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Viral infections are major causes of morbidity and mortality in solid-organ and hematopoietic stem cell
transplant recipients. This study evaluated the performance of the Galileo Pathogen Solution meta-
genomics Next-Generation sequencing assay to detect and quantify 11 DNA viruses (cytomegalovirus,
EpsteineBarr virus, BK virus, human adenovirus, JC virus, herpes simplex virus 1 and 2, varicella zoster
virus, human herpesvirus 6A and 6B, and parvovirus B19) and to qualitatively detect torque teno virus.
DNA extracted from 47 plasma samples of viremic transplant recipients were subjected to DNA library
preparation with pathogen enrichment/human background depletion, sequencing, and automated data
analysis. The viral loads were determined with the Galileo assay using a standard curve generated from a
calibration panel. All of the samples tested had a 100% agreement with the real-time quantitative PCR
(qPCR) assays in detecting the primary virus targets and the majority of the quantified samples had a viral
load difference within 0.46 log10 IU/mL or copies/mL. The mean difference for cytomegalovirus between
the Galileo and qPCR assays was 0.21 log10 IU/mL (SD, �0.43 log10 IU/mL). The mean difference for BK
virus between the Galileo and qPCR assays was 0.17 log10 cp/mL (SD, �0.67 log10 cp/mL). Additionally,
75 co-infections were detected in 31 samples by the Galileo assay. The study findings show that the
Galileo assay can simultaneously detect and quantify multiple viruses in transplant recipients with results
that are comparable with standard-of-care qPCR assays. (J Mol Diagn 2021, 23: 719e731; https://
doi.org/10.1016/j.jmoldx.2021.02.008)
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Opportunistic infections are a major cause of morbidity and
mortality in solid-organ transplant and hematopoietic stem
cell transplant recipients and occur mostly between 1 and 12
months after transplantation.1 Viral infections that affect
these immunocompromised individuals can be particularly
challenging to efficiently diagnose and treat. Cytomegalo-
virus (CMV), EpsteineBarr virus (EBV), and BK virus
(BKV) are among the most common viral infections after
allogeneic transplantation. CMV infection occurs most often
via reactivation of a latent infection permitted by impaired T-
cellemediated immunity and phagocytic function. Clinical
manifestations may vary from mild to severe and life-
threatening disease, and may present as a nonspecific
systemic viral illness or a localized tissue-invasive infection,
most commonly including pneumonitis, hepatitis, colitis,
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and retinitis.2,3 EBV is associated with post-transplant
lymphoproliferative disease after both solid-organ trans-
plant and hematopoietic stem cell transplant.4 BKV infection
has been an obstacle to improved outcomes in transplant
recipients with polyomavirus-associated nephropathy and
polyomavirus-associated hemorrhagic cystitis, the major
complications reported in kidney transplant recipients and
hematopoietic stem cell transplant recipients, respectively.5,6

Other clinically relevant viral infections after trans-
plantation include varicella zoster virus (VZV), herpes
tive Pathology. Published by Elsevier Inc.
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simplex virus (HSV) types 1 and 2, human herpesvirus 6
(HHV-6A and HHV-6B), polyomaviruses such as JC virus
(JCV), as well as adenovirus and parvovirus B19.1,7,8

Beyond the direct pathogenic effects of all of these viral
infections, the immunomodulatory effects of herpesviruses
in particular also indirectly may impact graft outcomes as
well as an individual’s susceptibility to other infections and
inflammatory disorders.9

Torque teno virus (TTV) has been implicated as a
biomarker of immune status in individuals receiving
immunosuppression after solid-organ transplant.10e12

One study reported an association between high levels
of TTV with increased immunosuppression in kidney
transplant recipients, and showed that quantified TTV ti-
ters assisted in identifying individuals at risk for infection
approximately 3 months before infections manifested
clinically.13 Therefore, detection and quantification of
TTV might be a promising biomarker to reduce infections
by allowing for personalized tailoring of immunosup-
pressive therapy.

Next-generation sequencing technologies are in wide-
spread use for the diagnosis and monitoring of infectious
diseases because of their manifold applications in path-
ogen identification. In contrast to targeted next-generation
sequencing assays, metagenomics or shotgun next-
generation sequencing (mNGS), allows for an unbiased,
hypothesis-free testing approach to identify a broad array
of infections noninvasively.14 Furthermore, beyond
pathogen identification, mNGS has the potential to
simultaneously provide information regarding virulence
and antimicrobial resistance genes.15 The utility of mNGS
in clinical practice has been evaluated in several studies
using a variety of sample types to detect clinically rele-
vant pathogens including bacteria, virus, and fungi.16e18

The Galileo Pathogen Solution (Galileo) (Arc Bio, LLC,
Scotts Valley, CA) is a Research Use Only sample to
resulting in an unbiased (shotgun) metagenomics assay
designed to simultaneously detect and quantify 11 DNA
viruses [HSV-1, HSV-2, VZV, CMV, EBV, HHV-6A,
HHV-6B, BKV, JCV, human adenovirus (HAdV), and
parvovirus B19] and to qualitatively detect TTV. The
objective of this study was to evaluate the clinical per-
formance characteristics of the precommercial version of
the Galileo assay compared with standard-of-care real-
time quantitative PCR (qPCR) assays using residual
plasma from viremic transplant recipients.
Materials and Methods

