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Introduction
Cervical cancer ranks among the leading causes of 
cancer-related death in women globally, and the disparity 
between high-income and low-income countries remains 
stark. The World Health Organization reports that more 
than 500,000 new cases are diagnosed every year, with a 
significant proportion presenting at advanced stages — a 
reflection of inadequate screening infrastructure in many 
parts of the world.1,2 Persistent infection with high-risk 
HPV types, particularly HPV-16 and HPV-18, has long 
been recognized as the central etiological factor.3

The past two decades have brought remarkable 
advances in our understanding of cervical carcinogenesis 
at the molecular level. These insights have informed the 
development of HPV vaccines and opened the door to 
novel therapeutic strategies, including immunotherapy 
and targeted agents. Yet substantial challenges persist: 
vaccine coverage remains uneven, screening access is 
limited in many regions, and a meaningful subset of 
patients continues to develop resistance to standard 
treatments.4,5

This review synthesizes current knowledge across the 
full spectrum of cervical cancer, from epidemiology and 
molecular pathogenesis to diagnostic innovation and 
emerging therapies, to provide a clinically meaningful, up-
to-date resource for researchers and practitioners alike.

Epidemiology and Risk Factors
Global Burden
Cervical cancer is the fourth most common cancer among 
women worldwide and a significant contributor to cancer 
mortality on a global scale. In 2020, the World Health 
Organization documented over 604,000 new cases, with 
approximately 342,000 deaths attributable to the disease.6 
The regional distribution is deeply unequal — more than 
85% of cases occur in low- and middle-income countries, 
where both HPV vaccination coverage and access to 
screening programs remain inadequate. Even in countries 
with comparatively lower baseline incidence, such as 
Iran, an upward trend has been observed in recent years, 
particularly among younger women.7,8
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Risk Factors
The central risk factor for cervical cancer is persistent 
infection with high-risk HPV strains, particularly HPV-16 
and HPV-18. However, HPV infection alone is generally 
insufficient to drive carcinogenesis — several co-factors 
are known to facilitate disease progression, including9, 10: 
High-risk sexual behavior, including early onset of sexual 
activity and multiple partners, increases exposure to HPV. 
Beyond that, Tobacco smoking impairs local immune 
defenses and introduces carcinogens that directly damage 
cervical DNA. Immunosuppression — whether from HIV 
infection or prolonged immunosuppressive therapy — 
substantially elevates risk. Multiple full-term pregnancies 
are associated with hormonal and structural changes at 
the cervix that may enhance susceptibility. Long-term use 
of oral contraceptives (beyond five years) has been linked 
to a modest increase in risk in several studies. Finally, 
host genetic factors — including certain HLA subtypes 
and immune response gene variants — may influence 
susceptibility to persistent HPV infection and subsequent 
malignant transformation.11-13

Understanding how these cofactors interact with HPV 
infection is essential for refining risk stratification and 
designing more effective prevention strategies.

Pathophysiology and Molecular Mechanisms
Cervical cancer arises, in the vast majority of cases, from 
long-standing infection with high-risk HPV types. While 
most HPV infections are transient and resolved by a 
competent immune response, a subset of individuals fails 
to clear the virus. In these cases, persistent infection leads 
to premalignant changes in the cervical epithelium that, 
over time, may progress to invasive carcinoma.14,15

HPV: Classification, Structure, and Biology
HPV belongs to the Papillomaviridae family and is 
classified as a Group I virus in the Baltimore system — 
meaning it encodes a double-stranded circular DNA 
genome of approximately 8,000 base pairs.16 The virion 
itself is small (roughly 55 nm in diameter), non-enveloped, 
and assembled around an icosahedral protein capsid.

