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Marker in Recurrent or Metastatic Cervical Cancer: A Pilot
Study
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Purpose: Monitoring of circulating human papillomavirus (HPV) cell-free DNA (cfDNA) is a minimally invasive approach for surveillance in HPV-associated
cancers, particularly cervical cancer. The aim of this study was to monitor circulating HPV c¢fDNA levels in patients with recurrent or metastatic cervical
cancer during treatment and follow-up to assess the utility of HPV cfDNA as a tumor marker for disease surveillance and in guiding clinical treatment
decisions.

Experimental Design: In this prospective pilot observational study, levels of HPV ¢fDNA in serum samples from 28 patients with recurrent or metastatic
HPV+ cervical cancer were measured via digital droplet polymerase chain reaction. Results for HPV cfDNA levels were matched to clinical outcomes and to
serum levels of squamous cell carcinoma antigen (SCC-Ag) to assess the clinical potential of HPV cfDNA as a tumor marker.

Results: HPV ¢fDNA was detected in all 28 patients (100%). Notably, median baseline HPV cfDNA levels varied according to the metastatic pattern in
individual patients (P=0.019). Specifically, patients with a combined multiple-metastasis pattern had higher median baseline HPV cfDNA levels than
patients with a single metastasis (P=0.003). All participants exhibited changes in HPV cfDNA levels over a median monitoring period of 2 months (range
0.3-16.9) before evaluations for treatment response or disease progression. Among 26 patients initially diagnosed with squamous cell cervical cancer, the
positivity rate was 100% for HPV cfDNA and 69.2% for SCC-Ag (P=0.004, 95% confidence interval, 0-0.391). Among 20 patients longitudinally monitored
for squamous cell cervical cancer, the concordance with changes in disease status was 90% for HPV cfDNA and 50% for SCC-Ag (P=0.014, 95% confidence
interval, 0.022-0.621).

Conclusions: HPV cfDNA is a promising tumor marker for HPV+ cervical cancer. In the context of precision medicine, HPV cfDNA is poised to play an

increasingly pivotal role in monitoring treatment efficacy, providing valuable insights into disease progression, and guiding clinical decisions.

Correspondence: papers@team.geios.com — Qeios will forward to the authors

Introduction

Cervical cancer (CC) is the fourth most prevalent malignancy in terms of both incidence and mortality among females globally, and is the primary human
papillomavirus (HPV)-associated cancerll[2] Despite advances in CC treatment, challenges persist regarding recurrence and metastasisi2l. The treatment
landscape for recurrent or metastatic CC has changed with the emergence of targeted immunotherapy drugs. However, the lack of effective biomarkers hinders
the assessment of treatment efficacy and the ability to predict patient outcomes in this settingV—*l. There is a pressing need for more effective and minimally
invasive biomarkers for serial monitoring of treatment responses and prognostication of patient outcomes.

As a liquid biopsy modality, the measurement of circulating cell-free DNA (cfDNA) released from tumor cells into the bloodstream has extensive utility in
optimizing various facets of cancer management, including early diagnosis[2l, noninvasive genotyping, pretreatment assessment, drug target identification,
resistance detection/®”] treatment efficacy monitoring, post-treatment follow-up, and relapse prediction8I91101 HPV js the cause of most CC cases[, Viral
DNA from high-risk HPV subtypes integrates into host cell genomes, resulting in widespread expression of the virus-specific E6/7 proteinll2l, As HPV-
associated cancers release HPV cfDNA into the host’s bloodstream, circulating HPV cfDNA in free or integrated form is an attractive potential biomarker that
can be detected in blood B4, Typically, circulating cfDNA is detected using digital droplet polymerase chain reaction (ddPCR) or next-generation sequencing
(NGS) technology@. ddPCR allows direct, independent, and absolute quantification of cfDNA in samples, with a DNA detection threshold as low as 1 copy/mL.
Results can be obtained within 1 day, so ddPCR is relatively cost-effectivellll71,

We conducted a prospective clinical study (NCT03175848) in primary stage IVB CC to investigate the role of radiotherapy (RT) in combination therapy. Recent
advances in targeted therapies and immunotherapies have significantly enhanced the treatment efficacy for recurrent or metastatic CC and have increased
overall survival, Some patients may require maintenance therapy for up to 2 years, and others may survive with their tumor for an extended period.

Consequently, it is imperative to closely monitor each patient’s condition and adjust their treatment plan accordingly. However, conventional imaging methods
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occasionally fail to reflect disease changes in a timely manner8l, while blood biomarkers such as squamous cell carcinoma antigen (SCC-Ag) have limited
clinical effectiveness for monitoringl?l, Considering these clinical challenges, we hypothesized that circulating HPV cfDNA levels correlate with metastatic
patterns and treatment response in CC. To validate this hypothesis, we prospectively recruited an observational pilot cohort comprising patients with primary
stage IVB or recurrent HPV+ CC and measured HPV cfDNA levels for analysis of HPV cfDNA copy numbers in relation to disease parameters and treatment

responses.

