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Detection of circulating cell-free HPV DNA of 13 HPV types for
patients with cervical cancer as potential biomarker to monitor
therapy response and to detect relapse
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BACKGROUND: HPV-related cervical cancer (CC) is the fourth most frequent cancer in women worldwide. Cell-free tumour DNA is a
potent biomarker to detect treatment response, residual disease, and relapse. We investigated the potential use of cell-free
circulating HPV-DNA (cfHPV-DNA) in plasma of patients with CC.

METHODS: cfHPV-DNA levels were measured using a highly sensitive next-generation sequencing-based approach targeting a
panel of 13 high-risk HPV types.

RESULTS: Sequencing was performed in 69 blood samples collected from 35 patients, of which 26 were treatment-naive when the
first liquid biopsy sample was retrieved. cfHPV-DNA was successfully detected in 22/26 (85%) cases. A significant correlation
between tumour burden and cfHPV-DNA levels was observed: cfHPV-DNA was detectable in all treatment-naive patients with
advanced-stage disease (17/17, FIGO IB3-IVB) and in 5/9 patients with early-stage disease (FIGO |A-IB2). Sequential samples
revealed a decrease of cfHPV-DNA levels in 7 patients corresponding treatment response and an increase in a patient with relapse.
CONCLUSIONS: In this proof-of-concept study we demonstrated the potential of cfHPV-DNA as a biomarker for therapy monitoring

in patients with primary and recurrent CC. Our findings facilitate the development of a sensitive and precise, non-invasive,
inexpensive, and easily accessible tool in CC diagnosis, therapy monitoring and follow-up.
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INTRODUCTION

Cervical cancer is the most prevalent human papilloma virus
(HPV)-associated cancer and the fourth most common cancer in
women [1]. Ninety-nine percent of cervical cancer cases are
associated with HPV infections [2, 3]. Prognosis and response to
treatment are generally good when cervical cancer is diagnosed at
an early stage (stage IA to IB2—FIGO 2018) with a 5-year survival
rate of at least 92% [4]. For women diagnosed at advanced stages
(stage 1B3-IVB—FIGO 2018), the prognosis is poor with higher
recurrence rates and worse survival: when lymph nodes are
affected (stage IlIC) the 5 years survival is 59% and when
metastatic disease is found (stage IVA to IVB—FIGO 2018) just
17%. It is estimated that at least 30% of patients in advanced
stages will relapse [5]. Early-stage cervical cancer is usually
treated with surgery, while locally advanced stages are typically
treated with chemoradiation [6]. Metastatic disease is treated
with palliative chemotherapy, often combined with radiation for

treatment of symptoms such as bleeding or pelvic pain. Current
guidelines suggest a patient follow-up and therapy monitoring
based on clinical examination and, when indicated, cross-sectional
imaging [7].

Infections with HPV, which is a large group of more than 200
different DNA viruses, normally resolve spontaneously, but in
some cases persist resulting in warts or precancerous lesions [8].
Persistent infection can be accompanied by an increasing
number of viral episomes and the integration of the viral
genome into the host genome. Both mechanisms are thought to
drive genomic instability and initiate tumour development [9].
Different HPV types can be categorised according to their
carcinogenic potential. The Working Group of the World Health
Organisation International Agency for Research on Cancer (IARC)
classifies the HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58,
59 as group | carcinogens (potential carcinogenic) and HPV 68 as
group IlA (probably carcinogenic) [10]. Of them, the most
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prevalent ones are HPV16 and HPV18, the first one is responsible
for over 50% of cervical cancers and the second one for
approximately 15% [10].

Liquid biopsies are minimally invasive samples of urine, saliva or
blood that can be examined for cell-free DNA (cfDNA). Cell-free
circulating tumour DNA in plasma is a well-known biomarker for
monitoring treatment response and detection of residual disease
or relapse of cancer patients [11]. Most published methods aim for
detecting oncogenic and other somatic mutations or cancer-
specific DNA methylation patterns in the cfDNA [12]. Cell-free
circulating HPV-DNA (cfHPV-DNA) is another detectable tumour-
specific DNA that can be easily distinguished from human DNA
[13]. First studies using ddPCR detected HPV16, HPV18 and HPV 45
DNA in plasma and the results indicate that liquid biopsies can be
used for treatment monitoring and detection of minimal residual
disease (MRD) [14-18].

