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PURPOSE A circulating tumor DNA (ctDNA) test to detect plasma Epstein-Barr viral DNA can be used to screen
for early nasopharyngeal cancers; however, the reported sensitivity of viral ctDNA tests to detect human
papillomavirus (HPV)-associated cancers is modest. We assessed the utility of droplet digital polymerase chain
reaction (ddPCR) to detect early-stage HPV-associated cancers using sequential HPV16 and HPV33 assays that
account for HPV subtype distribution and subtype sequence variants.

PATIENTS AND METHODS We collected plasma specimens from 97 HPV-positive patients with oropharyngeal
squamous cell carcinoma and eight patients with HPV-positive anal squamous cell carcinoma, each with
locoregionally confined disease. Negative controls included samples from seven patients with HPV-negative
head and neck cancers and 20 individuals without cancer.

RESULTS Of 97 patients with nonmetastatic, locoregionally confined oropharyngeal squamous cell carcinoma,
90 patients had detectable HPV16 ctDNA and three patients had HPV33 ctDNA, indicating an overall sensitivity
of 95.6%. Seven of eight patients with early anal cancer were HPV16 ctDNA positive. No HPV ctDNA was
detected in 27 negative controls, indicating 100% specificity. HPV16 ctDNA was detected in 19 of 19 patients
with low-volume disease, defined as patients with a single, asymptomatic positive lymph node (N1) or an isolated
T1-2 asymptomatic primary tumor. HPV16 ctDNA levels directly corresponded to tumor responses to che-
moradiation and surgery.

CONCLUSION With an updated understanding of HPV subtypes and sequence variation, HPV ctDNA by ddPCR is
highly sensitive and specific, identifying HPV16 and HPV33 subtypes in a similar distribution as reported in
major genomic profiling studies. The detection of small tumors indicates that HPV16 and HPV33 ctDNA ddPCR
could be readily used in early detection screening trials and in disease response monitoring, analogous to
Epstein-Barr virus DNA.
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INTRODUCTION

Detection of tumor-derived plasma Epstein-Barr virus
DNA has been successfully used in a primary
screening study for nasopharyngeal cancer (NPC),!
which demonstrated that NPCs could be detected in
asymptomatic patients with an earlier disease stage
distribution than in the unscreened population. Viral

Cancers etiologically driven by human papillomavi-
ruses (HPVs) include squamous cell carcinomas of the
oropharynx, cervix, vulva, vagina, anal canal, and
penis. Pelvic exams and Papanicolaou smears are
widely adopted screening tools for early detection of
early HPV-associated lesions in the cervix; however,
effective screening approaches for other disease sites

circulating tumor DNA (ctDNA) as a substrate affords
unigue technical advantages over single nucleotide
variant detection in liquid biopsy assays because of the
size of the viral genome and differentness from the
human genome and because of the multiple copies of
viral genome per tumor genome. These features ele-
vate the sensitivity of detection of viral tumor DNA,
although it is unknown whether viral-associated ma-
lignancies other than NPC could be similarly detected
by liquid biopsy.

are lacking. Among these, HPV-associated oropha-
ryngeal squamous cell carcinomas (OPSCCs) consti-
tute an emerging epidemic with rapidly increasing
incidence.? However, HPV plasma ctDNA studies in
head and neck cancer using low-cost polymerase
chain reaction (PCR)-based methods to date have
shown only modest sensitivity in patients with gross
disease (19% to 79%),%® and in some reports, only
a combination of saliva and plasma tests is recom-
mended to boost sensitivity.
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CONTEXT

The human papillomavirus (HPV) is a causative agent in cancers of the oropharynx, cervix, vulva, vagina, anal canal, and
penis. Tumor-derived HPV DNA can be detected in the plasma, but the sensitivity of detection in most reports has been
modest, and its optimal use as a biomarker for screening and treatment monitoring of these malignancies is unchar-
acterized. Here, we used droplet digital polymerase chain reaction technology to detect the most common HPV strains in
HPV-associated oropharyngeal cancer, HPV types 16 and 33, and achieved near-universal detection of HPV in circulating
tumor DNA derived from the plasma samples of these patients. We also demonstrated a clear relationship between HPV
copies in plasma and tumor volume as tumors respond to chemoradiation. Droplet digital polymerase chain reaction of HPV
types 16 and 33 was sensitive enough to detect patients with low disease burden, such as an isolated neck node or T1-2
primary tumors. These data suggest that this technology could be well suited for screening and disease monitoring.