Methods

Study design

From August 2017 to February 2023, a total of 33 patients with pathologically confirmed primary stage IVB or recurrent HPV + CC were enrolled at Zhejiang
Cancer Hospital. Five patients were excluded from the analysis, as outlined in Figure 1. The final analysis cohort comprised 28 cases: 21 with primary stage IVB
CC and seven with recurrent CC. Notably, 19 cases in the primary CC group participated in the prospective clinical study (NCT03175848). The main eligibility
criteria were: pathologically confirmed diagnosis of CC; pathological evidence of at least one metastatic lesion; and PCR positivity for a high-risk HPV subtype
in pretreatment exfoliated cervical cells or a serum sample. All patients consented to the study protocol, including the collection of blood samples throughout
the study. Patients received chemotherapy with or without immunotherapy, targeted therapy, or RT. For patients with primary stage IVB CC who had a single
sample collected, this occurred at treatment initiation. For the group undergoing longitudinal sampling, patients with primary stage IVB CC had three to five
blood samples collected at treatment initiation, mid-treatment, and during follow-up, while patients with recurrent CC had three blood samples collected
during treatment, starting from enrollment. For all serum specimens, HPV ¢fDNA was quantified using ddPCR. Concurrent SCC-Ag testing was conducted for
patients with squamous cell CC in the sequential sampling group (at a time point matching or closely following HPV cfDNA sampling). The 2018 International
Federation of Gynecology and Obstetrics (FIGO) staging criteria were applied. Each patient underwent routine imaging assessments, and treatment efficacy
was evaluated according to Response Evaluation Criteria in Solid Tumors (RECIST version 1.1). We defined lymph node metastasis as metastasis in para-aortic
or distant lymph nodes (e.g., supraclavicular, inguinal, mediastinal nodes). We classified patterns of CC recurrence or metastasis into five groups: local
recurrence (LR); lymph node metastasis (LNM); hematogenous metastasis (HM); lymph node+hematogenous metastasis (LN+HM); and lymph node+
hematogenous+diffuse serosal metastasis (LN+H+DSM). DSM encompasses metastases to the peritoneal, pleural, or pericardial regions. For patients receiving
treatment with immune checkpoint inhibitors (ICIs), tumor tissue specimens should be tested for PD-L1 expression using immunohistochemistry (IHC) before
initiating therapy, provided the tumor samples are available. The PD-L1 IHC 22C3 pharmDx assay is employed for testing, and PD-L1 expression in cervical

cancer is quantified using the Combined Positive Score (CPS). The Ethics Committee of Zhejiang Cancer Hospital approved the study.
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Excluded(n=5)
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Figure 1. CONSORT flow diagram showing the enrollment of an observational cohort of patients
diagnosed with recurrent or metastatic HPV+ cervical cancer undergoing serum HPV cell-free DNA

surveillance.
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HPV diagnostics and typing

HPV subtypes were determined via routine PCR for exfoliated cervical cells or serum samples collected before treatment. Patients were excluded from the study
if both samples tested negative. A commercial PCR testing kit designed primarily for qualitative genotyping of HPV DNA extracted from exfoliated cervical cells
was routinely used. This kit can detect 21 HPV virus subtypes (8 low-risk and 13 high-risk subtypes): HPV16, HPV18, HPV31, HPV33, HPV35, HPV39, HPVA45,
HPV51, HPV52, HPV56, HPV58, HPV59, and HPV68. One patient tested positive for HPV type 6 via PCR on cervical exfoliated cells, with no high-risk HPV
subtypes detected. The patient also underwent immunohistochemistry testing of cervical cancer tissue for P16, which yielded a negative result. As a result, the

tumor was classified as non-HPV-associated and excluded from the study.

Samples

Serum was extracted from peripheral whole blood samples at the Radiobiology Laboratory of Zhejiang Cancer Hospital. A 5-mL aliquot of whole blood was
collected into a yellow-top blood collection tube and allowed to clot at room temperature for 30 min. After centrifugation at 2000xg for 10 min in a refrigerated
centrifuge, the serum was carefully transferred into polypropylene tubes in 1-mL aliquots and stored at -80°C. Frozen serum samples were subsequently

transported to the Oncology Research Institute of Zhejiang Cancer Hospital for DNA extraction.

Procedure for ddPCR analysis

Before analysis, serum samples were thawed and centrifuged at 2000xg at 4°C for 10 min for DNA extraction. In accordance with the manufacturer’s protocol,
cfDNA was isolated from 2 mL of serum using a Ql/Aamp Circulating Nucleic Acid Extraction Kit (Qiagen, Hilden, Germany). The DNA was eluted twice through a
column for purification, resulting in 60 uL of eluate that was stored at -80°C until analysis. Primers and probes for ddPCR detection were designed on the basis
of E7 gene sequences of the target HPV subtypes to generate amplicons of varying length (Supplementary Table 1). Each ddPCR reaction used 30 pL of DNA
template. According to the manufacturer's instructions for the QIAcuity QX200 ddPCR platform (Qiagen), ddPCR reactions consisted of 40 pL of reaction
mixture per well that included the primers, probes, and template. The reactions were amplified in QIAcuity 26,000 24-well Nanoplates (Qiagen) under the
following conditions: initial enzyme activation at 95°C for 2 min, followed by 50 cycles of denaturation at 95°C for 15 s and annealing at 60°C for 30 s. The
exposure time for imaging of partitions was 400 ms for fluorescein amidite (FAM) and 300 ms for 2'-chloro-7"-phenyl-1,4-dichloro-6-carboxyfluorescein (VIC).

Data analysis was performed using QIAcuity software version 2.1.7 (Qiagen) to quantify HPV copy numbers.

HPV ¢fDNA monitoring protocol

Participants were enrolled on a rolling basis, and the first serum sample collected was regarded as the baseline sample. A baseline sample was categorized as a
treatment initiation sample if it was collected between Day -14 and Day +30 preceding initial treatment in patients with primary stage IVB CC, or before

treatment for relapse or disease progression in patients with recurrent CC.

For patients with sequential samples, the time at which the initial blood sample was collected was designated as time 0. Up to four additional samples were
collected at intervals ranging from 8 to 962 days (median 73 days, mean 128 days), and blood collection continued for up to 1513 days. Blood sample collection
was coordinated with patient treatment and follow-up times to the greatest extent possible for measurement of HPV cfDNA levels (copies/mL). Serum SCC-Ag
levels are routinely assessed multiple times before, during, and after treatment for patients with squamous cell CC at our hospital using an Abbott Architect
instrument (Abbott Laboratories, Abbott Park, IL, USA). To match the analysis, we selected SCC-Ag values measured at the same time as the HPV serum sample
or at the most recent time point. To ensure consistency in the analysis, we chose SCC-Ag values measured concurrently with the HPV serum sample or at the
latest time point available. SCC-Ag levels <1.5 ng/mL were classified as normal, while levels >1.5 ng/mL; the upper limit of detection was 70 ng/mL. For

statistical purposes, clinical test results exceeding 70 ng/mL were treated as 70 ng/mL.

