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For cervical cancer (CC), circulating cell-free HPV DNA (ccfHPV) may

establish disease severity. Furthermore, HPV integration has been corre-

lated to viral load and survival. In this study, pre-treatment plasma from

139 CC cases (50 primary surgery patients, 22 primary surgery + adjuvant

oncological therapy patients, and 67 primary oncological therapy patients)

was collected (2018–2020). Furthermore, plasma from 25 cervical intrae-

pithelial neoplasia grade 3 patients and 15 healthy women (negative con-

trols) were collected. Two next-generation sequencing (NGS) panels were

used to establish ccfHPV presence and human papillomavirus type 16

(HPV16) integration status. ccfHPV was detected in four primary surgery

(8.0%), eight primary surgery + adjuvant oncology (36.4%), and 54 pri-

mary oncology (80.6%) patients. For primary oncology patients with

HPV16-related cancer (n = 37), more ccfHPVneg than ccfHPVpos patients

had HPV16 integration (P = 0.04), and in patients with HPV16 integration

(n = 13), ccfHPVpos patients had higher disease stages than ccfHPVneg

patients (P = 0.05). In summary, ccfHPV presence is related to disease

severity and may add to the debated Sedlis criteria used for identifying

patients for adjuvant oncological therapy. However, ccfHPV detection is

influenced by HPV integration status and disease stage, and these factors

need to be considered in ccfHPVneg patients.
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1. Introduction

Human papillomavirus (HPV) causes 99.7% of all cer-

vical cancers (CC) [1]. For CC, the disease stage [2] is

the most important predictor of survival and is there-

fore used to guide treatment, where patients with

localized early-stage disease are treated with primary

surgery and patients with locally advanced cervical

cancer (LACC) are treated with primary chemoradia-

tion and brachytherapy. Further, for patients initially

surgically treated, post-operative histopathological

findings are used to guide potential adjuvant oncologi-

cal therapy decision [3]. These findings are categorized

as either intermediate-risk factors according to Sedlis

criteria, which includes information on tumoral depth

of invasion (DOI), lymphovascular space invasion

(LVSI), and tumor size [4] or high-risk factors accord-

ing to Peter’s criteria, which includes lymph node

metastasis, positive surgical margins, and parametrial

involvement [5]. While the impact of high-risk factors

on disease recurrence is indisputable [5,6], controver-

sies remain regarding adjuvant treatment after surgery

for patients with localized CC who meet the Sedlis cri-

teria [7–9]. Since identifying patients who will benefit

from adjuvant treatment is critical to reduce morbidity

and mortality from CC, improvements in the criteria

used to guide adjuvant treatment decision are needed.

In recent years, cell-free DNA (cfDNA), comprising

degraded DNA fragments released to the circulation

by cell death and active secretion processes [10,11], has

been explored as a biomarker for detecting and moni-

toring cancer [12–14]. cfDNA released from tumor

cells is known as circulating tumor DNA (ctDNA),

and this is already widely used for monitoring disease

in various cancer types [13,15,16]. Recent research sug-

gests the possible clinical value of circulating cell-free

HPV DNA (ccfHPV DNA) in patients with HPV-

related cancers [17–25], and we therefore conducted a

proof-of-concept study to investigate the diagnostic

value of ccfHPV16 and 18 DNA in CC patients [26].

In agreement with previous findings, we found that

ccfHPV DNA detection and quantity are closely

related to different clinical parameters such as disease

stage and tumor size and may thus be a promising tool

to establish tumor burden in patients with LACC

[17,23,25,27]. However, for patients with lower disease

burden, ccfHPV DNA positivity is significantly lower

[18,24,25], and for women with only precancerous cer-

vical lesions, the biomarker is non-detectable [24,25],

demonstrating that a certain disease burden is required

for HPV DNA to be detected or even present in the

blood circulation.

In two previous studies published by our group, we

validated a targeted next-generation sequencing (NGS)

panel for both HPV detection and genotyping, as well

as evaluation of HPV integration status [28,29], which

has been shown to reflect viral load [30,31] and progno-

sis [30–33] in CC. Integration of HPV DNA was previ-

ously considered a critical event in the process of

cervical carcinogenesis [34–36]. However, studies have

detected non-integrated HPV DNA in a significant

number of CCs, either as an episome or as a combina-

tion of both integrated and episomal forms (mixed

stage) [30,37–39], and studies have shown a great varia-

tion in the frequency of HPV integration according to

HPV genotype [30,40,41], presumably because of phylo-

genetic differences between genotypes. Thus, consistent

integration of HPV18 [30,40,41] and HPV45 [30,41] has

been observed in almost all CCs, whereas, for example,

HPV31, HPV33 [30,41], and HPV16 integration

[30,40,41] is less frequent. In the present study, we

aimed at using our NGS panel [29] (hereafter referred to

as “the NGS HPV genotyping panel”) as well as a

recently developed comprehensive HPV16 NGS panel

for assessment of integration status on cervical tissue

and plasma samples from 139 women with CC. With

our analyses, we sought to (I) test the performance of

our NGS HPV genotyping panel for ccfHPV DNA

detection, (II) test the performance of our NGS HPV16

panel for assessing HPV16 integration status, and (III)

assess the value of ccfHPV DNA as a marker for disease

severity. To our knowledge, this is the first study to

combine findings on ccfHPV DNA in plasma with the

integration status from patients with HPV-related CC.

2. Materials and methods

2.1. Participants and tissue/blood sample

collection

This study is the further development of our previous

proof-of-concept study on ccfHPV DNA in plasma

from CC patients [26]. Thus, the inclusion of the total

study cohort included in the present study is described

in detail in Bønløkke et al. [26]. In short, a total of 262

patients diagnosed with CC between June 2018 and

October 2020 at Aarhus University Hospital or between

January 2019 and January 2020 at Odense University

Hospital were invited to participate, and after two

rounds of exclusion, the total case cohort comprised

141 CC patients with stage IA1-IVB disease (according

to the International Federation of Gynecology and

Obstetrics, FIGO 2018 [2]) (fig. 1 in Bønløkke et al.