Clinical Samples

EDTA samples chosen for evaluation included those that
tested positive by qPCR assays in routine clinical testing for
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one of the transplant-related viruses (CMV, BKV, EBV,
HAdV, HSV-1, HSV-2, VZV, HHV-6A, HHV-6B, JCV,
and parvovirus B19) and had sufficient residual volume to
test for both the Galileo assay and to perform qPCR for
additional viruses. A total of 50 residual retrospective and
prospective plasma samples were evaluated in this study
using Galileo precommercial library preparation (Galileo
Viral Panel, beta version) and analysis software (Galileo
Analytics, beta version). All samples were refrigerated for
up to a week before aliquoting and samples were kept frozen
at �80�C until testing.
The samples for the study were obtained from mul-

tiple institutions. The CMV samples were quantified
originally using either Qiagen Artus (Valencia, CA) or
Abbott Realtime assays, (Abbott Molecular Inc., Des
Plaines, IL) and BKV and HSV-1 were quantified
using laboratory-developed tests. The study was
approved by the Institutional Review Board of The
Miriam Hospital.

DNA Extraction, Library Preparation, and Sequencing

DNA was extracted from 400-mL samples/Galileo con-
trols on the EZ1 Advanced XL system using the EZ1 DSP
Virus Kit (Qiagen, Inc. Valencia, CA) and eluted into 60
mL. Sequencing libraries were prepared according to the
manufacturer’s protocols (Arc Bio, LLC). After DNA
extraction, the eluates were concentrated using magnetic
beads (KAPA Pure Beads; Roche; Roche, Wilmington,
MA). These samples then were subjected to enzymatic
fragmentation and end repair (Arc Bio, LLC) at 37�C for
5 minutes followed by 65�C for 30 minutes. DNA frag-
ments then were adapter-ligated using dual-index
sequencing adapters (Arc Bio, LLC) at 20�C for 15 mi-
nutes and purified using magnetic beads. This was fol-
lowed by pathogen enrichment and human DNA
depletion using depletion reagents (Arc Bio, LLC) at
45�C for 2 hours, followed by 70�C for 15 minutes, and
purified using magnetic beads. Pathogen-enriched li-
braries then were amplified using amplification reagents
(Arc Bio, LLC) with the following PCR cycling condi-
tions: initial denaturation at 98�C for 30 seconds, fol-
lowed by 14 cycles of denaturation at 98�C for 10
seconds, annealing at 65�C for 75 seconds, and extension
at 65�C for 5 minutes. Fragmentation, adapter ligation,
human DNA depletion, and amplification reactions were
performed on the Mastercycler Pro S platform (Eppen-
dorf, Enfield, CT). The assessment of amplicons was
performed using a 2% eGel (Thermo Fisher Scientific,
Waltham, MA). Appearance of faint smears ranging from
approximately 200 to 900 bp confirmed the presence of
amplified PCR products and these then were purified
using magnetic beads. Libraries were quantified using the
jmdjournal.org - The Journal of Molecular Diagnostics
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Performance Evaluation of a mNGS Assay
Qubit fluorimeter and the high-sensitivity assay kit
(Thermo Fisher Scientific). Quality was assessed using
the Agilent 2100 Bioanalyzer and the Agilent High
Sensitivity DNA Kit (Agilent Technologies, Santa Clara,
CA). Those libraries with adapter-dimer concentration
visualized above 5% were subjected to an additional
purification step before pooling to sequence. Based on the
concentration and size distribution of each library, li-
braries were pooled using the Pooling Calculator avail-
able within the Galileo Analytics software (Arc Bio,
LLC). The prepared pool then was quantified on an ABI
ViiA 7 Real Time PCR instrument (Thermo Fisher Sci-
entific) using a KAPA low Rox library quantification kit
Figure 1 Galileo Pathogen Solution (GPS) workflow. The DNA extracted is con
Bio, LLC). After sequencing, the Galileo Analytics informatics pipeline produ
demultiplexed fastq files.

The Journal of Molecular Diagnostics - jmdjournal.org
(Roche) at three different dilutions and each dilution was
performed in triplicate. Libraries then were sequenced on
the NextSeq550 sequencer (Illumina, San Diego, Cali-
fornia) using the paired-end, high-output v2.5 kit. The
workflow of the Galileo assay is shown in Figure 1.
Galileo Calibration Panel and Controls

Before clinical sample testing, an initial calibration run was
performed using a multianalyte panel of whole-virus particles
(Arc Bio, LLC) to generate a standard curve and estimate the
Galileo viral load in the clinical samples. The panel consisted
of 11 viruses (CMV, EBV, BKV, HAdV, JCV, HSV-1, HSV-
verted into next-generation sequencing libraries using the Galileo kit (Arc
ces quality control (QC) and pathogen identification (ID) reports from
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Table 1 Detection and Quantification of Samples by Galileo and qPCR Assays with Additional Viruses Detected: CMV (ES1-SOS65), BKV
(SOS43-SOS66), and HSV-1 (SOS64)