The HPV capsid is composed of two proteins: L1, 
the major structural protein that forms the outer shell 
and serves as the primary target for currently available 
vaccines; and L2, a minor protein that facilitates viral 
entry into host cells.17 The viral genome is organized into 
early genes (E1, E2, E4–E7) responsible for replication 
and cellular transformation, and late genes (L1 and L2) 
encoding the capsid proteins. A non-coding long control 
region (LCR) regulates viral gene expression.18,19

The HPV life cycle is closely tied to the differentiation 
state of the epithelial cells it infects. The virus initially gains 
entry into basal epithelial cells at sites of microabrasion 
— commonly the cervical transformation zone — by 
binding heparan sulfate proteoglycans on the cell surface. 
Once internalized, the viral DNA is maintained as an 
extrachromosomal episome in undifferentiated basal 

cells. As infected cells differentiate, late viral genes are 
activated, capsid proteins are produced, and mature 
virions are shed from the epithelial surface. In persistent 
infections, however, the viral genome may integrate 
into the host chromosome — an event that disrupts the 
regulatory E2 gene and leads to unrestrained expression 
of the oncoproteins E6 and E7.18,20

Unlike RNA viruses such as HIV and hepatitis C, 
which accumulate mutations rapidly due to error-prone 
replication, HPV’s DNA genome is replicated with high 
fidelity. This stability is a critical advantage for vaccine 
development: the L1 protein targeted by licensed vaccines 
(e.g., Gardasil, Cervarix) is structurally conserved, 
enabling durable and broadly protective immune 
responses.21,22

Oncogenic Mechanisms: E6 and E7
The oncogenic potential of high-risk HPV rests primarily 
on two viral proteins — E6 and E7 — which systematically 
dismantle the host cell’s tumor suppressor machinery. E6 
binds to and promotes the proteasomal degradation of 
p53, the cell’s principal guardian against DNA damage 
and aberrant proliferation. By neutralizing p53, E6 
impairs apoptosis and permits the accumulation of genetic 
mutations that would otherwise trigger programmed 
cell death.23 E7, meanwhile, targets the retinoblastoma 
protein (pRb), whose normal function is to restrain cell 
cycle entry. By inactivating pRb, E7 releases transcription 
factors that drive uncontrolled cellular proliferation.24

These disruptions are compounded by a range of 
epigenetic alterations — including aberrant DNA 
methylation — and by the genomic instability that follows 
viral integration. The net effect is a progressive transition 
from low-grade cervical intraepithelial neoplasia (CIN 
I) through high-grade dysplasia (CIN II–III) to invasive 
carcinoma.25,26 The pathophysiology and molecular 
mechanism of the HPV virus action are shown in Figure 1.

Molecular Biomarkers
The E7-driven inactivation of pRb results in compensatory 
overexpression of p16ᴵᴿᴾ⁴ᵃ — a cyclin-dependent kinase 
inhibitor that has become a widely used surrogate marker 
of high-risk HPV activity in pathological assessment. 
Concurrent overexpression of the proliferation marker 
Ki-67 further supports malignant transformation and has 
diagnostic utility in equivocal cytological specimens.27,28

Beyond these established markers, emerging genomic 
platforms — including RNA sequencing and DNA 
methylation profiling — are expanding the repertoire of 
molecular signatures available for early detection and for 
identifying patients likely to benefit from specific targeted 
therapies.

Diagnosis
Early-stage cervical cancer carries a substantially 
better prognosis than advanced disease, making robust 
screening and timely diagnostic workup central to 
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reducing mortality. The diagnostic pathway encompasses 
three stages: population-level screening, follow-up 
investigation of abnormal findings, and formal disease 
staging.

1. Screening
Two primary modalities underpin cervical cancer 
screening: cytological examination (the Pap smear) and 
HPV DNA testing. The Pap smear identifies abnormal 
cellular morphology indicative of dysplasia, while HPV 
DNA testing directly detects high-risk viral genotypes with 
greater sensitivity. Co-testing — using both modalities 
simultaneously — offers the highest diagnostic accuracy 
and is increasingly endorsed by contemporary screening 
guidelines.29,30 (Table 1)

2. Follow-Up Investigations
When screening identifies abnormal findings, further 
evaluation is required to characterize the lesion and 
guide management. Colposcopy — a magnified visual 
examination of the cervix with acetic acid application 
— is the standard next step, typically combined with 
targeted biopsy of suspicious areas. Histopathological 
analysis of biopsy specimens remains the gold standard 
for confirming CIN or invasive carcinoma. Where lesions 
are located within the endocervical canal, endocervical 
curettage or endoscopy may be required to obtain 
adequate tissue.31,32