[26]). However, after this study’s analyses of plasma
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samples from all 141 patients, no human or ccfHPV

DNA was detected in plasma from two patients, leaving

139 CC patients in the final case cohort. We subdivided

the cohort into three groups: patients with localized dis-

ease treated with primary surgery (i.e., primary surgery

subgroup, n = 50), patients with localized disease trea-

ted with primary surgery and adjuvant oncological ther-

apy (surgery followed by adjuvant chemoradiation or

surgery followed by adjuvant radiotherapy) (i.e., pri-

mary surgery + adjuvant oncology subgroup, n = 22),

and LACC patients treated with primary oncological

therapy (chemoradiation, neoadjuvant chemotherapy

followed by radiotherapy, or neoadjuvant chemother-

apy followed by chemoradiation) (i.e., primary oncol-

ogy subgroup, n = 67). Table S1 provides clinical and

biological data on the study cohort.

We collected blood samples from all cases at the

time of diagnosis and prior to treatment initiation (i.e.,

surgery or oncological therapy). Furthermore, 25

women diagnosed with cervical intraepithelial lesion

grade 3 (CIN3) and a negative control group repre-

sented by 15 healthy anonymous women (negative

controls) were included. CIN3 patients were included

at Regional Hospital Randers (see fig. S1 in [26]). The

CIN3 patients were included to examine whether

ccfHPV DNA is detectable in precancerous lesions

and thus may be useful for screening. Negative con-

trols were included in connection with blood donation

at the Department of Clinical Immunology at Aarhus

University Hospital. These women all had a negative

cervical smear within the past 3 years.

For CC patients and CIN3 patients, formalin-fixed

and paraffin-embedded (FFPE) cervical tissue samples

were collected for HPV analysis.

2.2. DNA extraction and HPV analyses

2.2.1. DNA extraction from tissue

We performed HPV genotyping on cervical tissue from

all 139 CC patients and all 25 CIN3 patients. For the

protocol on the extraction of DNA from cervical tis-

sue, see Bønløkke et al. [26]. Briefly, for each patient,

the FFPE cervical tissue sample was used to cut and

collect three to four 10 lm thick sections in a sterile

tube. DNA extraction was performed using the QIA-

symphony DSP DNA Mini Kit, version 1 (Qiagen,

Venlo, The Netherlands).

2.2.2. Cell-free DNA extraction from plasma

Preparation of blood samples and extraction of plasma

and cfDNA is described in detail in Bønløkke et al.

[26]. Briefly, a total of 30 mL full blood was collected

from each participant in Cell-Free DNA BCT� collec-

tion tubes (Streck, La Vista, NE, USA), and after

DNA extraction, cfDNA was extracted from 5 mL of

plasma using QIAamp Circulating Nucleic Acid Kit

(QIAGEN, Hilden, Germany) following the manufac-

turer’s instructions.

2.2.3. INNO-LiPA HPV genotyping extra II (INNO-

LiPA) for tissue analyses

Human papillomavirus DNA in all tissue samples was

detected by two different HPV genotyping assays: the

INNO-LiPA assay (Fujirebio Europe, Ghent, Bel-

gium), and the NGS HPV genotyping panel. We per-

formed the analyses on the INNO-LiPA according to

the manufacturer’s instructions. The INNO-LiPA uses

the SPF10 primer set to amplify a 65 base pair (bp)

region in the L1 gene, followed by HPV genotyping by

reverse hybridization. The assay can detect 32 HPV

genotypes, including the high-risk HPV genotypes (16,

18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59), most of the

potentially high-risk HPV genotypes (25, 53, 66, 68,

70, 73, 82), and the low-risk HPV genotypes (6, 11, 40,

42, 43, 44, 54, 61, 62, 67, 81, 83, 89).

2.2.4. NGS HPV genotyping panel design, sample

preparation, and sequencing for tissue and plasma

analyses

The designing of the NGS HPV genotyping panel is

described in detail in Andersen et al. [29]. This panel

includes the 25 IARC-classified carcinogenic (HPV16,

18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59), probably car-

cinogenic (HPV68), and possibly carcinogenic (HPV26,

30, 34, 53, 66, 67, 69, 70, 73, 82, 85, 97) HPV geno-

types and the two most common low-risk HPV geno-

types HPV6 and HPV11 [42]. For each of these 27

HPV genotypes, eight areas were detected; two areas

in each of the E6 and E7 oncogenes, one area in the

L1 capsid gene, and three areas in the E2 gene. Fur-

thermore, as a quality assessment and to confirm the

presence of human DNA in the tested samples, the

panel includes five human reference genes (BTF3,

PABPN1, PPIE, RAB1B, and SRSF3). The panel was

designed with short amplicons of approximately 90

base pairs using the circulating free DNA pipeline of

the Ampliseq Designer. The samples were prepared for

sequencing using the Ion AmpliSeq Library Kit 2.0

(Thermo Fisher Scientific, Roskilde, Denmark) accord-

ing to the manufacturer’s protocol and with 24 PCR

cycles. Input DNA was 60 ng for tissue and in the

range of 2.6–60 ng for plasma. Samples were labeled
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with Ion Xpress Barcode Adapters (Thermo Fisher

Scientific, Roskilde, Denmark). Before pooling the

libraries for template preparation and sequencing, they

were quantified using the Ion Library TaqMan Quan-

titation Kit (Thermo Fisher Scientific, Roskilde, Den-

mark) and diluted to 40 pM. Template preparation was

performed with the Ion 510 & Ion 520 & Ion 530 Kit

—Chef (Thermo Fisher Scientific, Roskilde, Denmark)

by using the Ion Chef System (Thermo Fisher Scien-

tific, Roskilde, Denmark). The samples were sequenced

using the Ion GeneStudio S5 System (Thermo Fisher

Scientific, Roskilde, Denmark), and the coverage anal-

ysis plugin used for the data analysis was set to a min-

imum amplicon length of 50 base pairs.

