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ABSTRACT

Cell-free DNA (cfDNA) analysis has several promising clinical applications in the management of cancer patients, with clinical validity established in different types
of solid tumors (e.g., lung, breast, and colon cancer). Cancers harbor unique genetic alterations that can be detected in the plasma and other bodily fluids of cancer
patients, constituting an alternate source of tumor-derived DNA. Technologic advances and wide-spread availability of next-generation sequencing (NGS) have made
sequencing analysis of circulating tumor DNA (ctDNA) possible, employing both off-the-shelf and personalized tumor-informed panels. Tumor size, disease burden
and high-grade histologic types have been shown to correlate with ctDNA levels across multiple solid cancer types. Detection of tumor-derived genetic alterations in
plasma-derived cfDNA can facilitate diagnosis, guide treatment selection, and serve as a biomarker for treatment response and prognostication. Molecular residual
disease (MRD) is at the forefront of cfDNA analysis, with implications in treatment de-escalation/ escalation in the neoadjuvant and adjuvant settings. The devel-
opment of cfDNA analysis in early detection of cancers is under active investigation. Proof-of-principles studies in gynecologic cancers have demonstrated feasibility
and potential for innovation in cancers lacking specific biomarkers, including the tracking of human papillomavirus (HPV) cfDNA in patients with cervical cancer. In
this review, we outline the assays currently available for cfDNA sequencing/ ctDNA detection, the role of cfDNA analysis in clinical decision-making and the current

status and potential clinical uses of cfDNA research in gynecologic cancers.

1. Background circulating cell-free (cf)DNA

Over the past decade, circulating cell-free (cf)DNA analysis has
received great attention in oncology research with a wide spectrum of
promising tumor biomarker-related applications ranging from surro-
gates for traditional biopsies (i.e., “liquid biopsy”) and prognosis to
minimally invasive serial monitoring of treatment response and detec-
tion of minimal residual disease and therapy resistance mechanisms
(Alix-Panabieres and Pantel, 2021). While cfDNA analysis has been
validated as a clinical biomarker in several different solid malignancies,
the analysis of cfDNA remains relatively new to the field of gynecologic
oncology and optimal clinical applications of the emerging technology
remain unclear.

Cancers harbor unique sets of genetic alterations acquired
throughout tumorigenesis, and next-generation sequencing (NGS)-based
testing has become more broadly available as a method to identify these
genetic alterations in tissue-derived tumor DNA for diagnosis and ther-
apy decision-making (Berger and Mardis, 2018). Circulating tumor (ct)
DNA found in the plasma of cancer patients, which is the cfDNA of tumor
origin (see next paragraph), has been shown to constitute an alternative
source of tumor-derived DNA. While the detection of these cancer-

associated mutations in blood have initially proved technically chal-
lenging, sequencing technologies and bioinformatics analyses have
advanced over the recent years and both genetic and epigenetic tumor-
derived alterations can be detected with high specificity and sensitivity.

Tissues/ cells release non-encapsulated fragmented cfDNA into the
blood stream and other body fluids through various mechanisms,
including necrosis and apoptosis (Crowley et al., 2013). Within this
cfDNA, the DNA fraction that is derived from cancer cells is referred to as
ctDNA (Fig. 1). It is important to note that cfDNA is not cancer-specific,
and it is thought that in healthy individuals most cfDNA in plasma
originates from hematopoietic cells (Lui et al., 2002). In fact, in healthy
individuals, cfDNA can be detected at low levels in plasma, and are
increased in those with inflammatory disease or after stroke or surgery
(Gaitsch et al., 2023; Underhill, 2021). In general, higher levels of
cfDNA have been found in cancer patients compared to healthy controls
(Meddeb et al., 2019), however, this may only be marginal in patients
with early-stage/ low volume disease. Importantly, tumor size and
extent of disease burden/ stage are correlated with the levels of
detectable ctDNA across solid cancer types, and patients with high-stage
or metastatic disease have been shown to have the highest fraction of
ctDNA in plasma (Bettegowda et al., 2014). Also, the subset of cases with
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Fig. 1. Circulating cell-free (cf)DNA and circulating tumor (ct)DNA. Non-
encapsulated circulating cell-free (cf)DNA is released from healthy and
inflamed tissues as well as tumor tissues into the blood stream. cfDNA refers to
all cell-free DNA from all sources, non-cancer and cancer cells. ctDNA refers
specifically to cell-free DNA shed from tumor cells, and this DNA harbors ge-
netic alterations that can be detected through sequencing analysis of cfDNA.