3. Staging
Accurate staging is indispensable for treatment planning. 
The FIGO (International Federation of Gynecology and 
Obstetrics) 2018 staging system is internationally adopted 
and incorporates radiological findings — a significant 
update from earlier versions.33

Staging investigations typically include a pelvic 
examination, pelvic MRI or CT to assess local disease, and 
PET-CT to evaluate for distant metastatic spread.34-36

The FIGO 2018 classification system provides a 

comprehensive framework for the staging of cervical 
cancer, facilitating accurate diagnosis and treatment 
planning.37,38

**Stage I** designates disease confined to the cervix, with 
further subdivision into:
- **Stage IA**: Microscopic invasion characterized by IA1 
(depth ≤ 3 mm) and IA2 (depth > 3 mm to ≤ 5 mm).
- **Stage IB**: Clinically visible or larger lesions, 
categorized as follows:
 - IB1: Lesions ≤ 2 cm
 - IB2: Lesions > 2 cm to ≤ 4 cm
 - IB3: Lesions > 4 cm
**Stage II** indicates that the disease has extended 
beyond the cervix without involving the pelvic wall or 
lower vagina, further divided into:
- **Stage IIA**: Involvement of the upper vagina
- **Stage IIB**: Involvement of the parametrium
**Stage III** reflects a more advanced disease state, with 
spread to the pelvic wall, lower vagina, or pelvic lymph 
nodes, delineated as:
- IIIA: Extension to the lower vagina
- IIIB: Involvement of the pelvic wall or resultant 
hydronephrosis (swelling of the kidney due to urine 
buildup)
- IIIC: Involvement of pelvic or para-aortic lymph nodes
**Stage IV** represents the most advanced disease, 
categorized by either involvement of adjacent pelvic 
organs (IVA) or distant metastases (IVB). These 
classifications highlight the urgency for early and accurate 
diagnosis and intervention.
Regarding screening methods for cervical cancer, the 
following are notable for their effectiveness:
- **Pap Smear (Cytology)**: Sensitivity ranges from 
55% to 80%, with specificity between 90% and 97%. This 
method remains a cornerstone for detecting cellular 
abnormalities and is widely implemented across diverse 
healthcare settings.
- **HPV DNA Testing**: Sensitivity is reported at 90% 
to 97%, and specificity is between 84% and 90%. This test 

Figure 1. Overview of the pathophysiology of HPV associated cervical cancer. The schematic illustrates HPV infection of cervical epithelial cells, viral genome 
integration, and the expression of the viral oncoproteins E6 and E7. These oncoproteins disrupt key tumor suppressor pathways (p53 and pRb), leading to loss 
of cell cycle control, genomic instability, and progressive transformation from normal epithelium to cervical dysplasia and invasive carcinoma
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identifies high-risk HPV types and is more sensitive than 
cytology alone, making it essential for early detection.
- **Co-Testing (Pap + HPV) **: This method 
demonstrates a sensitivity of 95% to 99% and a specificity 
of approximately 85%. By combining both tests, this 
approach enhances diagnostic accuracy and is increasingly 
endorsed by contemporary clinical guidelines.
- **Visual Inspection (VIA)**: Sensitivity ranges from 
60% to 85%, with specificity between 70% and 85%. VIA is 
particularly beneficial in low-resource settings, requiring 
no laboratory infrastructure, thereby improving access to 
screening.

In conclusion, understanding the FIGO staging 
system and the various screening methods is crucial 
for optimizing cervical cancer management, ultimately 
enhancing patient outcomes through timely diagnosis 
and effective interventions.38

Treatment
Treatment selection in cervical cancer depends on disease 
stage, histopathological subtype, patient performance 
status, and, increasingly, molecular tumor characteristics. 
The main therapeutic modalities are surgery, 
chemotherapy, radiotherapy, and an expanding array of 
targeted and immune-based approaches.39

Early-Stage Disease
For patients with early-stage disease (stages IA to IB1), 
surgical resection is generally the preferred approach. 
Options include conization and a loop electrosurgical 
excision procedure (LEEP) for micro-invasive disease, or 
radical hysterectomy with lymph node dissection for larger 
stage IB1 lesions. In carefully selected younger patients 
who wish to preserve fertility, radical trachelectomy — 
with removal of the cervix while preserving the uterine 
body — offers a viable alternative.40,41