Following the literaturel2021 serym samples were deemed HPV+ if at least three droplets containing HPV amplicons were identified. Samples with fewer than

three droplets containing HPV amplicons or no amplicons detected were categorized as HPV-negative. Serum HPV cfDNA levels were quantified as copies/mL.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 9. The Mann-Whitney U test was used to assess the difference in the number of viral DNA copies
between two groups or two metastasis patterns. Kendall's ¢ correlation test was used to determine the coefficient of correlation between two factors.
Comparisons of the rates were conducted using Fisher's exact test. Kaplan-Meier survival analysis was conducted to calculate the hazard ratio with a 95%
confidence interval (CI) using the Cox model. Overall survival (OS) was defined as the time from diagnosis until death from any cause or the last follow-up date

(December 31, 2023). All P-values reported are two-tailed, with statistical significance defined as P<0.05.
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Results

Patient characteristics

Our study included 28 patients diagnosed with HPV+ advanced CC treated at our hospital, comprising 21 cases (75%) with primary stage IVB CC and seven cases
(25%) with recurrence and metastasis after treatment. The clinical characteristics of the patients are listed in Table 1. The median age at diagnosis was 52 years
(range 34-67). In total, 76 serum samples were obtained from the cohort, consisting of 69 longitudinal samples from 21 patients (3-5 samples per patient) and
single-time samples from seven patients at treatment initiation. Twenty-five (89%) of the baseline samples were obtained at treatment initiation. HPV cfDNA
was quantified in all serum samples via ddPCR. During the course of treatment, 16 patients received ICIs, 12 of whom also received targeted therapy in
combination with ICIs. Four patients received ICIs alone, without the addition of targeted therapy. Three patients with stage IVB disease were treated with
Paclitaxel/Cisplatin (TP)+Bevacizumab(Bev) +ICIs as first-line therapy, while 13 patients received ICIs after disease progression. The specific treatment regimen

and HPV cfDNA copy number for each patient are listed in Supplementary Table 2.
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All patients Primary IVB stage Recurrence or metastasis
N (n=28) (n=21) =7)
Age (years)
Median age (range) 52(34-67) 51(34-66) 53(37-67)

Pathological types (n)
Squamous cell carcinoma 26 20 6
Adenocarcinoma 1 0 1
Large cell neuroendocrine carcinoma 1 1 0

HPV subtype
16 20 14 6
58 3 3 0
18 2 2 0
31 1 0 1
66 1 1 0
16,33 1 1 0
Baseline serum sampling time

Treatment initiation 25 20 5
During treatment 3 1 2

Pattern of metastasis
Local recurrence 1 0 1
Lymphatic node metastasis n 10 1
Hematogenous metastasis 4 2 2
Lymph node + hematogenous metastasis 9 8 1
Lymph node+hematogenous+diffuse serosal metastasis 3 1 2

Treatment modality

Neoadjuvant chemotherapy 18 18 0
Surgeries 2 0 2
Adjuvant chemotherapy 25 18 7
Radiotherapy/concurrent chemoradiotherapy 25 18 7
Targeted therapy 12 7 5
Immunotherapy 16 9 7

Table 1. Characteristics of patients with metastatic or recurrent cervical cancer

Validity of the test for HPV ¢fDNA detection and genotyping

To validate the consistency of HPV genotyping between serum and exfoliated cervical cells from the same patient, we conducted conventional PCR genotyping
of HPV cfDNA in baseline serum. The analysis revealed that only 12/28 patients (42.9%) tested positive; however, the genotyping outcomes were entirely
consistent with those obtained from HPV genotyping in matched cervical exfoliated cells. Subsequently, the 28 baseline serum samples underwent qualitative

and quantitative assessment using ddPCR. The results revealed that all 28 patients (100%) tested positive for HPV cfDNA, with HPV typing showing complete
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concordance (100%) with HPV PCR outcomes from matched cervical exfoliated cells. HPV genotyping revealed that HPV16, HPV58, HPV18, and other subtypes

(31, 66, 33) accounted for 72.4%, 10.3%, 6.9%, and 10.3% of cases, respectively. (Figure 2A).

Correlation between tumor metastasis pattern and baseline HPV cfDNA

Analysis of the study cohort revealed an association between tumor metastatic pattern and baseline HPV cfDNA levels. According to their metastatic status at
baseline, patients were categorized into two groups: the single-metastasis pattern (SMP) group (LR, LNM, or HM); and the multiple-metastasis pattern (MMP)
group (LN+H+DSM). The baseline copy number significantly differed among the five recurrence/metastatic pattern groups (P=0.019) and tended to gradually
increase with the degree of recurrence/metastasis (Figure 2B). The median baseline HPV cfDNA copy number was significantly higher in the MMP group than

in the SMP group (P=0.003; Figure 2C).
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Figure 2. (A) Serum HPV cfDNA copy number for six HPV subtypes at baseline. (B) Baseline HPV cfDNA copy numbers for five recurrence/metastasis pattern subgroups.
Statistical significance was determined using a two-sided Kruskal-Wallis test. (C) Relationship between HPV cfDNA viral copy number and metastatic pattern. Statistical

significance was determined using a two-sided Mann-Whitney U test. All plots show the median and interquartile range on a log10 scale.

HPV ¢fDNA as a predictor of treatment response or failure

We followed the enrolled patients for an average of 24.1 months (range 2.1-77.8). Figure 3 shows temporal changes in serum HPV cfDNA levels. In all patients
with longitudinal testing, changes in HPV cfDNA levels occurred at a median of 2 months (range 0.3-16.9) before confirmation of a treatment response or
disease progression via imaging assessment. Six patients with clinically progressive disease (as per RECIST) exhibited elevation of HPV ¢fDNA copy number
before imaging-confirmed disease progression. The median time from detection of elevated plasma HPV cfDNA to imaging confirmation of disease
progression was 4.2 months (range 1.9-16.9; Figure 3A1). Likewise, we observed a consistent decrease in HPV cfDNA copy numbers in 16 patients before imaging
confirmed a treatment response. The median time from detection of a decrease in HPV cfDNA to imaging confirmation of disease regression was 1.2 months

(range 0.3-2.8; Figure 3B1-D1).

