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Abstract
Background  Human papillomavirus (HPV) has emerged as a significant contributor to cancer incidence globally, particu-
larly in the context of oropharyngeal squamous cell carcinoma (OPSCC) and cancer of unknown primary (HNCUP). This 
study aimed to develop and validate droplet digital PCR (ddPCR) assays for the detection of circulating tumor HPV DNA 
(ctHPV-DNA) in plasma, focusing on high-risk HPV genotypes associated with these cancers.
Methods  ddPCR assays for HPV16, 18, 33, 35, 56, and 59 were developed and tested using gBlocks, HPV cell-free DNA, 
fragmented tumor HPV+ DNA, and plasma samples from patients with HPV+ OPSCC (n = 110) and HNCUP (n = 9).
Results  Assays demonstrated robust technical sensitivity across all tested HPV genotypes. Clinical application of the assays 
on a cohort of patients with HPV+ OPSCC and HNCUP revealed high sensitivity (91.6%) and wide variability in ctHPV-
DNA levels. Analyses revealed correlations between ctHPV-DNA levels and TNM stage and tumor viral load. The associa-
tion between ctHPV-DNA and tumor viral load persisted even after adjusting for TNM stage. At posttreatment, 72.5% of 
samples had reached undetectable ctHPV-DNA levels. Having detectable ctHPV-DNA posttreatment was associated with a 
higher ctHPV-DNA level at diagnosis and higher viral load at diagnosis.
Conclusion  The findings underscore the potential of ctHPV-DNA as a biomarker for monitoring HPV+ cancers and offer 
insights into tumor dynamics. Implementation of these assays in clinical practice could enhance no-invasive treatment 
monitoring and recurrence detection in HPV-associated cancers.
Clinical Trials  NCT05904327.

Key Points 

Human papillomavirus can be detected with high sensi-
tivity in plasma from patients with oropharyngeal cancer 
and cancer of unknown primary in the head and neck.

Human papillomavirus levels in plasma could be cor-
related to both TNM stage as well as tumor viral load.

1  Introduction

Due to the significant increase in human papilloma virus 
(HPV)-induced cancers over recent decades, the role of 
DNA diagnostics has become of great importance. Almost 
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0.7 million new HPV cancer cases were diagnosed in 2018, 
equal to 10% of the total cancer incidence worldwide [1]. 
HPV, a DNA virus that infects squamous cells, is widely 
recognized for its potential to cause genital cancer through 
persistent infections. However, HPV+ head neck cancer, 
such as oropharyngeal squamous cell carcinoma (OPSCC) 
and cancer of unknown primary (HNCUP), has become one 
of the most frequent HPV driven cancer types worldwide. 
The prevalence varies by region, but HPV+ OPSCC has 
been reported to have a pooled global burden of 33%, with 
a higher prevalence in the Nordic countries [2]. High-risk 
HPV genotypes, including 16, 18, 31, 33, 35, 39, 45, 51, 
52, 56, 58, and 59, are considered carcinogenic due to their 
expression of E6 and E7 oncoproteins, along with their abil-
ity to integrate genomic components into the human genome 
[3]. Consequently, circulating tumor DNA (ctDNA) released 
from HPV-induced tumors contains fragments of HPV DNA 
sequences (ctHPV-DNA).

Ultrasensitive detection of ctDNA holds great potential 
as an important tool in molecular diagnostics for cancer, 
including molecular profiling, detection of residual disease, 
treatment monitoring, and early detection of recurrence 
[4–7]. These applications currently rely on invasive pro-
cedures to obtain tumor tissue, whereas ctDNA has been 
identified in various body fluids, such as plasma, serum, 
urine, cerebrospinal fluid, and saliva [8]. Consequently, 
ctDNA would offer a noninvasive alternative for these clini-
cal applications [9].

However, the identification of low levels of ctDNA among 
circulating cell-free DNA (cfDNA), generated by normal 
cell turn-around, necessitates ultra-sensitive detection meth-
ods. While next generation sequencing (NGS) is commonly 
used for comprehensive ctDNA characterization, it presents 
drawbacks such as high cost, complex analysis, and a lengthy 
turnaround time. Droplet digital PCR (ddPCR), on the other 
hand, overcomes these disadvantages, exhibiting higher sen-
sitivity for the analysis of known ctDNA biomarkers.