Sample
identification/virus

Galileo assay,
log10 cp/mL or
IU/mL

qPCR assay,
log10 cp/mL or
IU/mL

Log10
difference

Additional viruses detected

Galileo assay,
log10 cp/mL or
IU/mL

qPCR assay,
log10 cp/mL or
IU/mL

Log10
difference

ES1/CMV 4.61 4.4 0.21
ES2/CMV 4.53 4.54 0.01 EBV 2.89 4.1 1.21
ES3/CMV 6.82 6.52 0.3 EBV 2.74 3.7 0.96

HHV-6A 2.54 ND
HHV-6B 2.83 ND

ES4/CMV 3.62 3.34 0.28
ES5/CMV 5.24 4.94 0.3 EBV 2.05 1.51 0.54
ES6/CMV 4.1 3.85 0.25 EBV 2.22 4.56 2.34
ES7/CMV 3.9 3.85 0.05 EBV 2.06 4.46 2.4
ES8/CMV 3.91 3.66 0.25 EBV 2.86 5.13 2.27

BKV 3.11 3.01 0.1
ES9/CMV 3.8 3.62 0.18
ES10/CMV 3.64 3.45 0.19
SOS15/CMV 4.34 4.46 0.11
SOS16/CMV 5.08 5.29 0.21 ADV 1.66 ND
SOS17/CMV 2.19 3.32 1.13 HHV-6A 2.23 ND

HHV-6B 2.2 0.77 1.43
SOS18/CMV 3.86 4 0.14 EBV 2.02 3.87 1.85
SOS19/CMV 5.49 5.49 0
SOS20/CMV 5.42 5.36 0.06
SOS21/CMV 4.92 4.92 0 HHV-6A 0.7 ND

HHV-6B 1.15 ND
SOS22/CMV 4.12 4.16 0.04
SOS23/CMV 4.67 4.55 0.12
SOS24/CMV 4.5 4.67 0.17 HHV-6A 1.23 ND

HHV-6B 1.15 ND
SOS29/CMV 3.03 2.4 0.63
SOS30/CMV 2.27 2.42 0.15 BKV 4.66 5.28 0.62

JCV 2.88 0.6 2.28
SOS31/CMV 6.12 5.85 0.27 EBV 2.77 2.83 0.06

VZV 1.59 ND
SOS33/CMV 4.16 3.48 0.68 EBV 2.82 3.18 0.36

VZV 3.04 3.26 0.22
B-19 5.18 3.01 2.17

SOS34/CMV 3.88 3.15 0.73 BKV 5.19 2.93 2.26
JCV 2.82 ND

SOS35/CMV 3.35 2.8 0.55
SOS37/CMV 3.71 3.27 0.44 HHV-6A 2.4 ND

HHV-6B 1.76
VZV 2.14 2.44 0.3
HSV-1 2.54 ND

SOS38/CMV 3.64 2.86 0.78
SOS65/CMV 5 4.97 0.03 JCV 2.69 ND
SOS43/BKV 2.82 2.18 0.64 CMV 1.57 ND
SOS44/BKV 2.93 3.13 0.2
SOS45/BKV 3.37 2.66 0.71 ADV 1.52 ND
SOS46/BKV 3.58 3.12 0.46
SOS47/BKV 4.56 3.9 0.66 JCV 0.48 ND

CMV 1.48 INSV
ADV 1.69 INSV

SOS48/BKV 4.8 4.53 0.27 JCV 1.54 ND
SOS49/BKV 5.07 4.77 0.3 JCV 1.93 ND

(table continues)
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Table 1 (continued )

Sample
identification/virus

Galileo assay,
log10 cp/mL or
IU/mL

qPCR assay,
log10 cp/mL or
IU/mL

Log10
difference

Additional viruses detected

Galileo assay,
log10 cp/mL or
IU/mL

qPCR assay,
log10 cp/mL or
IU/mL

Log10
difference

SOS50/BKV 5.6 5.26 0.34 JCV 2.87 ND
SOS51/BKV 6.13 5.76 0.37 JCV 4.35 1.72 2.63
SOS52/BKV 6.26 5.8 0.46 JCV 4.31 1.76 2.55
SOS57/BKV 5.23 4.4 0.83 JCV 1.73 ND
SOS58/BKV 4.93 4.31 0.62 JCV 0.6 ND
SOS59/BKV 6.07 5.87 0.2 JCV 4.24 1.77 2.47
SOS60/BKV 4.48 3.62 0.86 JCV 0.7 ND
SOS61/BKV 5.15 4.79 0.36 JCV 2.41 0.3 2.11
SOS63/BKV 2.15 2.12 0.03
SOS66/BKV 2.97 2.16 0.81
SOS64/HSV-1 2.7 1.79 0.91 HSV-2 0.48 ND

ADV, adenovirus; BKV, BK virus; CMV, cytomegalovirus; EBV, EpsteineBarr virus; HHV, human herpesvirus; HSV, herpes simplex virus; INSV, insufficient
volume; JCV, JC virus; ND, not detected; qPCR, real-time quantitative PCR; VZV, varicella zoster virus.