In the study, we sought to determine the clinical utility of
HPV ctDNA by measuring the sensitivity and specificity of
the most sensitive ctDNA technology available, droplet
digital PCR (ddPCR),? in patients with macroscopic gross
disease and in various clinical settings after initial pre-
sentation. We designed a ddPCR amplicon that makes use
of an updated understanding of HPV subtype distribution
and HPV subtype sequence variants identified through
recent tumor genomic profiling studies. To determine the
utility of ddPCR in a screening setting, we examine 19
patients in low-volume disease states that are analogous to
desired subclinical, screen-detected settings. These in-
clude patients in whom a surgeon has already removed the
primary tumor in the oropharynx with transoral robotic
surgery, leaving only a single, asymptomatic lymph node in
the neck (N1 disease). We then examine the specificity of
HPV ctDNA by ddPCR to tumor as opposed to HPV in-
fection of normal tissue by examining the response of HPV
ctDNA signal to tumor-directed chemoradiation.

PATIENTS AND METHODS

This study was conducted at Memorial Sloan Kettering
Cancer Center using banked plasma samples from pa-
tients from our institution who consented to institutional
review board-approved biospecimen protocols. Clinical
information was retrieved from the medical record under
authorization through an institutional review board—
approved retrospective research protocol. The clinical
characteristics of patients in the series are similar to those
of previously published cohorts from our institution,'12
with stage IVA, T2, and N2b disease as the most com-
mon American Joint Committee on Cancer seventh edition
cancer stage, T stage, and N stage, respectively (Table 1).

Study Patients

Plasma specimens from 97 HPV-positive patients with
OPSCC with locoregionally confined disease and eight
HPV-positive patients with anal squamous cell carcinoma
were accrued (Table 1). HPV positivity was defined as p16
overexpression by immunohistochemistry with greater than
70% diffuse nuclear or cytoplasmic staining (n = 95) or
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a clinically reported positive DNA- or RNA-based in situ
hybridization test for HPV (n = 53).1* Samples from seven
patients with HPV-negative head and neck cancers, eight
patients with HPV-positive OPSCCs who had already un-
dergone definitive surgery, and 20 patients without cancer
were included as negative controls. Information regarding
demographics, clinicopathologic features, and outcomes
was obtained from the medical record and is presented in
Table 1. Gross tumor volume was determined from the
used radiation plans for which the treating radiation on-
cologist contoured gross disease and the plan was tech-
nically accessible (n = 84).

Sample Collection and Preparation

Ten milliliters of whole blood were collected from each
patient into cell-free DNA (cfDNA) BCT tubes (Streck, La
Vista, NE) or BD Vacutainer K2 EDTA tubes (BD Bio-
sciences, San Jose, CA). Plasma was separated first though
centrifugation at 800 x g for 10 minutes, followed by an
additional centrifugation at 16,500 x g for 10 minutes.
When samples were collected in BD Vacutainer K2 EDTA
tubes, plasma was separated within 1 hour of blood col-
lection and stored at —80°C in Eppendorf LoBind tubes
(Eppendorf, Hamburg, Germany). When samples were
collected into cfDNA BCT tubes, plasma was separated and
stored identically at —80°C within 48 hours. At a later date,
samples were thawed and cfDNA was extracted from 4 to
5 mL of plasma using Qiagen circulating nucleic acid kits
(Qiagen, Germantown, MD) into a 50-pL final elution vol-
ume. Pretreatment plasma samples were collected a me-
dian of 2.4 weeks before the start of chemoradiation.

ctDNA Analysis

Primers and probes for ddPCR assays and quantitative PCR
assay are listed in Appendix Table A1. HPV16 and HPV33
ddPCR assays were designed using Primer3Plus and
ordered through Bio-Rad (Hercules, CA). All reactions
were performed on a QX200 ddPCR system (Bio-Rad) in
technical duplicates. EIF2C1 copy number variation
primers and probes were used as internal controls for
each ddPCR reaction (Bio-Rad). Reactions were partitioned
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TABLE 1. Patient Characteristics
No. of Patients*