Studies have successfully linked the detection of ctHPV-
DNA fragments to treatment response and prognosis in 
OPSCC [10–13]. Notably, Chera et al. showed a 100% nega-
tive predictive value and a 94% positive predictive value 
for recurrent disease in a cohort of OPSCC using ctHPV-
DNA. Additionally, Siravegna et al. investigated the health 
economic benefits of ctHPV-DNA, demonstrating a higher 
diagnostic accuracy and a shorter diagnostic interval com-
pared with standard clinical workup [14]. These findings 
underscore the potential of ctHPV-DNA as a biomarker for 
OPSCC.

This study’s primary objective was to develop a set of 
highly sensitive ddPCR assays for use as a surveillance tool 
in patients with HPV+ tumors after radiotherapy or radio-
therapy combined with chemotherapy. The sensitivity and 
specificity of the assays were validated using fragmented 

tumor genomes diluted in cfDNA. Subsequently, the assays 
were applied to a cohort of patients with HPV+ OPSCC and 
HNCUP, included in the CIRCulating biomarkers in Oro-
pharyngeal CancerS (CIRCOS) study (ClinicalTrials.gov: 
NCT05904327), for which the relationship between ctHPV-
DNA levels and tumor characteristics relevant to the shed-
ding process of cfDNA were explored.

2 � Materials and Methods

2.1 � Assay Development

ddPCR assays for ctDNA targeting the E7 gene in HPV 
genotypes 16, 18, 33, 35, 56, and 59 were developed and 
validated at SAGA Diagnostics (Lund, Sweden). The primer 
and probe sequences are proprietary to SAGA Diagnostics 
and assays can be ordered through contacting SAGA Diag-
nostics. Initially, assays for HPV16, 18, and 33 were devel-
oped based on known prevalence in OPSCC. Additional 
genotypes, HPV35, 56, and 59, were then detected during 
inclusion in the CIRCOS study; consequently, assays for 
these genotypes were also developed. The assay chemistry 
is of dual nature where the first phase of the amplification is 
linear through inhibition of the primers targeting one of the 
template strands. This generates only one single stranded 
copy directly from the original template molecule for each 
cycle. During the second phase, all primers and probes are 
active and exponential amplification is performed. Through 
this, generation of copies-of-copies and propagation of base 
misincorporation errors are absent during the first phase and 
can later be distinguishable by a lower fluorescence intensity 
in the readout as compared to true positive droplets. Assays 
were tested using gBlocks (Integrated DNA Technologies, 
Coralville, IA, USA) specific for the different HPV types 
and a pool of normal cfDNA (n ~ 30 healthy donors). In 
addition, HPV16, 18, and 33 were tested for linearity by 
serial 1:2 dilution of gBlocks. Each assay contained a human 
control sequence located on 12q24.32, which was used as 
amplification control.

2.2 � Control Samples

DNA from tumor tissue samples from different HPV+ tumor 
types used in clinical diagnostics were used as control sam-
ples for genotypes 16, 18, 33, 35, 56, and 59. All control 
samples were anonymized before analysis.

Extracted cfDNA originating from anonymized healthy 
donors (n ~ 10) was used as technical control material 
of the method as described in Sect. 2.3. “Assay valida-
tion.” All donors gave oral informed consent and cfDNA 
was pooled prior to analysis. Blood was collected in Cell-
Free DNA BCT® tube (Streck, La Vista, NE, USA) and 
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underwent two consecutive centrifugations: 1600g for 
10 min followed by 3000g for 10 min. Plasma was trans-
ferred to a new tube without disrupting the cell layer. The 
clean plasma was stored in – 80 °C until DNA extraction. 
Plasma was brought to room temperature before manual 
DNA extraction using QIAamp circulating nucleic acid 
kit (QIAGEN) according to manufacturers’ instruc-
tion. Extracted DNA was stored in – 20 °C until further 
analysis.

2.3 � Assay Validation

To validate the assays, controls consisting of fragmented 
tumor DNA diluted in cfDNA were prepared. One tumor 
DNA sample from each of the six different HPV geno-
types (16, 18, 33, 35, 56, and 59) was therefore diluted to 
20 ng/µl and cleaved using BamH1 20,000 units/ml (New 
England Biolabs). The fragmented tumor DNA was then 
diluted 1:10 before being analyzed with the developed 
HPV specific ddPCR assays to determine baseline posi-
tivity. The prereaction (20 µl), including 1 µl assay, 5 µl 4× 
ddPCR™ Multiplex Supermix (BIORAD), and 14 µl tem-
plate, was prepared according to instructions provided by 
the manufacturer (SAGA diagnostics). Droplets were gen-
erated according to instructions, using QX200 droplet gen-
erator™ (BIO-RAD) and PCR was performed on a Veriti 
96-well thermal cycler (Applied Biosystems) according 
to instructions provided by the manufacturer (SAGA 
Diagnostics). QX200 Droplet Reader™ (BIO-RAD) was 
used to read droplets, and data was analyzed using Quan-
taSoft version 1.0.596. Each PCR was run in duplicate 
on both the specific HPV genotypes and the human con-
trol sequence located on 12q24.32. Based on the baseline 
positivity, the fragmented tumor DNA samples from each 
HPV genotype were serially diluted six times in cfDNA 
from healthy donors as described in Sect. 2.2. “Control 
samples.” The first dilution was calculated to generate ten 
positive droplets and the last dilution to reach undetect-
able levels.