Technological advances have helped to significantly improve
the sensitivity of cfDNA tests. The aim of this proof-of-concept
study was to assess a highly sensitive targeted next-generation
sequencing (NGS) approach to simultaneously detect multiple
high-risk HPV types in plasma of cervical cancer patients and
evaluate its correlation with disease parameters such as stage and
treatment response to comprehensively investigate its potential as
biomarker for cervical cancer management.

MATERIALS AND METHODS

Patient cohort and biobank

Plasma samples from the biobank of the University Women’'s Hospital
Tubingen collected between 2016 and 2021 were screened for patients with
histological confirmed cervical cancer. All patients provided written informed
consent in accordance with institutional and federal guidelines for the
collection and storage of their samples in the biobank. Clinical data were
obtained from chart review. The study was approved by the ethic commission
of the University Tlbingen Hospital (project ID: 946/2020BO2). Samples were
collected as 10mL peripheral whole blood in cell-stabilisation blood
collection tubes (Cell-free DNA BCT tubes, Streck, Omaha, USA) or as 9 mL
in EDTA tubes without preparation. EDTA samples were centrifuged within
2 h after the samples were obtained, cell-stabilisation blood collection tubes
were processed in accordance with the manufacturer's recommendations.
Plasma was separated from blood using a double centrifugation protocol
(1900 x g for 10 min at RT). Separated plasma was stored at —80°C until
DNA extraction was conducted. cfDNA was extracted from plasma using the
QlAamp MinElute ccfDNA Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. DNA was eluted twice through the column
to maximise yield. Extracted cfDNA was stored at —20°C until analysis
took place.

Corresponding paraffin embedded tumour samples were identified in
the archives of the Institute of Pathology at the University of Tiibingen, and
representative tumour blocks identified by review of the available H&E
sections were selected and sequenced. Five-um unstained slides were
obtained from the FFPE blocks. Experienced pathologists assessed tumour
content and cellularity and suitable areas of tumour were marked for
macro-dissection on the corresponding H&E slide, if necessary. Genomic
DNA was extracted from the sections using the Maxwell® RSC DNA FFPE Kit
and the Maxwell® RSC Instrument (Promega, Madison, WI, USA) according
to the manufacturer’s instructions.

Next-Generation Sequencing and bioinformatic data analysis
To detect cfHPV-DNA a custom enrichment panel was designed
(Twist Bioscience). The panel comprised of the E6 and E7 regions of the
viral DNA genome from 13 high-risk HPV types, and 14 short regions of the
human genome (200 bp each) harbouring common human germline SNVs
for verification of sample identity. 12 of the selected HPV types are
categorised in IARC group 1 (carcinogenic to humans) i.e, HPV16, HPV18,
HPV31, HPV33, HPV35, HPV39, HPV45, HPV51, HPV52, HPV56, HPV58,
HPV59, and one type, HPV6S, is classified as probably carcinogenic to
humans (group 2A). cfDNA was quantified using the Qubit dsDNA HS Assay
kit (ThermoFisher Scientific). The quality of cfDNA was evaluated with an
Agilent 2200 TapeStation using High Sensitivity D1000 ScreenTape Assay
(Agilent). Libraries were prepared using the Twist Library Preparation Kit

(Twist Bioscience) with xGen UDI-UMI adaptors (IDT) and the Twist Target
Enrichment Kit. Batches of 8 libraries were combined and multiplexed
in the capture reaction. Enriched plexes were equally pooled for
sequencing. Libraries were sequenced on the lllumina NovaSeq6000
platform (lllumina, San Diego, CA, USA) in paired-end mode (PE, 2x100bp).
Additional read-out for fragment unique molecular identifiers (UMI, 9
bases) was generated. Libraries were sequenced at an average depth of 31
million reads.

