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Precision cancer medicine aims to classify tumors by site, histology, and molecular testing to determine
an individualized profile of cancer alterations. Viruses are a major contributor to oncogenesis, causing
12% to 20% of all human cancers. Several viruses are causal of specific types of cancer, promoting
dysregulation of signaling pathways and resulting in carcinogenesis. In addition, integration of viral
DNA into the host (human) genome is a hallmark of some viral species. Tests for the presence of viral
infection used in the clinical setting most often use quantitative PCR or immunohistochemical staining.
Both approaches have limitations and need to be interpreted/scored appropriately. In some cases,
results are not binary (virus present/absent), and it is unclear what to do with a weakly or partially
positive result. In addition, viral testing of cancers is performed separately from tests to detect human
genomic alterations and can thus be time-consuming and use limited valuable specimen. We present a
hybrid-capture and massively parallel sequencing approach to detect viral infection that is integrated
with targeted genomic analysis to provide a more complete tumor profile from a single sample.
(J Mol Diagn 2020, 22: 476e487; https://doi.org/10.1016/j.jmoldx.2019.12.010)
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As carcinogens, oncogenic viruses make significant contri-
butions to 12% to 20% of all cancers.1,2 Most infecting
oncoviruses carry double-stranded DNA genomes whose
introduction to host cells predisposes them to the develop-
ment of cancer through delivery of viral oncogenes and/or
disruption of the host genome by viral genome integration.3

Furthermore, the type of cancer induced is specific to the
virus, the presence of which implements a set of cellular
characteristics distinct from their noninfected counterparts.
For example, infection by a high-risk human papillomavirus
(HPV) genotype significantly increases the likelihood of
cervical carcinoma through expression of the E6 and E7
oncogenes, which inhibit p53 and pRb, respectively.4
Pathology and American Society for Investiga
Increased expression of E6 and E7 is associated with viral
integration that results in inactivation of the E2 gene, a
negative regulator of their expression, frequently through
the partial deletion of the genic DNA. Once relieved of E2
regulatory functions, E6/E7 promote cell cycle dysregula-
tion, thereby carving a path toward a malignant state. In
addition to cervical carcinoma, HPV is the primary agent
responsible for induction of anal, oropharyngeal (a subtype
tive Pathology. Published by Elsevier Inc. All rights reserved.
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Virus Detection with Tumor Profiling
of head and neck cancer), vulvar, vaginal, and penile can-
cers.5 The need to accurately discriminate between HPV-
positive and HPV-negative cancers of the head and neck
is highlighted by inferior prognosis for non-HPV cancer
patients.6,7 Knowledge of a patient’s HPV status is clinically
significant, and confirmation of HPV status is most impor-
tant, as routinely used tests, such as p16 immunohisto-
chemistry (IHC) and HPV in situ hybridization (ISH), can
yield false-positive results.

Similarly, hepatitis B virus (HBV) infection is associated
with 60% of hepatocellular carcinomas.8 Mechanistically,
infection promotes tumorigenesis as a result of chronic
inflammation induced by infection. Significantly, risk of
developing hepatocellular carcinoma decreases up to 78%
when HBV-infected patients are treated, making early
detection of the virus a critical factor in cancer prevention.9

Merkel cell polyomavirus (MCPyV) was identified as a
causative agent for most (80%) of Merkel cell carcinomas
(MCCs) and was the first member of the Polyomaviridae
family shown to have oncogenic activity in a human host.10

MCPyV undergoes clonal integration into the tumor
genome. Although MCCs that do not harbor MCPyV may
have a worse prognosis,11 the ability to discriminate be-
tween MCPyV-positive and MCPyV-negative forms of
MCC could inform how treatment and monitoring of pa-
tients in remission will occur.12

Kaposi sarcomaeassociated herpesvirus (KSHV) or
human herpesvirus 8 (HHV-8) is the causative agent of
Kaposi sarcoma and primary effusion lymphoma.13,14

KSHV is also highly associated with multicentric Castle-
man disease, an aggressive lymphoproliferative disorder.15

These diseases occur most commonly in immune compro-
mised individuals, including those with AIDS. KSHV
latently infects tumor cells to drive cell growth. Although
KSHV is a relatively large virus, encoding nearly 100 genes,
only a small subset of these are expressed in latent
infection.3

Currently, most viral testing is performed using either IHC,
PCR restriction fragment length polymorphism (PCR-RFLP),
ISH, or real-time PCR. Use of such tests requires manual
review, and interpretation of results can be indeterminate for
samples of low viral titer. Furthermore, the number of targets
that can be simultaneously interrogated is limited. For
instance, most clinical HBV testing is done by IHC, which is
restricted to a small number of antigens. Similarly, real-time
PCR tests, such as the COBAS 4800 HPV test (Roche,
Branchburg, NJ), are targeted to discrete regions in 14 HPV
subtypes.16 Indeed, many laboratories use only p16 IHC as a
surrogate for HPV infection, and there is no standard for
confirmation. Such tests offer no insight to a virus’s genomic
variation, which may contain information that could reveal
particular strains or mutations present in specific viral onco-
genes, the effects of which may increase carcinogenic po-
tential and/or cancer aggressiveness. Often, the clinical
readout of such tests simply notes the presence or absence of
a high-risk (ie, HPV16 or HPV18) virus.
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Related to the issue of viral genomic variation are co-
occurring somatic mutations of the host genome, which
cannot be assessed with any of the virus tests mentioned in
the previous paragraph and often go unknown because pa-
tients may only receive virus testing. Biopsy material is of
limited quantity, representing an impediment to the perfor-
mance of multiple diagnostic assays. Furthermore, most
in vitro diagnostic tests are of limited sample throughput and
focus on analysis of a small repertoire of analytes. Such
testing provides clinicians with an incomplete view of factors
that drive a patient’s particular form of cancer, driving clin-
ical decisions that may not have the most therapeutic impact.

We report the development of ViroPanel, a hybrid-
capture and targeted DNA sequencing panel, which com-
bines our previously published cancer panel
(OncoPanel17e19) covering 447 cancer-related genes, with
baits specific for 19 oncoviruses, including HBV, MCPyV,
KSHV, and 16 high-risk HPV genotypes.

This allows simultaneous detection and comprehensive,
accurate characterization of both variant detection in the
cancer genome and the presence of viral sequence with or
without integration in the host genome.

We performed a technical feasibility study to determine
the sensitivity and specificity of virus detection and
concordance of genomic host variants detected with and
without viral baits. Our findings demonstrate ViroPanel can
reliably detect the presence of infecting oncoviruses without
diminishing OncoPanel’s ability to characterize the tumor
genome. Furthermore, genomic profiling of the viral se-
quences will allow accurate identification of virus subtypes,
delineate the proportion of viral genome present in the
tumor sample, permit discovery of viral mutations that may
increase oncogenic activity, and allow us to identify sites of
viral integration that may facilitate our understanding of
their effect(s) on host gene regulation and genomic
instability.