Based on the results from the serial dilutions, two 
HPV+ controls were prepared: one with low positivity 
and one with high positivity. Preparation of the controls 
was performed as for the sensitivity tests. The controls 
were used to set thresholds for positivity, and to monitor 
the assays over time. The assay performance was analyzed 
over time by observing copies/µl for both HPV and the 
human control sequence in the positive controls at each 
analysis point. An assay was considered having high 
precision if (1) no single measurement fell outside three 
standard deviations (SD) and (2) measurements did not 
fall outside two SD in two consecutive runs in accordance 
with Westgard multi-rule approach [15].

2.4 � Clinical Application

The assays were applied on clinical plasma samples 
(n = 119) from the cohort of CIRCOS study (ClinicalTrials.
gov: NCT05904327). CIRCOS is a prospective multicenter 
study aiming to monitor ctHPV-DNA after treatment and 
during surveillance in HPV+ OPSCC and HNCUP. Inclu-
sion criteria were patients with OPSCC or HNCUP having 
a HPV+ tumor as defined by DNA genotyping, and a blood 
sample retrieved prior to start of treatment to be used for 
ctHPV-DNA analysis. Patients with distant metastases or a 
previous history of OPSCC or HNCUP were excluded. All 
participants were given oral and written information about 
the study and provided written in-formed consent upon 
inclusion. The study was approved by the ethics review 
board (2019-0656/2022-02405-02).

The diagnostic tissue sample for each patient was 
retrieved for determination of HPV genotype using the 
Anyplex TM II HPV28 detection (Seegene). Detection was 
performed according to instructions provided by the manu-
facturer. In brief, 100 ng of DNA underwent melt curve anal-
ysis with data collection at 30 (+++), 40 (++), and 50 (+) 
cycles on a CFX96TM Real-time PCR system (Bio-Rad). A 
++/+++ result was considered positive and a + result was 
reanalyzed to confirm positivity.

All patients were p16+, as determined by immunohisto-
chemistry. Tumors were staged and histologically classified 
according to the UICC TNM classification 8th edition [16].

Patients underwent radiotherapy with 68 Gy in 35 frac-
tions (2.0 Gy/fraction) for 7 weeks for target lesions and 
54 Gy for elective targets. Selected patients with stage III/IV 
were also given weekly intravenous Cisplatin of 40 mg/m2.

Pretreatment and posttreatment blood samples were 
drawn in a Cell-Free DNA BCT® tube (Streck, La Vista, NE, 
USA) and prepared as for the cfDNA used in the controls. 
cfDNA was extracted from 4 mL of plasma. The cfDNA was 
analyzed for its specific genotype, predetermined on paired 
FFPE tissue as described under the preparation of controls 
section, using ddPCR. Mastermix was made according to 
instructions provided by the manufacturer (SAGA diagnos-
tics) and ddPCR was performed as described for the con-
trols in the assay verification. Each run included a negative 
template control and two HPV+ controls: one low and one 
high, as in the assay validation. A sample with more than 
one positive droplet was considered positive. A sample with 
one positive droplet was reanalyzed, if positivity could be 
repeated the result was interpreted as positive. The number 
of copies per mL plasma was calculated as:

copies

mL
plasma =

copies

�L
× reaction volume × extraction volume

input volume × plasma volume
.



838	 A. Qvick et al.

2.5 � Viral Load

Additional diagnostic FFPE tumor tissue material was 
available for 63 patients and used to determine the HPV 
copy number in the tumor, i.e., tumor viral load. HPV 
viral load for HPV16, 18, 33, and 35 was measured using 
ddPCR as previously described [17]. DNA was extracted, 
cleaved, and genotyped as described for the FFPE control 
samples.