detectable ctDNA varies by tumor type, and many of the initial studies
were performed in cancer types with early hematogenous spread such as
breast and lung cancer (Bettegowda et al., 2014). In gynecologic cancer,
work has been focusing on utilizing cfDNA analysis for disease moni-
toring and detection of minimal/ molecular residual disease (MRD), and
for the identification of specific genetic alterations, such as BRCA1/2
mutations in ovarian cancer or microsatellite instability (MSI) in endo-
metrial cancer. Currently, a liquid biopsy test for BRCA1/2 mutation
detection in ovarian cancer as well as cfDNA-based MRD assessment and
immunotherapy response monitoring are available for clinical use in
gynecological cancers (see below; Table 1 and Fig. 3). However, their
optimal use, timing of therapeutic (de-)escalation, and effect on patient
outcomes are yet to be defined in prospective clinical studies.

In this review article, we outline the assays currently available for
cfDNA sequencing/ ctDNA detection, the role of cfDNA analysis in
clinical decision-making and in gynecologic cancers.

2. Assays for cfDNA sequencing/ ctDNA detection

For the detection of mutations in peripheral blood, cfDNA is
extracted from plasma, for which different manual and automated
methods are available. While there are ways to enrich for ctDNA, for
example through fragment size selection as the fragment length of
ctDNA is shorter (median ~ 144 bp) than that of cfDNA (median ~ 167
bp) (Underhill, 2021; Udomruk et al., 2021), analyses are generally
performed on the entire isolated cfDNA. Thus, sensitive and specific
assays are required to detect the ctDNA fraction within the cfDNA. For
the cfDNA sequencing analysis, there are a wide range of technologies
and assays available and still emerging, both in the commercial and
academic settings. The choice of assay is dependent on the application
and disease setting. In general, for the detection of genetic alterations,
two types of approaches are utilized, the off-the-shelf sequencing panels
designed to detect mutations in frequently altered cancer-related genes
and the personalized or also called ‘bespoke” sequencing panels (Moding
et al.,, 2021) (Fig. 2). While for off-the-shelf panels the same panel is
applied for cfDNA sequencing analysis for each patient, for personal-
ized/ bespoke panels, first the tumor DNA is sequenced. A set of genetic
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Table 1
Examples of liquid biopsy companion diagnostic indications for solid tumors.

Cancer type Gene Drug Diagnostic test provider(s)

NSCLC KRAS KRAS inhibitor Agilent Resolution ctDx FIRST
assay (Resolution Bioscience,
Inc.); Guardant360 CDx

(Guardant Health, Inc.)

NSCLC EGFR EGFR inhibitor cobas EGFR Mutation Test v2
(Roche Molecular Systems,
Inc.); Foundation One Liquid
Cdx (Foundation Medicine,
Inc.); Guardant360 CDx
NSCLC MET MET inhibitor FoundationOne Liquid CDx
NSCLC ROS1 Trk A B C, ALK, FoundationOne Liquid CDx
and ROS1
inhibitor
NSCLC ALK ALK inhibitor FoundationOne Liquid CDx
NSCLC ERBB2 HER2 antibody Guardant360 CDx
drug conjugate
NSCLC, BRAF BRAF inhibitor FoundationOne Liquid CDx
colorectal combination
cancer
Ovarian BRCA1 PARP inhibitor FoundationOne Liquid CDx
cancer, and
prostate BRCA2
cancer
Prostate ATM PARP inhibitor FoundationOne Liquid CDx

cancer

Breast cancer PIK3CA PI3K inhibitor FoundationOne Liquid CDx;
therascreen PIK3CA RGQ PCR
Kit (QIAGEN GmbH)
Breast cancer ESR1 Estrogen Guardant360 CDx
receptor
degrader (SERD)
Solid tumors NTRK1/ Trk A B C, ALK, FoundationOne Liquid CDx
2/3 and ROS1
inhibitor