Materials and Methods

Panel Design

ViroPanel targets 19 oncogenic viruses (Table 1) reported to
be causative cancer agents that disrupt tumor suppressors,
facilitate genomic instability, and increase oncogene
expression. The full viral genomes of HBV (ayw strain),
MCPyV, and the high-risk HPV genotypes, 16, 18, 33, and
45, were targeted because of their being the primary etiologic
agents for their respective cancer types. In addition, the
coding regions for E6 and E7 oncoproteins were targeted in
12 high-risk HPV genotypes (collectively causally related to
>99% of all HPV-related cancers: HPV31; 35H; 39; 51; 52;
56; 58; 59; 66; 68a; 73; and 82), as was LANA1/vCyclin and
LANA2 of HHV-8. Targeted viral regions totaled 54 Kb
(1276 probes). ViroPanel baits were diluted at a ratio of 1:7,
then mixed at equal volume with our clinical tumor profiling
bait set, OncoPanel version 3, which targets the coding
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Table 1 ViroPaneldViruses Targeted for Hybrid Capture

Virus Accession no.
Target
region(s)

Genome
coordinates

HBV
(strain ayw)

NC_003977.2 Complete
genome

1e3182

HHV-8 (KSHV) NC_009333.1 LANA 1 123,010e124,784
HHV-8 (KSHV) NC_009333.1 LANA 2 126,456e127,446
HPV16 K02718.1 Complete

genome
1e7904

HPV18 X05015.1 Complete
genome

1e7857

HPV31 J04353.1 E6, E7 108e856
HPV33 M12732.1 Complete

genome
1e7909

HPV35H X74477.1 E6, E7 110e861
HPV39 M62849.1 E6, E7 107e921
HPV45 X74479.1 Complete

genome
1e7858

HPV51 M62877.1 E6, E7 96e865
HPV52 X74481.1 E6, E7 102e852
HPV56 X74483.1 E6, E7 102e889
HPV58 D90400.1 E6, E7 110e870
HPV59 X77858.1 E6, E7 55e865
HPV66 U31794.1 E6, E7 102e889
HPV68a DQ080079.1 E6, E7 1e816
HPV73 X94165.1 E6, E7 102e843
HPV82 AB027021.1 E6, E7 102e867
MCPyV
(R17b isolate)

NC_010277.2 Complete
genome

1e5387

Accessioned reference sequences for each of the 19 targeted viruses are
available at https://www.ncbi.nlm.nih.gov/nuccore.
HBV, hepatitis B virus; HHV-8, human herpesvirus 8; HPV, human

papillomavirus; KSHV, Kaposi sarcomaeassociated herpesvirus; MCPyV,
Merkel cell polyomavirus.
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sequences of 447 genes and 191 intergenic regions from 60
genes for genomic rearrangement detection.19 RNA bait
target sites of interest were designed and synthesized through
Agilent SureSelect (Agilent Technologies, Santa Clara, CA).
Sample Selection

This study was performed in accordance with Dana-Farber
Cancer Institute Institutional Review Board guidelines 10-
380, 11-104, and 18-240. Samples were derived from
formalin-fixed, paraffin-embedded specimens, fresh-frozen
material, cultured mammalian cell lines, mouse (tail), and
patient-derived xenograft (PDX) samples. Patient samples
were chosen on the basis of: i) documented viral status with
IHC, ISH, quantitative PCR, or PCR-RFLP testing, ii)
cancer type and tissue of origin, and iii) previous clinical
massively parallel sequencing profiling with OncoPanel for
detection of cancer-associated mutations. A total of 124
samples (Table 2 and Supplemental Table S1) were selected
for technical feasibility. Sensitivity and specificity were
assessed using 66 samples whose viral status (56 virus-
positive and 10 virus-negative samples) was previously
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determined using clinical or laboratory-developed in vitro
diagnostic tests.
Ten viral negative samples were used: three MCC cell

lines negative for MCPyV (MCC13, MCC26, and UISO),
one mouse tail (negative control for PDX samples of
unknown viral status), one head and neck squamous cell
carcinoma (HPV negative; sample 25), one squamous
cell carcinoma of unknown type that was negative for
HPV 6/11, 16/18, 31/33 (ISH assay; sample 28), and
control cell lines GM10831 (CEPH1408; three replicates)
and GM10859 (CEPH1347; one sample), both of which
were confirmed as HPV negative via PCR-RFLP testing.
CEPH1408 and CEPH1347 genomic DNA was pur-
chased from the Coriell Institute for Medical Research
(Camden, NJ).
A total of 36 HPV positive samples were included, of

which 34 were tumor biopsies. Within the HPV tumor
samples are two sets (matched sample sets 7 and 8), each
with two samples that are biopsies taken on different dates
from their respective patients (Supplemental Tables S1 and
S2). Among the 36 HPV positive controls were five samples
whose infecting HPV type was not baited for: HPV6,
HPV11, HPV53 (two samples), and HPV61. Additional
virus positive samples included eight HHV-8 Kaposi sar-
coma biopsies, six HBV samples, and six MCC/MCPyV
cell lines (BroLi; MKL-1; MKL-2; MS-1; PeTa; and
WaGa).
Included for testing were samples of unknown viral sta-

tus: 51 patients with MCC (suspected MCPyV infection),
six PDX (MCC derived), and one bladder cell carcinoma.
Among the MCC samples of unknown viral status were
three sets of technical replicates to assess reproducibility
(matched sample sets 1 to 3) (Supplemental Table S2). Five
of the PDX samples had matching primary tumor samples
within the MCC samples of unknown viral status (matched
sample sets 2 to 6) (Supplemental Table S2).
Library Construction, Hybrid Capture, and Sequencing

Three sets of samples were taken into library construction
using either 200 ng (formalin-fixed, paraffin-embedded and
fresh-frozen samples) or 100 ng (cell line sample) of
extracted genomic DNA. Samples with less than the stan-
dard amount underwent library construction using a modi-
fied protocol.
Standard library construction: Samples were fragmented

to 250 bp using Covaris ultrasonication (LE220 Focused-
ultrasonicator; Covaris, Woburn, MA) and size selected
with Agencourt AMPure XP beads (Beckman Coulter Inc.,
Indianapolis, IA) with a bead to sample ratio of 1:1.
Samples were prepared for Illumina sequencing using a
KAPA HTP or KAPA HyperPrep Library Preparation Kit
(Kapa Biosystems, Wilmington, MA) and IDT xGen Dual
Index UMI adapters (Integrated DNA Technologies, Cor-
alville, IA).
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 2 ViroPanel Sample List