For patients in whom systemic cytotoxic chemotherapy was effective, a higher HPV ¢fDNA copy number at baseline was correlated with a more substantial
decrease in copy number after chemotherapy. For two patients with high HPV cfDNA levels of 3.1x106 copies/mL and 1.7x106 copies/mL at baseline, the HPV
cfDNA copy number decreased significantly following one or two cycles of paclitaxel+cisplatin (TP) chemotherapy (median 98.2%, range 96.7-99.5). The rate of
decline in viral load slowed after the subsequent cycle of TP chemotherapy, with a median decline of 51.3% (range 39-63.5%). In addition, a patient with baseline

HPV cfDNA of 2.8x104 copies/mL experienced a 45% reduction in copy number following one cycle of TP chemotherapy (Figure 3B1).

We observed that changes in HPV cfDNA levels may indicate a response to combined immunotherapy and targeted therapy. One patient diagnosed with
primary stage IVB CC and multiple metastases (LN+H+DSM) tested positive for HPV33 and HPV16 in exfoliated cervical cells and serum. The patient received
four cycles of TP and concurrent chemoradiotherapy plus brachytherapy for the pelvic-abdominal primary focus, followed by two additional TP cycles. The
HPV33 viral load decreased from a pretreatment level of 1.5x107 copies/mL to 6.7x104 copies/mL after treatment; however, the HPV16 viral load increased from

77x102 to 1.2x104 copies/mL. Subsequent imaging evaluation after 58 days indicated the emergence of new foci in the lungs, prompting adjustments to the
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patient’s treatment plan. Guided by the immunohistochemical presence of PD-L1-positive cells (CPS = 10) in the primary cervical lesion, the patient received
one cycle of TP+Bev+ICIs treatment. This regimen led to a swift decrease in viral levels of both HPV subtypes after 36 days, with HPV 33 reaching undetectable
levels and HPV 16 decreasing to 7.8x102 copies/mL (Figure 3C1). Three patients with stage IVB disease were treated with TP+Bev+ICIs as first-line therapy. Two
patients achieved complete remission (CR) (CPS = 70 and CPS = 5), while one patient experienced disease progression (CPS = 1). Notably, HPV cfDNA levels

showed a sensitive and effective response corresponding to the clinical outcomes of these patients (Supplementary Table 2).

Serum HPV cfDNA levels also changed in response to RT. A transient rise (20.8-fold) in HPV ¢cfDNA copy number was observed in a patient with stage IVB CC
who experienced a 2-week interruption of RT because of grade IV thrombocytopenia. Following Stereotactic Body Radiotherapy (SBRT) to lung metastases, a
patient with pulmonary oligometastases experienced a 29% decrease in HPV cfDNA copy number. Another patient diagnosed with stage IVB CC and pelvic
bone metastases who underwent radical concurrent chemoradiotherapy targeting both primary and metastatic lesions exhibited a notable reduction in HPV

cfDNA levels (Fig. 3D1).
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Figure 3. Paired plots for serum HPV cfDNA (copies/mL) and squamous cell carcinoma antigen (SCC-Ag) (ng/mL) levels were measured longitudinally in patients with
metastatic or recurrent HPV+ cervical cancer (lines of the same color for each patient). HPV cfDNA levels in serum were scaled using logl0. (A1, A2) Patients whose disease
progressed during treatment. (B1, B2) Selected patients who showed a response to cytotoxic chemotherapy. (C1, C2) Response to immune therapy in a patient with stage
IVB cervical cancer positive for HPV subtypes 33 and 16, treated with paclitaxel + cisplatin, concurrent chemoradiotherapy, brachytherapy, and bevacizumab. (D1, D2)
Selected patients with a response to radiotherapy. (E1, E2) HPV cfDNA levels were significantly higher than normal at some of the longitudinal time points in five
patients, but SCC-Ag levels were within the normal range (<1.5 ng/mL) at all time points. (F1, F2) HPV cfDNA levels for all patients with longitudinal samples (n=21) and
matched SCC-Ag levels for the patients with squamous cell cancer (n=20). Each colored line corresponds to one patient, except in C. Horizontal dashed lines indicate the
days between plasma HPV cfDNA levels suggestive of a response or progression (rise or fall in levels) and imaging-confirmed changes in disease status. The associated

number of days (D) is listed adjacent to the horizontal dashed line for comparison. It should be noted that not all HPV cfDNA data points are plotted for each patient.

Correlation between HPV cfDNA and SCC-Ag

There were 26 patients with squamous cell CC in the study cohort. All 26 (100%) had elevated serum HPV cfDNA at baseline, but only 18/26 patients (69.2%) had
elevated SCC-Ag at baseline (P=0.004, 95% CI, 0-0.391). Among 72 serum samples from patients with squamous cell CC, the median HPV cfDNA level was
1.7x104 copies/mL (range 0-1.4x107), and the median SCC-Ag level was 2.6 ng/mL (range 0.4-70). There was no significant correlation between SCC-Ag and HPV
cfDNA levels (R2=0.034, P=0.120). For patients with squamous cell CC who had longitudinal monitoring (n=20), the concordance with disease change was 90%
for HPV cfDNA and 50% for SCC-Ag (P=0.014, 95% CI, 0.022-0.621). Comparison of matched serum HPV cfDNA and SCC-Ag levels for patients with squamous
cell CC (Figure 3A-D) revealed that HPV cfDNA exhibited dynamic fluctuations, while serum SCC-Ag levels in the majority of patients rapidly decreased to near
or below the normal range (<1.5 ng/mL) following the initiation of treatment. During the course of treatment, SCC-Ag levels remained within the normal range
(<1.5 ng/mL) at all time points in five patients, but matched serum HPV c¢fDNA showed fluctuating changes above normal values at some time points (Figure

3E1, E2).