Performance Evaluation of a mNGS Assay
2, VZV,HHV-6A, HHV-6B, and parvovirus B19) in a pooled
plasma background matrix at viral loads of 0, 1000, 5000,
10,000, and 100,000 copies/mL or IU/mL plasma and was
processed in quadruplicate. Additional full-process positive
controls that contain whole viruses of all viruses were
included with the Galileo assay; a positive control (10,000
copies/mL or IU/mL multianalyte mix in plasma), a negative
control (pooled plasma), and high-run controls (100,000
copies/mL or IU/mLmultianalytemix in plasma) and low-run
controls (5000 copies/mL or IU/mL multianalyte mix in
plasma). Spikes in internal controls were added to all samples/
full-process controls before extraction. These full-process
controls were processed alongside each run of 10 clinical
samples per NextSeq batch (five batches of 10 samples plus
four controls were tested in total). Twenty calibration and 50
clinical sample libraries were sequenced per high-output
NextSeq run. Viral loads were quantified using the Galileo
standard curve and compared with the respective qPCR viral
load results.

qPCR Assays

Any additional viruses detected with the Galileo assay
subsequently were confirmed using singleplex qPCR
assays after DNA extraction of plasma samples on
either the EZ1 Advanced XL or QIAsymphony (QIA-
GEN, Inc.) extraction platforms. The Artus EBV RG-
PCR (Qiagen, Inc.), Artus BKV RG-PCR (Qiagen,
Inc.), Artus CMV RGQ-MDx (Qiagen, Inc.), RealStar
JCV PCR (Altona Diagnostics, Plain City, OH), Real-
Star HHV-6 A/B PCR 1.0 (Altona Diagnostics), HAdV
The Journal of Molecular Diagnostics - jmdjournal.org
PCR (Diasorin Molecular, Cypress, CA), and TTV R-
GENE PCR (bioMérieux, Chicago, IL) assays were
performed following the manufacturer’s protocol. Sam-
ples that detected positive for VZV, parvovirus B19,
and HSV-1 and HSV-2 with the Galileo assay were
referred for testing at the Viracor Eurofins reference
laboratory (Lee’s Summit, MO).

Bioinformatics Analysis

System-level NextSeq quality metrics, including error rate,
cluster density, and cluster passing filter, were evaluated
according to the manufacturer’s recommendations (Illu-
mina, Inc.). The sample sheet was downloaded from Galileo
Analytics (Arc Bio, LLC), and demultiplexing then was
performed using bcl2fastq 2.20 with default parameters and
no lane splitting. The resulting FASTQ files were uploaded
and analyzed to the Galileo Analytics cloud-based software,
which automatically processes uploaded FASTQ files from
both samples and controls and produces a quality control
(QC) report and a microbial identification report for each
library.

Galileo Analytics uses an alignment module with raw
data from the uploaded FASTQ files transformed into a
proprietary signal value, taking into account complexity,
unique placement, and alignability of mapped reads. This
signal value normalizes read counts across libraries, for
differing genome lengths, and for technical bias via the
synthetic spiked-in normalization controls. The final result
is a reported signal, or evidence value, related to genomic
depth and the likelihood of observing the nucleic acid of the
723
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Table 2 TTV Viral Signal Score from Galileo Assay and qPCR Viral
Load

Sample
identification

qPCR assay
log10 cp/mL

Galileo
signal score

ES1 5.69 5.29
ES2 6.01 5.67
ES3 8.26 7.76
ES5 5.23 5.14
ES9 7.16 6.97
ES10 7.29 7.01
SOS15 7.43 7.06
SOS16 7.10 6.85
SOS18 5.95 6.40
SOS22 7.60 7.04
SOS23 7.58 7.21
SOS24 5.69 6.42
SOS29 6.98 6.51
SOS30 5.67 5.63
SOS31 5.30 4.92
SOS34 7.02 6.43
SOS35 8.03 7.04
SOS37 8.03 7.31
SOS43 4.39 3.81
SOS45 5.91 5.50
SOS46 5.27 7.01
SOS48 7.62 7.63
SOS49 5.59 5.35
SOS50 6.13 6.06
SOS57 3.81 3.70
SOS58 7.75 7.24
SOS60 5.56 4.85
SOS63 4.80 3.70
SOS65 8.24 7.47

qPCR, real-time quantitative PCR.

Sam et al
viruses in the sample, including nucleic acid belonging to
nonconfounding genomic regions. The signal value enables
quantitative evaluation of viral load via a standard calibra-
tion curve and the ability to compare results across different
libraries and different runs.

