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ABSTRACT There is a need in clinical microbiology and public health for assays that
enable sensitive and rapid detection of infectious agents. Next Generation Sequencing
(NGS) is increasingly used in the fields of oncology and personalized genome medicine
but has not gained a wider acceptance for clinical microbiology due to operational
and bioinformatics complexity, as well as lower sensitivity compared to agent-specific
quantitative polymerase chain reaction (qPCR) assays. VirCapSeqg-VERT is a positive
selection system for detection, typing, and strain differentiation of both RNA and DNA
viruses with sensitivity comparable to gPCR. Here we report the analytical and clinical
validation of the VirCapSeq-VERT system for detection of viruses in plasma and nasal
secretions that cause systemic and/or respiratory infections.

IMPORTANCE Broad range assay for accurate and sensitive diagnostics.

KEYWORDS VirCapSeq, diagnostics, analytical validation, clinical validation, sequenc-
ing, clinical microbiology

cluster of severe respiratory infections emerged in December 2019, linked to a

wet market in Wuhan, China. By the spring of 2020, the world was in the grips
of a pandemic with the near collapse of healthcare systems, leading to unprecedented
global lockdowns (1, 2). Subsequent reports of Mpox, polio, enterovirus D68 (EV-D68),
respiratory syncytial virus (RSV), and measles outbreaks confirmed our vulnerability to
the emergence and reemergence of viral diseases (3-12). Despite the advances made in
healthcare and medicine, microbial infections are still one of the leading causes of death
in both developing as well as developed countries (13). The impact of infectious diseases
includes not only morbidity and mortality but also a substantive economic burden (14,
15).

Polymerase chain reaction (PCR) has transformed clinical microbiology by providing
methods for the detection of viruses and quantitation of viral load. It is nonetheless
applicable only for the detection of known and closely related pathogens and has
limited potential for multiplexing. Unbiased Next Generation Sequencing (NGS) is not Editor Alexander Mellmann, Westfalische Wilhelms-
constrained in multiplex capacity, but has other limitations that include higher cost, ~ Universitat Munster, Minster, Germany
longer time to deliver results, greater complexity of workflow and data analysis, and Address correspondence to W. lan Lipkin,
lower sensitivity (1,000-10,000 copies/mL versus 10-100 copies/mL) (16, 17). wil2001@cumc.columbia.edu.

VirCapSeq-VERT is a positive selection system for detection, typing, and strain The auiihens cediie i canilic: 6f s
differentiation of both RNA and DNA viruses. It has sensitivity similar to qPCR (5-

50 copies/mL), and enables high throughput detailed genomic analyses in less than
36 hours. Total nucleic acid is extracted and subjected to first and second-strand ~ Received 11 May 2025
. . . . . Accepted 6 November 2023
cDNA synthesis. Products are sheared prior to library construction. After pooling of T N N ——
bar-coded libraries, viral targets are enriched by VirCapSeq-VERT capture oligonucleoti-
des, followed by washing to remove host products prior to sequencing (schematic in
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Fig. 1). VirCapSeq-VERT has been used with multiple specimen types including saliva,
nasopharyngeal swabs, serum, plasma, urine, feces, cerebrospinal fluid, environmental
samples, and organ tissues (16, 18-31). The enabling assay component is a library of
oligonucleotide probes designed to bind and capture sequences of all known vertebrate
viruses. The capture probes cover all relevant sequences in Genbank, RefSeq, EMBL, or
GISAID (a listing of viral targets included in VirCapSeqg-VERT capture library construction
can be found in Table S1 of reference 16; the capture library was updated in May 2021
by adding probes for newly reported sequence entries, including the novel SARS-CoV-2
virus). With the goal of extending this method to clinical microbiology, we undertook a
rigorous assessment of the performance characteristics of VirCapSeq-VERT including its
limit of detection (LoD), repeatability and reproducibility, differential diagnosis in mixed
infections, clinical accuracy, and precision. This assessment was undertaken to obtain
formal approval for the use of VirCapSeqg-VERT as a certified diagnostic test by the New
York State Department of Health (NYSDOH) under the auspices of the Clinical Laboratory
Evaluation Program (CLEP), a stringent state licensure program run by the NYSDOH (32).

