatomical and functional
relationships within the cervical tissue microenvironment. For instance, these tools can map the co-localization of
specific bacterial taxa, identified in meta-analyses as markers for different disease stages (eg, Gardnerella during HPV

infection, and increased Prevotella and Dialister in cancer stages),'®

with distinct host cell populations. This allows
researchers to investigate whether dysbiotic microbes directly interact with cervical epithelial cells at the transformation
zone, potentially modulating pathways involved in cell cycle control or metabolism, or if they primarily exert their effect
by shaping the local immune landscape. Spatial transcriptomics can further reveal how the presence of these microbial
communities alters gene expression profiles in neighboring epithelial and stromal immune cells, providing mechanistic
insights into how microbiome dysbiosis, as observed in cross-sectional studies of various CIN grades,'® creates a pro-
carcinogenic niche that supports HPV-driven oncogenesis. By resolving these interactions in situ, these technologies
move beyond correlative associations to define causal spatial relationships between the vaginal microbiome and host

cellular responses during cervical disease progression.
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Complementing spatial analyses, the development of cervical organoid co-culture models represents a powerful
reductionist approach to experimentally validate hypotheses generated from clinical sequencing data. These three-
dimensional structures, derived from human cervical epithelial cells, recapitulate key architectural and functional
properties of the native cervical epithelium. They provide an ethically accessible and highly controllable platform to
model the complex interplay between the cervical epithelium and a defined, complex consortium of vaginal bacteria
in vitro. Researchers can use these models to introduce microbial communities reflective of clinical states—such as
a Lactobacillus-depleted, high-diversity community associated with persistent HPV infection'®® or the specific anaerobic
consortia (eg, Gardnerella, Prevotella, Dialister) linked to high-grade CIN'®**—and observe direct outcomes on epithelial
barrier integrity, proliferation, differentiation, and innate immune signaling. Furthermore, organoid models are ideally
suited for high-throughput screening of potential intervention strategies. This includes testing the efficacy of probiotics
(eg, specific Lactobacillus strains) or antimicrobial agents to restore a healthy microbial balance, or screening for
compounds that can block the detrimental effects of dysbiotic metabolites on host cells. By enabling real-time,
mechanistic dissection of host-microbe interactions, organoid co-culture systems bridge the gap between observational
clinical studies, which show that microbial alterations precede and accompany lesion development,'®® and functional
validation. This synergy between spatial mapping technologies and advanced in vitro models is crucial for translating the
observed associations between vaginal dysbiosis and cervical cancer risk into targeted therapeutic and preventive

strategies, ultimately harnessing the microbiome to optimize gynecologic cancer outcomes.'®’

Conclusion

The intricate interplay between vaginal dysbiosis and HPV-driven cervical carcinogenesis represents a paradigm shift in our
understanding of the disease’s pathogenesis. This review consolidates evidence positioning vaginal microbial imbalance not
merely as a bystander but as a critical biological bridge, actively facilitating the transition from HPV infection to persistent
infection and, ultimately, to invasive cervical cancer. By orchestrating a microenvironment conducive to viral persistence and
cellular transformation through mechanisms such as chronic inflammation, local immunosuppression, metabolic reprogram-
ming, and epithelial barrier compromise, the dysbiotic vagina emerges as a potent co-factor in oncogenesis. From an expert
perspective, the development of this field underscores a move beyond a singular pathogen-centric view towards a more
holistic, ecosystem-based understanding of cervical cancer, aligning with broader trends in oncology that recognize the tumor
microenvironment’s pivotal role.

The central finding that a depletion of protective Lactobacillus species, coupled with an increased diversity often
dominated by anaerobic bacteria, serves as a potential biomarker for HPV persistence and disease progression, offers
a tangible and actionable target. This characterization of dysbiosis provides a mechanistic explanation for epidemiological
observations and opens avenues for risk stratification beyond HPV genotyping alone. The translational promise lies in
modulating this ecosystem. Strategies such as targeted probiotic/prebiotic applications to restore eubiosis, the development of
microbiome-based diagnostic panels to identify high-risk microbial signatures, and the integration of microbial restoration
with existing treatments like surgery or immunotherapy, constitute a promising, multi-pronged preventive and therapeutic
frontier. These approaches highlight a proactive shift from treating advanced disease to preventing its initiation by maintaining
a resilient vaginal microenvironment.