Correlation between HPV cfDNA and survival

The 5-year OS rate for the entire cohort was 42.3%, with a median OS of 52.1 months at a median follow-up of 42.3 months (range: 10.2-88.5 months). As of
December 31, 2023, there were 12 patient deaths and 20 disease progression events. Analysis of survival by HPV subtypes revealed that the difference in OS
between the HPV16+ group and the non-HPV16+ group was not statistically significant (P=0.052; Figure 4A). Additionally, univariate and multivariate analyses
were performed to assess the relationship between various clinicopathologic factors and patient OS. No factors were found to significantly affect OS. The results
of the univariate analysis are presented in Supplementary Table 3. Correlation analysis of baseline HPV cfDNA copy number with mortality and OS outcomes
revealed no significant correlation (R*= -0.111, P = 0.486; R*= -0.037, P = 0.782). Patients with primary stage IVB CC (n=21) were stratified by baseline median
HPV cfDNA level using 3.9x104 copies/mL as the dichotomization threshold. The difference in OS between the groups with >3.9x104 copies/mL and <3.9x104
copies/mL at baseline was not statistically significant (P=0.111; Figure 4B). Survival analysis of 21 consecutively measured patients, based on the trend of HPV
cfDNA levels, categorized them into two groups: 12 patients with a decreasing trend and 9 patients with an increasing trend. The difference in OS between these

two groups was not significant (P=0.866). Additionally, based on whether HPV cfDNA levels decreased to normal or not, patients were divided into two groups:
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three patients with levels decreasing to normal and 18 patients without normalization. The OS difference between these groups was also not significant

(P=0.590).
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Figure 4. (A) Overall survival for patients stratified by HPV subtype (HPV 16+ versus non-HPV16+). (B) Overall survival for patients stratified by baseline serum HPV

cfDNA copy number using a cutoff of 3.9x104 copies/mL. P-values were calculated using a two-sided log-rank test.

Discussion

We conducted a prospective pilot observational study in patients with metastatic or recurrent CC to analyze ddPCR HPV cfDNA results in relation to SCC-Ag
levels, clinical treatment responses, and prognosis. The study findings confirm the significant clinical potential of dynamic HPV c¢fDNA surveillance for CC.
First, we found a correlation between baseline HPV ¢fDNA copy number and recurrence/metastasis patterns. Second, HPV c¢fDNA predicted treatment response
or disease progression at an earlier time point than imaging assessments. Finally, we demonstrated the superiority of serum HPV cfDNA over SCC-Ag in

monitoring metastatic or recurrent CC.

Our positivity rate for HPV cfDNA was 42.9% (12/28) when using PCR and 100% (28/28) when using ddPCR. We found 100% agreement in HPV typing results
between exfoliated cervical cells and serum samples. These findings demonstrate the high sensitivity and specificity of HPV cfDNA detection via ddPCR. A
meta-analysis comparing the accuracy of different methods for HPV ¢fDNA detection in HPV+ tumors revealed that NGS outperformed ddPCR and quantitative
PCR in terms of sensitivity, while specificity remained consistent across all three methods!3), We found that HPV cfDNA positivity in HPV+ CC correlated
positively with tumor stage, tumor load, and lymph node status. Consistent with our findings, a recent study demonstrated a serum HPV c¢fDNA positivity rate
of 100% in HPV+ metastatic CC[22], Consequently, HPV cfDNA appears to be an ideal serum tumor marker for HPV+ metastatic or recurrent CC, given the highly

sensitive and specific detection methods available.

Studies have shown that HPV cfDNA levels correlate with disease stage, tumor size, tumor load, and lymph node status(22)24)(23), Accurate quantification of
tumor load can be challenging, particularly in settings involving diffuse serosal metastases. Therefore, we classified recurrence/metastatic patterns into five
categories and observed a significant difference in median baseline HPV ¢fDNA copy number among these (P=0.019). Patients were categorized into SMP and
MMP groups according to their recurrence/metastasis status at baseline. The MMP group (LN+H+DSM) had a higher median HPV cfDNA copy number at
baseline than the SMP group (LR or LNM or HM; P=0.003). The recurrence/metastasis pattern appears to reflect tumor load and spread. A study by Mittelstadt
et al. involving 35 patients with CC also revealed a correlation between HPV cfDNA levels and tumor load and spread[%]. Patients with multiple metastases are
likely to have a higher tumor load with greater shedding of HPV-containing DNA fragments, which can enter the blood circulation via several pathways,
resulting in higher HPV cfDNA levels.

In our study, changes in HPV cfDNA levels frequently preceded confirmation of disease changes on imaging scans. Several studies demonstrated that changes
in HPV cfDNA copy number are associated with response to therapy for HPV+ tumors(22124123], We found that the median time from the onset of a change in
HPV cfDNA copy number to imaging confirmation of a treatment response or disease progression was 2 months (range 0.3-16.9). Another study reported
analogous findings in HPV-associated oropharyngeal cancer: changes in HPV cfDNA copy number were observed at a median of 16 days (range 12-38) before
imaging confirmation of treatment response or disease progression in all 22 patients enrolled2¢), These findings suggest that HPV cfDNA can serve as a
sensitive marker and a valuable clinical indicator. In addition, our results indicate that HPV cfDNA can serve as a tool for monitoring the effectiveness of RT.

Among patients receiving effective RT, HPV cfDNA levels gradually declined throughout the treatment; however, interruptions in RT could lead to transient
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increases in HPV cfDNA levels. Moreover, our results demonstrate that the combination of immunotherapy and targeted therapy, along with cytotoxic
chemotherapy, enhances tumor cell death and clearance of HPV cfDNA in vivo, surpassing the effects of cytotoxic chemotherapy alone. Our findings suggest
that HPV ¢fDNA holds promise as a tool for evaluating the effectiveness of novel therapies such as immunotherapy and targeted therapy and for informing

subsequent maintenance treatment strategies for patients.