Locally Advanced Disease
The standard of care for locally advanced cervical cancer 
(stage II and beyond) is concurrent platinum-based 
chemoradiation: external beam radiotherapy (EBRT) 
combined with weekly cisplatin, followed by intracavitary 
brachytherapy. This approach has demonstrated robust 
survival benefits compared with radiotherapy alone, and 

remains the backbone of treatment for this population.42,43

Emerging and Future Therapies
Recent years have seen a significant expansion in the 
therapeutic armamentarium for recurrent, persistent, or 
metastatic cervical cancer:

Immunotherapy has emerged as one of the most 
consequential advances. Immune checkpoint inhibitors 
targeting the PD-1/PD-L1 axis — particularly 
pembrolizumab and cemiplimab — have demonstrated 
meaningful survival benefits in patients with recurrent 
or metastatic disease. Pembrolizumab is now approved 
for PD-L1-positive tumors, while cemiplimab has 
shown superior outcomes compared with standard 
chemotherapy in the second-line setting. Response rates 
are further enhanced in tumors with high microsatellite 
instability (MSI-H) or elevated tumor mutation burden 
(TMB).44

Targeted therapy with bevacizumab — an anti-VEGF 
monoclonal antibody — has become a standard addition 
to platinum-based chemotherapy in patients with 
recurrent or metastatic disease, following demonstration 
of improved overall survival in the GOG 240 trial.45

Cell-based therapies, including CAR-T cells engineered 
to recognize HPV antigens and tumor-infiltrating 
lymphocyte (TIL) infusion, are under active clinical 
investigation for refractory disease. Therapeutic HPV 
vaccines, designed to elicit cytotoxic T-cell responses 
against E6 and E7, are also being explored in combination 
with other agents.46,47

Nanotechnology-based drug delivery systems — 
including lipid nanoparticles and polymeric nanocarriers 
— are being developed to improve the pharmacokinetics 
of existing cytotoxics, reduce systemic toxicity, and enable 
targeted delivery to tumor tissue.48

Bench Research and Preclinical Models
Progress in clinical cervical cancer management is 
inextricably linked to advances in laboratory research. 
Preclinical models are essential for studying tumor 
biology, identifying therapeutic targets, and evaluating 
candidate agents before clinical translation.49

Animal models, particularly transgenic and xenograft 
mouse systems, remain the workhorses of HPV research. 

Table 1. Comparative Overview of Cervical Cancer Screening Methods

Feature Pap Smear (Cytology) HPV DNA Testing Co-testing (Pap + HPV)

Test Type Cytological examination of cervical cells Detection of high-risk HPV DNA
Combination of cytology and HPV DNA 
testing

Sensitivity for CIN2 +  Moderate (~55–70%) High (~90–95%) Very high ( > 95%)

Specificity High Moderate High

Advantages
Low-cost, widely available, well-
established

High sensitivity for high-grade lesions
Early detection, reduced frequency of 
testing

Limitations
The risk of false negatives requires 
frequent testing

More expensive, potential false positives Higher cost requires more resources

Recommended Screening 
Interval

Every 3 years (ages 21–65) Every 5 years (ages ≥ 30) Every 5 years (ages ≥ 30)

Best Use Setting Resource-limited settings Developed healthcare systems Optimal in high-resource settings

Note: CIN2 + = cervical intraepithelial neoplasia grade 2 or higher. Current guidelines increasingly favor HPV-based primary screening from age 25–30.
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Transgenic mice expressing HPV-16 E6 and E7 develop 
spontaneous cervical lesions that faithfully recapitulate 
the human disease course, providing platforms for testing 
both preventive and therapeutic strategies. Xenograft 
models — in which human cervical cancer cells are 
implanted into immunodeficient mice — allow preclinical 
evaluation of novel drug candidates.50

Three-dimensional cervical organoid cultures represent 
a significant methodological advance. Derived from 
patient tumor tissue, these structures recapitulate the 
architectural complexity of the cervical epithelium 
and tumor microenvironment more faithfully than 
conventional two-dimensional cell lines. Organoids 
are increasingly used for drug sensitivity testing and 
immunotherapy evaluation, and may ultimately help 
guide individualized treatment decisions.51

