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Background: Infections by several DNA viruses can severely impact outcomes in paediatric immunocompromised
patients. Current testing, which is generally limited to singleplex qPCR assays, can miss both common and rarer
viruses if they are not targeted.

Objectives: To evaluate the performance of the Galileo Viral Panel (Galileo), a sample-to-result shotgun metage-
nomics platform for the detection and quantification of 12 DNA viruses, compared to standard of care qPCR
assays.

Study design: A clinical performance evaluation was carried out using 43 prospectively collected EDTA plasma
samples positive for one or more DNA viruses. Agreement between assays was assessed by overall, positive, and
negative percent agreement, as well as quantitative agreement by linear regression and Bland-Altman analysis.
Results: Overall positive percent agreement was 84% (95% CI: 76%-90%), and negative percent agreement was
95% (95% CI: 92%-97%). There was a high correlation between Galileo and qPCR for ADV, CMV, EBV, and VZV
(R? = 0.91) and a mean difference by Bland Altman of -0.43 log;, IU or cp/ml (95% limits of agreement, -1.37
to 0.51). In addition, there was a high correlation between Galileo Signal Score and qPCR for TTV (R? = 0.85).
Conclusion: We observed high qualitative and quantitative agreement between qPCR and Galileo. Galileo identi-
fied additional viruses that were not tested with routine qPCR and could impact clinical outcomes.

1. Introduction Standard of care testing for these viruses relies on an array of single-

plex quantitative PCR (qPCR) assays. Use of these targeted assays can

Infections by DNA viruses are a common cause of morbidity and
mortality in both adult and paediatric immunocompromised transplant
recipients [1,2]. However, children are at an increased risk of some com-
plications of these viruses due to their immune status and history of
infection [2]. For example, children are more likely than adults to be
Epstein-Barr virus (EBV) seronegative before transplant, putting them
at an increased risk of developing post-transplant lymphoproliferative
disorders [2]. Primary CMV infections are also seen more frequently in
immunocompromised paediatric patient, and CMV viral load has been
shown to predict CMV disease and death [3-6]. BK virus (BKV), vari-
cella zoster virus (VZV), and adenovirus (ADV) are also of clinical impor-
tance, particularly in paediatric bone marrow transplant patients [2].
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miss less-common viruses, as well as putative biomarkers of immune sta-
tus such as torque teno virus (TTV) [7] . In contrast to targeted PCR as-
says, metagenomic next-generation sequencing (mNGS) is a hypothesis-
free testing approach that can be used to identify and quantify a po-
tentially unlimited array of microbes. The Galileo Viral Panel (Galileo)
(Arc Bio, LLC, Scotts Valley, CA) is a Research Use Only sample-to-result
mNGS platform designed to simultaneously detect and quantify 10 DNA
viruses [herpes simplex virus 1 and 2 (HSV1/2), human herpesvirus 6A
and B (HHV-6A/B), VZV, CMV, EBV, JC virus (JCV), BKV, and ADV]
and to semi-quantitatively detect Parvovirus B19 (B19) and TTV [8,9].
Galileo includes all reagents, controls, and software required to perform
mNGS on plasma samples in under 48 h. The objective of this study was
to evaluate the clinical performance characteristics of a pre-commercial
version of the Galileo platform compared with standard-of-care qPCR
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Table 1
Performance characteristics of PCR assays used in this study.

PCR Target  Limit of Detection Linear Range

(for quantitative assays)
Vvzv 2000 cp/ml 2000-20 M cp/ml
CMV 50 IU/ml or 200 cp/ml 200-20 M cp/ml
EBV 18 IU/ml or 200 cp/ml 200-20 M cp/ml
HHV-6 1000 cp/ml N/A
JCV 100 cp/ml N/A
BKV 100 cp/ml N/A
hADV 200 cp/ml 200-20 M cp/ml

assays using prospectively collected residual plasma from viremic pae-
diatric immunocompromised patients.

2. Materials and methods
2.1. Patient consent statement

This study utilized existing ethics approval for use of resid-
ual, blinded samples for method evaluation (National Research
Ethics Service (NRES) Committee London — Fulham (REC reference:
17/L0/1530)).