Quality control and processing of raw data from DNA libraries was
performed using the in-house megSAP pipeline megSAP (https:/github.com/
imgag/megSAP, version 0.2-266-gb6e434f) and the ngs-bits package
(https://github.com/imgag/ngs-bits, version 2020_03), as described before
[19, 20]. Briefly, sequencing reads were aligned using BWA-MEM (version
0.7.17) to a combined reference including the human reference genome
(GRCh37) and viral genomes for all HPV types included in the panel design.
Aligned fragments were deduplicated and error-corrected using umiVar2
(unpublished tool for UMI-based sequencing-error correction) based on
the corresponding UMI bases and alignment coordinates. Abundance of
viral sequence content was then obtained using high-quality alignments only
and by calculating average per-base coverage for E6 and E7 regions. Viral
coverage was normalised with mean coverage across enriched human
genome regions.

The patients’ samples were separated into two groups: the first one,
called treatment-naive, consisted of samples collected before any kind of
therapeutic intervention (i.e., surgery as conization or hysterectomy,
radiation or chemotherapy—diagnostic procedures such as biopsies or
curettage were not considered as therapeutic intervention); and the
second group, non-treatment-naive, was composed of samples that were
collected after a therapeutic intervention. If a sample was collected at
relapse, it was considered treatment-naive if it was collected before the
therapy for relapse and non-treatment-naive if was collected after the
beginning of the relapse therapy.

Data were visualised using Python (version 3.9.7) and the matplotlib
library (version 3.4.3). All statistical analyses and visualisation were
performed using the R Statistical Software [21], the dplyr [22], and the
ggplot2 [23] packages. For the graphic representations, the levels of ¢cfHPV-
DNA were assumed as being the highest reads between E6 and E7 for all
HPV types, and when the levels were more than 10,000 reads, a logarithmic
scale (The base 10 logarithm of x+ 1 was used to deal with the
observations in which x = 0) was used for better visualisation.

RESULTS

Patient cohort

Samples of a total of 35 patients with cervical cancer were included
(Fig. 1). The mean age at diagnosis was 46.1 years (SD 12.9 years).
Histological type was squamous cell carcinoma for 71% of patients,
followed by adenocarcinoma for 23%, and adenosquamous for 6%
(Table 1). Most patients (62.3%) had advanced stage disease
(IB3-IVB—FIGO 2018), corresponding to locally advanced tumours
with more than 4cm (FIGO IB3), with vagina or parametrium
infiltration (FIGO II-IIB), disease which has spread to local lymph
nodes (FIGO 1lIC), clinically involved bladder and/or rectum mucosa
(FIGO IVA) or distant metastasis (FIGO IVB).

Liquid biopsies

cfDNA with adequate quality was isolated from 69 samples and
sequenced to a median depth of 400,049x (range: 16,809-733,959%,
IQR 322,876x%). After deduplication of sequencing reads, which
provides counts of unique DNA fragments by removing PCR
duplicates, a median depth of 8853x (range: 241-23,558%, IQR
4478x) was achieved. The most prevalent HPV types in cfDNA were
HPV16 followed by HPV18, other less prevalent types were HPV33,
HPV35, HPV45, HPV56, HPV58 and HPV59 (Fig. 2). To evaluate if the
cfHPV-DNA found in plasma was the same HPV type present in the
tumour, paraffin embedded tumour samples of 9 patients were
sequenced and viral DNA was found in all of them (HPV16, HPV18,
HPV33, HPV35 and HPV56). For all patients the HPV types detected
in plasma matched results from tumour tissue HPV testing,
corroborating that the experimental method is plausible. Tumour
samples of 2 patients had 2 different HPV types detectable, and for

British Journal of Cancer (2023) 128:2097 -2103


https://github.com/imgag/megSAP
https://github.com/imgag/megSAP
https://github.com/imgag/ngs-bits

S. Mittelstadt et al.

35 patients

Treatment-naive

26 patients

Early stage

Advanced stage

Non-treatment-naive

9 patients

Early stage

Advanced stage

| 9 patients | | 17 patients |

| 4 patients | I 5 patients |

v v

v v

Detectable cfHPV-DNA: Detectable cfHPV-DNA:
5 patients (55%) 17 patients (100%)

Detectable cfHPV-DNA: Detectable cfHPV-DNA:
0 patients (0%) 4 patients (80%)

Fig. 1

Study design. Treatment-naive group include cases with available samples before treatment. Non-treatment-naive group is composed

of patients with available samples only after any therapeutic intervention.