OPSCC (n = 97) Initial

Characteristic Presentation Anal SCC (n = 8)
Age, years
Median 59 61
Range 41-82 51-71
Sex
Male 87
Female 10 6
Race
White 87 8
Asian 3 0
African American 2 0
Other 5 0
Unknown 2 0

Smoking history

Never 46
< 10 pack-years 32 0
> 10 pack-years 19 1
T stage
0 5 0
1 23 8
2 43 3
3 16 1
4A/B 10 1
N stage
0 2 3
1 13 3
2 82 1
9 0
47 0
26 0
3 0 1
M stage
0 97
1 0
AJCC seventh edition stage
| 0 1
Il 2
1 12 5
1A 3
1B 2
IVA 84 0
IVB 1 0

Tumor subsite

(Continued on following page)
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TABLE 1. Patient Characteristics (Continued)

Characteristic

No. of Patients*

OPSCC (n = 97) Initial

Presentation Anal SCC (n = 8)

Tonsil 43

Base of tongue 45

Tonsil/base of tongue unspecified 2

Glosstonsillar sulcus 1

Bilateral tonsil 1

Unknown primary )
pl6 IHC

Positive 95

Not tested 2
HPV DNA ISH

Positive 36

Nondiagnostic 6

Not tested 515
HPV RNA ISH

Positive 17

Nondiagnostic 0

Not tested 80
Gross tumor volume, cm?®

Median 39.2 50.4

Range 2.3-153.9 13.3-136.2
Treatment

Chemoradiation 95

Surgery + adjuvant radiation or chemoradiation 2

Abbreviations: AJCC, American Joint Committee on Cancer; HPV, human papillomavirus; IHC, immunohistochemistry; ISH, in situ
hybridization; OPSCC, oropharyngeal squamous cell carcinoma; SCC, squamous cell carcinoma.

*Values are numbers, unless otherwise noted.

into a median of approximately 15,000 droplets per well
using the QX200 droplet generator. Emulsified reac-
tions were amplified on a 96-well thermal cycler using
cycling conditions identified during the optimization
step. Plates were read and analyzed using QuantaSoft
software (Bio-Rad) to assess the number of droplets
positive for the target gene, reference gene, both, or
neither. The assay threshold sensitivity was set at two
mutant droplets.

Pathologic Data

In a subset of patients, targeted next-generation se-
quencing (NGS) data of pathologic samples were available,
obtained through the US Food and Drug Administration—
approved MSK-IMPACT (Memorial Sloan Kettering Cancer
Center, New York, NY) sequencing platform.!* To evaluate
HPV16 copy number in 10 patients, we extracted genomic
DNA from formalin-fixed paraffin-embedded—preserved
pathologic samples. One corresponding hematoxylin and
eosin-stained slide was reviewed by a pathologist (N.K.)
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and used as a template to scrape, collect, and extract
genomic DNA from regions of other unstained slides with
greater than 75% tumor cellularity. Genomic DNA was then
used for HPV16 ddPCR, and the HPV16 copy number was
considered as the ratio of HPV16-positive droplets to
droplets containing the reference gene EIF2CI.

Statistical Analysis

Sensitivity was defined as the number of pretreatment
cfDNA samples that were positive for HPV ctDNA divided
by the total number of patients (N = 97). Specificity was
defined as the number of negative control samples that had
zero HPV-positive droplets divided by the total number of
negative controls (N = 27). To evaluate for any correlation
between gross tumor volume or copy number with the initial
ctDNA levels, Spearman correlation coefficients were
calculated using Prism software by GraphPad (San Diego,
CA). For comparisons between groups, nonparametric
Mann-Whitney U tests of significance were calculated
using GraphPad Prism software.
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RESULTS
Assay Design