Virus Tumor type
Sample
count

HPV6(þ) Cervical cancer 1
HPV11(þ) Colorectal cancer 1
HPV16(þ) Head and neck carcinoma 9
HPV16(þ) Cervical cancer 5
HPV18(þ) Cervical cancer 3
HPV18(þ) Head and neck carcinoma 1
HPV33(þ) Head and neck carcinoma 6
HPV35(þ) Head and neck carcinoma 3
HPV35(þ) None 1
HPV45(þ) Head and neck carcinoma 1
HPV53(þ) None 1
HPV53(þ) Cervical cancer 1
HPV56(þ) Cervical cancer 1
HPV61(þ) Cervical cancer 1
HPV82(þ) Head and neck carcinoma 1
HHV-8(þ);
(KSHV)

Kaposi sarcoma 8

HBV(þ) Hepatocellular carcinoma 1
HBV(þ) None 1
HBV(þ) Unknown 4
MCPyV(þ) Merkel cell carcinoma

(cell lines)
6

Negative, HPV(�) None (CEPH1408) 3
Negative, HPV(�) None (CEPH1347) 1
Negative, HPV16(�) Unknown squamous

cell carcinoma
1

Negative, HPV16(�) Head and neck carcinoma 1
Negative, MCPyV(�) Merkel cell carcinoma

(cell lines)
3

Negative None (mouse tail) 1
Unknown Merkel cell carcinoma 51
Unknown Merkel cell carcinoma (PDX) 6
Unknown Bladder carcinoma 1

Of the 124 samples selected, 66 are of known viral status: 56 virus-
positive and 10 virus-negative samples. Also included were 58 of un-
known viral status [51 Merkel cell carcinoma (MCC) tumors suspected as
MCPyV infected, 6 MCC derived PDX samples, and 1 bladder carcinoma].
HBV, hepatitis B virus; HHV-8, human herpesvirus 8; HPV, human

papillomavirus; KSHV, Kaposi sarcomaeassociated herpesvirus; MCPyV,
Merkel cell polyomavirus; PDX, patient-derived xenograft.

Virus Detection with Tumor Profiling
Low-input library construction with KAPA HTP kit (<30
ng; n Z 5): Briefly, end-repair reaction volumes were
reduced by 65% while both A-tailing and ligation volumes
were at 40% of manufacturer recommended volumes.
Similarly, enzyme amounts used were reduced (end repair,
40% reduction; A-tailing, 33% reduction; ligation, 40%
reduction) as was the amount of adapter/ligation (60%
reduction; adapter stock concentration was 4 mmol/L).

Hybrid capture and sequencing: Library aliquots were
pooled by equal volume and sequenced on an Illumina
MiSeq Nano version 2 (Illumina Inc., San Diego, CA) flow
cell to estimate each library’s concentration on the basis of
the number of index reads per sample. For hybrid capture,
libraries were pooled (approximately 12 libraries/pool) by
equal mass (total of 750 ng of input) and captured using
The Journal of Molecular Diagnostics - jmd.amjpathol.org
either SureSelectXT HS or SureSelectXT Fast Target Enrich-
ment System (Agilent Technologies) using ViroPanel baits
that were diluted 1:7 and then mixed with OncoPanel baits
at equal volume. Paired-end sequencing (2 � 101 nucleo-
tides; 14-nucleotide index read for i7 (8-nucleotide index
plus a 6-nucleotide unique molecular index sequence) and
8-nucleotide read for i5 were performed on an Illumina
HiSeq 2500 in Rapid Run Mode.

Bioinformatics and Human Read Analysis

Pooled samples were demultiplexed and sorted using Illu-
mina’s bcl2fastq software version 2.17. Readswere aligned to
the b37 reference sequence from the Human Genome
Reference Consortium (GRCh37) as well as viral genomes
targeted by the Virus Capture Bait set using bwa mem.20

Targeted viral and human genomes were combined into one
alignment reference to map reads to the best matching refer-
ence sequence (Table 1). Reference sequences were included
for HPV6 (X00203.1), HPV11 (M14119.1), HPV53
(X74482.1), and HPV61_E6 (U31793.1), viruses that were
not baited but for which infected samples were included.

Duplicate reads were identified using unique molecular
indexes using fgbio (http://fulcrumgenomics.github.io/fgbio,
last accessed November 19, 2019) and marked using the
Picard tools (http://broadinstitute.github.io/picard, last
accessed November 19, 2019). The alignments were
further refined using the Genome Analysis Toolkit for
localized realignment around insertion/deletion sites and
base quality score recalibration.21,22

Mutation analysis for single nucleotide variants (SNVs)
was performed using MuTect version 1.1.4 in paired mode
using CEPH as normal and annotated by Variant Effect
Predictor version 79.23,24 SomaticIndelDetector tool (part of
Genome Analysis Toolkit version 4.1.4.0, https://software.
broadinstitute.org/gatk, last accessed November 19, 2019)
was used for insertion/deletion calling. Additional filters
were applied using Exome Sequencing Project and
gnomAD data sets25 to flag common single-nucleotide
polymorphisms (SNPs). Variants with frequency >10% in
any gnomAD or Exome Sequencing Project population
were considered to be a common SNP irrespective of
presence in the Catalogue of Somatic Mutations in Cancer
(COSMIC) database. Copy number variants were identified
using an in-house algorithm-RobustCNV.18 Large structural
variations were detected using BreaKmer.26

Viral Analysis, Detection, and Integration

Viral presence was determined by counting the number of
properly aligned read pairs that mapped to the viral genome
with mapping qualities greater than Q40 using pysam (http://
pysam.readthedocs.io/en/latest/api.html, last accessed
November 19, 2019). To adjust for differences in sequencing
depth, viral read counts were normalized per million mapped
reads in the sample. For overall detection of viral genome
479
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presence, the normalized aligned read count to the entire viral
genomes interrogated was used. Significant reductions in
false-positive virus detection were accomplished by identi-
fying reads whose dual-matched sample barcodes were not
identical.27 Evidence of viral integration was detected using
structural variation and insertion/deletion analysis by assembly
(SvABA, https://github.com/walaj/svaba, last accessed
November 19, 2019).28 This tool performs de novo
sequence assemblies on soft clipped and discordantly aligned
reads that could provide evidence for viral integrations.
Assembled contigs are then aligned back to the reference
genome to validate the event and obtain break point co-
ordinates. We performed alignment on two separate refer-
ences where the artificial break point of the viral genome was
located in unique regions (linearizing the circular genome
leads to false positive for structural variant detection). By
aligning twice and taking overlapping events, those events
caused by the artificial break point are removed. Because
SvABA’s filtering rules were not optimized for viral detec-
tion, the unfiltered output was parsed for our analysis.