NSCLC, non-small cell lung cancer. Obtained from US Food and Drug Admin-
istration (US Food Drug Administration, 2023), accessed April 2024.

alterations identified in the tissue is then selected to design a person-
alized panel and applied to detect the tumor/patient-specific mutations
in the cfDNA from the same individual, thus every patient has a unique
panel (Moding et al., 2021) (Fig. 2).

The technical approaches for both off-the-shelf and personalized
sequencing panels vary and include digital PCR for the assessment of one
or more common mutations in cancer-related genes, amplicon NGS
sequencing or hybrid capture-based NGS panels as well as whole-
genome sequencing. Most panels focus on the detection of tumor-
specific mutations in ¢cfDNA, however copy-number alterations, struc-
tural variants, structural variant breakpoints and translocations can also
be assessed. Different assays and approaches have varying levels of
detection (LOD) of ctDNA in plasma, which can be increased by higher
cfDNA input for the sequencing analysis, the depth of sequencing, the
number of genetic alterations assessed or by capturing multiple muta-
tions in the same DNA fragment (i.e., ‘in-phase’) (Moding et al., 2021;
Kurtz et al., 2021).

The combination of low ctDNA quantities in the plasma with high
sequencing depth may lead to the introduction of sequencing artifacts,
which in turn may limit analytical sensitivity and impact specificity.
Furthermore, to maintain the specificity of ctDNA detection it is critical
to differentiate cancer-signals from background normal biological
variation. The main source of biological noise in cfDNA analyses is
clonal hematopoiesis (CH) (Hu et al., 2018). CH is a part of the normal
process of aging and involves the accumulation of somatic mutations in
hematopoietic stem cells and their clonal expansion in blood cells
(Buttigieg and Rauh, 2023). Importantly, and as mentioned above, most
non-cancerous cfDNA in plasma originates from hematopoietic cells. It
has been shown through high-intensity sequencing that CH is highly
present in the general population and that CH-related mutations can be
detected in the plasma of the vast majority of patients with and without
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Off-the-shelf cfDNA panel Tumor-informed/ personalized panel
Known high-frequency cancer Genetic alterations obtained from
genetic alterations individual patient’s tumor

Mutation A Mutation F Mutation 1

Mutation B Mutation G Mutation 2

Mutation C  Mutation H Mutation 3
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Fig. 2. Sequencing panels for the analysis of circulating cell-free (cf)DNA. Off-the-shelf cfDNA panels are designed based on known high-frequency cancer
genetic alterations. Such panels focus on the analysis of commonly altered cancer-related genes, and the same cfDNA sequencing panel is used for all patients. In
contrast, tumor-informed, personalized or also called bespoke cfDNA panels are designed based on an individual’s tumor-specific genetic alterations. First,
sequencing of a patient’s tumor is performed; from the identified tumor genetic alterations a tumor-informed/ personalized cfDNA sequencing panel is designed.
Thus, every patient has a unique personalized cfDNA assay.

Ovarian cancer

Available cfDNA tests:

» Liquid biopsy: BRCA1/2 alterations

*  MRD assessment

» Surveillance/ maintenance

Potential use:

» Therapy resistance: BRCA1/2
reversion mutations

Endometrial cancer
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* |0 treatment effectiveness
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* Liquid biopsy: MSI detection
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Fig. 3. Current and potential clinical applications of circulating cell-free (cf)DNA analysis in gynecologic cancers. The analysis of cfDNA remains an active
area of investigation in gynecologic cancer. In ovarian cancer, cfDNA or liquid biopsies can be analyzed to detect BRCA1/2 alterations and resistance mechanisms to
systemic therapy. In addition to somatic mutations, microsatellite instability (MSI) can be detected in cfDNA of endometrial cancer patients and circulating HPV DNA
(cHPV) can be measured and genotyped in the plasma of cervical cancer patients. In both endometrial and cervical cancer, immunotherapy (10) effectiveness can be
assessed in cfDNA-based assays. In ovarian, endometrial and cervical cancer, monitoring of cfDNA as a measure of minimal/ molecular residual disease (MRD) has
been demonstrated and has potential implications in treatment selection, escalation and/ or de-escalation.