We first sought to develop the best possible primer-probe
set for ddPCR using the following three criteria: location
within the £6 or E7 oncogenes because these sequences
are the most highly amplified sequences in tumor ge-
nomes'®; smaller amplicon size, to increase probability of
amplification in view of the highly fragmented nature of
cfDNA; and primers or probes that perfectly match both
European and non-European HPV16 isolates, maximizing
universality of the test (Appendix Fig Al). Briefly, we used
the Papillomavirus Episteme resource (pave.niaid.nih.
gov)*® and identified the 10 sequences representative of
HPV16 sublineages (Al to A4, B1 and B2, C1, and D1 to
D3), spanning European, Asian, and African isolates of
HPV16 (Appendix Fig Al and Appendix Table A2). We
chose primers and probes within £6 and E7 that match
these 10 most common sequences exactly and then
subsequently compared these sequences with an addi-
tional 455 HPV16 isolates found in GenBank. A primer-
probe setin E6with a length of 97 base pairs met all criteria
and demonstrated high PCR efficiency and sensitivity down
to a single molecule of template HPV16 DNA in a ddPCR
assay (Appendix Fig A2). We then compared the perfor-
mance of ddPCR to two additional HPV DNA detection
platforms, the Roche Cobas HPV Test (Roche, Indian-
apolis, IN) and quantitative PCR, and found 15.9- and 5.2-
fold higher ctDNA signals with HPV16 ddPCR compared
with these two platforms, respectively (Appendix Fig A2).

Sensitivity and Specificity of HPV16 and HPV33 ddPCR

Of 97 patients with stage | to IVB HPV-positive OPSCC with
pretreatment cfDNA, HPV16 ctDNA was detected in 90
patients, demonstrating a sensitivity of 92.8%. We also
tested 20 samples from normal individuals without cancer
and seven samples from patients with HPV-negative head
and neck cancers, and no droplets were detected in these
27 samples, demonstrating 100% specificity. In four pa-
tients, the patient’s tumor biopsy sample had been used to
specifically identify the HPV subtype. In two of those four
patients, the tumor pathology was HPV16 negative, and in
both patients, no HPV16 ctDNA was detected (Fig 1A, teal).
In the two other patients, the tumor pathology was HPV16
positive, and in both of these patients, HPV16 ctDNA was
readily detected in plasma (Fig 1A, red), demonstrating
100% concordance (four of four patients) between plasma
and the tumor specimen in HPV subtyping. As an additional
control, we collected plasma from eight patients who had
already undergone definitive surgery, and HPV was de-
tected in none of these patients, although in two available
matched samples, HPV16 ctDNA was readily detected
before surgery (Fig 1A, dark orange).

The mean HPV16 ctDNA level was 1,218 copies/mL
(range, 0to 13,163 copies/mL), with no clear cut points for
classifications into groups. We also tested eight plasma
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samples from patients with anal cancers and detected
HPV16 ctDNA with a mean of 2,151 copies/mL in seven
samples, demonstrating that the ddPCR assay can be used
in other HPV-positive malignancies (Fig 1A). We then
developed a ddPCR assay for HPV33, which is the next
most common HPV type associated with OPSCC.!” We
observed no HPV33-positive droplets in 20 samples from
normal individuals without cancer. We then tested the
seven cfDNA samples that were negative for HPV16 ctDNA
and found that three of these samples were HPV33 positive
at8.1, 13.6, and 10.0 copies/mL (Fig 1B). Thus, HPV16 or
HPV33 ctDNA was detectable in 93 of 97 patients, with
four samples remaining undetectable (overall sensitivity,
95.9%; Fig 1C). After these results, additional pathologic
specimens in two of the four HPV16 and HPV33 ctDNA-
negative patients were genotyped by RNA in situ hybrid-
ization and found to be negative for HPV16, suggesting
other high-risk HPV subtypes. The four negative patients
ranged in regard to tumor size and stage and had no
distinguishing clinical characteristics (Fig 2B).