OncoPanel Concordance Analysis and Sensitivity and
Specificity Calculations

BAM files were reprocessed using a nonviral analysis
workflow. SNV calling was performed with MuTect version
1.1.4. Sequential MCC cases had been collected and pro-
cessed by the clinical OncoPanel assay over several years,
resulting in testing with three different versions of the
OncoPanel gene panel.17e19 To account for those differ-
ences, SNVs were selected from regions common to all it-
erations of OncoPanel (>672 Kb of bait territory).17e19

Furthermore, SNV filtering done with a panel of normals
was specific to each version of OncoPanel used. Therefore,
the union of all panels of normal SNVs that occurred in all
OncoPanel versions was used. Sensitivity, positive predic-
tive value, false discovery rate, and false negative rate were
calculated by use of the true-positive (TP), false-negative
(FN), and false-positive (FP) counts in the following for-
mula’s: sensitivity Z TP/(TP þ FN), positive predictive
value Z TP/(TP þ FP), false discovery rate Z FP/
(FP þ TP), and false negative rate Z FN/(FN þ TP).

Global Variant Concordance (Host Genome)

Sensitivity and specificity were determined using repro-
ducible variants, with an allele fraction of �10% and a
coverage of �50�, as previously described.17 Variants
recovered with ViroPanel were deemed to be true variants if
they were previously detected with OncoPanel alone
(without viral baits) and were classified as false positive if
no prior detection was noted.

Clinical Variant Analysis

Manually reviewed variants detected with OncoPanel were
used in a concordance analysis with variants detected by
480
ViroPanel.18 Only variants that occurred in baited regions
common to all OncoPanel versions were considered.

Evaluate Potential of Improper HPV Alignment in
Absence of Correct Reference Sequence and SNV
Identification

To investigate whether viral alignments were accurate or the
result of being forced by the aligner, a pairwise sequence
alignment was performed on the viral reference genomes for
the E6 and E7 genes using ClustalW (Clustal 2.1 Multiple
Sequence Alignments with the default parameters). The
alignment quality of samples was further characterized with
an identified primary infection by running them through
MuTect 1.1.4 to identify somatic variations against the
reference in the viral genomes.
For samples 18 and 20, the reads aligned to the primary

infections viral genome were extracted and realigned to
references where the primary infection genome was
removed using bwa. The resulting alignments were subse-
quently deduplicated using Picard tools and then run
through MuTect and CollectHsMetrics, as the previous
samples were, to characterize the aligned reads.

Bioinformatic Calculation of Viral Genome Percentage
Present

Viral genome coverage was determined by binning viral
genomes into 40-bp intervals and using Picard CollectHs-
Metrics to detect the coverage per interval. Interval cover-
ages are reported as a percentage of the viral genome
targeted that has �10� coverage on the basis of the Col-
lectHsMetrics output.

Results

Sequencing Metrics

Unlike OncoPanel genes, targets for the viral bait set are not
present in all samples. Therefore, sequencing metrics were
calculated using only the OncoPanel bait set. Sample failures
for the OncoPanel assay have previously been defined as those
samples that have a mean target coverage (MTC) of �50� or
<80% on-target bases covered at or equal to 30� MTC.17

Using these criteria, a single, expected failure was observed,
corresponding to mouse tail (sample 92), which was included
as a filtering control for PDX samples. For sample sets 1
(samples 1 to 32), 2 (samples 33 to 101), and 3 (samples 102
to 124), MTC of 253� (range, 56.32� to 361.80�), 179�
(range, 91.63� to 222.25�), and 233.51� (range, 82.96� to
357.02�) were observed, respectively (Table 3 and
Supplemental Table S3). Mean duplication rates for the three
sample sets were similar (30.8%, 39%, and 56.14%) as were
the mean number of pass filtering reads per sample: 20.8,
16.33, and 23.98 million/sample for sets 1 to 3, respectively
(Table 3 and Supplemental Table S3). Percentage target bases
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 3 ViroPanel Sequencing Metrics

Sample set Samples Total reads PF reads
% Selected
bases MTC

% Target
bases at 30�

% Target
bases at 50� % Duplication

1 1e32 20,852,400.19 20,852,400.19 82.31 253.88 90.58 87.12 30.78
2 33e101 16,524,325.79 16,524,325.79 85.06 179.76 88.86 84.75 39.25
3 102e124 24,764,409.30 23,919,764.70 87.85 233.50 90.77 87.36 56.14

Data are expressed as means. All sequencing metrics were calculated using human OncoPanel targets, which are expected to be present in all samples
irrespective of viral status. Therefore, depending on the level of viral sequences captured, percentage selected bases will be slightly lower than their actual
value for OncoPanel. Percentage target bases, specific to OncoPanel baits, is a more accurate reflection of overall capture performance. Similarly, duplication
rates will be slightly lower because of the greater capture area introduced by the viral baits. Mouse tail was used as a filtering control to remove nonhuman/
nonviral reads from patient-derived xenograft samples. Therefore, because of the extremely low number of on-target reads (Supplemental Table S3), mouse tail
was not included for calculating the mean sequencing metrics.
MTC, mean target coverage; PF, pass filtering.

Virus Detection with Tumor Profiling
for each set was >80% (mean value). Data generated and
analyzed for the current study are derived from patient samples
containing identifiable sequencing data and are not publicly
available. However, the corresponding author will make every
effort to share data based on reasonable request.

OncoPanel Variant Concordance for Capture with and
without Viral Baits

Addition of viral baits to OncoPanel may affect its ability to
detect host mutations. To assess this issue, all tier 1 to 418

(ie, all nonsynonymous, presumed somatic) host variants
detected by ViroPanel in 45 samples (sets 1 and 2) were
compared with prior OncoPanel results to determine the
level of concordance. These samples were previously pro-
filed with various versions of OncoPanel (versions 1 to
3).17e19 To account for differences between versions, the
concordance analysis was restricted to baited regions com-
mon to all versions of OncoPanel. Mean sensitivity and
specificity were 99.00% (95% CI, 97.97%e99.54%) and
99.98% (95% CI, 99.98%e99.99%), respectively, demon-
strating ViroPanel’s ability to detect clinically relevant
variants is unaffected by addition of baits targeting onco-
viruses. The true positive rate of the test is 84.4% (95% CI,
81.9%e86.6%), the true negative rate is 0.000008% (95%
CI, 0.000004%e0.000016%), and the F1 score (the har-
monic mean of precision and sensitivity) is 0.9113.
Virus Subtype Detection

Samples were classified as positive for virus infection if
�10 viral reads mapped to 50% of the baited target region at
a depth �10�. However, manual review of sequencing
coverage using Integrated Genome Viewer (IGV) with
SvABA integration data allowed further assessment of
samples whose viral read counts and depth of coverage were
below thresholds for a positive designation. Such samples
may still be classified as positive for viral infection if
manual review shows coverage at <10� depth is uniform
over approximately 50% of baited target territory, indicating
low-level infection or perhaps a heterogeneous sample with
a limited number of infected cells. In addition, the presence
The Journal of Molecular Diagnostics - jmd.amjpathol.org
of viral and host integration break points can be used to
further support a positive designation for such samples.