All HPV assays were run in separate reactions together 
with probes targeting the HBB gene, which was used as 
internal control and for normalization of input amount. 
Tumor viral load was calculated as the ratio between HPV 
copies and HBB copies and subsequently normalized to 
tumor cell content according to:

Tumor cell content was assessed on p16 stained slides 
by AQ and MK. Slides were analyzed in imageJ (version 
1.54d) by quantification of the proportion of p16 stained 
area. Cell density was calculated by marking one area with 
a perimeter of 500 µm in a representative area of the tumor 
and one area in the surrounding tissue in CaseViewer (ver-
sion 2.4). The proportion of cells in the respective areas 
was then calculated. If the tissue had a high cell density, 
e.g., lymphocyte-rich, the proportion of p16 stained area 
was corrected with a factor of two.

2.6 � Immunohistochemistry

Conventional hematoxylin and eosin (H&E) stain and 
immunohistochemical detection of P16INK4a protein 
(p16) were used on sections of clinical FFPE tumor sam-
ples from the included patients to identify tumor char-
acteristics. H&E was stained automatically using Tissue 
Tek Prisma (Sakura) as follows: two baths of Tissue Clear 
(Histolab) for 2 min, 2 min ethanol 99.5%, 2 min ethanol 
95%, 1 min running tap water, 5 min Mayers Htx (Histo-
lab), 4 min running tap water, 1 min eosin Y 0.2% (His-
tolab), 1 min running tap water, 1 min 95% ethanol, two 
baths of 99.5% ethanol for 1 min, and two baths of xylene 
for 1.5 min. Stained slides were mounted automatically by 
Tissue Tek Prisma (Sakura).

Immunohistochemistry for p16 was performed using 
BenchMark ULTRA IHC/ISH System (Roche Diango-
stics) with the mouse monoclonal antibody E6H4 (Roche 
Diagnostics). Samples were deparaffinized and rehydrated 
manually as follows: two baths of xylene for 5 min, two 
baths of 99.5% ethanol for 1 min, 95% ethanol for 1 min, 
70% ethanol for 1 min, and distilled water before transfer 

Normalized viral load =

HPV copies/reaction × Tumor cell content

HBB copies/reaction
.

to automatic staining in BenchMark ULTRA IHC/ISH. 
Automatic procedure included cell conditioning using 
CC1 ULTRA for 48 min in 100 °C, preprimary peroxidase 
inhibitor, primary antibody for 12 min at 36 °C, hematoxy-
lin II for 8 min, and bluing reagent for 4 min. Slides was 
manually dehydrated with 70% ethanol for 1 min, 95% 
ethanol for 1 min, three baths of 99.5% ethanol for 1 min, 
and xylene for 1 min before automated mounting in Tis-
sue Tek Prisma (Sakura). Representative stainings can be 
viewed in Online resource 1.

2.7 � Statistics

Continuous variables were assessed by Mann–Whitney U or 
Kruskal Wallis tests. The Spearman correlation coefficient 
was used for analyzing correlations. Multivariate analysis 
on viral load and TNM stage for ctHPV-DNA levels was 
performed using linear regression. For correlation and linear 
regression analysis, ctHPV-DNA levels and viral load were 
logarithmically transformed and all assumptions for linear 
regression were met. Statistical analyses were performed 
using IBM SPSS Statistics Viewer (version 29.0). Figures 
were done in R version 4.3.2 (R Project for Statistical Com-
puting; http://​www.r-​proje​ct.​org) with the ggpubr package.

3 � Results

3.1 � Assay Development

ddPCR assays targeting HPV16, 18, 33, 35, 56, and 59 were 
developed. All assays were tested against extracted cfDNA 
from plasma from healthy donors (n ~ 30). No false posi-
tive droplets were observed for any of the assays. All assays 
were also tested against gBlocks corresponding to the spe-
cific HPV genotypes (Online resource 2). All assays showed 
high positive amplitude and good separation between posi-
tive and negative droplets, showing no pronounced raindrop 
pattern. The threshold amplitude for control channel was 
set to 4000. Thresholds for HPV16, 18, and 56 was set to 
6000, for HPV33 it was set to 5000, for HPV35 it was set to 
4000, and for HPV59, it was set to 8500. The cluster of posi-
tive droplets was centered around 11,600 in amplitude for 
HPV16 and 18, 9000 for HPV33, 8300 for HPV35, 13,600 
for HPV56, and 15,200 for HPV59.