Table 1. Patient’s characteristics.
N (%)
Mean age 46.1 years
FIGO stage 1A1 5 (14%)
1B1-2 8 (23%)
1B3 1 (3%)
1IA-B 3 (8%)
1B 1 (3%)
nci1-2 13 (37%)
IVA 2 (6%)
IVB 2 (6%)
Histology Squamous carcinoma 25 (71%)
Adenocarcinoma 8 (23%)
Adenosquamous carcinoma 2 (6%)

these patients the HPV type found in cfDNA was the dominant one
(i.e,, the HPV type with more reads in tumour tissue).

Of the 34 treatment-naive samples from 26 patients (some
patients had replicate pre-treatment samples), cfHPV-DNA was
detectable in 30 (88%): detectable cfHPV-DNA was found in all 23
treatment-naive samples of patients in advanced stage (IB3-IVB);
and of the 11 samples of patients in early stage (IA1-1B2), 7/11
(64%) had detectable cfHPV-DNA. From a patient-centred view,
17 of 17 patients in advanced stage had detectable levels of
cfHPV-DNA but only in 5 of 9 patients in early stage cfHPV-DNA
were detectable.

For 9 patients, no treatment-naive plasma samples were
available (see Fig. 1 study design). All of them had at least a
conization before the sample was collected. Only 4 of 12 samples
(33%) showed detectable cfHPV-DNA, all four were from cases in
advanced stages. The only patient in advanced stage with
undetectable cfHPV-DNA had a FIGO IlIC1 disease because of
one affected lymph node (sentinel node) and the plasma sample
was collected after conization and pelvic and paraaortic lympha-
denectomy. All patients in early stage presented undetectable
cfHPV-DNA in the liquid biopsy, indicating that the amount of
cfHPV-DNA may be strongly affected by interventions that affect
the tumour burden. This finding coincides with and confirms the
observation that cfHPV-DNA levels increase in advanced stages of
the disease, i.e., correlate with tumour burden and spread. We
observed a moderate correlation, Spearman’s p = 0.731, between
FIGO-Stage and levels of cfHPV-DNA (Fig. 3a, scatterplot) for
treatment-naive samples and a highly significant correlation when
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Positive liquid biopsies (n = 26)

HPV45
8%

HPV18
15%

HPV16
58%
Fig. 2 HPV types distribution. Doughnut chart with proportion of

HPV types detected in the liquid biopsies.

comparing early and advanced stages (Fig. 3b, Wilcoxon test
p =0.0015).

Therapy monitoring

Therapy monitoring was performed for 8 patients by analysing
sequential samples taken in different points of treatment. For two
patients with early-stage disease (FIGO IA), we analysed one
sample before and one after conization. The comparison of cfHPV-
DNA levels showed a substantial decrease after surgery. For one
patient (Fig. 4b, patient E), the second sample taken 23 days after
conization showed no detectable cfHPV-DNA reads anymore. For
the other patient (Fig. 4b, patient F) the second sample was
collected 36 days after the conization and showed decreasing
but still detectable cfHPV-DNA levels. The conization of these
patients revealed compromised surgical margins and a radical
hysterectomy was performed 2 days after the second plasma
sample. The histopathological examination of the uterus showed
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5mm residual tumour, hence explaining the residual disease
detected in plasma.