ViroPanel found 100 of 124 samples to be positively
infected (Table 4 and Supplemental Table S1). Six of the
positive samples (33, 38, 42, 93, 103, and 121) were initially
assigned as negative for virus infection because of viral read
counts that were <10 reads/million. However, inspection of
the sequencing reads in IGV demonstrated low coverage
throughout most of their respective bait territories, supporting
the presence of the detected virus. Of the samples whose viral
status had been previously determined, ViroPanel results
were concordant for 61 of the 66 samples. Manual interro-
gation of discrepant samples (see Discrepant Sample Review
and Sensitivity and Specificity) shows actual concordance to
be 65 of 66 samples (Table 4). The number of viral reads
observed showed a large range from sample to sample, irre-
spective of the virus type (Supplemental Table S1).

HBV Detection
ViroPanel confirmed the presence of HBV in all six samples
(21 to 24, 116, and 117) previously found to be HBV positive
using IHC. For these samples, the number of sequence reads
aligning to the HBV genome ranged from 502 to 146,677
viral reads/million (Table 4 and Supplemental Table S1);
viral reads per million are calculated [viral reads/(total reads/
1 � 106)] using viral and total reads having a proper pair of
>Q40 that are not duplicates. Of the remaining 118 samples,
72 and 77 contained a limited number of reads to HBV
occurring as putative co-infections and primary infections,
respectively. Review of sequencing coverage for sample 72
showed insufficient evidence to support HBV co-infection
(Table 5 and Supplemental Table S1). MCC sample 77 was
not previously tested for virus infection, had five HBV reads/
million. Manual review of the sequencing coverage in IGV
shows low coverage at two discrete sites (<50% of genome),
resulting in classification as negative. Significantly, all
negative controls (10 samples) were found to be negative for
HBV, demonstrating no off-target capture.

HHV-8 (KSHV) Detection
ViroPanel included baits directed to the LANA1/vCyclin
and LANA2 regions of HHV-8 and confirmed the presence
of HHV-8 in all eight samples (29 to 32, 113 to 115, and
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Table 4 ViroPanel Concordance

Previous virus
test result

ViroPaneldprimary
virus detected

Concordant
samples, n

Total
virus-positive
sample count

HHV-8 (þ) HHV-8 8/8 8
HBV (þ) HBV 6/6 6
HPV6 (þ) HPV6 1/1 1
HPV11 (þ) HPV11 1/1 1
HPV45 (þ) HPV16* 1/1* 1
HPV16 (þ) HPV16 13/13 13
HPV16 (þ) HPV18y 1/1y 1
HPV18 (þ) HPV18 4/4 4
HPV33 (þ) HPV33 6/6 6
HPV35 (þ) HPV35 4/4 4
HPV53 (þ) HPV53 2/2 2
HPV56 (þ) HPV56 1/1 1
HPV61 (þ) HPV61 1/1 1
HPV82 (þ) HPV82 1/1 1
MCPyV (þ) MCPyV 6/6 6
HPV (�) HPV16 (1 sample) 6/7 1
MCPyV (�) None 3/3 0
None MCPyV NA 43
Total 65/66 100

Number of concordant samples is listed by virus type along with the total
number of controls concordant and total number of samples determined to
be positive for virus infection. ViroPanel found evidence to support positive
virus infection for 100 samples. Of 58 samples with no previous virus
testing, ViroPanel showed 43 to be positively infected for MCPyV. Sample
28 previously tested negative for HPV was found by ViroPanel to be positive
for HPV16 (listed as discordant). Of 66 virus controls, 65 were concordant.
*Sample 16 was previously reported to be HPV45 positive but found by

ViroPanel to be HPV16 positive (see Discrepant Sample Review and
Sensitivity and Specificity).

ySample 123 was previously assigned as positive for HPV16 on the basis
of p16 expression. ViroPanel found this sample to be co-infected with
HPV16, HPV18, and HPV33 (see Co-Infection Status), with HPV18 repre-
senting the primary infecting virus.
HBV, hepatitis B virus; HHV-8, human herpesvirus 8; HPV, human

papillomavirus; MCPyV, Merkel cell polyomavirus.

Table 5 Viral Co-Infection

Sample
ViroPanel
primary virus

Second virus
detected
(viral reads/million)

Virus
co-infection
status

5 HPV16 HPV33 Z 6 Y
7 HPV18 HPV16 Z 10 S
9 HPV18 HPV33 Z 1 S
11 HPV33 HPV16 Z 97 Y
12 HPV33 HPV56 Z 1 S
14 HPV35 MCPyV Z 21 Y
14 HPV35 HPV33 Z 1 N
17 HPV53 HPV18 Z 8 S
17 HPV53 HPV33 Z 28;

HPV58 Z 4
N

18 HPV56 HPV66 Z 157 Y
21 HBV MCPyV Z 1 Y
21 HBV HHV-8 Z 1 N
28 HPV16 HPV18 Z 2 N
29 HHV-8 (KSHV) MCPyV Z 9 Y
50 MCPyV HPV18 Z 2 N
55 MCPyV HPV33 Z 10 S
65 MCPyV HPV16 Z 56 Y
65 MCPyV HPV56 Z 4 S
72 MCPyV HBV Z 1 N
102 HPV16 MCPyV Z 5 S
107 HPV18 HPV16 Z 10;

HPV33 Z 69
Y

108 HPV33 HPV16 Z 2 S
113 HHV-8 (KSHV) HPV16 Z 1 S
115 HHV-8 (KSHV) HPV16 Z 8 Y
115 HHV-8 (KSHV) HPV33 Z 1 N
116 HBV HPV16 Z 111 Y
116 HBV MCPyV Z 2 N
117 HBV HPV16 Z 3 Y
123 HPV18 HPV16 Z 2 Y
124 HHV-8 (KSHV) HPV16 Z 1 S

Samples with secondary viruses detected are listed along with the pri-
mary virus present. Positive co-infection status was assigned by manual
review of the secondary virus sequencing coverage in Integrated Genome
Viewer. Co-infections were designated as positive on the basis of there
being approximately 50% of coverage over the bait territory.
HBV, hepatitis B virus; HHV-8, human herpesvirus 8; HPV, human

papillomavirus; KSHV, Kaposi sarcomaeassociated herpesvirus; MCPyV,
Merkel cell polyomavirus; N, negative; S, suspected infection; Y, positive
infection.
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124) previously shown to be HHV-8 (IHC test) positive
(Table 4 and Supplemental Table S1). HHV-8 viral read
counts ranged in these samples from 238 to 9124 reads/
million (Supplemental Table S1). Similar to HBV, none of
the negative controls (10 samples) detected HHV-8. Of the
remaining 116 samples, sample 21 (primary infection with
HBV) was reported as having one viral read/million
(Table 5 and Supplemental Table S1). Inspection of
sequencing coverage in IGV did not support co-infection
with HHV-8.