HPV ctDNA Detection in Patients With Low
Disease Burden

The purpose of liquid biopsy in a screening setting would be
to identify subclinical tumors at early disease stages. We
determined HPV ctDNA levels in 19 patients with low-
volume tumor burden, and HPV16 ctDNA was readily
detectable in all 19 patients by ddPCR (Fig 2A). In 16
patients with HPV-positive OPSCC, the primary tumor site in
the base of tongue and tonsil had been removed with
definitive transoral robotic surgery, and thus, there was no
remaining gross disease in the oropharynx at the time of
plasma collection. In each of these 16 patients, the only
remaining gross tumor was a single, asymptomatic lymph
node (N1 disease). In three patients, the remaining single
lymph node is delineated in red on computed tomography
images in Figure 2A. In two additional patients, a neck
dissection with negative margins had been performed to
remove all gross disease, leaving only T1-2 primary tumors
in the oropharynx. In these two patients, low-volume T1
base of tongue and T2 tonsillar primary tumors were im-
perceptible to the patient, and all gross disease in the neck
had been removed before plasma collection. In one patient
with anal squamous cell carcinoma, a TINO tumor had
been removed with a local excision, leaving no gross dis-
ease before plasma was collected, although the surgical
margin was less than 1 mm.

Although low-volume disease was readily detectable, we
observed that, across patients, the volume of gross disease
was only minimally related to initial HPV16 ctDNA levels
overall (Fig 2B; r=0.28, P=.009). Because the number of
HPV genomic copies per tumor genome can be widely
variable,*” we determined the HPV copy number directly in
10 tumor pathologic samples, which ranged from 0.8 to 57
copies per tumor genome (Fig 2C). We then asked whether
the HPV16 copy number correlates with HPV16 ctDNA
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FIG 1. Sensitivity and specificity of human papillomavirus (HPV) types 16 and 33 droplet digital polymerase chain
reaction (ddPCR) assays. (A) HPV16 circulating tumor DNA (ctDNA) detected by the HPV16 ddPCR assay in
samples obtained from normal individuals (n = 20) and patients with HPV-negative head and neck squamous cell
carcinomas (HNSCCs; n = 7), HPV-associated oropharyngeal squamous cell carcinomas (OPSCCs; n = 97), and
anal squamous cell carcinomas (n = 8). Red, teal, and blue diamonds represent HPV16 pathologic status as
positive, negative, and undetermined, respectively. (B) HPV33 ddPCR assay was used for detecting HPV33 DNA in
seven patient cell-free DNA samples that did not have detectable HPV16 ctDNA. (C) Combination of both HPV16
and HPV33 ddPCR assays to determine overall sensitivity of HPV detection in pretreatment samples from patients
with HPV-associated OPSCC.
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FIG 2. Factorsinfluencing human papillomavirus (HPV) circulating tumor DNA (ctDNA) levels. (A) Analysis of HPV16 and HPV33 ctDNA levels in patients
with low tumor burden. Panels i to iii indicate remaining lymph nodes (N1) delineated in red. White arrows in panels iv and v indicate low-volume T1 and
T2 primary tumors, respectively. (B) Relationship between HPV16 and HPV33 ctDNA in pretreatment samples and gross tumor volume. (C) Correlation
between pretreatment levels of HPV measured by HPV16 droplet digital polymerase chain reaction (ddPCR) and HPV copy number per tumor genome.
(D) Correlation between pretreatment levels of HPV measured by HPV16 ddPCR and product of HPV copy number and gross tumor volume. OPSCC,
oropharyngeal squamous cell carcinoma; SCC, squamous cell carcinoma.

level as a single covariable and again found little correlation
(Fig 2C). Because tumor volume is proportional to the
number of cancer cells and the HPV16 copy number per
cancer cell was known in 10 patients, we postulated that
the product of gross tumor volume and HPV16 copy
number would be proportional to HPV16 ctDNA and found
a modest, nonsignificant correlation (r = 0.57, P = .07),
indicating that other unspecified factors are also important
(Fig 2D).