A. EXTRACTION AND LIBRARY PREPARATION
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FIG 1 Schematic of VirCapSeq-VERT workflow. (A) sample collection, total nucleic acid (TNA) extraction, and library preparation;

sequencing.
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MATERIALS AND METHODS
Participating institutions and ethical clearance

The validation was a collaborative effort between the Center for Infection and Immun-
ity in the Mailman School of Public Health and the Personalized Genomic Medicine
laboratory in the Department of Pathology and Cell Biology in the Vagelos College of
Physicians and Surgeons, at Columbia University New York, NY. All work was pursued
with Columbia University IRB approval.

Viruses

A representative set of viruses with RNA and DNA genomes that vary in polarity, size,
and structure, and are relevant to the practice of clinical microbiology were selected for
validation (Table 1).

Validation was performed using a mix of contrived samples, controls, and clinical
specimens. Virus culture supernatants were procured either pre-quantified or were
quantified in copies per milliliter using Conformite Européenne (CE) marked commer-
cial gPCR kits from Siemens Healthineers (Resp21 FTD Plus and Neuro9 FTD) with
the exceptions of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
Zika virus (ZIKV) which were quantified using FDA Emergency Use Authorization (EUA)
approved assays (33, 34). To replicate conditions found in clinical materials, we spiked
live viruses into appropriate negative matrices that were confirmed to be negative for
the viruses included in the validation. The only exception being SARS-CoV-2, where, for
safety reasons, pre-extracted total nucleic acid (TNA) from both the virus and pooled
nasal swabs were mixed. Viruses or TNA were spiked into the background at desired
concentrations for all performance characteristics studies.

Controls

Negative controls

Negative controls included either single donor plasma samples or a pool of anterior nasal
swabs in viral transport media (VTM) (Becton Dickinson, USA; Copan, Italy) that were
confirmed in specific PCR assays to be free of nucleic acids of viruses used in validation
studies.

Positive control

The External RNA Controls Consortium (ERCC, ThermoFisher Scientific, USA) has created a
commercial kit for use as a common set of RNA controls for various molecular platforms
including NGS (35). We used ERCC spike-in mix 1 in a salmon sperm DNA background

TABLE 1 Genome structures and sizes for 22 representative viruses used for validation study in plasma and nasal swab samples

Journal of Clinical Microbiology

Plasma Nasal swab
Virus Genome Type Genome Size (nt) Virus Genome Type Genome Size (nt)
Adenovirus 1 dsDNA linear 40,000 Adenovirus 1 dsDNA linear 40,000
BK Polyomavirus dsDNA linear 5,000 Coronavirus 229E ss(+) RNA 30,000
Coxsackievirus A16 ss(+) RNA 7,400 Coronavirus 0C43 ss(+) RNA 30,000
Coxsackievirus B4 ss(+) RNA 7,300 SARS-CoV-2 ss(+) RNA 30,000
Enterovirus A71 ss(+) RNA 7,000 Enterovirus D68 ss(+) RNA 7,000
Hepatitis B dsDNA circular 3,200 Human metapneumovirus ss(-) RNA 14,000
Human herpesvirus 1 dsDNA linear 152,000 Respiratory syncytial virus ss(-) RNA 15,000
Human herpesvirus 2 dsDNA linear 155,000 Human parainfluenza virus 1 ss(-) RNA 16,000
Human herpesvirus 5 dsDNA linear 240,000 Human parainfluenza virus 2 ss(-) RNA 16,000
Parvovirus B19 ssDNA 5,600 Human parainfluenza virus 3 ss(-) RNA 16,000
Zika virus ss(+) RNA 11,000 Influenza A virus ss(-) RNA 13,500
Influenza B virus ss(-) RNA 14,500
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as a technical post-extraction control to monitor the performance of the library and
capture hybridization workflow as well as spillover/contamination events of sample
sequences (viral or human) into ERCC/salmon sperm or vice versa. The capture probe
set was designed to include probes matching only half of the ERCC RNA control set
that represented the various template sizes and concentrations included in the set to
specifically measure the efficacy of the capture enrichment.

Extractions

TNA was extracted either from 300 pL of plasma or 250 pL of anterior nasal swabs
collected in VTM on the NucliSENS easyMAG platform (bioMérieux, France). A no-tem-
plate control (nuclease-free water) was included in each extraction run.