HPV Detection
HPV detection using ViroPanel was performed on 36
samples that had previously been found positive for high-
risk HPV genotypes using clinical IHC, ISH, or a PCR-
RFLP assay (Supplemental Table S1). Among the 36 HPV
positive samples, five that were not targeted by ViroPanel
[HPV6, HPV11, HPV53 (2 samples), and HPV61] were
included to assess if conserved regions within E6 and E7
482
would be sufficient for hybrid capture. ViroPanel detected
the presence of an HPV genotype in all 36 of the HPV
positive controls (Table 4 and Supplemental Table S1).
Samples showed a wide distribution of viral reads/million,
with the highest observed in an HPV33 infected sample
(sample 12) having 483,197 reads/million. Despite the high
viral read count, OncoPanel MTC was 250�, well above the
minimum required threshold of 50� (Supplemental Table
S3). Furthermore, all samples with detected viral reads
showed OncoPanel MTC �50� regardless of viral read
count number (Supplemental Table S3).
Sample 16 was found to be positive for an oncogenic

HPV type. However, ViroPanel detected 93,400 viral reads/
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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million that supported HPV16 infection rather than the
previously reported presence of HPV45 (Figure 1 and
Supplemental Table S1), further detailed in Discrepant
Sample Review and Sensitivity and Specificity.

Clinically, p16 expression is routinely used to infer the
presence of HPV16 (Supplemental Table S1). Ten HPV16
positive controls were previously assigned their viral status
on the basis of IHC testing for p16. Of these samples, three
(samples 103, 121, and 123) had viral read counts that were
at or below our criteria for designation as being positively
infected, leading to initial designation as discordant sam-
ples. However, review of the sequencing data in IGV
showed low coverage throughout their HPV16 genomes,
resulting in redesignation as positive for HPV16 infection.
Interestingly, sample 123 was co-infected with HPV18,
whose viral read count of 47,549 viral reads/million clas-
sifies it as the true primary infecting virus.

The five samples (1, 2, 17, 19, and 112) infected by HPV
types for which there were no ViroPanel baits present were
all reported as having >10 viral reads/million
(Supplemental Table S1). Review of their sequencing
coverage in IGV shows the samples to have low coverage
Figure 1 Virus target coverage obtained with ViroPanel. Integrated Genome
detected 5581 viral reads/million to support presence of human papillomavirus (
zation) occurring with a 253-bp deletion (HPV16: 2838 to 3091 bp) and evidence
4549-bp deletion (HPV18: 955 to 5504 bp), identical integration features observed
C: ViroPanel detected 94,340 viral reads/million supporting HPV16 infection in sam
G > A mutation at position HPV16: 7008 that eliminated a Pst1 restriction enzym
Discrepant Sample Review and Sensitivity and Specificity). D: Hepatitis B virus cover
Merkel cell carcinoma sample 80, with evidence of viral integration; viral and hos
Genomic start positions in IGV plots correspond to first nucleotide in each of the
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that supports a positive designation, which is discussed
further below.

Of the 10 viral negatives, nine contained no viral reads to
any of the 16 HPV types baited or the four unbaited HPV
types. Sample 28, which had previously tested negative by
ISH (negative for HPV6/11, HPV16/18, and HPV31/33),
was found to have 5581 reads/million aligning throughout
the HPV16 genome, supporting the presence of HPV16
(Figure 1 and Supplemental Table S1); discrepant sample is
discussed below.

HPV co-infections were observed in 21 samples, most of
them with low viral read counts (Table 5 and Supplemental
Table S1); this is discussed in Co-Infection Status.

Merkel Cell Polyomavirus Detection
ViroPanel confirmed the presence of MCPyV in all six
samples (cell line samples 86 to 91) known to be MCPyV
positive (Supplemental Table S1). Furthermore, no MCPyV
sequence reads were detected in the MCC cell lines (sam-
ples 83 to 85) known to be MCPyV negative or any of the
other negative virus controls [CEPH controls (n Z 4),
mouse tail control (n Z 1), and patient samples (n Z 2)].
Viewer (IGV) coverage plots of selected ViroPanel samples. A: ViroPanel
HPV) 16 in sample 28 (previously tested HPV negative via in situ hybridi-
of viral integration. B: Sample 7 shows evidence of HPV18 integration and a
in a second biopsy taken from the same patient on a later date (sample 9).
ple 16, which was previously tested and designated as HPV45 because of a

e site used for PCRerestriction fragment length polymorphism analysis (see
age observed in sample 21. E: Merkel cell polyomavirus coverage observed in
t break points observed in matching patient-derived xenograft, sample 95.
virus genomic references (Table 1). Chr, chromosome.
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In addition to the samples of known viral status, 57
Merkel cell carcinoma samples of unknown viral status were
tested and MCPyV detected in 43. Four of the samples (33,
38, 42, and 93) had <10 viral/reads million and were
redesignated as MCPyV positive after review of the
sequencing data in IGV demonstrated low coverage
throughout most of the virus genome. MCPyV read counts
showed a wide distribution, with the highest being 503,370
reads/million observed in sample 40 (Supplemental Table
S1), OncoPanel MTC Z 151�. ViroPanel found
evidence of secondary MCPyV co-infections in five samples
(14, 21, 29, 102, and 116), all with low viral read counts
(Table 5 and Supplemental Table S1); this is discussed in
Co-Infection Status.