While SCC-Ag is acknowledged as a serum tumor marker for squamous cell ccl271281129] its clinical sensitivity and specificity for monitoring responses to
therapy are low2431l, We compared HPV cfDNA and corresponding SCC-Ag levels in 72 serum samples and found no correlation between the two data sets
(R2=0.03, P=0.11). HPV cfDNA exhibited several advantages as a serum tumor marker in our study cohort. First, the positivity rate was 100% for HPV cfDNA
versus 69.2% for SCC-Ag at baseline (P=0.004, 95% CI, 0-0.391). Second, changes in HPV c¢fDNA copy number showed greater concordance with disease
progression in the group of 20 patients with squamous cell CC with longitudinal monitoring, with a concordance rate of 90% versus 50% for SCC-Ag (P=0.014,
95% CI, 0.022-0.621). Finally, HPV cfDNA provides more comprehensive information for dynamic monitoring in comparison to SCC-Ag, as SCC-Ag levels
consistently remained within the normal range in some patients. Thus, HPV cfDNA may be a more useful serum marker than SCC-Ag in patients with
metastatic or recurrent CC. The lack of correlation between SCC-Ag levels and HPV cfDNA levels can be attributed to several factors. First, HPV cfDNA was
quantified using an exponential method, whereas SCC-Ag was measured using a counting method. Second, the two markers have differing positivity rates. For
example, 30.8% of patients with squamous carcinoma had negative SCC results at baseline, which diminished the correlation between the two. Third, the two
markers exhibit different patterns of change: HPV cfDNA levels typically decrease gradually with treatment, while SCC-Ag levels in most patients with SCC
decline rapidly to within the normal range. Although SCC-Ag levels are often prioritized in SCC, a single measurement may not fully reflect changes in the
disease. Consequently, multiple tumor markers are commonly used in clinical practice. In cases where SCC-Ag is negative, other serum tumor markers may be

positive and fluctuate as the disease progresses, offering a more comprehensive means of monitoring.

The 5-year OS rate for the study cohort was 42.3%, and the median OS time was 52.1 months. This good outcome was due to active systemic treatment
(chemotherapy + immunotherapy) and local treatment (RT to primary and metastatic foci). Therefore, noninvasive dynamic monitoring using serum tumor
markers is important for this population. Our data showed that the correlation between OS and HPV subtypes (HPV16+ vs. non-HPV16+) did not reach
statistical significance (P=0.052). However, we observed a trend towards better prognosis for patients with HPV16+ than for patients with positivity for other
HPV subtypes, and further expansion of the sample size may yield positive results. In the analysis of baseline copy number in relation to prognosis, the
difference in OS between the groups with baseline HPV cfDNA levels >3.9x104 and <3.9x104 copies/mL was not significant (P=0.111). Previous studies reported a
positive correlation between high baseline HPV cfDNA levels and poor prognosis in oropharyngeal cancer32l33134] We performed univariate and multivariate
analyses, as well as correlation analyses, to evaluate factors influencing OS and to assess the potential association between HPV cfDNA copy number and
patient prognosis. However, the statistical results were not significant. Several factors may have contributed to this outcome, including the limited sample size,
the small number of blood samples collected per patient, and the considerable heterogeneity among patients with recurrent metastatic cervical cancer.
Additionally, numerous variables impacting prognosis—such as the status of metastatic lesions and treatment modalities (e.g, the inclusion of
immunotherapy, targeted therapy, or radiotherapy)—may have influenced the results. Therefore, further studies with larger sample sizes, extended follow-up
periods, increased blood sample collection frequency, and more comprehensive analyses are warranted to better understand the relationship between HPV

cfDNA copy number and OS in cervical cancer.

The results of several landmark clinical trials, including GOG240, Keynotel58, and Keynote826, have led to the integrating of immunotherapy and targeted
therapy into clinical practice for recurrent or metastatic cervical cancer32136137] and have significantly improved patient survival. This shift in treatment
protocols was reflected in our enrollment process, where 16 patients (57%) received ICIs. Early enrolled patients were treated with conventional chemotherapy
regimens. Following the publication of the Keynote-158 study, 13 patients received ICIs after disease progression, provided their PD-L1 CPS>1. Notably, 81% of
the patients who received ICIs did so after disease progression, which likely contributed to a poorer prognosis in the immunotherapy cohort compared to those
who did not receive immunotherapy, as detailed in Supplementary Tables 2 and 3. Following the publication of the Keynote-826 study, three patients with
primary-stage IVB disease (LN+HM) received TP+Bev+ICIs as first-line treatment. Of these, two patients (CPS=70 and CPS=5) achieved CR, while one patient
(CPS=1) experienced a remission lasting up to 13.5 months despite disease progression. These findings suggest that the addition of ICIs to the first-line
treatment regimen significantly improves the efficacy of stage IVB CC. Importantly, HPV cfDNA levels demonstrated a high degree of concordance with
treatment efficacy, even prior to changes observed in imaging evaluations (Supplementary Table 2). As shown in Figure 3, the dynamic changes in HPV cfDNA
levels before and after treatment with ICIs in patient C indicated a significant reduction in HPV cfDNA levels following one cycle of treatment with TP+Bev+ICIs,
compared to TP chemotherapy and radiotherapy. Prior to the patient’s imaging evaluation, when other serum markers such as SCC did not provide useful
information, HPV cfDNA served as a valuable biomarker, suggesting that the addition of Bev and ICIs might be effective. These findings highlight the potential

of HPV cfDNA as a valuable tool for monitoring the efficacy of immunotherapy and targeted therapies in HPV+ tumors.
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Our study has some obvious limitations, including the small sample size and the heterogeneous sequential sampling protocol, for which both the number of
blood draws and the time interval during treatment varied. We are currently conducting a prospective study of stage IVB CC. Owing to the absence of literature
support for HPV ¢cfDNA sampling protocols, we designed this initial exploratory study with a small sample size to clarify the value of HPV cfDNA monitoring
and explore various sampling times and intervals. Our study results suggest that monitoring of HPV c¢fDNA is valuable before, during, and after treatment.
Assessment of HPV cfDNA levels in every chemotherapy cycle (monthly) during treatment and every 3-6 months during follow-up may be a reasonable

approach.