Specificity of HPV ctDNA Signal to
Tumor-Directed Therapy

A major potential challenge of HPV screening for early
cancers is the specificity of the test because the natural

JCO Precision Oncology

prevalence of oral, penile, cervical, and anal HPV16 in-
fection is 1% to 4% in the general population.'®2! It is
unknown whether or how often an HPV infection without
cancer results in detectable plasma HPV DNA. We dem-
onstrated the specificity of the test to tumor HPV DNA by
examining the responsiveness of the signal to tumor-
directed therapies. In a subset of patients with HPV-
positive OPSCC, we obtained samples every week during
and after definitive chemoradiation, and in all patients, we
observed rapid declines. Figure 3A shows the raw data of
one patient during the course of radiotherapy, and the
number of droplets positive for HPV16 (blue) decreases
rapidly, whereas the number of droplets positive for a ref-
erence gene (E/F2C1) remains unchanged. In 68 patients
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with multiple samples, HPV16 ctDNA was generally cleared  response kinetics but universal responses to chemo-
by week 7 after the start of chemoradiation, with the ex- radiation (Figs 3B and 3C).

ception of three patients in whom HPV16 ctDNA levels

remained detectable at 10 weeks (Appendix Fig A3). In 26 DISCUSSION

patients in whom a complete set of samples were available HPV-associated malignancies constitute 4.5% of all
every week, we found a high degree of heterogeneity in cancers worldwide,?? but there is an effective primary

8 © 2019 by American Society of Clinical Oncology
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screening paradigm available only for cervical cancers. Head
and neck squamous cell carcinomas of the oropharynx
constitute the next most frequent HPV-associated cancer, but
most patients present with advanced locoregional disease. In
this study, we demonstrated that HPV ctDNA can be detected
in nearly all patients with HPV-positive OPSCC, a marked
improvement over previously reported low-cost PCR-based
technologies and likely a result of the following four primary
improvements: use of the ddPCR technique, which we found
to be superior to quantitative PCR; design of HPV16 primers
and probes that match all HPV16 variants; use of a combi-
nation of HPV16 and HPV33 tests; and plasma collection and
storage procedures optimized for cfDNA. The overall sensi-
tivity was 95.9% in our cohort, a figure similar to the HPV
subtype distribution for HPV16 and HPV33 in HPV-positive
OPSCC. We demonstrated that the assay was portable to other
HPV-associated malignancies because we also detected HPV
ctDNA in seven of eight anal squamous cell carcinomas.

Because plasma Epstein-Barr virus DNA can be used to detect
subclinical NPCs in early stages, we examined whether HPV
ctDNA can be used to detect tumors with low disease burden.
In 19 patients, plasma was collected after the symptomatic site
of disease had already been resected, and yet HPV16 ctDNA
remained detectable. Early detection by liquid biopsy of patients
with TINO or TIN1 HPV-positive OPSCCs would be beneficial
to patients because these patients may be candidates for
curative transoral robotic resections alone, obviating the need
for postoperative radiation. Likewise, patients with early TINO
anal squamous cell carcinoma are candidates for curative local
excisions without any radiotherapy.

In addition, the specificity of the test, which is of paramount
importance in any screening application, was 100% in 27
negative control samples. The plasma HPV16 ctDNA signal
completely responded to tumor-directed therapies and
paralleled plasma levels of driver mutations, indicating that
HPV ctDNA is highly tumor specific.
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Previous research has shown various degrees of sensitivities
for HPV detection for patients with head and neck cancer>®#8
and anogenital cancer®®2° using PCR-based methods. A key
advantage of ddPCR in a screening setting is the low cost. A
disadvantage of ddPCR would be the requirement to use
limited material for independent HPV16 and HPV33 tests.
These two HPV subtypes constitute more than 95% of all
oropharyngeal®®?” and anal HPV-associated squamous cell
carcinomas.?® If a single test were to be used to detect
cervical cancer as well, an HPV18 ddPCR test would need to
be added. An alternative approach is NGS, which, although
much more costly, can capture multiple subtypes in one test.
A recent report using NGS for determining circulating HPV
DNA in 55 patients with locally advanced head and neck
squamous carcinoma showed 100% sensitivity.?° In prac-
tice, liquid biopsy screening for HPV-associated tumors
would most likely involve an initial low-cost test, such as
ddPCR, followed by additional tests such as physical exams,
Papanicolaou smears, and NGS of additional plasma
specimens.