Library preparation, capture hybridization, and sequencing

For the plasma samples, libraries were prepared as per our published protocol (16). For
analyses of respiratory samples, we employed Twist library preparation kits and Twist
Fast Hybridization Reagents (Twist Biosciences, USA). Amplified and purified barcoded
libraries were pooled and set up for the capture using VirCapSeq-VERT probes and using
either Roche Hybridization Kits (Roche, USA) or Twist Fast Hybridization Reagents (Twist
Biosciences, USA). The enriched pools were sequenced on lllumina NextSeq instruments.
Our target range was 10 million raw reads per sample.

Creating contrived samples and analytical validation studies designs

Analytical validation was done with contrived samples, comprised of quantified live
cultured viral isolates or viral TNA from SARS-CoV-2, spiked into negative background
matrices. Single donor plasma from 5 individuals sourced from the New York Blood
Center and nasal swabs collected from 10 anonymized volunteers in 2 mL VTM were
screened by VirCapSeqg-VERT. A sample was defined as negative if it did not contain
sequences of any of the viruses used in the validation. The acceptable negative
background matrices used were one single donor plasma and a pool of nasal swabs
in VTM. The viral isolates were sourced from our own archived repository and from
commercial sources (ATCC, USA; Zeptometrix, USA). Viruses were quantified and serially
diluted in 10-fold dilutions, ranging from 500,000 copies/mL to 0.5 copies/mL for nasal
swabs and from 500,000 copies/mL to five copies/mL for plasma, due to the limited
single donor sample volume.

Using the LoD data, we proceeded to determine repeatability and reproducibility,
and accuracy in differential diagnosis of mixed infections. Repeatability and reprodu-
cibility assays were done at 5x LoD for each virus. Following guidance from CLEP,
three independent runs, with each run containing three replicates of all viruses, were
conducted by three different operators, starting from distinct extractions, on three
separate starting dates. For mixed infections, samples were generated that contained
one agent at LoD and another at a higher concentration.

Clinical concordance

We examined diagnostic concordance between VirCapSeq-VERT and approved gPCR
assays. Clinical samples (plasma and nasal swabs in VTM) were sourced through the New
York Presbyterian Hospital (NYP) network and from Associated Regional and University
Pathologists, Inc. (ARUP Labs, USA). ARUP samples included 30 plasma specimens that
had been tested using qPCR for the following viruses: BK Polyomavirus (BKPyV), human
herpesvirus 5 (HHV-5), hepatitis B virus (HBV), human parvovirus B19 (B19V), human
herpesvirus 4 (HHV-4), human herpes virus 6 (HHV-6), and hepatitis C virus (HCV) based
on availability. Additionally, to test assay performance for viruses for which we had
no relevant clinical specimens, live virus at concentrations ranging from 10,000 to 100
copies/mL were seeded in the negative plasma diluent to create contrived specimens
[10 adenovirus C (ADV-C), 5 coxsackievirus B4 (CV-B4), 6 enterovirus A71 (EV-A71), 10
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FIG 2 Linearity data for (A) systemic and (B) respiratory infection test validation. Virus stock was serially diluted in sample
matrix (plasma or nasal swabs in VTM, respectively) that had been tested negative for the viruses used for validation, prior to
processing for VirCapSeq-VERT.

human herpesvirus 1 (HHV-1), 11 ZIKV, 2 BKPyV, 10 (HBV), and 4 B19V1]. For respiratory
infections, we tested 50 banked and de-identified clinical nasal swab specimens that had
been previously tested for a range of respiratory viruses and were made available to us
through NYP.
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Data analysis, interpretation, and reporting

Sequencing data sets were analyzed using an automated bioinformatics pipeline and a
custom viral database. Demultiplexed fastq files had adapters trimmed using Cutadapt
program (36). The reads were then quality filtered and end-trimmed with PRINSEQ
software (37). The host reads were removed by mapping quality-filtered reads against a
custom host reference database using Bowtie2 mapper (38). Then reads that match any
of these criteria were removed: shorter than 50 bases after adapter trimming; reads with
Q scores below 25; low complexity reads with an entropy value <70; and those with 20
or more Ns. The first 9 bases of the remaining reads were trimmed as the quality tends to
be inherently poor. The final host-subtracted reads were subjected to homology search
using GenBank MegaBLAST against a curated custom viral database that was created
by downloading viral sequences from GenBank and removing faulty and misannotated
sequences. All reads were subsequently remapped to the reference viral sequences
identified by the initial homology search to validate the MegaBLAST results. Finally,
stringency filters including e-value of <1.00E-35, identity of >95%, alignment lengths
of >100 nucleotides (nt), minimum number of unique reads aligned, minimum number
of regions > 100 nt, and cumulative minimum length of =500 nt were applied. All viral
sequences that were identified at this stage were included in the final results report.