In addition, HPV16, 18, and 35 were tested for linear-
ity and sensitivity using extracted DNA from FFPE tumor 
tissue mixed with cfDNA from healthy volunteers (Fig. 1). 
High linearity (r2 = 1.00) was observed for all assays and 
the assay sensitivity was 0.08, 0.07, and 0.07 copies/µl for 
HPV16, 18, and 35, respectively.

http://www.r-project.org
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3.2 � Assay Validation

To further test the sensitivity of the assays, controls con-
sisting of fragmented HPV+ tumor DNA diluted in HPV-
cfDNA were analyzed for HPV genotypes 16, 18, 33, 35, 56, 
and 59. Controls underwent twofold serial dilutions around 
the previously validated sensitivity threshold. Total input, 
as measured by copy number of control sequence, was kept 
consistent and showed a stable result for all genotypes, with 
a variation from 46.5 copies/µl to 53.1 copies/µl. As for 
HPV, a linear relationship was found in the four first dilu-
tions, while the targets became undetectable during the two 
final dilutions. The lowest detected number of copies for the 
different assays were 0.038 copies/µl for HPV16 (r2 = 0.81), 
0.149 for HPV18 (r2 = 0.81), 0.081 for HPV33 (r2 = 0.84), 
0.040 for HPV35 (r2 = 0.92), 0.085 for HPV56 (r2 = 0.93), 
and 0.039 for HPV59 (r2 = 0.88; fig. 2). The collective limit 
of detection of ctHPV-DNA was 0.082 copies/µl (95% CI: 
0.029–0.135 copies/µl).

The performance of each assay was also tested over time 
during a period of 7–23 months at 3–21 different timepoints. 
This was performed using two different dilutions of HPV+ 
tumor DNA, named HPV low and HPV high, fragmented 

and diluted in HPV plasma cfDNA for each assay. The lower 
control contained between 0.151 and 0.922 copies/µl and 
the higher control contained between 0.654 and 2.26 cop-
ies/µl across all six assays (Online resource 3). Each assay 
was readily quantifiable and met the criteria for precision in 
both controls, except for two consecutive observations in the 
HPV33 low control that exceeded two standard deviations 
(SDs). The limit of quantification is potentially lower than 
the results obtained for the low HPV control, but this was not 
further investigated. No deterioration in detectable ctHPV-
DNA and amplitude levels was observed (data not shown).

3.3 � Clinical Application

To test the assay in a clinical setting, pretreatment plasma 
samples from patients with OPSCC (n = 110) and HNCUP 
(n = 9) were analyzed. The patients had a mean age of 
63.1 years (SD 9.0) and a male predominance (76.6 %, 
Table 1). A clear majority of the diagnostic tissue sam-
ples were positive for HPV16 (n = 98) followed by HPV33 
(n = 11), HPV18 (n = 3), HPV35 (n = 3), HPV59 (n = 3), 
and HPV56 (n = 1). The majority of patients had a stage 
I disease (58.8%). Further characteristics are presented in 
Online resource 4.

For the entire cohort, tissue HPV status was detected 
and confirmed in plasma in 91.6% of the cases (109/119). 
The ten samples with undetected ctHPV-DNA belonged to 
HPV16+ (n = 6) and HPV33+ (n = 4) tumors, correspond-
ing to nine cases of OPSCC and one case of HNCUP. The 
median level of ctHPV-DNA across all samples was 146.0 
copies/ml plasma (range 0.0–29600.0). Due to the small 
number of HPV+ cases of genotypes other than HPV16, 
they were considered as one group for statistical analyses. 
There were no significant differences in ctHPV-DNA levels 
between HPV16+ tumors and tumors positive for other gen-
otypes (190.0 copies/ml versus 27.0 copies/ml, p = 0.307, 
fig. 3A).

The levels of ctHPV-DNA copies were weakly correlated 
with the total amount of cfDNA in the plasma (r = 0.229 
and p = 0.012, Online resource 5). There was no associa-
tion between ctHPV-DNA negativity and total amount of 
cfDNA in plasma (2157 copies/ml, range 365–11,700 cop-
ies/ml, versus 1712.5 copies/ml, range 810–14,464.3 copies/
ml, p = 0.206).