cancer (Razavi et al., 2019). CH mutations are similar to those found in derived, and their incorrect classification as tumor-associated ctDNA
hematologic cancers and other cancer types, including gynecologic may have consequences for patient management. It is therefore impor-
cancers, and most commonly affect DNMT3A, JAK2, TP53, TET2, ASXL1 tant to restrict the mutation analysis in cfDNA to those alterations also
and SF3B1 (Hu et al., 2018; Razavi et al., 2019). These hematopoietic present in the matched tumor tissue of the same patient (i.e., genotyp-
cell-derived CH-related mutations in cfDNA could disguise as tumor- ing) and/ or to perform matched cfDNA - white blood cell sequencing for
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accurate variant interpretation and discrimination between CH- and
tumor-derived mutations (Hu et al., 2018). Furthermore, tagging of in-
dividual DNA molecules with unique identifiers (i.e., molecular bar-
coding) coupled with sophisticated computational tools can also be
employed to identify and suppress recurrent background errors (Abbosh
et al., 2019). More recently, multi-modal or multi-analyte cfDNA assays
are being developed which combine genetic and epigenetic methylation
analyses with protein tumor markers and/or viral genomes amongst
others (Alix-Panabieres and Pantel, 2021), which may lead to improved
sensitivity and specificity.

3. cfDNA analysis in clinical decision-making

The analysis of cfDNA is rapidly evolving in the field of oncology,
with a number of already approved tests (Table 1) as well as promising
clinical applications and advantages over traditional cancer screening
tools and diagnostic tests. As a liquid biopsy, ctDNA levels can be
quantified in plasma using a blood sample, avoiding invasive tissue bi-
opsies. Furthermore, while tissue biopsies provide a single snapshot of
the tumor, cfDNA sequencing can detect the entire repertoire of somatic
genetic alterations found in primary tumors and metastatic disease in
one test, thus accounting for intra- and inter-tumoral heterogeneity (De
Mattos-Arruda et al., 2014), can detect multiple cancers in a single pa-
tient (Zhang et al., 2024), and can be more frequently repeated for
monitoring purposes.

In oncology cfDNA research, lung, breast and colon cancer remain
the most well-studied cancer types to date, and not surprisingly, are the
most active in clinical trials (Zhang et al., 2024). In gynecologic cancer,
published cfDNA focused research studies and clinical trials are more
limited (see below). The first liquid biopsy test was approved by the
Food and Drug Administration (FDA) in 2016 in non-small cell lung
cancer (NSCLC) to detect epidermal growth factor receptor (EGFR) gene
mutations as a companion diagnostic (CDx) for EGFR-specific tyrosine
kinase inhibitors (Kwapisz, 2017). To date, FDA-approved liquid biopsy
CDx tests are available beyond NSCLC, including for breast, ovarian
cancer, prostate and colon cancer as well as tumor type agnostic tests
(Table 1). These CDx tests are designed to provide cfDNA-based
assessment of specific genetic alterations that serve as biomarkers for
the selection of specific targeted therapies. Of importance for ovarian
cancer, a CDx liquid biopsy test is available for the detection of BRCA1
and BRCA2 mutations, which is a companion diagnostic to identify pa-
tients who may benefit from treatment with poly ADP ribose polymerase
(PARP) inhibitors (Medicine, 2021) (Table 1).