Three patients with advanced stage disease (FIGO IlIC1) under
primary chemoradiation had serial samples (4-8 samples per
patient). A quick decrease of cfHPV-DNA under chemoradiation
was noted, which reflected their clinical response to treatment.
Undetectable levels of cfHPV-DNA in plasma were generally
reached within 1 month of treatment (Fig. 4a, patients A-C), with
a rapid decline already within the first 20 days. One patient
(Fig. 4a, patient B) showed a small peak between days 20 and 35,
after showing undetectable levels at day 15. All three patients
had at least 1.5-year follow-up without evidence of a relapse. For
a fourth patient (Fig. 4b, patient G) with advanced cervical
cancer (FIGO IlIC2) we had, in addition to the pre-treatment
sample, only one liquid biopsy taken 6 months after the end
of primary chemoradiation. Although the cfHPV-DNA levels
decreased in comparison to the first sample it was still relatively
high, indicating a potential relapse. Indeed, this patient suffered
a disease relapse one year after the end of the chemoradiation
(and 6 months after the second sample). This indicates that
cfHPV-DNA based liquid biopsy could be a valuable tool for early
detection of relapse and more generally for detection of minimal
residual disease. For a fifth patient (Fig. 4b, patient H) with
advanced disease (FIGO IVA—bladder infiltration) we had no
baseline (pre-treatment) sample available. However, the first
liquid biopsy collected one month after the end of chemoradia-
tion still showed a high level of cfHPV-DNA. Because of a
vesicovaginal fistula and extensive necrosis, an anterior pelvic
exenteration was performed 2 months after the end of the
chemoradiation (i.e.,, 1 month after the first liquid biopsy). In the
histopathological examination no vital tumour was found. A
second liquid biopsy sample was collected one and half years
later when disseminate metastases (liver, peritoneal and thoracic
lymph nodes) were diagnosed. In this sample we observed an
exponential increase of cfHPV-DNA levels compared to the post-
chemoradiation sample.

Finally, one patient (Fig. 4a, patient D) with primary metastatic
disease (FIGO IVB—supraclavicular lymph node), received pri-
mary chemotherapy associated with Bevacizumab and, subse-
quently, radiotherapy. The patient had a complete remission
accompanied by a quick decrease of cfHPV-DNA observed
under therapy. Bevacizumab was continued after the radio-
therapy and the follow-up after 2 years still showed no evidence
of disease. The patient had an extremely high load of cfHPV-DNA
(795.662 sequenced reads) pre-treatment, that dropped within
30 days of chemotherapy to less than 1% and after 100 days to
less than 0.1% of the original level. Interestingly, we could still
detect cfHPV-DNA after the end of radiotherapy, with only 8
remaining reads, indicating that the continued Bevacizumab
therapy might have been essential for the absence of a relapse
after 2 years.

DISCUSSION

Cell-free tumour DNA is a minimal invasive biomarker that holds
potential to be used for monitoring of treatment response and
to detect minimal residual disease post-treatment in cancer
patients. Early studies used PCR and gPCR approaches to detect
cfHPV-DNA in plasma of cervical cancer patients finding HPV16/
HPV18 DNA in 20-30% of samples [24-27]. More sensitive
methods such as ddPCR found 31%-62% cfHPV-DNA positive
samples [15, 16]. An important factor that affects the detection
rate (sensitivity) is tumour stage, and the detection rate can be
up to 100% for patients with metastatic cervical cancer [17].
In this study we found that levels of cfHPV-DNA are highly
correlated with FIGO-stage and reached a detection rate of
100% for FIGO IB3-IVB.

Another important aspect is the detection of different HPV
types. A previous study using a broader range of HPV types was
able to increase the rate of HPV detection in cervical cancer [28].
While most of the previous studies with cfHPV-DNA focused on
HPV16 and 18, the NGS approach in this study was designed to
detect a broader range of 13 high-risk HPV types [15, 24-26].
Besides HPV16 and HPV18, we indeed found several other
oncogenic HPV types including HPV33, HPV35, HPV45, HPV56,
HPV58 and HPV59 (Fig. 2). If in the present study we would
have only analysed HPV16/HPV18, the detection rate would
have been comparable to previously described studies with 61%
(16/26). Compared to a more comprehensive cfHPV-test that
detects 5 types of HPV and is clinically validated for orophar-
yngeal cancer [29], our test increases the sensitivity by over 19%
percentage points by detecting a wider spectrum of HPV types.
The overall detection rate of our method including the
additional HPV types reached 85% (22/26) for treatment-naive
patients. This illustrates that a broader panel of HPV types can
increase the detection rate and thus the value of cfDNA-HPV as a
biomarker itself.