3.4 � Association of ctHPV‑DNA with Clinical 
Variables

To further study the large variation of ctHPV-DNA levels 
in the cohort, we investigated the association between the 
levels of ctHPV-DNA and clinical variables. Interestingly, 
ctHPV-DNA levels correlated to the TNM stage (r = 0.414, 
p < 0.001; fig. 3c), while the total cfDNA amount did not 
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Fig. 1   Serial dilution of ctHPV-DNA assays on tumor tissue. Tumor 
DNA positive for HPV16 (A), 18 (B) and 35 (C) was fragmented 
and underwent twofold serial dilutions in cfDNA extracted from 
healthy donors. The concentration of the undiluted control sequence 
on 12q24.32 is shown in gray. All measurements were performed in 
singleton
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Fig. 2   Serial dilution of ctHPV-
DNA assays in plasma cfDNA. 
Concentration of ctHPV-DNA 
in progressive twofold serial 
dilutions for six different 
HPV genotypes: A HPV16, B 
HPV18, C HPV33, D HPV35, 
E HPV56, and F HPV59. The 
concentration of the undiluted 
control sequence on 12q24.32 
is shown in gray. All meas-
urements were performed in 
duplicate
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Table 1   Clinical cohort characteristics. HPV type according to diagnostic tumor tissue samples

SD standard deviation, OPSCC oropharyngeal squamous cell carcinoma, HNCUP cancer of unknown primary in the head and neck

Characteristic All genotypes
n = 119

HPV16
n = 98

HPV18
n = 3

HPV33
n = 11

HPV35
n = 3

HPV56
n = 1

HPV59
n = 3

Age
Mean (SD) 63.1 (9.0) 62.7 (8.7) 64.7 (12.5) 65.0 (8.6) 56.0 (12.1) 71.0 (0.0) 73.3 (4.5)
Sex
Female, n (%) 29 (24.4) 21 (21.4) 0 (0.0) 6 (54.5) 2 (66.7) 0 (0.0) 0 (0.0)
Male, n (%) 90 (76.6) 77 (78.6) 3 (100.0) 5 (45.5) 1 (33.3) 1 (100.0) 3 (100.0)
Diagnosis
OPSCC, n (%) 110 (92.4) 90 (91.8) 2 (66.7) 11 (100.0) 3 (100.0) 1 (100.0) 3 (100.0)
HNCUP, n (%) 9 (7.6) 8 (8.2) 1 (33.3) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Stage
I, n (%) 70 (58.8) 57 (58.2) 0 (0.0) 8 (72.7) 1 (33.3) 1 (100.0) 3 (100.0)
II, n (%) 34 (28.6) 29 (29.6) 2 (66.7) 2 (18.2) 1 (33.3) 0 (0.0) 0 (0.0)
III, n (%) 15 (12.6) 12 (12.2) 1 (33.3) 1 (9.1) 1 (33.3) 0 (0.0) 0 (0.0)
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(r = −0.012, p = 0.896; fig. 3d). In 52.9% (n = 63) of cases, 
including 7 ctHPV-DNA-negative cases, tumor tissue was 
available for further analysis of tumor viral load. Tumor 
viral load had a median of 15,740 copies/reaction (range 
70.4–153,580.0). After normalization for input amount and 
tumor cell content, there were no significant differences 
in tumor viral load between TNM stages (p = 0.512) or 
between HPV16 and other genotypes (p = 0.674). The num-
ber of ctHPV-DNA copies was significantly correlated to 
normalized tumor viral load (r = 0.434, p < 0.001; fig. 3B). 
In a multivariate analysis with TNM stage, this association 
persisted [β = 0.362, p = 0.001, 95% CI: 0.268–1.070].

Tumor viral load was available for seven of the ten 
ctHPV-DNA negative patients. An association between low 
tumor viral load and ctHPV-DNA negativity was observed, 
but the association was not statistically significant (median 
14.2 versus 32.2, p = 0.06, Online resource 6).

For 113 of the cases, posttreatment measurements of 
ctHPV-DNA were available. The clear majority of sam-
ples (72.5%, n = 82) presented with undetectable levels 
of ctHPV-DNA at posttreatment. The detectable samples 
ranged from 0.7 to 341.1 copies/ml plasma (median 3.0 
copies/ml plasma, Online resource 7). Two samples had 

higher ctHPV-DNA levels at posttreatment. Samples with 
detectable ctHPV-DNA at posttreatment also had signifi-
cantly higher ctHPV-DNA levels at diagnosis (99.5 versus 
587.5 copies/ml plasma, p = 0.011). A higher normalized 
viral load was significantly associated with having detect-
able ctHPV-DNA at posttreatment (median 22.3 versus 41.3 
copies/ml plasma, p = 0.031) while a higher stage was not 
(p = 0.158). Patients with undetectable ctHPV-DNA at diag-
nosis remained undetectable posttreatment.