2.2.5. NGS HPV genotyping data analysis on tissue

and plasma

Except for the calculation of the limit of detection

(LoD) for HPV positivity, NGS data analyses were

done essentially as described in Andersen et al. [29].

Because of the different background noise, the LoD

was calculated separately for tissue and plasma using

tissue from non-HPV16-positive patients and plasma

from negative controls, respectively. For a thorough

description of the approaches used to determine LoD

for tissue, see Table S2 and the corresponding foot-

notes. Thus, LoD for tissue was 20.4 reads, and there-

fore, cut-off for HPV DNA positivity was established

as ≥ 2 amplicons for the same HPV genotype with > 20

reads. However, none of the results for HPV DNA for

cervical tissue were at all near this cut-off (data not

shown), making this cut-off mostly theoretical.

For plasma, we used a similar approach, and for a

thorough description of the approaches used to deter-

mine LoD, see Table S3 and the corresponding foot-

notes. Thus, LoD for plasma was 4 reads, and

therefore, cut-off for HPV DNA positivity was estab-

lished as ≥ 2 amplicons for the same HPV genotype

with > 4 reads. However, data from plasma analyses

of the 14 ccfHPV DNA-positive cases and the 16

ccfHPV DNA-negative cases with results closest to this

cut-off value (Tables S4 and S5) show that none of the

results for ccfHPV DNA were near this cut-off, also

making this cut-off value mostly theoretical.

2.2.6. NGS HPV16 panel design and sequencing on

HPV16-positive tissue

Besides analyzing cervical tissue samples with INNO-

LiPA and the NGS HPV genotyping panel, the tissue

samples from the 67 CC patients positive for HPV16

in their tissue sample (only single genotype infections)

were analyzed with our recently developed NGS

HPV16 panel. As previously described, studies have

shown that integration of HPV DNA into the human

genome is a negative prognostic sign [30–33], and thus,

this panel enabled a thorough evaluation of HPV16

integration status for a tested sample. Upon integra-

tion of the virus, disruption and thus partial or com-

plete loss of specific HPV genes has been shown to

frequently occur [30,43,44]. The breakpoints occur

within the early E1–E5 or late L1–L2 genes, most fre-

quently in the E1/E2 genes, which causes constitutive

expression of the E6/E7 oncoproteins [30].

Thus, for CC, HPV DNA can be either completely

integrated or non-integrated (episomal or mixed stage)

[30,37–39], and therefore, the NGS HPV16 panel were

designed with 104 amplicons covering 97% of the

HPV16 genome. As with the NGS HPV genotyping

panel, the NGS HPV16 panel was designed using the

AmpliSeq Designer (Thermo Fisher Scientific, Ros-

kilde, Denmark), and to confirm the presence of

human DNA in each sample, the panel included the

same human reference genes as the NGS HPV geno-

typing panel (BTF3, PABPN1, PPIE, RAB1B, and

SRSF3). The panel was also designed with short

amplicons of approximately 90 base pairs using the

circulating free DNA pipeline of the Ampliseq

Designer. Sample preparation was performed as for

the NGS HPV genotyping panel analyses.

2.2.7. NGS HPV16 panel data analysis on HPV16-

positive tissue

Data analyses were done as described in Section 2.2.5.

for the NGS HPV genotyping panel. As with the NGS

genotyping panel, a similar approach was used to cal-

culate LoD for HPV positivity in tissue for the NGS

HPV16 panel, and for a thorough description of the

approaches used to determine LoD, see Table S6 and

the corresponding footnotes. Thus, cut-off for HPV16

DNA positivity was established as ≥ 2 amplicons with

> 15 reads. However, as for the cut-offs for ccfHPV

DNA and HPV DNA positivity with the NGS HPV

genotyping panel, none of the results for HPV16 DNA

were at all near this cut-off (data not shown), also

making this cut-off mostly theoretical.

Analyses using this panel were performed with the

purpose of assessing HPV16 integration status. There-

fore, based on the assumption that preferential dele-

tion of part of a gene in the HPV genome (most often

reported in E1, E2, L1, or L2 [30]) will cause complete

absence of the gene sequence concerned and thus com-

plete integration, complete integration was defined as

≥ 2 consecutive amplicons with ≤ 15 reads, and
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non-integration was defined as < 2 consecutive ampli-

cons with < 15 reads.

2.3. Statistics

Detection rate of ccfHPV DNA was defined as the num-

ber of ccfHPV DNA-positive (ccfHPVpos) plasma sam-

ples from CC patients divided by the total number of

CC patients. By means of ccfHPV DNA results on

patients from the primary surgery subgroup and the pri-

mary oncology subgroup (n = 117), sensitivity, specific-

ity, positive predictive value (PPV), and negative

predictive value (NPV) for identifying patients requiring

primary oncological therapy with the NGS HPV geno-

typing panel were calculated based on the assumption

that true positives are ccfHPVpos primary oncology

patients, true negatives are ccfHPV DNA-negative

(ccfHPVneg) primary surgery patients, false positives are

ccfHPVpos primary surgery patients, and false negatives

are ccfHPVneg primary oncology patients. Fisher’s exact

test was used to compare categorical variables between

patients, and Student’s t-test was used to compare

tumor size between patients. We considered a P-value

of ≤ 0.05 as statistically significant.

2.4. Ethics

The study methodologies conformed to the standards

set by the Declaration of Helsinki and were approved

by the Central Denmark Region Committees on Health

Research Ethics (journal number: 1-10-72-381-17) and

the Danish Data Protection Agency (journal number: 1-

16-02-782-17). The experiments were undertaken with

the understanding and written consent of each subject.

Furthermore, all subjects involved in the study have

given their consent for publication of data and results.

3. Results

3.1. Patient characteristics and concordance in

HPV genotyping on cervical tissue

The case cohort comprised 139 HPV-positive CC

patients, 50 patients (36.0%) in the primary surgery

subgroup, 22 patients (15.8%) in the primary

surgery + adjuvant oncology subgroup, and 67 patients

(48.2%) in the primary oncology subgroup (Table S1).