Run-level quality control criteria were defined using the
negative matrix and positive external controls. The
negative matrix control was expected to yield no signal
for each of the target viruses. The external positive control
(10,000 IU or copies per mL) was expected to yield signal
values within predefined ranges based on the manufac-
turer’s internal QC data (Arc Bio, LLC). In addition,
library-level QC metrics were reported in the QC report.
All libraries, including the run-level controls, were rec-
ommended to be sequenced to a minimum of 30 million
total reads and a minimum of 250,000 nonhuman reads,
with 80% of bases having a Q score of 30 or greater and
85% of bases having a Q score of 20 or greater, according
to the Illumina NextSeq 500 system specifications. GC-
content was expected to be 35% to 50% because the
majority of the DNA was of human origin. In addition, the
synthetic normalization controls were expected to yield
signal values in a predefined range based on the manu-
facturer’s internal QC data (Arc Bio, LLC). For
evaluation of the clinical specimens, a minimum of
250,000 nonhuman reads or at least 30 million reads per
library were required for subsequent analysis.

Statistical Analysis

Data analysis was performed using SAS software,
version 9.4 (SAS Institute, Cary, NC). The correlation
between quantitative results was evaluated using linear
regression analysis. The BlandeAltman19 analysis and
plots were used to assess the relative agreement be-
tween two analytical methods. The difference between
two assay results were plotted with additional reference
lines (0 bias line, 95% upper, and 95% lower confi-
dence levels).

Results

Among the 50 samples chosen for the evaluation, three
samples failed QC and were removed from the study: two
CMV samples did not have adequate DNA concentrations
and therefore failed to produce an expected peak when
fragments were analyzed. The third sample, a prospective
BKV sample that was detected at a low concentration
with the Galileo assay, was undetected by the qPCR and
therefore was removed from the analysis. The remaining
47 samples analyzed generated an average of 49.5 million
(range, 22.3 to 91.1 million) paired-end reads per sample.
The average nonhuman reads generated was 2.07 million
(range, 330,681 to 7.92 million) paired-end reads per
724
sample. All libraries contained an insert size of approxi-
mately 310 bp.
The calibration panel tested at different concentrations

(100,000 IU or cp/mL, 10,000 IU or cp/mL, 5000 IU or
cp/mL, or 1000 IU or cp/mL) was found to be linear with
100% sensitivity with the exception of parvovirus B19.
Parvovirus B19 is a single-stranded DNA virus and as
such only double-stranded DNA (dsDNA) replicates were
sequenced using the Galileo assay, resulting in a higher
limit of detection. After this study, parvovirus B19 was
removed from the final calibration panel by Arc Bio,
LLC. In addition, low-positive signals for HAdV and
BKV in negative process controls were observed in two
of the eight runs (<10 IU or cp/mL). But the observed
titers were below the limit of detection when analyzed
with a standard curve.
Forty-seven DNA samples (29 CMV, 17 BKV, and 1

HSV-1) from patients who had undergone either he-
matopoietic stem cell transplant or solid-organ transplant
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 3 Re-Analysis of EBV Using Prospective Samples to
Investigate Viral Load Disparity Seen with Galileo and qPCR Assays

Sample
identification

Galileo assay,
log10 IU/mL

qPCR assay,
log10 IU/mL

Log
difference

EBV 1 ND 3.70
EBV 2 3.54 3.62 0.08
EBV 3 3.54 4.14 0.60
EBV 4 4.82 3.46 1.36
EBV 5 ND 3.38
EBV 6 ND 3.38
EBV 7 2.77 3.43 0.66
EBV 8 3.87 3.96 0.09
EBV 9 3.5 3.66 0.16
EBV 10 3.72 4.56 0.84
EBV 11 4.75 4.52 0.23
EBV 12 3.79 3.41 0.38
EBV 13 3.65 3.70 0.05
EBV 14 ND 3.65
EBV 15 2.51 3.40 0.89
EBV 16 2.94 3.56 0.62
EBV 17 2.42 3.23 0.81
EBV 18 2.75 3.20 0.45
EBV 19 1.82 3.18 1.36
EBV 20 ND 3.18

EBV, EpsteineBarr virus; ND, not determined; qPCR, real-time quantita-
tive PCR.

Performance Evaluation of a mNGS Assay
were subjected to metagenomic sequencing using the
Galileo assay. All of the samples tested had a 100%
agreement with the qPCR assays in accurately detecting
the primary virus targets. Furthermore, all samples were
quantified by the Galileo assay with 70% of samples
having a log difference within 0.46 log10 IU/mL or
copies/mL and the log10 difference for the rest of the
samples ranged from 0.55 to 1.13 log10 IU/mL or copies/
mL.