Another clinical application that has emerged is ¢cfDNA analysis in
the setting of minimal/ molecular residual disease (MRD) detection.
MRD refers to tumor cells remaining in the body after surgery and/or
systemic treatment. Landmark analysis is the identification of MRD
through cfDNA analysis at one defined time point shortly after curative
therapy and is closely associated with recurrence risk across solid tumor
types (Moding et al., 2021; Christie et al., 2017). MRD detection can
therefore be employed to guide surveillance strategies and adjuvant
therapy decision-making for those patients at highest risk of relapse. In
addition, the detection of ctDNA in plasma at the time of diagnosis has
been shown to be prognostic in many disease types and proportionate to
disease burden in a given patient (Bettegowda et al., 2014; Moding et al.,
2021; Han et al., 2024). Furthermore, there is evidence to suggest that
incorporating ctDNA detection into anatomical staging may help refine
the prognostic value of initial staging, as recently shown in patients with
NSCLC (Yang et al., 2018).

In addition to landmark analyses, dynamic measurements of MRD
through the assessment of multiple post-treatment blood draws over
time are used for disease monitoring and the early detection of disease
recurrence across cancer types. Importantly, using such serial cfDNA
analysis has been shown to detect recurrence of molecular relapse with
occasionally significant lead times of many months over clinical or
radiological detection in different cancer types (Garcia-Murillas et al.,
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2015; Tie et al., 2016; Chaudhuri et al., 2017; Hou et al., 2022). cfDNA-
based MRD detection has been shown to be more sensitive than existing
blood-based biomarkers and thus has the potential to serve as a
biomarker particularly for those disease types in which blood markers
are not available. In the neoadjuvant setting, the detection of ctDNA
following systemic therapy is associated with decreased progression-free
survival (PFS) and overall survival (0S) (Magbanua et al., 2023).
Although commercial assays are offering cfDNA-based tests for MRD
assessment, clinical studies are required to define at what time point of
an observed change in MRD/ levels of ctDNA to escalate or de-escalate
treatment. Also, it has yet to be demonstrated that early disease inter-
ception, meaning the treatment of disease following early cfDNA/cfDNA
detection, has a favorable impact on prognosis.

The assessment of serial cfDNA samples during or after adjuvant
treatment can also provide a means for real-time monitoring of resis-
tance mechanisms to guide treatment decisions. During systemic treat-
ment, cancers may acquire resistance mutations. For example, serial
cfDNA analysis has been employed for the detection of KRAS mutations
in plasma during anti-EGFR therapy in initially KRAS wild-type colo-
rectal cancers, a known mechanism of acquired resistance (Diaz et al.,
2012; Misale et al., 2012). Similarly, surveillance of the emergence of
ESR1 mutations in liquid biopsies of estrogen receptor-positive breast
cancer patients as a mechanism of resistance to aromatase inhibitors has
been reported (De Santo et al., 2019).

Effective screening modalities are currently available for only a
subset of cancers. Based on the findings that the detection of tumor
mutations in plasma can at times be more sensitive than existing bio-
markers and can have lead time over imaging, there has been great in-
terest in the development and clinical application of cfDNA analysis for
early detection (Batool et al., 2023). The advantages of early detection
are obvious and multiple, increasing the window of intervention and
thereby improving clinical outcomes. The small amounts of tumor-
derived DNA in plasma of pre-invasive or early-stage cancers coupled
with the LODs of current technologies, however, has proven chal-
lenging. Currently, the only FDA-approved plasma-based screening test
is for colon cancer, with a sensitivity of 83.1 % in the detection of
colorectal cancer, however of only 13.2 % for detection of precancerous
lesions (Chung et al., 2024). Efforts are ongoing for the realization of
plasma-based screening for commonly occurring cancers, which has the
potential to improve compliance with screening, decrease health dis-
parities and improve access on a global level (Medina et al., 2023).

4. Role of cfDNA analysis in gynecologic cancer

Unlike in other solid malignancies, where cfDNA analysis has been
implemented as a clinical biomarker, in gynecologic oncology, liquid
biopsy marker studies are generally at an earlier phase of investigation
(Fig. 3). Given the increased understanding of the molecular landscape
of gynecologic cancers and molecular markers associated with outcome,
coupled with the lack of specific biomarkers and screening modalities,
cfDNA analysis has the potential to impact patient care. Results of
currently ongoing clinical trials are eagerly awaited.