Conclusions

Our prospective study suggests that HPV cfDNA, due to its sensitivity and specificity, may serve as a promising tumor marker for monitoring treatment
response and facilitating long-term follow-up in patients with HPV-associated recurrent or metastatic CC. The baseline HPV cfDNA copy number is correlated
with the patient's metastatic pattern, which reflects, to some degree, tumor burden and dissemination. As a serum tumor marker, HPV c¢fDNA outperformed
SCC-Ag in its ability to track changes in disease dynamics and provides a timely assessment of treatment response, including to radiation therapy and
emerging immunotherapy and targeted therapies. These preliminary findings indicate that HPV c¢fDNA may hold the potential for monitoring treatment
efficacy and predicting disease progression and recurrence in HPV-associated cancers. However, large-scale prospective validation through clinical trials is

necessary.

Supplementary Material

HPV subtype Forward primer Reverse primer Probe Amplicon size | Annealing temperature
HPV16 TCCAGCTGGACAAGCAGAAC CACAACCGAAGCGTAGAGTC ACAGAGCCCATTACAAT 88 pb 60°C
HPV18 AACATTTACCAGCCCGACGA TCGTCTGCTGAGCTTTCTAC AACCACAACGTCACACAA 106 pb 60°C
HPV31 CGTTACCTTTTGTTGTCAGTGT GAACAGTTGGGGCACACGA ACAGAGCACACAAGTAG 123 pb 56°C
HPV33 CAGATGAGGATGAAGGCTTGGA ACTGTTGACACATAAACGAACTG CTTGTCCATCTGGCC 119 pb 56°C
HPV58 CAGACGAGGATGAAATAGGCTTG ATGTAGTAATTAGCTGTGGCCGG CTTGTCCATCTGGCC 70 pb 56°C
HPV66 CCGTTAACACCGGAGGAAAA ATGACCCGGTCCATGCATAT TGAACATAAAAGACGATTTC 82 pb 56°C
Supplementary Table 1. Primer and probe sequences for ddPCR, fragment sizes, and annealing temperature.
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PD- Baseline
HPV Transfer HPV HPV HPV
No. [Age [IVB/R| Sample Pathology | L1 HPV Treatment Treatment Treatment
Type model cfDNA cfDNA cfDNA
CPS cfDNA
52
1|57 R Sequential | 16 SC 5 LR 47x102 (TP+Bev)*6+ICIt*3-SD ICIt*¥16+ICIc*13-SD | 6.3x10% ICIc*5-PD -
“10*
2 |50 | IVB Single 16 sC - LN 47x102 TP*3+RTpm+TP*2-CR - Follow up-CR - - -
3 | 48 | IVB |[Sequential | 66 SC - LN 8.5x10% TP*2+RTp+TP*1-PR 0 TP*1-PR 0 RTm-CR 0
(ICIk+Apatinib)*2-
4 | 51 | IVB Single 16 SC - LN 2.8x10° | TP*3+RTpm+TP*2-PD - - Follow up-PD -
PD
(ICIk+Anotilib)*3-
5 | 46 | IVB Single 18 LCNEC - H £4.0x103 EP*6-PR - - nab-TP*2-PD -
PD
15
6 | 53 | IVB |Sequential| 58 sC - H 6.6x103 RTpm+BT*1-PR , BT*4-CR 0 TC*2-CR 0
‘10
7 |57 | IVB Single 16 SC - LN 75x103 RTp-PR - RTm-CR - Follow up-PD -
19 TP*2+RTp+TP*1-
8 | 49 | IVB |Sequential | 16 N - LN+H 13x10% TP*2-PR 74x10* | TP*1+RTm-PD -
‘10* PR
12
9 | 67 R |Sequential | 16 SC 60 LN 1.7x10% SBRT (TP+Bev+ICIt)*1-PR | 36x103 | (Bev+ICIt)*5-PR -
‘10%
53 (TP+BIc)*2+BIc*6-
10 | 62 | IVB |Sequential| 18 sc 1 LN+H | 20x10* |  (TP+Bev+ICIO)*4-PR 71x10% | (Bev+ICIc)*6-PR -
“102 PR
16 | (TP+Bev)*1+RTp-
1 | 43 | IVB |Sequential | 16 SC 20 LN 2.8x10% (TP+Bev)*1-PR £4.6x10% RTm-IT-PD -
104 PR
(nab-
TP*4+RTp+RTmM+TP*1+IT- | 3.2
12 | 59 | IVB [Sequential| 16 SC - LN+H 3.0x10% TP*1-IT-PD+RFA 0 T+CIs)*1+ICIs*1- | 2.0x103
PR 104
PD
13 | TP*1+RTpm+TP*3-
13 | 38 | IVB |Sequential | 16 SC - LN 39x10% TP*1 5.4x10% TP*1-CR -
‘10* PR
TP*2+RTp+RTm+TP*2-
14 | 36 | IVB Single 16 SC - LN 73x10* - Follow up-CR - - -
CR
93 | (TP+Bev+ICIs)*1- (TP+BIs)*3+RTm-
15 | 49 R Sequential | 16 AC - LN+H £4.2x10% (TP+Bev+ICIs)*2-PR 3.8x10% -
10° PR PR
16 | 42 | IVB |Sequential| 16 N - LN 7.0x10% TP*2+RTpm+TP*1-CR - Follow up-CR 9.8x103 Follow up-CR 17x10%
24 RTm+(TP+ICI*4)-
17 | 48 R [Sequential| 16 sc 40 LN 72x10% PRT-PR Follow up 303d-PD | 2.2x103 -
‘102 CR
18 | 55 | IVB [Sequential | 16 sC - H 90x10% | TP*2+RTpm+TP*4-PR - Follow up-PR | 1.0x10% Follow up-PR | 8.4x103
57
19 | 56 R |Sequential | 16 SC 5 H 1.8x10° (nab-TC+Bev)*2-PR (nab-TC+Bev)*1-PR | 1.7x10% | (nab-TC+Bev)*2-PD -
‘102
Dermatomyositis-
20| 34 | IVB Single 16 SC - LN+H 1.8x10° TP*4-PR - - Follow up-PR -
IT
21 | 54 | IVB Single 16 sSC - LN+H 1.9x10° TP*2-PR - EBRT+IT - Follow up-PD -
3.4 (nab-
22 | 55 [ IVB |Sequential | 58 SC 25 LN 49x10° | (TP+Bev)*2+RTp-IT-PD (TP*Bev)*1-PD | 3.7x10° -
‘100 T+BIt)*1+RTm-PR
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PD- Baseline
HPV Transfer HPV HPV HPV
No. [Age [IVB/R| Sample Pathology | L1 HPV Treatment Treatment Treatment
Type model cfDNA cfDNA cfDNA
CPS cfDNA
5.6 (TP+Bev)*2+Bev*2-
23 | 37 R | Sequential | 16 SC - |LN+H+DSM | 1.7x10° (TP+Bev)*2-PR (TP+Bev)*2-PR [ 2.0x10* -
104 PD
16
24 | 66 | IVB |Sequential | 58 sSC - LN+H 3.1x10° TP*1 " TP*1-PR 9.0x103 RTpm-CR -
‘10
RTm+(nab- 21 ICI*1+(nab-
25|61 | R |Sequential| 31 sC - | LN+H+DSM | 3.8x10® ICIk*1-PR 8.5x10° -
T+ICIK)*1+G*1-PR ‘106 T+ICIK)*1-PD
18
26 | 66 | IVB |Sequential | 16 SC 70 LN+H 74x100 (TP+Bev+ICIt)*6-PR " RTpm+IT+BT*2-PR | 33x10%| (Bev+ICIt)*6-CR -
‘10
13
27 | 36 | IVB |Sequential | 16 N 5 LN+H 97x106 (TP+Bev+ICIt)*8-PR RTp+IT-PR 29x10% BT*3-PR 1.5x103
10%
19
16 LN+H+DSM | 7.7x102 TP*4+pRT-PR TP*2-PD 1.2x10% | (TP+Bev+ICIt)*1-PR | 8.5x102
"10*
28 | 53 | IVB |Sequential SC 10
2.8
33 LN+H+DSM | 1.5x107 TP*4+pRT-PR TP*2-PD 67x10% | (TP+Bev+ICIt)*1-PR [ 0
10°