Discrepant Sample Review and Sensitivity and
Specificity

For discrepant samples 16 and 28, their prior documentation
status and viral test histories were reviewed. Sample 16
(previously documented as being positive for HPV45) had
no sequencing reads mapping to HPV45. However, it
showed 93,400 reads distributed throughout the genome of
HPV16 (Supplemental Table S1 and Figure 1). This sample
was previously tested using an HPV PCR-RFLP assay.
Review of the gel image (Supplemental Figure S1) shows a
digestion pattern different from both HPV45 and HPV16.
Looking at the sequencing data in IGV, we find that the
aberrant restriction pattern was due to the presence of a
G > A mutation in 71% of the covering reads at HPV16
genomic coordinate 7008. The G > A mutation occurred
within a Pst1 restriction site used to cleave the amplicon,
leading to a misinterpretation of the digestion pattern. For
sensitivity and specificity calculations, this sample has been
classified as concordant because of agreement between the
genomic data and the predicted and observed effect in the
PCR-RFLP assay.

The second discordant sample (sample 28) was docu-
mented as being viral negative on the basis of an ISH assay
targeting HPV 6/11, 16/18, and 31/33 that was conducted at
an outside facility. ViroPanel detected 5581 reads covering
all genes of HPV16 (Figure 1 and Supplemental Table S1).
An aliquot of the original source material was submitted for
a third HPV test, which assesses HPV status with a PCR-
RFLP assay. Results supported the original ISH test result
(negative). Detection of viral reads throughout the HPV16
genome (Figure 1) tends to support the notion that the
sample tested is weakly positive for HPV16, with next-
generation sequencing being a more sensitive test than
PCR; alternatively, this is a false-positive result.

Furthermore, virus integration analysis identified viral
and host break points in sample 28, indicating the presence
of an integrated virus genome (Figure 1 and Supplemental
Table S4). Finally, SNP analysis did not detect any unex-
pected matches with any of the other samples tested (data
not shown). However, to assess concordance, we have
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designated sample 28 as discordant from previous test re-
sults. Therefore, with the exception of sample 28, ViroPanel
was 98.5% concordant with previous test results for 65 of
the 66 control samples; as discussed in HPV Detection,
samples 103, 121, and 123 were reclassified as HPV16
positive after review of their sequencing coverage in IGV
showed support for virus presence.

Detection of Viral Integration in the Host Genome

Samples found to be positive for viral infection were further
analyzed using structural variation analysis by assembly
(SvABA) to search for evidence of viral integration events
in soft clipped and discordant reads.28 Our definition for
viral integration required detection of two or more viral/host
break points. Integration events were observed in MCPyV
(42 samples), HPV16 (nine samples), HPV18 (five sam-
ples), HPV33 (four samples), and HBV (one sample) sam-
ples (Supplemental Table S4). HPV and MCPyV genomes
displayed a wide range in the size of their genomic (viral)
deletions, some of which had lost >50% of their genetic
material (Figure 1). Interestingly, within several samples,
ViroPanel detected the presence of multiple viral integration
variants defined by different break points and alternative
viral deletions (Supplemental Table S4). In addition, several
examples where sequencing coverage was present
throughout the viral genome while co-occurring with clear
evidence supporting viral break points whose genomic lo-
cations co-incided with dramatic alterations in coverage
depth were noted, suggesting a deletion of the viral genome
had occurred with possible co-occurrence of viral species of
varying genomic lengths (data not shown).
Among the cohort were two sets of biopsy time points

occurring in HPV16 (set 7; samples 7 and 9) and HPV18
(set 8; samples 109 and 110). Significantly, the samples
within each set shared the same integration break points,
demonstrating their common origin (Figure 1 and
Supplemental Tables S2 and S4). Similarly, among the
samples whose viral status was unknown were five sets of
PDX samples with matching primary tumors and one set of
technical replicates, all of which shared identical integration
loci among the samples of their respective set (Supplemental
Table S2).

Detection of Nontargeted HPV Subtypes through
Capture of Conserved Regions

The high level of sequence identity shared among clinically
important HPV subtypes, especially for the E6 and E7
coding regions, could result in some level of capture for
nontargeted subtypes. To test this hypothesis, five samples
positive for HPV 6, 11, 53 (2 samples), and 61, HPV ge-
notypes that were not targeted by the bait set, were included
to ascertain if they could be captured and correctly detected
(Supplemental Table S1). After inclusion of the untargeted
HPV genomes to our viral and host references, reads were
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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detected for all five of the nontargeted HPV subtypes.
However, the number of reads was significantly lower than
their targeted counterparts, probably reflecting capture of
only the most conserved viral sequences (Supplemental
Table S1). Manual review of sequencing coverage in IGV
demonstrates evidence supporting positive infection status
for all five samples (samples 1, 2, 17, 19, and 112).

Given the off-target capture of these unbaited HPV sam-
ples, we investigated the likelihood of incorrect assignment of
an HPV type in the event its correct reference genome (bait
territory) file is absent. The E6 and E7 genes were targeted in
all HPV types, baited for. A ClustalW analysis was per-
formed to assess the nucleotide similarity of these genes
between HPV types, and the mean percentage nucleotide
identity was found to be between E6 and E7 for different
HPV types to be 46.82% and 44.94%, respectively
(Supplemental Table S5). To further assess the likelihood of
an improper alignment, samples 18 and 20 were realigned
using reference files that lacked their genomes HPV56 and
HPV82, respectively. These samples were chosen because
they contained the greatest number of viral SNVs
(Supplemental Table S6). No alignment reads were reported
for sample 18 to any HPV type. Sample 20 showed align-
ment to a single discrete region of the baited territory of
HPV51, with 1.9% of the baited region covered at a depth
of 10�, which would be insufficient for a positive infection
designation (Supplemental Table S7).

Given i) the strict alignment criteria used, ii) the moderate
nucleotide identity of E6 and E7 between HPV types, and
iii) the fact that HPV types are generally defined as con-
taining >10% genome variation from one another, the
probability of an incorrect alignment is low.

Percentage of Viral Genome Present

Using sample sets 1 and 2 (samples 1 to 101), interval bait
coverage was used to calculate the percentage of viral
genome present at sequencing depths of 10�, 30�, 50�,
and 100� for each sample’s primary infecting virus.
Therefore, the percentage of virus genome reported is a
calculation of the bait territory captured at a given depth of
coverage. Analysis was restricted to the virus territory baited
for. HBV-infected samples (full genome baited) 21 to 24
retained most of their viral genomes, ranging from 95.31%
to 100% present at a depth of 10� (Supplemental Table S6).
In contrast, samples infected with MCPyV, HPV16,
HPV18, and HPV33 (full genomes targeted) showed a wide
distribution in the level of viral genomic material retained
(Supplemental Table S6), as has previously been reported.29,30

SvABA integration analysis identified integration events
for 42 MCPyV infected samples. Within the integrated
cohort, the percentage of MCPyV present at 10� coverage
ranged from 25% to 100%, with 22 samples having lost
�50% of their total genome.