However, it is essential to acknowledge the inherent limitations that currently constrain the translational potential of this
field, many of which reflect broader challenges in microbiome science. First, the vast majority of studies establishing links
between vaginal dysbiosis and cervical carcinogenesis are observational and cross-sectional. While associations are robust and
consistent across diverse populations, establishing definitive causality—whether dysbiosis is a driver, a consequence, or a self-
perpetuating component of the HPV-carcinogenesis cycle—remains a fundamental challenge. Prospective longitudinal cohort
studies with repeated microbiome sampling and mechanistic animal models are urgently needed to validate the proposed
causal chains. Second, substantial methodological heterogeneity across studies, including differences in sample collection,
DNA extraction, sequencing platforms (16S rRNA vs. shotgun metagenomics), bioinformatics pipelines, and definitions of
dysbiosis, hampers data comparability and meta-analytic synthesis. This variability complicates the identification of uni-
versally reliable microbial biomarkers and the establishment of standardized clinical thresholds. Third, the clinical application
of microbiome-based diagnostics and therapeutics remains in its infancy. While promising, probiotic interventions, vaginal
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microbiota transplantation, and phage therapy lack large-scale, randomized controlled trial data with clinically meaningful
endpoints such as CIN regression or long-term HPV clearance. The safety, efficacy, and optimal delivery strategies for these
interventions require rigorous validation before they can be integrated into routine clinical practice. Fourth, the profound inter-
individual variation in vaginal microbiota composition, influenced by ethnicity, geography, age, hormonal status, sexual
behavior, and host genetics, underscores the need for personalized rather than one-size-fits-all approaches. A threshold for
dysbiosis that is predictive in one population may not generalize to another, necessitating population-specific reference
standards. Finally, the functional role of the vaginal microbiota—beyond taxonomic composition—remains incompletely
understood. While metabolomic and metagenomic analyses have revealed intriguing associations, detailed mechanistic
studies are needed to decode how specific bacterial metabolites and signaling molecules interact with HPV oncoproteins
and host cellular machinery to drive malignant transformation. These limitations should be viewed not as discouraging but as
defining the research agenda for the coming decade.

However, to fully realize the potential of this field, several critical challenges must be addressed with scientific rigor.
First, establishing definitive causality remains paramount. While strong associations are evident, disentangling whether
dysbiosis is a driver, a consequence, or a self-perpetuating component of the HPV-carcinogenesis cycle requires
sophisticated longitudinal studies and experimental models that can manipulate the microbiome with precision.
Second, the field must grapple with and elucidate the profound individual variation in vaginal microbiota composition
influenced by ethnicity, geography, behavior, and genetics. This heterogeneity necessitates a personalized medicine
approach; a “one-size-fits-all” probiotic or diagnostic threshold may be ineffective. Future research must identify core
functional deficits (eg, loss of lactate production, specific immune-modulatory metabolite depletion) rather than relying
solely on taxonomic shifts, which may vary between individuals.

Third, the molecular mechanisms underpinning the host-microbe-virus interactions are only partially mapped. Detailed
mechanistic studies are needed to decode how specific bacterial metabolites (eg, short-chain fatty acids, amines) directly
influence cervical epithelial cell proliferation, apoptosis, and DNA repair pathways, or modulate the function of immune cells
like dendritic cells and T-cells in the cervical mucosa. Finally, the path to clinical translation demands standardization. This
includes developing universally accepted criteria for defining “healthy” versus “dysbiotic” states in different populations,
validating microbiome biomarkers in large, diverse cohorts, and conducting rigorous, placebo-controlled clinical trials to
prove the efficacy of microbiome-targeted interventions on hard endpoints like CIN2+ regression or HPV clearance.

In conclusion, the recognition of vaginal dysbiosis as a key mediator in cervical carcinogenesis enriches the etiological
model of the disease and unveils a novel axis for intervention. Balancing the enthusiasm for this new paradigm with
methodological rigor is essential. The immediate focus should be on strengthening the evidence base for causality, deepening
our mechanistic understanding, and embracing the complexity of individual variation. By doing so, the field can evolve from
compelling association to transformative application. The ultimate goal—reducing the global burden of cervical cancer
through the preservation and restoration of vaginal microecological health—is now a scientifically grounded, though complex,
endeavor. Achieving it will require sustained interdisciplinary collaboration among microbiologists, oncologists, immunol-
ogists, and clinical trialists to translate ecological insight into clinical practice.
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