Furthermore, 25 CIN3 patients and a control cohort

comprising 15 healthy women were included (fig. S1 in

Bønløkke et al. [26]). Histologically, the CC cases com-

prised 106 (76.3%) squamous cell carcinomas (SCC), 26

(18.7%) adenocarcinomas (AC), and seven (5.0%) ade-

nosquamous carcinomas (ASC) (Table S1).

As described previously, HPV genotyping analyses

on cervical tissue from cases were performed with both

the INNO-LiPA assay and the NGS HPV genotyping

panel. When comparing HPV genotyping results, we

only compared results on genotypes included in both

assays, and thus, 137 samples were comparable. Of

these, there was a complete agreement between the two

assays in 130 (94.9%) samples and partial agreement in

the remaining seven (5.1%) samples, meaning that one

of the assays detected one genotype and the other assay

detected the same genotype as well as one other geno-

type (Table S1). For the two non-comparable samples

(pt. no 76 and no 102, respectively), the INNO-LiPA

detected HPV16 and HPV positive (type unspecified),

respectively, whereas the NGS assay detected

HPV16 + HPV67 and HPV30, respectively (Table S1).

Thus, since the INNO-LiPA assay cannot genotype

HPV67 and HPV30, these results were most likely also

in complete agreement. For the further analyses in this

study, HPV genotyping results refer to the results of the

NGS HPV genotyping panel. Table 1 shows patient and

tumor characteristics for the three subgroups, and fur-

thermore, all relevant clinical and biological data are

given in Table S1.

3.2. Detection of ccfHPV DNA using NGS HPV

genotyping panel

In our previous study [26], digital droplet PCR

(ddPCR) was used for a qualitative and quantitative

assessment of ccfHPV DNA in plasma from 60

HPV16- or HPV18-positive CC patients, eight CIN3

patients, and 15 negative controls. Here, we found that

19 LACC patients treated with primary oncological

therapy (63.3%) and three early-stage patients treated

with primary surgery (10.0%) were positive for

ccfHPV16- or 18 DNA, and both CIN3 patients and

negative controls were negative for ccfHPV DNA. To

see if the NGS HPV genotyping panel could perform

similarly to the ddPCR assay, the current study used

the NGS genotyping panel to analyze cfDNA from the

same 60 patients and the remaining 79 patients in the

case cohort. For the 60 patients also included in

Bønløkke et al. [26], we found that 25 LACC patients

(83.3%) and two early-stage patients (6.7%) were posi-

tive for ccfHPV DNA with the NGS panel (Table S7).

Thus, the detection rate for LACC patients was

increased with the NGS panel, and therefore, our fol-

lowing ccfHPV DNA analyses on the remaining

patients were performed with the NGS panel. For our

total study cohort of CC patients, ccfHPV DNA was

detected in 66 patients (47.5%): four patients (8.0%)

in the primary surgery subgroup; eight in the primary
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surgery + adjuvant oncology subgroup (36.4%), four

(33.3%) intermediate-risk patients (P = 0.04) and four

(40.0%) high-risk patients (P = 0.02); and 54 (80.6%)

in the primary oncology subgroup (P = 0.00) (Table 2

and Table S7).

Because of the previously described controversies

regarding adjuvant treatment after surgery for patients

with localized CC who meet the Sedlis criteria, that is,

intermediate-risk patients [7,8], and since there is not a

clear consensus on whether oncological therapy is suf-

ficient treatment for high-risk patients, only patients

from the primary surgery subgroup and patients from

the primary oncology subgroup (n = 117) were used to

measure sensitivity, specificity, PPV, and NPV of the

NGS genotyping panel for identifying patients requir-

ing primary oncological therapy. Based on the previ-

ously mentioned assumptions on true and false

positives and the true and false negatives, our NGS

HPV genotyping panel showed a sensitivity of 80.6%,

a specificity of 92.0%, a PPV of 93.1%, and a NPV of

78.9% (Table 2). However, it is worth mentioning that

for the four ccfHPVpos patients in the primary surgery

subgroup, two of these patients (50.0%) developed a

disease recurrence (pt no 22 and no 71) within 19 and

6 months after the diagnosis, respectively, whereas this

was only the case for one (2.2%) of the 46 ccfHPVneg

primary surgery patients (pt no 3 within 25 months

after the diagnosis). Analyses of cfDNA from controls

Table 1. Patient and tumor characteristics for the three subgroups (N = 139).

Patients

Primary surgery

subgroup, N = 50

Primary surgery + adjuvant

oncology subgroup, N = 22

Primary oncology

subgroup, N = 67

Age (mean � SD) 45.7 � 12.0 48.6 � 13.3 54.8 � 15.7

Histology n (%) n (%) n (%)

SCC 29 (58) 15 (68.2) 62 (92.5)

AC 16 (32.0) 5 (22.7) 5 (7.5)

ASC 5 (10.0) 2 (9.1) 0 (0.0)

FIGO 2018a n (%) n (%) n (%)

IA1 1 (2.0) 0 (0.0) 0 (0.0)

IA2 15 (30.0) 0 (0.0) 0 (0.0)

IB1 16 (32.0) 0 (0.0) 0 (0.0)

IB2 16 (32.0) 9 (40.9) 0 (0.0)

IB3 2 (4.0) 1 (4.5) 3 (4.5)

IIA1 0 (0.0) 2 (9.1) 0 (0.0)

IIB 0 (0.0) 0 (0.0) 26 (38.8)

IIIB 0 (0.0) 0 (0.0) 1 (1.5)

IIIC1 0 (0.0) 0 (40.9) 32 (47.8)

IIIC2 0 (0.0) 1 (4.5) 3 (4.5)

IVA 0 (0.0) 0 (0.0) 2 (3.0)

T-score (mean � SD)b 1.1 � 0.7 2.2 � 0.4 5.9 � 3.1

Tumor size (mm) (mean � SD)c 17.2 � 9.1 27.4 � 7.6 52.3 � 20.8

HPV genotype tissued n (%) n (%) n (%)