High-dimensional omics platforms — encompassing 
genomics, transcriptomics, proteomics, and 
metabolomics — are being applied to cervical cancer to 
chart the molecular landscape of the disease, identify 
novel biomarkers, characterize resistance mechanisms, 
and stratify patients for targeted therapies.52

Cell-Based Therapies and Extracellular Vesicles
Cell-Based Therapies
Cell therapy has attracted growing interest as a treatment 
strategy for advanced and recurrent cervical cancer, 
particularly in cases where conventional therapies 
have failed. Several cell types have been investigated as 
therapeutic vehicles. Tumor-infiltrating lymphocytes 
(TILs) expanded from cervical tumor specimens and 
reinfused into patients have demonstrated the capacity to 
recognize and eliminate HPV-associated antigen targets, 
including the E6 and E7 oncoproteins. A landmark study 
by Stevanović and colleagues at the National Cancer 
Institute reported an overall response rate of 44% in 
patients treated with TIL therapy targeting HPV antigens, 
including one case of complete regression in metastatic 
disease.53

CAR-T cell therapy, in which T cells are genetically 
engineered to express chimeric antigen receptors 
targeting HPV-specific epitopes, is in active preclinical 
development. Early-phase clinical trials have 
demonstrated safety and preliminary efficacy signals, 
though the immunosuppressive nature of the tumor 
microenvironment presents a significant barrier.54

Natural killer (NK) cells, both autologous (from the 
same individual) and allogeneic (from a donor), have 
shown the ability to kill HPV-positive cervical cancer cells 
in laboratory studies. They are currently being evaluated 
as potential off-the-shelf therapeutic options. Another 
approach involves dendritic cell vaccines, where dendritic 
cells derived from patients are exposed to HPV antigens 
outside the body (ex vivo) to stimulate specific T-cell 
responses against the virus.55,56

Despite these promising signals, meaningful clinical 
translation remains challenged by the immunosuppressive 
tumor microenvironment, antigen escape mechanisms, 

and the difficulty of achieving adequate trafficking of 
adoptively transferred cells to tumor sites.

Extracellular Vesicles and Exosomes
Extracellular vesicles (EVs) — and in particular the nano-
sized subset known as exosomes (30–150 nm in diameter) 
— have emerged as important mediators of intercellular 
communication in the tumor microenvironment. 
Secreted by virtually all cell types, exosomes carry a 
complex molecular cargo including proteins, lipids, 
mRNAs, microRNAs (miRNAs), and long non-coding 
RNAs (lncRNAs) that reflect the physiological state of 
their cell of origin.57

Role in Tumor Progression
In cervical cancer, tumor-derived exosomes serve as 
vehicles for oncogenic cargo. HPV positive tumor cells 
release exosomes carrying E6/E7 mRNA transcripts, 
immunomodulatory microRNAs such as miR-21 and 
miR-146a, and surface molecules that suppress anti-
tumor immune responses. These vesicles educate 
surrounding stromal and immune cells, remodel the 
tumor microenvironment to favor immune evasion, and 
may facilitate premetastatic niche formation.58,59

Diagnostic and Prognostic Potential
The exosomal cargo offers a rich and accessible source 
of biomarkers for non-invasive disease monitoring. 
Because exosomes can be isolated from blood, urine, and 
cervical secretions, they are well-suited to liquid biopsy 
applications — enabling longitudinal sampling without 
repeat tissue biopsy. Several exosomal miRNAs have 
been identified as diagnostically informative in cervical 
cancer. miR-21 is consistently upregulated in exosomes 
from cervical cancer patients and is associated with tumor 
aggressiveness, invasion, and immune modulation. 
Elevated levels of miR-146a, miR-200a, and miR-221 
have also been detected in plasma-derived exosomes from 
affected patients. Conversely, miR-34a — which functions 
as a tumor suppressor — is frequently downregulated in 
cervical cancer-derived exosomes. These signatures have 
demonstrated high diagnostic accuracy (AUC > 0.85 
in some studies) and may help distinguish between 
normal cervical tissue, premalignant lesions, and invasive 
cancer.60,61 Table 2 lists some of the contents of exosomal 
miRNAs and their role in the diagnosis and treatment of 
cervical cancer