As an orthogonal check, the percentage of virus genome
present was determined using the SvABA integration data
The Journal of Molecular Diagnostics - jmd.amjpathol.org
relative to the IGV sequencing coverage, and excellent
agreement was found with the interval coverage method.
Nine HPV samples were found to be integrated and were
observed to have a wide range in the genome percentage
present at 10� depth, ranging from 43% to 100%
(Supplemental Table S6).

Co-Infection Status

ViroPanel detected viral reads for co-infection in 24 samples
(Table 5 and Supplemental Table S1). Review of
sequencing coverage in IGV confirmed 12 of the samples to
possess low coverage throughout most of their baited ter-
ritory, providing support for the presence of a second, and in
one case a third, infecting virus. Among these samples, six
(samples 11, 14, 18, 65, 107, and 116) had particularly
strong evidence of co-infection.

The primary infections and co-infections (primary/co-
infection) for samples 5, 11, 14, 18, and 123 were HPV16/
HPV33, HPV33/HPV16, HPV35/MCPyV, HPV56/HPV66,
and HPV18/HPV16, respectively. Interestingly, sample 107
was co-infected by three HPV types, HPV18 (primary
infection; 2293 viral reads/million), HPV16, and HPV33.
Furthermore, HPV16 occurred as co-infections in sample
116 and 117, whose primary infection was HBV. A third
HBV infected sample, sample 21, was found to be co-
infected with MCPyV. Similarly, HHV-8 infected samples
29 and 115 were co-infected with MCPyV and HPV16,
respectively. Finally, sample 65 was infected by MCPyV
(primary virus; 1740 viral reads/million) and HPV16.

Of the remaining samples, nine had sequencing coverage
that warrants their designation as suspected for positive
infection. Significantly, none of these co-infected samples
showed detectable SNP profiles (on the basis of host SNP
analysis; data not shown) that matched any other samples,
providing further confidence that these are real viral co-
infections native to the biopsied specimen.

Virus SNV Detection

Virus-positive samples from sets 1 and 2 (samples 1 to 101)
were assessed for SNVs within their viral reads using
MuTect version 1.0.47986. Table 6 summarizes the range of
SNV variants detected along with the mean number of
SNVs per virus type and the mean nucleotide variation
relative to the reference sequence (calculated using the
captured bait territory size; SNVs with an allele fraction
>30%/captured bait territory). Supplemental Table S6 lists
the number of SNVs occurring with an allele fraction �30%
for each sample and the percentage nucleotide variation
based on the actual bait territory captured. The significance
of these viral SNVs is uncertain. The percentage of nucle-
otide variation for all viruses was <10%, with the highest
observed in sample 1 (6.6% nucleotide variation), which
was infected for HPV6, a virus that was not baited for.
Designation as a unique HPV type generally requires >10%
485
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Table 6 SNV Summary

VirusdViroPanel
(samples, n) Target region Target size, bp

Mean captured
territory, bp SNV range Mean SNVs/virus*

Mean % nucleotide
variationy

HBV (4) Full genome 3182 3182 6e30 14 0.44
HHV-8 (KSHV) (4) LANA1/2 2764 2764 0e32 9.5 0.34
HPV16 (6) Full genome 7904 7732 4e35 18.33 0.24
HPV18 (3) Full genome 7857 4844 14e19 17.33 0.44
HPV33 (3) Full genome 7909 6987 1e10 5 0.07
HPV35 (3) E6, E7 751 751 9e17 13.33 1.78
HPV56 (1) E6, E7 787 787 NA 45 5.72
HPV82 (1) E6, E7 765 765 NA 33 4.31
HPV6 (1) Unbaited NA 528 NA 32 6.06
HPV11 (1) Unbaited NA 724 NA 25 3.45
HPV53 (1) Unbaited NA 784 NA 34 4.34
HPV61 (1) Unbaited NA 703 NA 6 0.85
MCPyV (49) Full genome 5387 3644 0e20 5.16 0.15

SNV range and mean SNVs per virus type listed for samples 1 to 101. Mean percentage nucleotide variation calculated using SNVs with an allele fraction
>30% and the mean captured territory. Individual sample values listed in Supplemental Table S6.
*On the basis of SNVs with an allele fraction >30%.
ySNVs/captured territory.
HBV, hepatitis B virus; HHV-8, human herpesvirus 8; HPV, human papillomavirus; KSHV, Kaposi sarcomaeassociated herpesvirus; MCPyV, Merkel cell pol-

yomavirus; NA, not applicable; SNV, single nucleotide variant.
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nucleotide variation at the genomic level. The low variation
rate in combination with our concordance data further
supports the conclusion that the correct identity of the
infecting virus has been determined by ViroPanel.

Discussion

In this study, we demonstrate that ViroPanel can be used to
genomically profile somatic host mutations while simulta-
neously detecting HHV-8, HBV, MCPyV, and multiple
HPV types. In addition, our analysis workflow allows us to
identify virus integration events and define virus/host break
points from which we can determine the length of associated
deletions of the host and/or virus genomes. With respect to
oncoviruses, accurate identification of the integration status
is clinically relevant because it can affect virus oncogene
and host tumor suppressor expression. For instance, in the
context of an HPV infection, integration is often accompa-
nied by partial deletion of the E2 gene, which negatively
regulates E6 and E7 viral oncogenes. Once relieved of the
E2 transcriptional repression, E6 and E7 increase the
carcinogenic potential of the virus by inactivating p53 and
pRb, respectively. Clinically, the ability to discern an inte-
gration event could truly indicate causality, beyond tests like
p16þ IHC and viral PCR/ISH. This is relevant as some
nonoropharynx tumors, like paranasal sinus cancers, nasal
cavity tumors, some oral tongue cancers, and even Epstein-
Barr virus nasopharyngeal tumors can be HPVþ (by other
methods), but it is not known if the presence of virus im-
pacts outcomes or relates to causality. It also may be
important to understand HPV co-infection and whether one
or more HPV strains contribute to carcinogenesis in a given
tumor, or if one is a bystander infection.
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Furthermore, analysis of virus SNV data will allow us to
identify subtypes that are more carcinogenic, which can be
used to better inform clinical treatment.25 For instance,
ViroPanel found significant evidence of HPV16 presence in
a sample that was previously documented as being infected
by HPV45, a genotype with lower risk of promoting cancer,
a diagnosis that could influence treatment strategy. More-
over, some recent protocol treatments use HPV-16 E7
directed vaccine therapies, so this knowledge is relevant.
Expansion of our analysis will allow us to use virus SNV
data to phylogenetically classify infecting viruses and
identify genomic alterations of viral oncogenes documented
as having increased carcinogenic activity. Inclusion of viral
status in association with genomic profiling of the patient’s
tumor will present a more unified and comprehensive view
of the genetic alterations driving the cancer, allowing for
more personalized patient treatment and care.
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