16 23 (46.0) 7 (31.8) 37 (55.2)

18 11 (22.0) 5 (22.7) 6 (9.0)

31 2 (4.0) 1 (4.5) 3 (4.5)

33 1 (2.0) 2 (9.1) 4 (6.0)

45 5 (10.0) 2 (9.1) 7 (10.4)

Other 3 (6.0) 3 (13.6) 5 (7.5)

Multiple 5 (10.0) 2 (9.1) 5 (7.5)

aDisease stage according to FIGO 2018 [2]. For patients having been re-staged after surgery, the re-staged stage is the one listed. For pri-

mary stage, see Table S1.
bT-score according to Lindegaard et al. [55]. The scoring system is developed for CC patients with stage IB-IVB disease, giving patients with

stage IB1, IB2, and IB3 a T-score of 1, 2, and 3 respectively. Thus, for patients with stage IA1 and IA2 disease, we made a presumption

that stage IA1 equals a T-score of 0.25 and stage IA2 equals a T-score of 0.5. For early-stage patients having been re-staged after surgery,

the re-staged stage is the one used to determine T-score. For primary disease stage, see Table S1.
cLarge diameter of tumor. For the primary surgery subgroup and the primary surgery + adjuvant oncology subgroup, tumor size was evalu-

ated pathologically after surgery based on the removed tissue. For the primary oncology subgroup, tumor size was evaluated based on clini-

cal examination or magnetic resonance imaging (MRI) prior to treatment.
dCervical tissue samples tested with the HPV NGS genotyping panel.
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and CIN3 patients were all negative for ccfHPV DNA

(Table S3).

3.3. ccfHPV DNA results according to treatment

and clinical parameters

3.3.1. ccfHPV DNA detection according to treatment

Since FIGO stage and consequently treatment modal-

ity is the most important predictor of survival from

CC, and since the validity of the Sedlis criteria used to

guide adjuvant treatment after surgery for patients

with intermediate-risk factors is much debated, we

examined whether ccfHPV DNA detection rate varies

between the intermediate-risk, high-risk, and LACC

patients, respectively. Table 2 shows the qualitative

detection of ccfHPV DNA for these patients according

to treatment. Interestingly, for intermediate- and high-

risk patients, respectively, four (33.3%) and four

(40.0%) were ccfHPVpos at diagnosis. For LACC

patients, 54 (80.6%) were ccfHPVpos at diagnosis.

3.3.2. ccfHPV DNA status according to clinical

parameters

Table 3 shows the clinical parameters based on

ccfHPV DNA status for all three subgroups. To

examine possible explanations for the 13 ccfHPVneg

primary oncology patients, which we regard as false

negatives, we used these patients as our reference

group to examine whether they differed significantly

from ccfHPVpos primary oncology patients on one or

more clinical parameters (Table 3). As previously

described, HPV18 and HPV45 show phylogenetic simi-

larities and are almost always completely integrated,

whereas the remaining HPV genotypes can be both

completely integrated and non-integrated [30,40,41].

Thus, to examine the possible influence of HPV inte-

gration, we merged HPV18 and HPV45 when compar-

ing HPV genotyping results. Overall, when comparing

both histology (SCC vs. AC/ASC), HPV genotype

(HPV18/45 vs. all other HPV genotyping results),

tumor size, and FIGO stage, no significant differences

between ccfHPVneg and ccfHPVpos primary oncology

patients were observed (P = 1.00, P = 0.26, P = 0.61,

and P = 0.64, respectively).

3.4. HPV16 integration status in tissue using

NGS HPV16 panel

To examine the possible impact of HPV integration

more closely, DNA from tissue samples from the 67

CC cases with HPV16-related disease (only single

genotype infections) were analyzed with our recently

developed and comprehensive NGS HPV16 panel

(Table S8). From the 67 cases, 23 were primary sur-

gery patients, seven were primary surgery + adjuvant

oncology patients, and 37 were primary oncology

patients. We found that 19 (28.4%) had complete inte-

gration, four primary surgery patients (17.4%), two

primary surgery + adjuvant oncology patients

(28.6%), and 13 primary oncology patients (35.1%).

For integrated cases, the genes involved were E2, L2,

and especially E1 (Table S8). Since previous studies

have found that HPV integration causes a lower DNA

viral load [30,31], we correlated our findings on

ccfHPV DNA from the primary oncology patients

with HPV16-related cancer with their HPV16 integra-

tion status to see if some of the ccfHPVneg may be

explained by integration and therefore low viral load

causing non-detectable ccfHPV DNA. Interestingly,

we found that significantly more ccfHPVneg patients

than ccfHPVpos patients had complete integration

(P = 0.04) (Table 4).

When assessing possible differences in disease sever-

ity in primary oncology patients with HPV16 integra-

tion, we found that ccfHPVpos-integrated patients had

significantly higher disease stages than ccfHPVneg-

integrated patients (P = 0.05) (Table 5), whereas no

significant difference was detected for tumor size

Table 2. Qualitative detection of ccfHPV DNA according to

treatment (N = 139).

ccfHPV

DNApos,

n (%)

ccfHPVDNAneg,

n (%)

P-

value

Primary surgery

subgroupa (N = 50)

4 (8.0) 46 (92.0)

Primary surgery + adjuvant oncology subgroup (N = 22)

Intermediate-risk

patients (N = 12)

4 (33.3) 8 (66.7) 0.04b

High-risk patients

(N = 10)

4 (40.0) 6 (60.0) 0.02c

Primary oncology subgroupa

LACC patients

(N = 67)

54 (80.6) 13 (19.4) 0.00d

aOnly patients from the primary surgery subgroup and patients

from the primary oncology subgroup (n = 117) were used to mea-

sure sensitivity, specificity, PPV, and NPV for using ccfHPV DNA

as a marker for identifying patients requiring primary oncological

therapy.
bFisher’s exact test comparing primary surgery subgroup vs.

intermediate-risk patients in the primary surgery + adjuvant oncol-

ogy subgroup.
cFisher’s exact test comparing primary surgery subgroup vs. high-

risk patients in the primary surgery + adjuvant oncology subgroup.
dFisher’s exact test comparing primary surgery subgroup vs. pri-

mary oncology subgroup.
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(P = 0.86). These data may suggest that detection of

ccfHPV DNA in patients with integrated HPV is influ-

enced by the disease stage. When comparing tumor

size and FIGO stage between primary oncology

patients with and without complete integration regard-

less of ccfHPV DNA status, no differences were seen

(P = 0.31 and P = 0.97, respectively) (Tables S8 and

S9), showing that integration status alone does not

affect clinical parameters.