RESULTS
Limits of detection and linearity

LoDs and performance of VirCapSeq-VERT in the context of virus quantity were
determined using qPCR quantitated virus stocks or TNA (SARS-CoV-2) serially 10-fold
diluted in the respective background matrix (plasma or nasal swab in VTM), starting at
a concentration of 500,000 copies/mL. A LoD of 5 copies/mL was determined in plasma
for ADV-C, coxsackieviruses (CV) A16 and B4, EV-A71 and HHV-1 and HHV-5, and in
nasal swabs for EV-D68 and human parainfluenza viruses (HPIV) 1 and 2. An LoD of 50
copies/mL was determined in plasma for BKPyV, HBV, HHV-2, B19V, ZIKV, and in nasal
swabs for ADV-C, coronaviruses 229E, OC43, and SARS-CoV-2, human metapneumovirus
(HMPV), RSV, HPIV-3, and influenza viruses (FLUV) A and B. Linearity data for plasma and
respiratory swab samples are shown in Fig. 2 and LoDs are listed in Table 2; Tables S1 and
S2 shows raw and normalized read counts and the fraction of viral reads per sample.

Repeatability and reproducibility

Based on the LoD information, contrived specimens were created at 5x LoD for each
virus to measure intra-run repeatability and inter-run reproducibility. Three independent
runs, each containing triple replicates of every virus, were conducted by three differ-
ent operators, starting from independent extractions, on three separate starting dates.

TABLE 2 Limits of detection (LoD) for 22 representative viruses used for validation study in plasma and nasal swab samples

Journal of Clinical Microbiology

Plasma

Virus LoD (copies/ml) Virus LoD (copies/ml)

Adenovirus 1 5 Adenovirus 1 50

BK Polyomavirus 50 Coronavirus 229E 50

Coxsackievirus A16 5 Coronavirus OC43 50

Coxsackievirus B4 5 SARS-CoV-2 50

Enterovirus A71 5 Enterovirus D68 5

Hepatitis B 50 Human metapneumovirus 50

Human herpesvirus 1 5 Respiratory syncytial virus 50

Human herpesvirus 2 50 Human parainfluenza virus 1

Human herpesvirus 5 5 Human parainfluenza virus 2

Parvovirus B19 50 Human parainfluenza virus 3 50

Zika virus 50 Influenza A virus 50
Influenza B virus 50
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VirCapSeq-VERT achieved a high degree of precision for all viruses tested with an overall
coefficient of variance of 18% for plasma and 10% for respiratory swab samples. Data for
both sample types are plotted in Fig. 3.

Coinfections/mixed infections

We tested for the detection of coinfections using samples that contained one agent at
LoD and another at 1000x LoD. VirCapSeqg-VERT accurately identified coinfection in 25
samples (Tables 3 and 4). We did not detect HHV-5 at the LoD in one sample in the
presence of EV-A71 at 50,000 copies/mL (Table 3). On recommendations from CLEP, we
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FIG 3 Repeatability and reproducibility for the (A) systemic and (B) respiratory test validation
experiments. Negative specimen matrices (plasma or nasal swabs in VTM) were spiked with viruses at
5x their respective LoD (see Table 2). The boxplots represent values for the 10-90% of the normalized viral

read counts after host subtraction.
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TABLE 3 Detection of co-infections in plasma samples