In addition, 75 co-infections were detected in 31 of the
47 samples by the Galileo assay and these included all 12
virus targets that the assay can detect and/or quantify
(Tables 1 and 2). There were 29 TTV co-infections
identified by the Galileo assay on the basis of the viral
signal values (Table 2). Forty-six of the 75 co-infections
had a virus other than TTV detected by the Galileo assay.
Of the 46 co-infections, 21 had detectable viral loads with
both Galileo and the respective qPCR (Table 1), 5 had a
viral load within 0.5 log10 copies/mL or IU/mL, 3 had a
viral load within 1.0 log10 copies/mL or IU/mL, and the
remainder of the co-infections had titers ranging from
1.21 to 2.63 log10 copies/mL or IU/mL. Twenty-two co-
infections (JCV-9, HHV-6A-4, HHV-6B-3, HSV-1-1 and
HSV-2-1, CMV-1, HAdV-2, and VZV-1) that had low
viral titer with the Galileo assay were not detected by the
respective qPCR assays. Two additional targets (CMV
and adenovirus) detected in sample SOS47 could not be
confirmed owing to insufficient sample material. Sample
SOS37, which had HHV6-A detected by the Galileo
assay, was identified as HHV6-B by the qPCR assay. The
low specificity observed with BKV and JCV samples was
analyzed further. Based on secondary analyses performed
by the Arc Bio, LLC, team, it was found that seven JCV
samples (SOS34, SOS47, SOS48, SOS49, SOS57,
SOS58, and SOS60) that were reported as positive with
Galileo reverted to negative, thus agreeing with the qPCR
results when only unique regions were taken into account.
However, the result of SOS50 remained positive with the
secondary analyses.

Of the 9 retrospective EBV samples, 7 EBV samples
were quantified lower by the Galileo than with the
Qiagen Artus assay, with a mean log10 difference of 1.65
log10 IU/mL (range, 0.54 to 2.34 log IU/mL), whereas
the mean log10 difference of two prospective samples
was 0.21 log10 IU/mL. It was speculated that the
observed disparity between the retrospective and pro-
spectively collected samples could be attributed to the
age of the samples, although all were stored at �80�C
before testing. To evaluate the hypothesis, the initial
troubleshooting was performed with the known Galileo
assay full-process controls at three different concentra-
tions (100,000 IU/mL, 10,000 IU/mL, and 1000 IU/mL).
These were DNA-extracted and tested in triplicate using
The Journal of Molecular Diagnostics - jmdjournal.org
the same Qiagen Artus qPCR assay. All results obtained
were within 0.5 log10 IU/mL of expected values. The
relevant EBV FASTQ files were further analyzed with
third-party BioX analysis tools that do not use any filters
to rule out the Galileo Analytics filters being set too
conservatively, and to see if third-party BioX tools
would recover roughly the same proportion of useable
reads. Kraken, Diamond, and BWA20e22 were run to
compare against the qPCR/Galileo viral load ratio and
obtained similar results to Galileo Analytics (data not
shown).

To verify the disparity in viral loads of the seven
retrospective EBV samples, 20 prospectively collected
EBV samples (stored at �80�C for a maximum of 6
months) were sequenced with the Galileo assay and
compared the viral loads with the original results from the
Qiagen Artus qPCR assay. In 15 of 20 samples, a mean
log10 difference of 0.57 log10 IU/mL was observed be-
tween the Galileo and qPCR assays. The remaining five
samples were not detected by the Galileo assay, the viral
load values in the Qiagen Artus qPCR test ranged from
3.18 to 3.70 log10 IU/mL. The results of this testing sup-
port the hypothesis that the initial significant discrepancies
between the qPCR and Galileo assays was the result of the
age of the specimens (Table 3).
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Figure 2 Log10-transformed quantitative viral load agreement of cytomegalovirus (CMV) determined by both the Galileo Pathogen Solution (GPS) and
real-time quantitative PCR (qPCR) assays. The linear regression line was calculated as follows: y Z 0.89x þ 0.63 and R2 Z 0.83. The BlandeAltman plot
showed a mean difference of 0.21 log10 IU/mL. A: CMV linear regression. B: CMV BlandeAltman plot. Diff, difference.
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The analysis of all 29 CMV samples (all primary
samples) resulted in a mean log10 difference of 0.21 log10
IU/mL (SD, �0.43 log10 IU/mL) between the Galileo and
Qiagen Artus assays. Linear regression analysis and
BlandeAltman plots are shown in Figure 2, A and B,
respectively. The analysis of 20 BKV (17 primary and 3 co-
infections detected) samples resulted in a mean difference of
0.17 log10 cp/mL (SD, �0.67 log10 cp/mL) between the
Galileo and Qiagen Artus assay. Linear regression analysis
and BlandeAltman plots are shown in Figure 3, A and B,
respectively. An analysis was performed with 68 samples
(47 primary samples and 21 additional virus targets detected
and quantified by Galileo and confirmed by respective
qPCR assays) (CMV-29, BKV-20, HSV-1-1, JCV-5, HHV-
6B-1, VZV-2, EBV-9, and parvovirus B19-1). The linear
regression and BlandeAltman plots are shown in Figure 4,
A and B, respectively. The log10 difference for the one
HSV-1 sample was 0.91 log10 copies/mL.