4. Discussion

This study examined the performance of our targeted

NGS HPV genotyping panel for detection of ccfHPV

DNA in plasma from 139 CC patients. Results on

ccfHPV DNA were used to assess the value of ccfHPV

DNA as a marker for disease severity. ccfHPV DNA

was detected in 66 (47.5%) patients: four primary

surgery patients (8.0%); eight (36.4%) primary

Table 3. Clinical parameters based on ccfHPV DNA status.

ccfHPVpos

primary

surgerya

(n = 4)

ccfHPVneg

primary

surgerya

(n = 46)

ccfHPVpos

primary

surgery + adjb

(n = 8)

ccfHPVneg

primary

surgery + adjb

(n = 14)

ccfHPVpos

primary

oncologyc

(n = 54)

ccfHPVneg

primary

oncologyc

(n = 13) P-valued

Histology n (%) n (%) n (%) n (%) n (%) n (%) 1.00e

SCC 3 (75.0) 26 (56.5) 7 (87.5) 8 (57.1) 50 (92.6) 12 (92.3)

AC 1 (25.0) 15 (32.6) 0 (0.0) 5 (35.7) 4 (7.4) 1 (7.7)

ASC 0 (0.0) 5 (10.9) 1 (12.5) 1 (7.1) 0 (0.0) 0 (0.0)

HPV genotypef n (%) n (%) n (%) n (%) n (%) n (%) 0.26g

HPV16 3 (75.0) 20 (43.5) 4 (50.0) 3 (21.4) 32 (59.3) 5 (38.5)

HPV18 0 (0.0) 11 (23.9) 0 (0.0) 5 (35.7) 5 (9.3) 1 (7.7)

HPV31 0 (0.0) 2 (4.3) 0 (0.0) 1 (7.1) 3 (5.6) 1 (7.7)

HPV33 0 (0.0) 1 (2.2) 1 (12.5) 1 (7.1) 3 (5.6) 1 (7.7)

HPV45 1 (25.0) 4 (8.7) 1 (12.5) 1 (7.1) 4 (9.3) 3 (23.1)

Other 0 (0.0) 3 (6.5) 1 (12.5) 2 (14.3) 4 (9.3) 0 (0.0)

Multiple 0 (0.0) 5 (10.9) 1 (12.5) 1 (7.1) 3 (5.6) 2 (15.4)

Tumor size (mm) n (%) n (%) n (%) n (%) n (%) n (%) 0.61h

< 20 1 (25.0) 32 (69.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

≥ 20 < 30 2 (50.0) 11 (23.9) 6 (75.0) 9 (64.3) 2 (3.7) 0 (0.0)

≥ 30 < 40 0 (0.0) 2 (4.3) 2 (25.0) 3 (21.4) 8 (14.8) 4 (30.7)

≥ 40 1 (25.0) 1 (2.2) 0 (0.0) 2 (14.3) 4 (7.4) 9 (69.2)

Mean � SD 24.75 � 11.3 17.3 � 8.6 22.9 � 6.6 28.6 � 7.9 53.6 � 19.2 49.9 � 22.5

Median (IQR) 22 (7.75) 14.5 (11.5) 22 (5.25) 25 (10.5) 50.0 (22.3) 40.0 (24.0)

FIGO 2018i n (%) n (%) n (%) n (%) n (%) n (%) 0.64j

IA1 0 (0.0) 1 (2.2) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

IA2 0 (0.0) 15 (32.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

IB1 1 (25.0) 15 (32.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

IB2 2 (50.0) 14 (30.4) 3 (37.5) 6 (42.9) 0 (0.0) 0 (0.0)

IB3 1 (25.0) 1 (2.2) 0 (0.0) 1 (7.1) 2 (3.7) 1 (7.7)

IIA1 0 (0.0) 0 (0.0) 1 (12.5) 1 (7.1) 0 (0.0) 0 (0.0)

IIB 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 21 (38.9) 5 (38.5)

IIIB 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (18.5) 0 (0.0)

IIIC1 0 (0.0) 0 (0.0) 3 (37.5) 6 (42.9) 26 (48.1) 6 (46.2)

IIIC2 0 (0.0) 0 (0.0) 1 (12.5) 0 (0.0) 3 (5.6) 0 (0.0)

IVA 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.9) 1 (7.7)

accfHPVpos/neg patients referred for primary surgery, that is, primary surgery subgroup.
bccfHPVpos/neg patients referred for primary surgery and adjuvant oncological therapy, that is, primary surgery + adjuvant oncology subgroup.
cccfHPVpos/neg referred for primary oncological therapy, that is, primary oncology subgroup.
dStatistical analyses were performed for the ccfHPVpos primary oncology subgroup vs. the ccfHPVneg primary oncology subgroup.
eFisher’s exact test comparing SCCs vs. AC/ASCs.
fHPV genotype according to analyses with the NGS HPV genotyping panel.
gFisher’s exact test comparing HPV18/45 vs. all other HPV genotyping results.
hTwo-sample t-test with unequal variance.
iDisease stage according to FIGO 2018 [2]. For patients having been re-staged after surgery, the re-staged stage is the one listed.
jFisher’s exact test.
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surgery + adjuvant oncology patients, four (33.3%)