4.1. Ovarian cancer

Consistent with observations in other cancer types, cfDNA levels in
ovarian cancer patients have been shown to correlate with stage, disease
burden, CA-125 levels and computed tomography (CT) findings (Hou
et al., 2022). Earlier studies demonstrated that tumor-derived TP53
mutations could be found in matched blood samples, correlated with
disease burden and time to progression following chemotherapy (Par-
kinson et al., 2016). Circulating DNA methylation levels of CDHI,
RASSF2A and BRCA1 have been studied as potential screening bio-
markers in the early detection of ovarian cancer (Dvorska et al., 2019;
Giannopoulou et al., 2017; Ibanez de Caceres et al., 2004), with most
studies yielding relatively low sensitivities but high specificities of
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around 90 %, suggesting this could be used in conjunction with other
available tests, such as CA125 levels and imaging. While the practicality
in the clinical setting remains up for debate, the presence of mutations in
ctDNA can predict early relapse, at lower thresholds than existing bio-
markers, clinical or radiographic studies (Garcia-Murillas et al., 2015).

A cfDNA analysis application of interest in high-grade serous ovarian
cancer involves the identification of resistance mechanisms. In patients
with germline BRCA1 or BRCA2 mutations with platinum-resistant/
refractory ovarian cancer, NGS of cfDNA revealed BRCA1/2 reversion
mutations, a known mechanism of resistance to platinum agents and
PARP inhibitors (Christie et al., 2017; Weigelt et al., 2017). The detec-
tion of BRCA1/2 reversion mutations in cfDNA were then shown to
predict primary and acquired resistance to PARP inhibition in patients
with high-grade serous ovarian cancer (Lin et al., 2019).

For patients with ovarian cancer, a liquid biopsy test to detect BRCA1
or BRCA2 mutations in plasma for PARP inhibitor treatment is available
for clinical use (FoundationOne Liquid CDx (Medicine, 2021; US Food
Drug Administration, 2023); Table 1). In addition, commercial cfDNA
tests for MRD assessment to identify high-risk ovarian cancer patients
benefiting from additional treatment, for surveillance/ maintenance for
early recurrence detection, and/or for immunotherapy treatment
effectiveness assessment are now available (e.g., from Natera, Invitae,
Northstar, Foundation Medicine, and Guardant Health). It should be
noted, however, that some of these tests are solid tumor type agnostic
and that the time points and types of therapeutic interventions upon
changes in cfDNA in the plasma of ovarian cancer patients are yet to be
defined.

There are currently several active prospective clinical trials assessing
cfDNA analysis in epithelial ovarian cancers (NIH National Library of
Medicine, 2024), focusing primarily on early detection (e.g.,
NCT06249308, NCT05693987) and MRD detection and treatment
response (e.g., NCT03691012, NCT06071286).

4.2. Endometrial cancer

Endometrial cancer is one of the few common cancer types with both
an increase in incidence and in mortality (Siegel et al., 2024). Blood-
based biomarkers such as CA-125 are of limited utility, making cfDNA
analysis an attractive potential biomarker for disease monitoring and
prognostication. Furthermore, while stage I disease carries a favorable
prognosis, different pathologic and molecular factors are associated
with variable PFS. ¢fDNA analysis for MRD in this setting may aide in
determining which patients would benefit most from adjuvant therapy.
However, unlike in ovarian cancer, distant metastatic disease is less
common in patients with endometrial cancer, resulting in decreased
tumor-derived genetic material shed into the blood stream, posing a
challenge to ctDNA detection.

Preliminary studies demonstrated detection of c¢fDNA primarily in
endometrial cancer patients with high-risk disease (Feng et al., 2021;
Cicchillitti et al., 2017), and NGS of plasma detected hotspot mutations
in 33 % of patients at the time of hysterectomy (Bolivar et al., 2019). Ina
recent proof of principle study, cfDNA levels correlated with stage, and
serial measurements of ctDNA reflected response to treatment, disease
progression and recurrence. Somatic mutations in the tumor were
accurately identified in ¢fDNA in over 90 % of cases and the presence of
ctDNA at baseline or postoperatively was found to be significantly
associated with reduced PFS (Ashley et al., 2023). Furthermore, recent
studies have reported on the detection of microsatellite instability (MSI)
in uterine aspirates and cfDNA as a means of minimally invasive sub-
typing of endometrial cancers and to monitor response to immune
checkpoint inhibition (Casas-Arozamena et al., 2023; Manning-Geist
et al., 2022).