At the protein level, cervical cancer-derived exosomes 
are enriched for survivin — an antiapoptotic protein whose 
exosomal expression correlates with poor prognosis — as 
well as heat shock proteins HSP70 and HSP90, which 
promote immune evasion. Detection of HPV related 
oncoproteins E6 and E7 within exosomal fractions opens 
the intriguing possibility of non-invasive HPV subtype 
identification and treatment monitoring.62,63

Among lncRNAs, HOTAIR and MALAT1 are 
consistently elevated in cervical cancer-derived exosomes, 
particularly at advanced stages. Elevated exosomal levels 
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of oncogenic mRNAs — including MYC and VEGFA 
transcripts — may additionally serve as indicators of 
tumor aggressiveness and metastatic potential.64,65 

Therapeutic Applications of Exosomes
Beyond their diagnostic utility, engineered exosomes 
are being explored as delivery vehicles for therapeutic 
payloads. Their natural membrane composition confers 
inherent biocompatibility and the ability to traverse 
biological barriers that limit conventional nanoparticles. 
Proof-of-concept studies have demonstrated that 
exosomes loaded with siRNA targeting survivin — an 
oncogene critical for tumor cell survival — can effectively 
suppress tumor growth in cervical cancer xenograft 
models while minimizing off-target toxicity.66

Exosomes derived from activated dendritic cells or 
other immune effector cells have also been investigated as 
immunotherapy agents. These vesicles can present HPV-
related antigens to T cells and stimulate tumor-specific 
cytotoxic responses, offering a cell-free alternative to 
dendritic cell vaccine approaches.67,68 Ginger-derived 
exosome-like nanoparticles engineered to carry 
survivin siRNA represent another creative application, 
demonstrating anti-tumor efficacy in preclinical cervical 
cancer models.58

Standardization of exosome isolation and 
characterization methods remains one of the principal 
barriers to clinical translation. Techniques including 
ultracentrifugation, size exclusion chromatography, 
and precipitation-based approaches yield preparations 
of varying purity and reproducibility. Multi-center 
validation studies using harmonized protocols will be 
essential before exosomal biomarkers can be integrated 
into routine clinical practice.69

Emerging Cellular, Exosomal, and Immunotherapeutic 
Approaches: Key Developments
The past decade has witnessed an accelerating pace of 
innovation in cervical cancer treatment, with cell-based 
therapies, exosome-mediated strategies, and immune 
checkpoint blockade all contributing to an evolving 
therapeutic landscape.

Cell-Based Therapy
The clinical potential of adoptive TIL therapy for 
cervical cancer was compellingly demonstrated in work 
by Stevanović et al. at the National Cancer Institute. In 

their published study in the Journal of Clinical Oncology, 
TILs targeting HPV oncoproteins E6 and E7 achieved 
an overall response rate of 44% in heavily pre-treated 
patients with metastatic disease, including one complete 
response that was durable over follow-up.53,54

Computational modeling has complemented these 
clinical findings. In 2020, Cho, Wang, and Levy 
demonstrated that the timing and dose of interleukin-2 
co-administration critically influence the expansion and 
anti-tumor activity of TCR-engineered T cells targeting 
HPV antigens, providing a framework for optimizing 
combination cell therapy regimens.70

CAR-T cell therapy for cervical cancer remains largely 
in preclinical development, though early-phase studies 
have shown encouraging safety profiles and laid the 
groundwork for ongoing investigation.71

Exosome Therapy
Research into exosome-based therapeutic strategies for 
cervical cancer has accelerated in recent years. Preclinical 
work has established the feasibility of using engineered 
exosomes to deliver chemotherapeutic agents — such as 
doxorubicin and paclitaxel — directly to cervical cancer 
cells, enhancing cytotoxic efficacy while limiting systemic 
exposure.71,72