There are some limitations to our study. Although our ctDNA
results match the distribution of HPV16 and HPV33 fre-
quencies in HPV-associated OPSCC, we were not able to
specifically HPV genotype all pathologic specimens that
were diagnosed as HPV positive by p16 positivity and/or DNA
or RNA in situ hybridization by standard clinical definitions.*2
In addition, it should be noted that although HPV ctDNA was
detected in all 19 patients with low tumor burden, these
patients may not be representative of patients with early
subclinical disease because micrometastatic lesions in these
patients with locoregional disease could artificially boost
sensitivity of the assay. Our results demonstrate that HPV
ctDNA can be effectively used with high sensitivity and
specificity for intact tumors, even in patients with low disease
burden, indicating clinical utility for screening and systemic
treatment response monitoring.
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Ten most representative genomes of HPV16 variants
available in https://pave.niaid.nih.gov/
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FIG A1. Schema for optimal primer and probe design. BLAST, Basic Local Alignment Search Tool; bp, base pairs; ddPCR, droplet digital polymerase
chain reaction; HPV, human papillomavirus; NCBI, National Center for Biotechnology Information.
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FIG A2. Human papillomavirus (HPV) droplet digital polymerase chain reaction (ddPCR) assay performance relative to established polymerase chain
reaction (PCR)-based HPV detection techniques. (A-C and F) Standard curves of Roche Cobas HPV test, HPV16 ddPCR, HPV33 ddPCR, and HPV16
quantitative PCR (gPCR) using a serial dilution of HPV16 plasmid template on a plasmid. (D and G) Comparison of HPV16 ddPCR and the Cobas HPV
testin the same eight samples. ddPCR detected a higher number of copies per milliliter of plasma (P =.008, Wilcoxon matched-pairs signed rank test),
whereas circulating tumor DNA (ctDNA) levels detected by both methods are highly correlated (2 = 0.82, P=.002). The signal in paired samples was
a median of 15.9-fold higher with ddPCR. The proprietary primer and probe sequences of the Roche Cobas test result in an amplicon length of
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FIG A2. (Continued). approximately 200 base pairs (bp), likely too large for fragmented ctDNA, which has a median size of 176 bp.° (E and H)
Comparison of HPV16 ddPCR and HPV16 gPCR in the same 12 samples. We found ddPCR to be more sensitive at lower ctDNA values (arbitrary cutoff,
less than 1,000 HPV ctDNA copies/mL) by Wilcoxon matched-pairs signed rank test (P = .008), although each approach was highly correlated (= 0.
88, P < .001). Among all paired samples, HPV ctDNA was a median of 5.2-fold higher with ddPCR. At high levels of HPV16, the HPV ctDNA signal can
begin to saturate, as observed in three samples because only 20,000 droplets are read on the Bio-Rad QX200 platform. The higher sensitivity of the
ddPCR assay despite a larger amplicon size may be secondary to the partitioning of DNA into droplets and reduced inhibitory factors compared with
gPCR? Ct, cycle threshold.
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FIG A3. Human papillomavirus (HPV) type 16 droplet digital po-
lymerase chain reaction (ddPCR) data before, during, and after
chemoradiation (CRT). During the course of 7 weeks of CRT, plasma
samples were collected every week in 68 patients. ctDNA, circu-
lating tumor DNA.
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TABLE A1. Primers and Probes for ddPCR and Quantitative PCR Assays

Gene Forward Primer Reverse Primer Probe
ddPCR assays
HPV16 E£6 TATGCACAGAGCTGCAAACA GCAAAGTCATATACCTCACGTC TGTGTGTACTGCAAGCAACAGTTACTG-FAM_
lowaBlack
HPV33 E6 CCACAGTTCGTTTATGTGTCA TGCCCATAAGTAGTTGCTGT AGTACAGCAAGTGACCTACGAACCA-FAM_
lowaBlack

PIK3CA E545K

Prevalidated ddPCR mutation assay dHsaCP2000075, dHsaCP2000076

KRAS G12D Prevalidated ddPCR mutation assay dHsaCP2000001, dHsaCP2000002
Quantitative PCR
assays
HPV16 E£7 CGGTCGATGTATGTCTTGTT CTGGGTTTCTCTACGTGTTC NA

Abbreviations: ddPCR, droplet digital polymerase chain reaction; HPV, human papillomavirus; NA, not applicable; PCR, polymerase chain reaction.
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