Supplementary Table 2. HPV c¢fDNA Levels and Clinical Treatment and Outcomes in the Whole Group of Patients

Abbreviations: AC, Adenocarcinoma; Bev, Bevacizumab; Blc, Bevacizumab+immune checkpoint inhibitor-Cadonilimab; BIs, Bevacizumab+immune checkpoint inhibitor-

Sindilizumab; Bevacizumab+immune checkpoint inhibitor-Tislelizumab; BT, Brachytherapy; CPS, Combined Positive Score; CR, Complete Response; D, death; DSM, diffuse

serosal metastasis; EBRT, External beam radiation therapy; HM, hematogenous metastasis; ICIc, Inmune checkpoint inhibitor-Cadonilimab; ICIk, Immune checkpoint

inhibitor-Pembrolizumab; ICIs, Inmune checkpoint inhibitor-Sindilizumab; ICIt, Inmune checkpoint inhibitor-Tislelizumab; IVB, First diagnosis of FIGO (International

Federation of Gynecology and Obstetric) stage; IT, Interrupt Treatment; LCNEC, Large cell neuroendocrine carcinoma; LNM, lymph node metastasis; LR, local recurrence;

nab-TP, nanoparticle albumin-bound paclitaxel/cisplatin; PD, Progressive Disease; PR, Partial Response; R, Recurrence; RFA, radiofrequency ablation; RTp, Radiotherapy

for the primary tumor; RTm, Radiotherapy for the metastatic lesion; RTpm, Simultaneous radiotherapy of primary and metastatic lesions; SBRT, Stereotactic Body

Radiotherapy; SC, Squamous cell carcinoma; SD, Stable Disease; TP, Paclitaxel/Cisplatin; TC, Paclitaxel/Carboplatin.
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No. of Median Univariate analysis
Variable
patients 0S(m) HR (95% CI) p-value
Age
>52 years 14 52.1 095(0.29-3.12) 0927
<52 years 14 50.2 1
HPV subtypes
HPV16+ 20 885 0.34(0.08-1.43) 0.052
Non-HPV16+ 8 32 1
Histological subtype
Squamous cell carcinoma 26 52.1 0.30(0.03-3.47) 0.098
Non-squamous cell carcinoma 2 307 1
Primary or Recurrence
Primary IVB stage 21 39.8 2.64(0.85-8.22) 0.056
Recurrence or metastasis 7 88.5
Pattern of metastasis
LR or LNM or HM 16 88.5 0.46(0.14-1.46) 0.233
LN+H+DSM 12 372
Immunotherapy
Yes 16 521 110(0.35-3.45) 0.862
No 12 -
Targeted therapy
Yes 12 88.5 0.54(0.17-1.67) 0.277
No 16 39.8
Median HPV cfDNA
<1.6x10* 15 39.2 1.34(0.43-4.14) 0.603
>1.6x10% 13 521
Baseline HPV cfDNA
<4.1x10% 14 39.8 1.40(0.47-4.16) 0.535
>4.1x10% 14 521

Supplementary Table 3. Univariate analysis of prognostic factors for overall survival (n=28)

Abbreviations: CI, confidence interval; DSM, diffuse serosal metastasis; HM, hematogenous metastasis; HR, hazard ratio; LNM, lymph node metastasis; LR, local

recurrence; OS, overall survival.
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