Co-infections

Mix Virus Viral Load Conc./mL Detected Total reads Viral Reads Viral Reads/M
M1 Adenovirus 1 High 5.00E + 04 + 3,048,365 795,972 261,114
Coxsackievirus A16 LoD 5.00E + 00 + 1,404 461
M2 Adenovirus 1 LoD 5.00E + 00 + 2,924,053 85 29
Coxsackievirus A16 High 5.00E + 04 + 438,814 150,070
M3 Human herpesvirus 5 High 5.00E + 04 + 2,186,442 2,329 1,066
Enterovirus A71 LoD 5.00E + 00 + 16,663 7,621
M4 Human herpesvirus 5 LoD 5.00E + 00 - 37,343,993 10 1
Enterovirus A71 High 5.00E + 04 + 30,033,914 804,250
M5 BK polyomavirus LoD 5.00E + 01 + 2,310,452 53 28,372
Hepatitis B virus High 5.00E + 04 + 65,553 24
M6 Human herpesvirus 1 High 5.00E + 04 + 4,824,399 1,418,998 294,130
Human parvovirus B19 LoD 5.00E + 01 + 126 26
M7 Human herpesvirus 1 LoD 5.00E-01 + 2,115,787 224 106
Human parvovirus B19 High 5.00E + 04 + 222,780 105,294
M8 Human herpesvirus 2 High 5.00E + 04 + 3,056,605 474,699 325
Zika virus LoD 5.00E + 01 + 994 155,303
M9 Human herpesvirus 2 LoD 5.00E-01 + 2,386,911 606 4,328
Zika virus High 5.00E + 04 + 10,331 254
M10 Coxsackievirus B4 High 5.00E + 04 + 3,479,489 948,246 272,525
Enterovirus A71 LoD 5.00E + 01 + 19,391 5,573
M11 Coxsackievirus B4 LoD 5.00E-01 + 97,052,301 3,361 35
Enterovirus A71 High 5.00E + 04 + 79,274,785 816,825
M12 BK polyomavirus High 5.00E + 05 + 24,259,301 4,462 184
Hepatitis B virus High 5.00E + 05 + 8,042 332
Human herpesvirus 1 High 5.00E + 05 + 37,386 1,542
Human parvovirus B19 High 5.00E + 05 + 41,967 1,730

validated the LoD of 5 copies/mL for HHV-5 by generating another 10 replicates of HHV-5
in plasma at LoD and all were correctly detected (Table S3).

Diagnostic concordance

For systemic infections, we tested clinical specimens sourced commercially. Clinical
specimens positive for additional viruses to those used for analytical validation (Table
1) were included based on availability. These were HHV-4, HHV-6, and HCV-positive
specimens. Findings with these specimens provided additional support for the utility of
the platform in detecting and differentiating between related members within a virus
family, subfamily, or genus. VirCapSeqg-VERT results matched previous diagnoses with
the exception of three HHV-4 samples and two HBV samples. The provided gqPCR Ct
values for the negative HHV-4 samples were 42.7, 42.1, and 40.6. The negative HBV
samples had a load <10 and 20 IU. We conducted independent gPCR with CE-cleared
tests, confirmed our VirCapSeq-VERT results, and concluded that discordance may reflect
sample degradation from the date of the initial clinical testing and receipt for VirCap-
Seq-VERT analysis. CLEP advised us to create additional contrived material for viruses
not adequately represented in the available clinical samples. Table 5 lists data for all
plasma samples examined during clinical validation. VirCapSeq-VERT demonstrated a
100% clinical sensitivity and specificity on the valid samples. For respiratory infections,
we tested 50 banked clinical nasal swab specimens that were diagnosed for respiratory
pathogens using the BioFire Diagnostics FilmArray Respiratory Panel. We were blinded at
the time of sample processing and data analysis but were provided results of the initial
molecular characterization. Some of these samples had coinfections at the time of initial
testing (see Table S4). There were instances where we did not detect the purported virus
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TABLE 4 Detection of coinfections in nasal swab samples