Finally, the viral signal score obtained for TTV with the
Galileo assay was compared against viral loads obtained
with the bioMérieux TTV qPCR assay (Table 2, Figure 5).
A direct comparison was not possible between signal
score and the viral load because of the lack of whole virus
quantified calibration material; however, a proportional
trend was observed when signal score versus log10 cp/mL
was plotted as shown in Figure 5. The results of all of the
29 samples detected by Galileo agreed with the qPCR
assay. In addition, the qPCR assay detected TTV in 16
more samples, which did not give a signal score with the
Galileo assay. However, these samples had lower viral
titers, with a mean viral titer of 3.16 log10 cp/mL (range,
726
1.34 to 5.14 log10 cp/mL) compared with those samples
with a signal score, with a mean viral titer of 6.45 log10
cp/mL (range, 3.81 to 8.26 log10 cp/mL). Because the
Galileo assay generates sequencing libraries from
dsDNA, a poorer sensitivity is expected with single-
stranded DNA viruses such as TTV.
Discussion

mNGS allows for the detection of a diversity of known or
novel pathogens because of its agnostic approach. This
study evaluated the performance and diagnostic utility of the
Galileo assay in comparison with qPCR assays and found
that the assay is capable of reliably detecting and quanti-
fying an array of transplant-related viruses directly from a
single sample. Viral titer quantification, a feature unique to
this mNGS assay, quantifies viruses using a standard curve
generated from a prior calibration run, which includes 11
viruses of interest in transplant diagnostics. A 100% sensi-
tivity was obtained for detection of all viruses in the
calibration analysis except for parvovirus B19. Therefore,
B19 was removed from the final commercial calibration
panel after this beta study because of its ssDNA genome and
lower sensitivity with a dsDNA library preparation
workflow. Both B19 and TTV are qualitative because of this
reason.
In a separate study that investigated the analytical and

clinical performance characteristics of the Galileo assay, it
was observed that the assay had qualitative and quantitative
performances comparable with qPCR single-target assays
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 3 Log10-transformed quantitative viral load agreement of BK virus (BKV) determined by both the Galileo Pathogen Solution (GPS) and real-time quan-
titative PCR (qPCR) assays. The linear regression line was calculated as follows: yZ 0.77xþ 0.81 and R2Z 0.78. The BlandeAltman plot showed a mean difference of
0.17 log10 copies/mL. A: BKV linear regression. B: BKV BlandeAltman plot. Diff, difference.

Performance Evaluation of a mNGS Assay
with 10 dsDNA transplant-related viruses included in the
study. The 95% limit of detection ranged from 14 copies/
mL (HHV-6) to 191 copies/mL (BKV), and the lower limit
of quantitation ranged from 442 IU/mL (EBV) to 661
copies/mL (VZV).23 The study also reported the presence
of co-infections in clinical samples analyzed, with the
exception of VZV. In this study, co-infections were detected
in 31 of 47 samples tested and included all virus targets that
the Galileo assay is capable of detecting and/or quantitating.

Although this study showed that mNGS has the potential
to revolutionize microbial diagnostics with high coverage
for species-level detection and the ability to generate
quantitative data from multiple pathogens within a single
sample, it is labor intensive and time consuming compared
with standard-of-care qPCR assays. The turnaround time for
the Galileo assay with a high-output kit is approximately 48
hours from DNA extraction to final reports using Galileo
Analytics, whereas the turnaround time for a standard qPCR
assay is approximately 3 to 5 hours to obtain final results
depending on the assay. Although standard qPCR assays
provide a more rapid turnaround time, they require knowl-
edge of the target to be identified and are not capable of the
level of multiplexing needed for this application. The
diagnostic utility of the Galileo assay lies in its ability to
detect and simultaneously quantify multiple viruses from a
sample with comparable sensitivity, and turnaround time
can be reduced by approximately 8 hours by using single-
end sequencing. Unlike other mNGS assays, the Galileo
assay alleviates the need for computational and
The Journal of Molecular Diagnostics - jmdjournal.org
bioinformatics expertise because the analyses are performed
using the Galileo Analytics software, which is relatively fast
and adaptable. In addition, because the Galileo test is fully
deployable into local laboratories, the time and resources
needed to develop such an mNGS pipeline is removed.

One major limitation of the mNGS assay in general is that
the human host DNA background dominates compared with
the pathogen DNA in most patient samples.24 In this study,
the nonhuman reads accounted for approximately 4.2% of
total paired-end reads on average. This is significant because
the libraries were enriched for viral DNA by reducing
human DNA background during the assay library prepara-
tion and computational human host subtraction performed
during the bioinformatics analysis stages. Without the
former method the cost of sequencing would be higher, with
fewer samples able to be pooled and sequenced in one
batch. Without the latter method the analysis times would be
much longer.