The current landscape of adjuvant treatment for endometrial cancer
is a moving target. Different clinical, histopathological and now mo-
lecular features are incorporated in the staging system, used to deter-
mine prognosis and aide with patient selection for adjuvant therapy. A
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potentially meaningful clinical application of cfDNA analysis is adjuvant
treatment stratification through post-surgical monitoring of cfDNA as a
measure of MRD. Recio and colleagues analyzed the post-surgical ctDNA
in 101 patients with uterine malignancies, and consistent with previous
findings, those patients with higher risk histologic types, were more
likely to have detectable ctDNA following surgery. Importantly, after
adjusting for histologic type, mismatch repair (MMR) and p53 status,
detectable ctDNA or MRD following surgery was the only significant risk
factor for recurrence (Recio et al., 2024). Solid tumor type-agnostic and
gynecologic cancer-specific cfDNA-based assays for MRD assessment
and/or for immunotherapy treatment effectiveness are now available for
endometrial cancer patients (e.g., from Natera, Invitae, Northstar,
Foundation Medicine, and Guardant Health). Clinical trials are currently
ongoing investigating cf/ctDNA analysis in endometrial cancer (NIH
National Library of Medicine, 2024), however, assessing early detection
(e.g., NCT06083779) and prognosis/ prediction (e.g., NCT05049538,
NCT05504161).

4.3. Cervical cancer

Despite the widespread availability of cervical cancer screening with
cytology and human papillomavirus (HPV) testing and the HPV vaccine,
the rates of cervical cancer in the United States, while they have
decreased substantially since the 1970s, have remained largely un-
changed in the past decade (Siegel et al., 2024). This may be in part
attributed to lack of access and/ or lack of compliance with screening,
insufficient patient education regarding cervical cancer and the uptake
and effectiveness of the HPV vaccine. As infection with high-risk HPV is
associated with the majority of cervical cancers, HPV cfDNA in cervical
cancer offers additional opportunities for the development of bio-
markers for diagnosis and disease monitoring, as the presence, type and
load of HPV can be inferred in ¢fDNA (Kang et al., 2017; Jeannot et al.,
2016). Furthermore, the ability to acquire liquid biopsies to correctly
identify HPV genotypes has implications for cancer-directed immuno-
therapy through targeting of HPV oncoproteins (Kang et al., 2017;
Jeannot et al., 2016). A recent study demonstrated the independent
association of persistent HPV ctDNA following chemoradiation with
inferior PFS, suggesting consideration for escalation of treatment in
these patients at higher risk for recurrence (Han et al., 2024). For all
solid tumors, including cervical cancer, ¢fDNA for MRD/ disease-
monitoring and monitoring of response to immune-checkpoint inhibi-
tor therapy are commercially available (see above). Akin to endometrial
cancer, there are only a few active clinical trials in cervical cancer
currently ongoing (National Library of Medicine, 2024), primarily
assessing cfHPV DNA as a potential biomarker (e.g., NCT05606133,
NCT05950087) (Fig. 3).

5. Conclusion

Recent studies using higher sensitivity technologies and advanced
bioinformatics methods have shown encouraging potential of cfDNA
analysis in gynecologic cancer, including MRD detection for treatment
escalation and/or de-escalation, early disease recurrence detection, and
assessment of immunotherapy effectiveness. In addition, in ovarian
cancer, liquid biopsies are used for the detection of BRCA1/2 genetic
alterations and of resistance mechanisms to systemic therapy. In endo-
metrial cancer, cfDNA sequencing has been employed for somatic mu-
tation and MSI detection, whereas in cervical cancer patients, cHPV
measurement and genotyping in plasma is of great interest. While cfDNA
assays are now available for clinical use in patients with gynecologic
cancer, the ongoing clinical trials will provide further information on the
clinical applications and effectiveness of cfDNA analyses.
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