Coinfections

Mix Virus Viral Load Concentration Copies/mL  Detected Total reads Viral Reads Viral Reads/M
M1 Influenza A virus LoD 5.00E + 01 + 41,026,700 1,050 26
Coronavirus OC43 High 5.00E + 04 + 35,158,111 856,957
M2 Influenza A virus High 5.00E + 04 + 3,517,029 110,729 31,484
Coronavirus 0C43 LoD 5.00E + 01 + 1,524 434
M3 Adenovirus C LoD 5.00E + 01 + 4,486,231 17,335 3,864
Human metapneumovirus High 5.00E + 04 + 1,112,083 247,888
M4 Adenovirus C High 5.00E + 04 + 7,830,480 3,934,006 502,397
Human metapneumovirus LoD 5.00E + 01 + 1,253 161
M5 Human parainfluenza virus 2 LoD 5.00E + 00 + 18,636,157 1,117 60
Respiratory syncytial virus High 5.00E + 03 + 12,985,557 696,794
M6 Human parainfluenza virus 2 High 5.00E + 03 + 4,563,732 1,327,348 290,847
Respiratory syncytial virus LoD 5.00E + 00 + 105,840 23,192
M7 Influenza B virus LoD 5.00E + 01 + 2,994,401 493 165
Human parainfluenza virus 3 High 5.00E + 04 + 123,490 41,240
M8 Influenza B virus High 5.00E + 04 + 2,698,984 122,712 45,466
Human parainfluenza virus 3 LoD 5.00E + 01 + 170 63
M9 Coronavirus 229E LoD 5.00E + 01 + 22,887,286 4,578 200
Enterovirus D68 High 5.00E + 04 + 18,213,661 795,799
M10 Coronavirus 229E High 5.00E + 03 + 5,676,372 2,873,451 506,213
Enterovirus D68 LoD 5.00E + 00 + 5,660 997
M11 Human parainfluenza virus 1 LoD 5.00E + 00 + 2,687,212 2,394 891
SARS-CoV-2 High 5.00E + 03 + 2,530,082 941,527
M12 Human parainfluenza virus 1 High 5.00E + 04 + 21,726,230 7,880,254 362,707
SARS-CoV-2 LoD 5.00E + 01 + 31,929 1,470
M13 Influenza A virus High 5.00E + 04 + 25,261,588 72,567 2,873
Respiratory syncytial virus High 5.00E + 04 + 6,748,813 267,157
Influenza B virus High 5.00E + 04 + 143,347 5,675
SARS-CoV-2 High 5.00E + 04 + 8,634,842 341,817

by VirCapSeqg-VERT analysis. Accordingly, we conducted additional gPCR tests to examine
whether discordance represented the failure of VirCapSeqg-VERT. Ten of eleven discordant
samples were found to be negative in subsequent CE or FDA EUA qPCR assays. These
results suggest that discordance was due to sample degradation between the initial
tests and later VirCapSeq-VERT and gPCR analyses. One of the discordant samples was
positive for adenovirus sequence in gPCR after 36 cycles, demonstrating a low viral load

TABLE 5 Data demonstrating diagnostic concordance with gPCR assay for plasma specimens

Virus # of specimen tested (true VirCapSeq results In-house gPCR results on discordant samples
clinical +contrived) (positive/tested) (positive/tested)

Adenovirus 1 10(0+10) 10/10

BK polyomavirus 10(8+2) 10/10

Coxsackievirus B4 5(0+5) 5/5

Enterovirus A71 6 (0 +6) 6/6

Human herpesvirus 4° 4(4+0) 1/4 0/3

Human herpesvirus 5 4(4+0) 4/4

Human herpesvirus 1 10(0+10) 10/10

Human herpesvirus 6° 4(4+0) 4/4

Hepatitis B virus 14 (4+10) 12/14 0/2

Hepatitis C virus® 2(2+0) 2/2

Human parvovirus B19 8(4+4) 8/8

Zika virus 110+11) 11/11

?Included based on clinical specimen availability but not part of the validation test.
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TABLE 6 Data demonstrating diagnostic concordance with BioFire FilmArrays for the respiratory specimens

Journal of Clinical Microbiology

Virus in specimen BioFire results (posi- VirCapSeq-VERT results In-house qPCR results on discordant samples
tive/tested) (positive/tested) (positive/tested)

Adenovirus 12/12 9/12 1/3

Coronavirus OC43 3/3 3/3

SARS-CoV-2 11 0/1 0/1

Enterovirus/rhinovirus 14/14 13/14 0/1

Influenza A virus 5/5 4/5 0/1

Human metapneumovirus 4/4 4/4

Human parainfluenza virus 3 5/5 4/5 0/1

Respiratory syncytial virus 15/15 12/15 0/3

in the specimen. Table 6 and S4 summarize the results of the clinical specimen testing
and concordance between the BioFire assay and VirCapSeq-VERT, and results of CE or
FDA EUA confirmation gPCR assays for negative discordant specimens. Viral genome
coverages across a range of viral reads for a few clinical specimens are displayed in Fig.
ST.