Exosome-based vaccine platforms (so-called 
‘Dexosomes’) derived from dendritic cells have 
successfully elicited cytotoxic CD8 + T-cell responses 
against HPV-transformed cells in vitro, offering a 
promising direction for therapeutic vaccination. In 
parallel, Ayurvedic formulations such as Panchavalkala 
have been shown to modulate exosome secretion from 
HPV16/18-positive cells, with potential implications for 
immunomodulatory therapy.73

siRNA delivery via engineered exosomes — targeting 
oncogenes such as survivin — has demonstrated 
effectiveness in downregulating pro-survival pathways 
and sensitizing tumor cells to chemotherapy in xenograft 
models.74 

Immunotherapy
The field of cervical cancer immunotherapy has arguably 
seen the most consequential clinical advances in recent 
years. Data presented by Melief and colleagues showed 
that robust HPV-specific T-cell responses following 
chemo-immunotherapy were strongly associated with 
prolonged overall survival, reinforcing the importance of 

Table 2. Exosomal miRNA Content in Cervical Cancer: Diagnostic, Prognostic, and Therapeutic Relevance

miRNA / lncRNA Expression Sample Type Clinical Role Key Association

miR-21 Upregulated Plasma Early diagnosis Tumor progression, immune modulation

miR-146a-5p Upregulated Plasma Early diagnosis Aggressive tumor behavior

miR-151a-3p Upregulated Plasma Early diagnosis Linked to invasion

miR-125a-5p Downregulated Plasma Prognosis Poor prognosis marker

MEG3 (lncRNA) Downregulated Plasma Prognosis Poor prognosis; drug resistance

miR-663b Upregulated Exosomal cells Therapeutic target Metastasis; EMT promotion

EMT = epithelial–mesenchymal transition.



Biomed adv. 2026;3(2)

Cervical cancer: pathogenesis to therapy

53

durable immune activation as a treatment endpoint.75

Cemiplimab, a PD-1 inhibitor, demonstrated 
a significant survival advantage over standard 
chemotherapy in a Phase III trial led by Monk and 
colleagues in patients with recurrent or metastatic cervical 
cancer — establishing it as a new standard of care in this 
setting [85]. More recently, Chen et al. reported high 
complete response rates and prolonged progression-free 
survival with camrelizumab combined with concurrent 
chemoradiation as neoadjuvant therapy in locally 
advanced disease.76

Therapeutic HPV vaccines have also generated notable 
results in combination strategies. PDS0101 — a lipid 
nanoparticle-based HPV-16 vaccine — combined with 
bintrafusp alfa (a bifunctional PD-L1/TGF-β inhibitor) 
and IL-12 achieved a 62.5% objective response rate 
in treatment-naive patients in a trial published in 
JAMA Oncology, pointing toward a new paradigm of 
combinatorial immunotherapy for this disease.77

Future Directions and Challenges
Despite the breadth of progress reviewed above, 
formidable obstacles continue to impede the equitable 
control of cervical cancer worldwide. Access to HPV 
vaccination remains profoundly inequitable. In many 
low-income countries, the logistical and financial barriers 
to implementing national vaccination programs mean 
that the populations carrying the highest disease burden 
are often the least protected.78

Bridging this gap will require coordinated international 
funding, cold-chain infrastructure, and community 
engagement strategies tailored to diverse cultural contexts. 
Drug resistance — both to platinum-based chemotherapy 
and, increasingly, to checkpoint immunotherapy — is 
an area of active concern. Understanding the molecular 
mechanisms underlying resistance, whether through 
antigen downregulation, upregulation of alternative 
immune checkpoints, or alterations in the tumor 
microenvironment, is essential for developing effective 
second-line strategies.79

The need for better biomarkers cuts across all aspects 
of cervical cancer management: earlier detection, more 
accurate prognostication, real-time monitoring of 
treatment response, and patient selection for targeted 
therapies. Exosomal profiling and advanced liquid biopsy 
platforms hold genuine promise in this regard, but require 
rigorous clinical validation before routine adoption.69

Artificial intelligence is beginning to demonstrate its 
potential in cervical cancer screening and diagnosis — 
from automated cytology reading to risk stratification 
using multimodal data. Thoughtful integration of AI 
tools into clinical workflows, with attention to equity, 
interpretability, and data quality, may substantially 
enhance the reach and efficiency of screening programs 
in under-resourced settings.80-82