A low specificity with closely related viruses was
observed in the study. The most affected were BKV and
JCV owing to both viruses sharing 75% homology of their
genomes.25 High-positive BKV samples showed low JCV
signal owing to the highly conserved regions present in the
two viruses (homologous mapping). The reference se-
quences used for BKV have a 92% overlap with JCV, with a
percent identity of 77.96% (the difference representing
small single-nucleotide polymorphisms and INDELs).
There are enough divergent regions to enable differentiation
between the two viruses, however, the beta version of
727
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Figure 4 Log10-transformed quantitative viral load agreement for all samples determined by both the Galileo Pathogen Solution (GPS) and real-time
quantitative PCR (qPCR) assays. The linear regression line was calculated as follows: y Z 0.58x þ 1.60 and R2 Z 0.46. The BlandeAltman plot showed a
mean difference of 0.91 log10 copies/mL or IU/mL. A: Linear regression plot for all samples. B: BlandeAltman plot for all samples. B19, parvovirus B19; BKV,
BK virus; CMV, cytomegalovirus; EBV, EpsteineBarr virus; HHV, human herpesvirus; HSV, human herpesvirus; JCV, JC virus; VZV, varicella zoster virus; Diff,
difference.
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Figure 5 Log10-transformed viral signal score by Galileo Pathogen Solution (GPS) and viral load measurements determined by real-time quantitative PCR
(qPCR) assays. The linear regression line was calculated as follows: y Z 0.87x þ 0.55 and R2 Z 0.82. A: Torque teno virus (TTV) linear regression plot. B: TTV
BlandeAltman plot. Diff, difference.

Performance Evaluation of a mNGS Assay
Galileo Analytics used in the study did not support this and
the observed signal for all sequences was reported. When a
secondary analysis was performed by the Arc Bio, LLC,
team, the majority of the JCV-positive samples were
reverted to negative when only unique regions were taken
into account. Future versions will include confidence/reli-
ability scores to help users determine the true-positive result.

The discrepancy of viral titers seen with the retrospective
EBV samples was investigated further to determine the
fundamental cause. The seven samples that deviated from
the correlation metrics were approximately 5 years old and
were stored at �80�C, although the CMV titers in the same
samples showed excellent correlation. The initial trouble-
shooting with the known Galileo assay full-process controls
using the Qiagen Artus qPCR assay provided comparable
viral titers. The further analysis of EBV FASTQ files with
third-party BioX analysis tools [Kraken (kmer based),
Diamond (protein based), and BWA (alignment based)]
determined that the problem was not related to analysis of
the sequencing data. This raised the possibility that EBV
DNA degraded differently than CMV DNA. The improved
agreement between the qPCR results and the Galileo assay
with the samples that were stored for fewer than 6 months
supported this conclusion.

It was speculated that the EBV DNA in the older samples
somehow had become degraded in a way that adversely
affected library sequencing construction. The EBV DNA
regions may have become single-stranded, which would not
affect the qPCR result but would affect library sequencing
The Journal of Molecular Diagnostics - jmdjournal.org
construction because dsDNA molecules with no internal
nicks are required. In addition, the end-repair step that uses
50 exonuclease activity retains mainly dsDNA.26 EBV, un-
like CMV, can form episomes during latency that, because
of their circular nature, could be more resistant to complete
degradation. Thus, in old samples the circular EBV might
lose only one strand of DNA to exonuclease activity, which
would preserve most of the qPCR signal while destroying
most of the library sequencing signal. In contrast, because
CMV is never circular during its lifecycle, if it is degraded
by exonucleases it would lose both the qPCR and
sequencing-based signals and therefore false negatives/
underquantification would have been observed with both
technologies.

The presence of TTV in 95.7% of the samples included in
this study were identified using qPCR. Those samples with a
Galileo signal score also were qPCR positive, but the
samples that had a lower qPCR viral titer were not detected
by the Galileo assay. TTV is reported to be highly prevalent
in humans, particularly with low-level viremia in 90% of
healthy carriers, and therefore may have utility as a potential
immune marker. 13,27

The study observed positive signals for HAdV and
BKV in negative process controls in a couple of runs.
When analyzed with the standard curve, these titers were
below the limit of detections for the respective viruses.
Because the negative controls are made up of pooled
human plasma, these viruses are likely to be present at
low backgrounds in human plasma pools. This is one of
729
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the challenges with mNGS technologies owing to the
presence of latent viruses or commensal, environmental,
and reagent microbial populations in a sequencing library,
which can complicate the analysis and interpretation of
results. Therefore, a change in terminology was proposed
from negative to background control because of the
inherent contamination expected because of the unbiased
nature of mNGS.

The potential advantages of mNGS assays include
simultaneous detection and quantification from a single
blood draw, the ability to use the metagenomics data for
antiviral resistance determination, and the presence of more
than 350 strains in the bioinformatics pipeline, which may
circumvent challenges seen with qPCR and diverse viruses
such as HAdV. However, there is a need for personnel with
a skillset in clinical laboratories to successfully implement
mNGS diagnostics. An important limitation of this assay
design is that detection of all of these viruses, although
warranted in some clinical situations, is not necessary on a
routine basis for most patients.

In conclusion, the study findings show that the novel
Galileo assay was able to simultaneously detect and quan-
tify multiple viruses from plasma samples of transplant
recipients with results that are comparable with standard-of-
care qPCR assays, both Food and Drug Administration
approved and ASRs. Future studies are required to evaluate
the test on a larger number of clinical samples to better
assess its use as a diagnostic tool for transplant recipients.
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