Previous studies showed that presence of viral cfDNA before
treatment is associated with an increased risk of disease
recurrence and death. Monitoring of viral cfDNA was shown to
correlate with treatment response in a small study with an
experimental therapy [16, 17]. In the present study, we observed
in seven patients that decreasing levels of cfHPV-DNA fraction
under treatment correspond to the clinical therapeutic response
(remission), and that increasing levels in one patient corre-
sponded with relapse. The detection rate of cfHPV-DNA for
patients with samples taken before therapy was as high as 85%
(22/26). Stratification according to the stage revealed that 100%
(17/17) of patients in advanced stage presented detectable
cfHPV-DNA while in early stage only 55% (5/9) did. Based on our
results with a limited number of patients, we hypothesise that:
(1) levels of cfHPV-DNA are correlated with FIGO-stage and
consequently with increased risk of recurrence, (2) high levels of
cfHPV-DNA pre-treatment can rapidly decrease to (nearly)
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Fig. 4 Graphs representing the change in levels of cfHPV-DNA throughout time for 8 patients. Time 0 represents the beginning of the
therapy. a Patients A-C underwent primary chemoradiation by FIGO IlIC1 disease and presented a complete remission and had at least 1.5-
year follow-up without evidence of a relapse. Patient D received primary chemotherapy associated with Bevacizumab followed by
chemoradiation and also presented a complete remission, Bevacizumab was continued after the radiotherapy and the follow-up after two
years still showed no evidence of disease. b For patient E, a conization were performed for FIGO IA1 disease. Patient F had the first sample
before a re-conization by local relapse (FIGO IA2 as relapse after 13 months after primary disease with FIGO IA1), and the second sample after
one month, because of compromised conization margins a radical hysterectomy was performed 2 days after the second plasma sample.
Patient G with FIGO IlIC2 had a pre-treatment sample and other 6 months after the end of primary chemoradiation, this patient suffered a
disease relapse one year after the end of the chemoradiation (and 6 months after the second sample). Patient H (FIGO IVA) had no baseline
sample available, but one 1T month after the end of chemoradiation, because of a vesicovaginal fistula and extensive necrosis, an anterior
pelvic exenteration was performed 2 months after the end of the chemoradiation (i.e, 1 month after the first liquid biopsy), the
histopathological examination showed no vital tumour, the second sample was collected one and half years later when disseminate

metastases (liver, peritoneal and thoracic lymph nodes) were diagnosed.

undetectable levels when a favourable therapy response is
achieved, (3) decrease of cfHPV-DNA to nearly undetectable
levels (no significant MRD) seems to correlate with better
prognosis despite initial stage (4) detectable cfHPV-DNA at high
levels post-treatment (significant MRD) can indicate a high risk
to relapse even with no evidence of disease in histopathological
examination; (5) ¢cfHPV-DNA may decrease quickly with reduc-
tion of tumour burden in early stage but low-levels cfHPV-DNA
may be associated with residual disease.

British Journal of Cancer (2023) 128:2097 -2103

Limitations of this study are the small samples size and the
heterogeneous sequential sampling protocols (different number
and frequency of blood draws) during therapy.

In conclusion, our and previous results indicate that cfHPV-
DNA is a potential tumour biomarker to monitor treatment
response in cervical cancer patients. Although the comparability
of the different studies is limited due to small cohort sizes and
differences in cohort composition, the results indicate an
important role of the tumour stage. cfHPV-DNA can be detected
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in about half the cases of early-stage cervical cancer including
microscopic disease (FIGO IA1) and is expected to be detectable
in most advanced stages. The novel NGS approach used in this
study shows a higher detection rate than previous studies due
to the inclusion of 13 high-risk HPV types instead of just HPV16/
18, which significantly increased the sensitivity up to a 100% for
advanced stages. Nonetheless, additional clinical trials are
needed to establish definitively the prognostic and potential
therapeutic value of cfHPV-DNA in plasma of cervical cancer
patients.

DATA AVAILABILITY
The datasets used and analysed during the current study are available from the
corresponding author on reasonable request.
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