intermediate-risk patients (P = 0.04) and four (40.0%)

high-risk patients (P = 0.02); and 54 (80.6%) primary

oncology patients (P = 0.00). Furthermore, in agree-

ment with previous reports [17,24,25,45,46], ccfHPV

analyses of plasma from 25 CIN3 patients and 15

healthy individuals were all negative, indicating speci-

ficity only for CCs. Overall, the detection rates in CC

patients were higher than in our previous proof-of-

concept study using ddPCR for ccfHPV DNA detec-

tion [26], which may be explained by the different

qualities of the two assays; the ddPCR assay provides

a quantitative measure of ccfHPV DNA based on one

primer set and corresponding probe for HPV16 and

18, respectively, whereas the NGS panel includes mul-

tiple primer sets and thus covers several areas of the

HPV genome for the two genotypes, ensuring that if

genetic changes or integration have occurred in one or

more regions of the HPV genome, ccfHPV DNA

would still be detected.

Including only patients from the primary surgery

and primary oncology subgroup (n = 117) and apply-

ing the previously mentioned assumptions on true and

false positives and true and false negatives, our NGS

HPV genotyping panel showed a sensitivity of 80.6%,

a specificity of 92.0%, a PPV of 93.1%, and a NPV of

78.9%, showing that ccfHPV DNA is a very promising

marker to identify patients requiring primary oncologi-

cal therapy.

As previously described, detection of ctDNA is

widely used for detecting and monitoring disease in

various cancer types [13,15,16], and with HPV being a

critical step in the carcinogenesis of HPV-related CC,

these patients are an ideal model to detect ctDNA by

detecting HPV DNA. In previous studies on ccfHPV

DNA in patients with HPV-related diseases, detection

rates vary between 31% and 100% [17–25]. Possible

explanations for these inconclusive results are the use

of different analysis methods, a great variation in the

number of patients included and importantly, in

patient characteristics, for example, disease stage. Fur-

thermore, there is a large variation in the determina-

tion of a reliable cut-off for ccfHPV DNA positivity,

especially because some studies fail to include negative

control samples. In agreement with similar studies

[17,23,25], our recent study on ccfHPV DNA in CC

patients [26] found that ccfHPV DNA detection and

quantity are closely related to tumor size and disease

stage and may be a promising tool to establish tumor

burden in patients with LACC. As in these prior stud-

ies, results from this current study show that ccfHPV

DNA is only detectable in very few patients referred

for primary surgery, whereas for patients referred for

primary surgery + adjuvant oncological therapy and

especially patients referred for primary oncological

therapy, ccfHPV DNA is frequently detected. Because

of the much debated usefulness of Sedlis criteria for

intermediate-risk patients [7–9], we examined the quali-

tative detection of ccfHPV DNA for patients in the

primary oncology + adjuvant oncology subgroup dee-

per and found that four (33.3%) of the 12

intermediate-risk patients and four (40.0%) of the 12

high-risk patients were ccfHPVpos at diagnosis. Thus,

for intermediate-risk patients, it is plausible that com-

pared to the ccfHPVneg patients, the clinical character-

istics for these specific patients are different, for

example, tumor size, LVSI, and DOI, and these

Table 4. Correlation between ccfHPV16 detection and HPV16

integration status for ccfHPVneg and ccfHPVpos primary oncology

patients (N = 37).

HPV16

integration

statusa

ccfHPVneg primary

oncology (N = 5)b,

n (%)

ccfHPVpos

primary oncology

(N = 32)c, n (%)

Complete

integration

4 (80.0) 9 (28.1) P = 0.04d

Non-

integration

1 (20.0) 23 (71.9)

aHPV16 integration status defined as follows; complete integration:

≥ 2 consecutive amplicons with 0 reads; non-integration: < 2 con-

secutive amplicons with 0 reads.
bccfHPVneg primary oncology patients with HPV16-related cancer.
cccfHPVpos primary oncology patients with HPV16-related cancer.
dFisher’s exact test.

Table 5. Disease severity in primary oncology patients with HPV16

integration according to ccfHPV DNA detection (n = 13).

ccfHPVpos primary

oncology patients

with HPV16

integration (N = 9)

ccfHPVneg primary

oncology patients

with HPV16

integration (N = 4)

P-

value

Tumor size n (%) n (%) 0.86a

≥ 20 mm

< 30 mm

1 (11.1) 0 (0.0)

≥ 40 mm 8 (88.9) 4 (100.0)

Mean � SD 48.4 � 12.9 49.8 � 9.8

Median

(IQR)

45 (10.0) 49.5 (19.3)

FIGO 2018 n (%) n (%) 0.05b

IB3 1 (11.1) 0 (0.0)

IIB 2 (22.2) 3 (75.0)

IIIC1 6 (66.7) 0 (0.0)

IVA 0 (0.0) 1 (25.0)

aUnpaired two-sided t-test.
bFisher’s exact test.
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parameters may influence whether ccfHPV DNA is

present or not. Due to the low number of patients in

this study, we did not examine these possible differ-

ences. However, since both prior studies and the cur-

rent study have established that ccfHPV DNA is a

valid marker for identifying patients in need of pri-

mary oncological therapy, it is plausible that the

ccfHPVpos intermediate-risk patients may be the

patients in this subgroup who benefitted from adjuvant

therapy, whereas the remaining eight patients did not.

However, to examine the validity of the use of ccfHPV

DNA for a better treatment stratification of patients

in the intermediate-risk group, outcome data on local

control, disease and overall survival, and a larger

patient cohort are needed.