Finally, the translation of cell-based and exosome-
mediated therapies from the bench to the bedside 
will require concerted effort to address scalability, 

manufacturing standardization, and cost. These 
approaches hold genuine transformative potential — 
particularly for patients with refractory or metastatic 
disease, but realizing that potential will demand 
both scientific rigor and pragmatic thinking about 
implementation at scale.83,84

Discussion
This review has traced cervical cancer from its molecular 
origins to its clinical management, underscoring both 
the remarkable advances of recent decades and the 
challenges that remain. The central role of HPV in 
disease pathogenesis is now well established, and the 
molecular mechanisms by which E6 and E7 subvert host 
tumor suppressor function have informed biomarker 
development, vaccine design, and the identification 
of therapeutic targets. Yet translating these insights 
into equitably distributed clinical benefit remains an 
unfinished task.

HPV vaccination has unequivocally reduced cervical 
cancer incidence in vaccinated populations — a public 
health success story. However, vaccination coverage 
remains far from universal, and the time lag between 
vaccination and population-level cancer reduction means 
that current screening strategies remain indispensable for 
several decades to come. Optimizing screening protocols 
for diverse resource settings — balancing sensitivity, cost, 
and logistical feasibility — is an ongoing priority.85,86

The immunotherapy revolution has transformed 
the treatment landscape for recurrent and metastatic 
cervical cancer. Checkpoint inhibitors have demonstrated 
clinically meaningful survival benefits and established 
themselves as a standard component of care in this 
setting. However, the fraction of patients who derive 
durable benefit remains a minority, and predictive 
biomarkers beyond PD-L1 expression, such as tumor 
mutational burden, immune gene expression profiles, and 
exosomal signatures, are urgently needed to guide patient 
selection.40,87,88

Cell-based therapies represent one of the most 
intellectually compelling frontiers in the field, yet they face 
formidable translational hurdles. The immunosuppressive 
tumor microenvironment actively impairs the function of 
adoptively transferred lymphocytes; antigen heterogeneity 
enables immune escape; and the manufacturing 
complexity of individualized cell products limits 
scalability. Strategies to address these barriers, including 
combination with checkpoint blockade, engineering for 
TME resistance, and development of allogeneic off-the-
shelf products, are in active development.87

Exosome research has illuminated previously 
unappreciated dimensions of tumor biology and 
opened genuinely exciting possibilities for non-invasive 
diagnostics and targeted drug delivery. The path to clinical 
integration, however, requires resolution of fundamental 
methodological challenges, particularly the lack of 
standardized isolation protocols and reference materials, 
that currently limit the reproducibility and comparability 
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of findings across studies.60,69

Integration of artificial intelligence into diagnostic and 
screening workflows holds considerable promise, but must 
be pursued with attention to equity. AI systems trained 
predominantly on data from high-income settings may 
perform less well in the populations bearing the greatest 
cervical cancer burden. Prospective evaluation in low-
resource environments and the development of locally 
validated tools are necessary steps toward responsible 
implementation.81,82

Conclusion
Cervical cancer remains an important and preventable 
cause of cancer-related death in women worldwide, with 
an impact felt most acutely in low-resource settings where 
access to vaccination, screening, and treatment continues 
to lag. The scientific community has made extraordinary 
strides in characterizing the molecular biology of 
HPV-driven carcinogenesis, validating highly effective 
preventive vaccines, and developing an expanding array of 
therapeutic strategies — from precision immunotherapy 
to exosome-based diagnostics and drug delivery. Yet 
the gap between what is scientifically possible and what 
is equitably accessible remains wide. Closing this gap 
will require not only continued investment in research, 
to address resistance mechanisms, validate novel 
biomarkers, and optimize emerging therapies — but also 
sustained commitment to the public health infrastructure, 
healthcare financing, and global partnerships needed to 
make prevention and treatment universally available.

As the field moves toward greater integration of basic 
and clinical science, personalized medicine, and digital 
health tools, the prospect of substantially reducing — and 
ultimately eliminating — cervical cancer as a major public 
health threat is within reach. Realizing this prospect 
will demand both scientific ambition and unwavering 
attention to equity.
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