4 � Discussion

In this study, we developed and validated a series of ultra-
sensitive ddPCR assays tailored for the detection of ctHPV-
DNA in plasma. All assays demonstrated robust sensitiv-
ity and specificity when tested, both on tumor tissue and 
plasma samples. Subsequently, the assays were evaluated on 
a clinical cohort of patients diagnosed with HPV+ OPSCC 
and HNCUP as part of the CIRCOS study, consistently 
exhibiting high sensitivity. Importantly, our investigation 
uncovered a wide variability in ctHPV-DNA levels among 
patients, prompting a thorough exploration of correlations 

Fig. 3   ctHPV-DNA levels and 
clinical variables. A ctHPV-
DNA across different HPV 
types. B Normalized tumor 
viral load and ctHPV-DNA 
concentration. C TNM-stage 
and ctHPV-DNA concentration. 
D TNM stage and circulating 
control DNA concentrations
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with various tumor characteristics. Our findings unveiled 
significant associations with TNM stage and correlations 
with tumor viral load, providing valuable insights into the 
complex dynamics underlying HPV-related cancers.

Several studies have investigated the use of ctHPV-DNA 
as a clinical biomarker for OPSCC. However, the focus 
has largely been on the most prevalent types, HPV16 and 
18. Only a limited number of studies have tested assays for 
several HPV types in oropharyngeal cancer [14, 18, 19], 
and only one included assays for six HPV genotypes as in 
this study [20]. Given the diverse range of high-risk HPV 
types associated with oropharyngeal cancer, it is essential 
to analyze multiple HPV types for future implementation in 
the clinic [21]. To our knowledge, our study is the first to 
have successfully developed and tested assays for HPV56 
and HPV59 for use in this clinical context.

The technical validation tests, conducted using serially 
diluted ctHPV-DNA from patient plasma, consistently dem-
onstrated excellent sensitivities across all six HPV assays, 
ranging from 0.038 to 0.149 copies/µl. Technical sensitivity, 
as explored in this study, has not previously been thoroughly 
investigated and focus has instead been directly on clinical 
sensitivity. Such studies have reported variable clinical sen-
sitivity ranging from 56 to 98.4% detection rate of ctHPV-
DNA [10, 14, 18, 22, 23]. Following our rigorous technical 
validation tests, we further investigated the performance in 
a clinical setting. Our developed assays showed high clinical 
sensitivity when employed on the CIRCOS cohort, detecting 
91.6% of the cases.

We observed ten HPV+ tumors with undetectable ctHPV-
DNA belonging to HPV16 and HPV33 genotypes. The 
HPV33 E6 and E7 genes have been shown to have single 
nucleotide polymorphisms (SNPs) resulting in three line-
ages, including two sublineages, in cervical cancer [24]. In 
addition, multiple different splice variants in E6/E7 have 
been observed in tonsillar carcinoma, indicating a biologi-
cal variation in HPV33. Leung et al. compared ctHPV-DNA 
detection success rate depending on the fraction of HPV 
genome analyzed. They achieved 100% accuracy when ana-
lyzing whole-genome HPV compared with 94–99% accu-
racy when analyzing only the E6/E7 genes for HPV16 and 
HPV18 [25]. This difference could be attributed to the afore-
mentioned factors or to an uneven secretion of ctHPV-DNA 
across the HPV genome. An uneven secretion of cfDNA 
across the human genome has previously been observed 
[26]. The fragmentation pattern of cfDNA has been linked 
to in vivo gene regulation through chromatin protection; an 
open chromatin sequence yields more fragmented DNA dur-
ing apoptosis compared with tightly histone-wrapped DNA. 
This restricts access of nucleases during apoptosis, affect-
ing the fragmentation pattern of cfDNA [26]. Consequently, 
the active E6/E7 genes of integrated HPV may undergo 
similar nuclease exposure as expressed human genes, while 

episomal HPV may exhibit a different fragmentation pattern, 
influencing detection ability.

For tumor tissue testing in this study, a HPV genotype 
specific assay was used in combination with p16 immuno-
histochemistry, decreasing the risk of an unreliable result. 
Through this approach, the correct genotype for ctHPV-
DNA analysis was directly obtained, which can decrease 
turnaround time and save the limited amount of cfDNA. 
Although discrepancies between HPV+ and p16 staining 
have been reported previously [27, 28], in our cohort, there 
was a complete overlap between p16+ and HPV+ in tissue.