2.2. Clinical samples

Samples chosen for evaluation included those from immunocompro-
mised patients that tested positive by qPCR in whole blood for at least
one or more of ten transplant-related viruses used in routine clinical
testing (CMV, BKV, EBV, ADV, VZV, HHV-6, HSV1/2, and JCV). A total
of 50 whole blood samples were refrigerated for up to 3 weeks before
separation of EDTA plasma for this study. The whole blood samples were
refrigerated to ensure availability of samples for additional routine clin-
ical testing. After exclusion of samples without detectable viral DNA in
plasma (due to differences in viral detection in whole blood vs. plasma
compartments) or sufficient residual volume for testing, a total of 43
samples from 26 patients were selected for further processing with the
Galileo workflow. All patients were between the ages of 8 months — 14
years with the exception of one (62 years), and the median age was 6
years.

2.3. DNA extraction, library preparation, and sequencing

DNA was extracted from 400 uL samples/Galileo controls using the
EZ1 Virus Mini Kit v2 (Qiagen, Ltd.) and eluted into 90 uL. Galileo inter-
nal controls were added to all samples before extraction. Negative and
positive full-process controls (Arc Bio, LLC) were processed alongside
each run of 10 clinical samples. Sequencing libraries were prepared ac-
cording to the manufacturer’s protocols (Arc Bio, LLC) and as described
previously [9]. Libraries were sequenced on the NextSeq 500 sequencer
(Illumina) using the paired-end, high-output 150-cycle v2.5 kit. Before
clinical sample testing, an initial calibration run was performed using
a multianalyte panel of whole-virus controls spiked into plasma (Arc
Bio, LLC) to generate a standard curve and estimate the viral load as
previously described [8,9].

2.4. PCR assays

Initial qQPCR testing of plasma samples was performed using val-
idated laboratory-developed tests [10-13] on the ABI 7500 (Ther-
moFisher). The limits of detection and linear ranges of these assays are
shown in Table 1. TTV was tested using a commercially available QPCR
kit (RUO, TTV-R-GENE, Biomerieux).
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Table 2
Demographic characteristics of the 26 patients included in the
study.
Detail Number (%/range)
Median Age 6 years (8 months-62 years)
Sample Date 07/11/18 - 01/04/19
Male 13 (50%)
Female 13 (50%)
Underlying Condition
Post-HSCT 12 (46.2%)
Malignancy 5/12
Congenital immune disorders 4/12
Congenital metabolic disorders  3/12
Post-SOT 2 (7.7%)
No transplant 10 (38.5%)
Congenital immune disorders 6/10
Congenital Metabolic disorder 1/10
Malignancy 1/10
General medical admission 2/10
Unknown 2 (7.7%)

2.5. Bioinformatics analysis

System-level NextSeq quality metrics were evaluated according to
the manufacturer’s recommendations (Illumina, Inc.). The sample sheet
was downloaded from Galileo Analytics (Arc Bio, LLC), and demultiplex-
ing 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. QC criteria were assessed as
recommended by the manufacturer and as previously described [8,9].

2.6. Statistical analysis

Statistical analysis (including Bland-Altman analysis) and graphing
was performed in R version 4.0.4 [14], using the dplyr (v1.0.6) [15] and
ggplot2 (v3.3.3) [16] packages.

3. Results

Demographic characteristics of the patient cohort included in this
study are shown in Table 2. An average of 50 M total reads (range
25,599,402-98,222,454) were sequenced per library. Of the 43 li-
braries, one was negative for one internal control, and two runs had
low-level viral DNA detected in the negative controls (pooled human
plasma).

From the 43 plasma samples, 56 viruses were initially detected by
routine qPCR. Galileo identified an additional 51 viruses for 107 viruses
in total (Table 3, Supplemental Table 1). Any additional viruses detected
by Galileo were then assessed by plasma qPCR. Positive percent agree-
ment was 84% (95% CI: 76-90%), and negative percent agreement was
95% (95% CI: 92-97%). There were 11 viruses detected by Galileo only
and 16 viruses detected by qPCR only. The viruses detected by Galileo
only were 1 CMV (154 IU/ml), 1 EBV (477 IU/ml), 2 HHV-6 (333 and
2153 cp/ml), and 7 JCV (20-13,372 IU/ml); all JCV samples were BKV
positive, so these were likely false positives due to genome homology
between BKV and JCV, as previously reported [8,9]. The viruses de-
tected by qPCR only were 5 EBV (1689-12,545 cp/ml), 3 CMV (1263
- 2054 cp/ml), 1 JCV (Ct 37), 1 HHV-6 (Ct 38), and 6 TTV (2000-
248,000 cp/ml); all had Ct values 35-39, except TTV with Ct values
24-41. Galileo differentiates between HHV-6A and -6B; however, be-
cause the qPCR assay does not, these results were grouped together as
HHV-6. See Supplemental Table 1 for the full gPCR and Galileo results
for each patient.