Based on the well-known impact of high-risk factors

on disease recurrence in high-risk patients [5,6], the

rather low detection rate in these patients seems surpris-

ing. Similarly, the results on ccfHPV DNA-negative pri-

mary oncology patients are unexpected, and these

results explain the only moderate sensitivity of 80.6%

and NPV of 78.9% in this study. However, similarly to

our findings, previous studies on ctDNA of somatic

mutations in different cancer types have shown that

around 70–88% of patients with metastatic disease have

detectable levels of ctDNA [47,48], even though tissue

analyses of these patients have shown positivity for spe-

cific mutations. ccfHPV DNA detection and quantity

are closely related to disease severity [17,23,25,26] and

also HPV genotype [18,23], the last-mentioned possibly

due to differences in integration frequency according to

HPV genotype. Thus, we explored the primary oncology

subgroup more thoroughly in regard to different clinical

parameters as well as HPV16 integration status, which

may be factors explaining ccfHPV DNA negatives in

both high-risk and primary oncology patients. Overall,

when comparing both histology (SCC vs. AC/ASC),

HPV genotype (HPV18/45 vs. all other HPV genotyping

results), tumor size, and FIGO stage between ccfHPVpos

and ccfHPVneg primary oncology patients, we found no

significant differences (P = 1.00, P = 0.26, P = 0.61,

and P = 0.64, respectively; Table 3). Especially findings

on no difference according to either tumor size or dis-

ease stage conflict with both our findings that signifi-

cantly more primary oncology patients and primary

surgery plus adjuvant oncology patients are ccfHPV

DNA positive than primary surgery patients (Table 2)

as well as previous findings showing that ccfHPV DNA

level is correlated to disease severity [17,18,23,25,26].

These findings may therefore very likely be caused by

the limited number of patients in this study. However,

other factors may also explain the ccfHPVneg findings in

primary oncology patients. The findings of no difference

according to HPV genotype suggest no impact of inte-

gration on ccfHPV DNA detection. Nevertheless, even

if not statistically significant, our genotyping results

showed that four (30.8%) of ccfHPVneg primary oncol-

ogy patients and only nine (16.7%) ccfHPVpos primary

oncology patients had HPV18/45-related CC (Table 3),

and since other HPV genotypes than HPV18 and

HPV45 may also integrate in over 50% of

cases [30,40,41] and thus represent some of the remain-

ing ccfHPVneg patients, an impact of integration status

and thus low viral load should not be fully rejected.

Besides affecting viral load [30,31], integration status

also seem to affect prognosis [30–33], and studies have

shown that cancer patients with HPV integration have

significantly shortened disease-free survival (DFS) com-

pared to patients with non-integrated HPV [30,31,33].

Similarly, results from the study by Kiseleva et al. [32]

suggest that HPV16 DNA integration is an independent

factor for predicting clinical outcome of LACC and can

serve as an effective criterion for the individual choice

of treatment tactics for the patients. As previously

described, HPV integration occurs due to disruption of

specific genes in the HPV genome, most frequently the

E1/E2 genes, which causes constitutive expression of the

E6/E7 oncoproteins [30]. Taken together, one would

expect higher steady-state levels of E6/E7 transcripts in

integrated CCs because of virus integration. However,

previous findings have shown that HPV integration per

se does not result in an increase in E6/E7 oncogene

expression [30,31,49–52]. Thus, the mechanism behind

the worsened prognosis in integrated patients may be

more complex than viral integration and E1/E2 disrup-

tion. Findings from previous studies suggest that epige-

netic factors, that is, methylation of HPV [52] and

genetic factors, that is, down-modulation of Notch1 [53]

or activation of the proto-oncogene MYC [54], affect

E6/E7 expression and thus these factors are likely to

play an important role in HPV-induced carcinogenesis.

In our study, integration status was successfully

assessed in cervical tissue DNA from the 67 CC

patients from the study cohort with HPV16-related

disease by our recently developed NGS HPV16 panel.

Complete integration was found in 19 (28.4%)

patients, and not surprisingly, we found that signifi-

cantly more ccfHPVneg primary oncology patients than

ccfHPVpos patients had complete integration

(P = 0.04) (Table 4), probably showing that ccfHPV

DNA detection is influenced by HPV integration sta-

tus. Thus, the lack of episomal HPV DNA in the

HPV16 integrated patients may be the cause of non-

detectable ccfHPV DNA (ccfHPVneg) in some primary

oncology patients and possibly in some high-risk

patients (ccfHPVneg) as well. This may be attributed to
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low DNA viral load, as well as the fact that HPV

DNA from cancer cells with integrated HPV is proba-

bly only released as a consequence of cell death. Con-

trary, cancer cells from patients with non-integrated

HPV have a high DNA viral load and harbor free and

intact HPV genomes. It seems plausible that virus

DNA can be released to the general circulation both

with and without preceding cell death, thus increasing

the rate of detection of ccfHPV DNA. These findings

are in line with previous data showing that ccfHPV

DNA positivity is influenced by HPV genotype [18,23],

and interestingly, Cabel et al. [23] found that ccfHPV

DNA positivity for HPV18 is significantly lower (20%,

n = 2/10) than for HPV16 (77%, n = 27/35), which is

also supported by findings from other studies [18,24].

When assessing potential differences in disease sever-

ity in primary oncology patients with HPV16 integra-

tion, we found that ccfHPVpos patients had higher

disease stages than ccfHPVneg patients (P = 0.05)

(Table 5), which may suggest that detection of ccfHPV

DNA in patients with integrated HPV is influenced by

disease stage, for example, lymph node status or

spread of the tumor to adjacent or distant organs. To

examine this deeper, a larger cohort is needed.

5. Conclusions

In conclusion, our study showed that our NGS HPV

genotyping panel is useful for ccfHPV DNA detection,

that our NGS HPV16 panel may be used for assessing

HPV16 integration status, and that ccfHPV DNA rep-

resents a promising marker for identifying patients

requiring primary oncological therapy. Furthermore, it

may add to the currently available Sedlis criteria used

to guide adjuvant therapy in intermediate-risk patients.

However, detection of ccfHPV DNA seems to be influ-

enced by HPV integration status and disease stage,

and thus, these factors need to be considered in

ccfHPVneg patients. Future studies should further

examine the validity of the use of ccfHPV DNA for a

better treatment stratification of intermediate-risk

patients but also the use of ccfHPV DNA for estab-

lishing treatment response and monitoring patients

after treatment.
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