We found a wide range of levels of ctHPV-DNA in clini-
cal plasma samples, aligning with findings from multiple 
prior studies [14, 18, 19]. This variability has been linked to 
tumor burden, a correlation our study confirmed by identi-
fying an association between ctHPV-DNA levels and TNM 
stage [12, 14, 19, 29]. While several clinical tumor char-
acteristics have been investigated for an association with 
ctHPV-DNA levels, less is known about the molecular char-
acteristics of the tumor. When investigating the relationship 
between tumor viral load and ctHPV-DNA, we demonstrated 
a significant correlation between the two. Despite the asso-
ciation of ctHPV-DNA with tumor stage, both in this study 
and in others, the association of ctHPV-DNA and viral load 
persisted even after adjusting for TNM stage. Indeed, Chera 
et al. also observed that the copy number of HPV in tumor 
tissue, as measured by next generation sequencing (NGS), 
was significantly higher in patients with more than 200 cop-
ies/ml plasma of ctHPV-DNA compared with patients with 
below 200 copies/ml plasma [12].

Chera et al. found evidence of HPV integration in 40% 
of patients with OPSCC [12]. Furthermore, tumors with an 
integrated HPV had a lower copy number of HPV in the 
tumor and a trend of having lower ctHPV-DNA. Anayannis 
et al. detected 32% integration in their cohort as well as a 
significantly lower HPV viral load in tumors with integrated 
HPV [30]. In our study, tumor viral load was measured by 
targeting the E6 gene, which is often intact upon HPV inte-
gration into the human genome. Therefore, our assay would 
detect all copies of HPV, irrespective of integration status. 
However, our assay would not distinguish between episo-
mal and integrated HPV, raising interest in investigating if 
the correlation between integration and viral load could be 
replicated in our cohort.

After treatment, 72.5% of the cases in this study had 
reached undetectable levels of ctHPV-DNA. This is in 
accordance with Chera et al., who observed an 80% clear-
ance of ctHPV-DNA posttreatment in patients treated with 
chemotherapy as in this study [12]. A clearance of 74% 
was observed by Rothman et al. after surgery and a high 
clearance of 94% was observed by Ferrier et al. in a treat-
ment-mixed group of cases [18, 20]. We further found that 
having detectable levels of ctHPV-DNA posttreatment was 
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associated with higher ctHPV-DNA levels at diagnosis as 
well as with higher tumor viral load at diagnosis but not 
with TNM stage. The association between tumor viral load 
at diagnosis and slower clearance of ctHPV-DNA has not 
been previously reported to our knowledge. This could be 
explained by a simple kinetic effect, where a higher viral 
load in the tissue requires a longer time to be eliminated 
after treatment. Viral load could therefor add a dimension 
to the favorable clearance profile proposed by Chera et al. to 
distinguish patients that are highly responsive to definitive 
chemoradiotherapy [12].

A limitation in this study was that we did not screen 
for ongoing HPV infections at other anatomical sites that 
might lead to false positive results. The highest risk group 
for this being women with HPV infections in the cervix, 
including cases where the infection may have resulted in an 
undiagnosed intraepithelial lesion. However, multiple stud-
ies have demonstrated ctHPV-DNA negativity in plasma 
among patients with premalignant cervical lesions [31–33]. 
Nonetheless, one study reported low positivity among a few 
younger females in the control group and they were unable 
to investigate if those females had any malignancy [12]. 
Thus, low abundance positivity should be interpreted with 
caution due to the high sensitivity of the ddPCR method. 
To mitigate the risk of a false positive result, we propose a 
tumor HPV type informed analysis, i.e., performing a tar-
geted ctHPV-DNA analysis for the genotype found in the 
primary tumor of interest, as utilized in this study. The assay 
can then by extension be used to complement the clinical 
picture and help guide treatment interventions. To validate 
these assays for a nontumor, viral informed application, such 
as early detection or standalone diagnostic testing, further 
specificity testing would be required. For such applications, 
it would be highly beneficial to multiplex the used assays. 
Since all assays showed great separation between positive 
and negative droplets and PCR settings are identical, multi-
plexing has a high probability of success. As a tissue sample 
is currently necessary to diagnose OPSCC, HPV genotyp-
ing of the obtained tissue could easily be performed dur-
ing the diagnostic workup, enabling subsequent analysis of 
ctHPV-DNA to be initiated directly. Hence, ctHPV-DNA 
can be clinically applied as a potential prognostic marker at 
diagnosis; furthermore, as a treatment evaluation tool and 
during surveillance.

5 � Conclusions

The results of this study show that a tumor-specific assay 
could easily be implemented in clinical routine for non-inva-
sive detection ctHPV-DNA at diagnosis and by extension for 
follow up during treatment. We could also show associations 
between tumor viral load and ctHPV-DNA, both at diagnosis 

and posttreatment, opening up for a new dimension of HPV 
clearance profiles.
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