For those viruses with quantatitive PCR data, 40 samples with quan-
titative results by both methods were compared (Fig. 1). There was high
quantitative correlation between the assays for all viruses (R? = 0.91)
(Fig. 1A). Quantitative agreement by Bland-Altman was -0.43 log;,
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Fig. 1. Quantitative agreement between Galileo mNGS and gPCR. (A) Linear regression of qPCR titer in log;, IU or cp/ml on the X-axis and Galileo mNGS log;, IU
or cp/ml on the Y-axis for the four viruses where qPCR results were available, and where viruses were detected by both assays. The regression line (solid line), line
of identity (dotted line), and 95% confidence intervals (gray shaded areas) are shown. (B) Quantitative agreement by Bland-Altman plot with mean (blue line), 95%
limits of agreement (dashed lines), and zero line (gray line) shown. (C) Linear regression of gPCR vs Galileo Signal Score for TTV, where whole-virus calibration
material is not available to convert GSS to cp/ml. Three outliers from the same patient are indicated (red circle). 95% confidence intervals are shown in gray. (D)
Linear regression of qPCR titer and Galileo Signal Score with three outliers removed. 95% confidence intervals are shown in gray (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.).

Table 3

Summary of viral detection by Galileo mNGS and qPCR across the sample set.
Positive percent agreement (PPA) and negative percent agreement (NPA) are
also shown.

qPCR PPA NPA
+ -

Galileo  All viruses (+) 87 11 84% 95%
All viruses (-) 16 230
HHV-6 (+) 8 2 89% 94%
HHV-6 (-) 1 32
BKV (+) 9 0 100% 100%
BKV (-) 0 34
JCV (+) 1 7 50% 83%
JCV (-) 1 34
VZV (+) 1 0 100% 100%
VZV () 0 42
ADV (+) 21 0 100% 100%
ADV (-) 0 22
CMV (+) 7 1 70% 97%
CMV (-) 3 32
EBV (+) 11 1 69% 96%
EBV (-) 5 26
TTV (+) 29 0 83% 100%
TTV (-) 6 8

IU or cp/ml mean difference (95% limits of agreement, -1.37 to 0.51)
(Fig. 1B). Focusing on TTV (which was quantified by Galileo’s propri-
etary Signal Score metric due to the lack of a commercially available
whole-virus calibration material for TTV), results from the 29 samples
from 15 patients positive by both assays showed high correlation be-
tween Galileo and qPCR, except for three outliers, all from the same pa-
tient, that showed lower quantification by qPCR (Fig. 1C). When these
were removed, the linear regression R? was 0.85 (Fig. 1D).

4. Discussion

This study demonstrates overall high levels of agreement between
single-target qPCR assays and the Galileo Viral Panel shotgun mNGS
platform. While both assays missed several low titer/late Ct samples,
Galileo detected an additional 51 viruses that had not initially been
tested for by standard of care PCR, all of which would be important
if encountered during patient care at clinically significant levels. While
the low-level signals in both assays may represent noise (as is likely the
case for the detection of JCV in samples positive for BKV), they may
also indicate early viral replication or latent viral genomes, which are
both of uncertain clinical significance. Quantitatively, Galileo slightly
underquantified compared with qPCR assays, suggesting that only one
assay should be used to monitor a patient.

Interestingly, three samples from the same patient showed lower
quantification of TTV by qPCR compared with Galileo. This discrepancy
may be due to sequence differences in the primer binding region related
to the high genetic variation in TTV [17]. In contrast, Galileo can utilize
the entire TTV genome to detect and quantify.

Although Galileo can detect many viruses simultaneously, including
viruses that might be missed in standard care singleplex qPCR testing,
qPCR remains less costly, less laborious, and faster than mNGS. The
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Galileo workflow takes approximately 48 h (of which 20 h is sequenc-
ing), while qPCR requires 4 to 6 h, including extraction, reaction setup,
PCR, and analysis. However, the expansion of the Galileo assay to report
additional pathogens (e.g., bacteria and fungi), coupled with reductions
in sequencing time, could increase the utility and diagnostic yield of
mNGS, making it more amenable to routine clinical use.

Limitations of this study include the low numbers of certain viruses
(1 VZV sample, no HSV1/2 or B19 included); extended sample storage
time prior to plasma analysis; low total number of samples; and its ret-
rospective nature for the purposes of method comparison rather than
analysis of clinical outcomes. In conclusion, the Galileo mNGS platform
is a promising method for comprehensive viral monitoring in immuno-
compromised paediatric patients.
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