VirCapSeq-VERT provided insights that were not achieved with PCR assays and in two
instances detected coinfections (RSV in one sample and influenza C in another, Table
S4) that were not indicated by the initial tests. For nasal swab testing VirCapSeq-VERT
demonstrated significant concordance for valid specimens with a clinical sensitivity of
98% and specificity of 100%.

DISCUSSION

NGS has transformed the field of pathogen discovery and surveillance (39-42). It has
nonetheless not been widely applied in clinical microbiology laboratories due to cost,
complexity, insensitivity, and lengthy turnaround times. Capture sequencing addresses
each of these limitations. Through positive selection, relevant targets are enriched, while
nonrelevant nucleic acids from the host and environment are substantially reduced. This
approach results in two to three orders of magnitude enhancement in sensitivity at a
reduced cost. An additional advantage of capture sequencing is that it mitigates Health
Insurance Portability and Accountability Act (HIPAA) concerns because host sequence
data are not collected.

In previous studies, VirCapSeqg-VERT has enabled differential diagnosis of unexplained
febrile illnesses in Tanzania, clusters of severe respiratory infections in Uganda, as well
as meningitis in the UK, and myocarditis in Canada and Switzerland (19, 23, 25, 29).
These studies were conducted under the research use only designation because, at
the time the work was conducted, NGS-based infectious diseases assays, including
VirCapSeq-VERT, were not certified as diagnostic tests. A critical step in the transition
of NGS from research facilities to clinical microbiology laboratories is validation by
regulatory agencies based on the demonstration of assay performance. We report here
the validation of the VirCapSeq-VERT platform for detecting viral nucleic acid in plasma
and nasal swabs. With LoDs established at <50 copies/mL it has sensitivity comparable to
qPCR, is highly reproducible, can detect multiple viruses in a single sample, and matches
the results obtained with accepted gold standard assays such gPCRs and FilmArrays.

A key challenge we encountered in our validation efforts was accurate quantitation of
the viral cultures. Other groups have reported sensitivity in terms of plaque forming units
or 50% tissue culture infectious dose (43-46). Both of these methods are cumbersome
and subjective, and at times yield conflicting results for identical starting cultures in
a direct comparison (47, 48). Other methods used for virus quantitation include qPCR
and western blots (47). Though faster and easier to use, gPCRs nevertheless pose a
similar challenge where two independent assays targeting the same virus can yield
differing titers (46, 49). We observed this discrepancy firsthand when we used multiple
PCR assays in parallel. For consistency, we used titers quantified by regulatory approved
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assays. One limitation of our validation is that we did not have the resources to conduct
additional 2-fold dilutions or Probit analyses to determine LoDs with better accuracy and
established them based on our current data for the 10-fold dilutions.

VirCapSeq-VERT achieved results that are highly concordant with other molecular
platforms currently used in clinical microbiology laboratories. We do not have informa-
tion about the nature of the PCR assays that were used for the initial tests on plasma
samples procured from ARUP Labs. The respiratory specimens were previously tested
using BioFire FilmArrays. It has been reported that the BioFire FilmArray is unable to
differentiate between adenovirus species and between entero- and rhinoviruses (43). As
anticipated, VirCapSeq-VERT detected as well as enabled species identification for these
viruses in clinical specimens. Additionally, VirCapSeqg-VERT identified coinfections that
were not indicated in the clinical tests.

Clinical samples also included sequences of anelloviruses, herpesviruses HHV-6,
HHV-7, HHV-8, papillomaviruses, and endogenous retroviruses. Their significance is
uncertain as they are not known to be associated with the acute febrile illness that
led to clinical analysis.

VirCapSeq-VERT is designed to detect all vertebrate viruses. It is not feasible to test
all known viruses; however, the representative viruses we did test varied in genome
structure and length and included both RNA and DNA viruses. The strength of this
platform is that it is not limited to pathogens with DNA genomes (50), a limited
repertoire of pathogens (51), and that it has sensitivity comparable to qPCR and
has obtained regulatory approval for clinical testing from the NYSDOH. Additionally,
although we have not yet obtained regulatory approval for expedited processing, we
have preliminary data to indicate that the time required from sample receipt to agent
identification can be reduced from the current 24-36 hours to around 12 hours. As the
NGS field continues to evolve, we anticipate that clinicians will have access to actionable
data in a time frame that reduces mortality, morbidity, and healthcare costs.
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