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Determining the viral etiology of respiratory tract infections (RTI) has been limited for the most part to specific primer PCR-
based methods due to their increased sensitivity and specificity compared to other methods, such as tissue culture. However,
specific primer approaches have limited the ability to fully understand the diversity of infecting pathogens. A pathogen chip sys-
tem (PathChip), developed at the Genome Institute of Singapore (GIS), using a random-tagged PCR coupled to a chip with over
170,000 probes, has the potential to recognize all known human viral pathogens. We tested 290 nasal wash specimens from Fili-
pino children <2 years of age with respiratory tract infections using culture and 3 PCR methods—FEraGen, Luminex, and the GIS
PathChip. The PathChip had good diagnostic accuracy, ranging from 85.9% (95% confidence interval [CI], 81.3 to 89.7%) for
rhinovirus/enteroviruses to 98.6% (95% CI, 96.5 to 99.6%) for PIV 2, compared to the other methods and additionally identified

anumber of viruses not detected by these methods.

espiratory infections are the single most important cause of

death in childhood (1, 2), primarily due to bacterial and viral
pathogens. Unfortunately, clinical features and current laboratory
methods do not readily identify the etiologic agent. These labora-
tory methods have traditionally involved culture (3) and anti-
body-based approaches (1, 2, 4, 5), but in recent years, nucleic
acid-based methods, such as PCR (3, 6), microarrays (7, 8), and
next-generation sequencing (NGS) (9-11), have gradually gained
acceptance and even preference over traditional methods for
pathogen identification due to their higher sensitivities and spec-
ificities, decreasing cost, and multiplexing capabilities. Neverthe-
less, large-scale pathogen diagnostics (covering extensive patho-
gen diversity) for discovery and biosurveillance are still not in
routine use. PCR, even though it is highly sensitive and fast, has
limitations in detecting novel pathogens since it requires the se-
lection of suitably specific primers from known sequences (12).
Conversely, NGS approaches can provide sequence information
of known pathogens in a sample but require complex postprocess-
ing analysis, such as sequence assembly and alignment for diag-
nostic conclusions (13, 14).

The microarray technology has the potential to overcome both
of these shortcomings and has thus begun to establish itself as an
important diagnostic tool. It consists of thousands of fluores-
cence-labeled nucleic acid probes that bind with high specificity to
complementary sequences of nucleic acid extracted from biolog-
ical samples. While microarrays can detect multiple pathogens
simultaneously, their clinical utility has been limited by their sen-
sitivity in clinical specimens (11). Much effort has thus been spent
on improving sample amplification techniques (15) and develop-
ing more-sophisticated algorithms to increase the sensitivity and
accuracy of detection (15, 16). With a deeper understanding of
probe hybridization properties, nonspecific hybridization noise
(once considered a major drawback of microarrays) can now be
used to detect or implicate novel pathogens in the specimen (17).
In the last decade, many pathogen detection and discovery mi-
croarrays, such as the ViroChip (18), GreeneChip (19), PathChip
(17), and Lawrence Livermore microbial detection array
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(LLMDA) (20), as well as resequencing microarrays (21-24), have
been developed and some have been commercialized. LLMDA,
comprised of 388,000 probes representing 38,000 virus sequences
and 3,500 bacteria sequences, is the most comprehensive microar-
ray to date (20). Recently, resequencing microarrays (24-26) and
low-density arrays (27, 28) have also been used to detect multiple
respiratory pathogens simultaneously in clinical samples.

The most prevalent PCR methods in clinical use are single-plex
kits, which have been widely commercialized and FDA approved
for specific pathogens. Multiplex PCR panels, which can detect 5
to 30 respiratory pathogens in a single assay, have been developed
on a variety of formats, ranging from standard TagMan quantita-
tive PCR (qPCR) assays (29) and liquid bead array platforms (30—
34) to lab-on-a-chip devices such as the BioFire FilmArray (35,
36). FilmArray incorporates on-board nucleic acid extraction to-
gether with automated nested multiplex PCR for detection of 25
pathogens. This device, as well as some of the multiplex panels, has
since received FDA approval for diagnostic use (36, 37).

In this study, we demonstrate that the current version of the
Genome Institute of Singapore (GIS) PathChip can detect at least
76 viruses, with sensitivity and specificity comparable to those of
other molecular diagnosis methods.

MATERIALS AND METHODS

Study population. From July 2000 to December 2004, a cohort of 12,194
Filipino children <2 years of age participated in a pneumococcal vaccine
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trial conducted in 6 barangays (villages) in Bohol, Philippines (38). The
data on all hospital admissions and other important medical events were
collected until a study termination visit at 23 months of age or the end of
study follow-up at the end of December 2004. Concomitantly, all children
from the 6 barangays who were =5 years of age, who were not in the trial,
and who were admitted to the hospital or who visited the outpatient
department of the Bohol Regional Hospital were enrolled in a separate
epidemiologic study. Informed consent was obtained for all children for
participation in the vaccine trial, and separate consent was obtained at
admission for each child to obtain a history and specimens. The institu-
tional review boards (IRB) at the Research Institute for Tropical Medicine
(RITM) in Manila, Philippines, KTL Finland, and COMIRB, Aurora, CO,
approved the study. In both of these groups of subjects, 5,570 clinical
episodes of pneumonia were observed, at which time 2,066 nasopharyn-
geal aspirate samples were obtained to determine a viral etiology. We
tested a random sample of 290 of these nasal wash specimens for this
study.

Specimen collection and processing. Nasal wash specimens were col-
lected from all children admitted in the trial who were hospitalized at the
Bohol Regional Hospital with acute lower respiratory tract infections
(ALRI) and 1 in 5 outpatients with ALRI. The baby was restrained by being
wrapped in a sheet and placed on the back with the neck extended. Five
milliliters of normal saline was squirted into one nostril, and a 6 Fr suction
catheter was placed into the nasopharynx using the opposite nostril,
pointing the end of the tube directly backward, with the patient aspirating
while the suction catheter was gently removed. Suction was applied using
a pressure-regulated, trapped electrical suction pump or, when not avail-
able, a 10-ml sterile syringe. The procedure was repeated in the other naris
if necessary. After we ensured that the specimen was cloudy and had
mucus and cells, it was immediately placed on ice and transported to the
laboratory, where it was then mixed with Remel M4 viral transport me-
dium (Thermo Fisher Scientific, Lenexa, KS) in a 1:1 ratio, within about
half an hour of collection. After being mixed and vortexed briefly, the
materials were transferred into 3 to 5 cryovials and snap-frozen in liquid
nitrogen, in which the specimens were stored for up to a month. Next,
batches of specimens were transported to Denver, CO, on dry ice, where
they were stored at —86°C.

Viral culture. We utilized both routine respiratory tissue culture and
conventional respiratory shell vial culture for detection of viruses, as de-
scribed earlier (39). Briefly, respiratory tissue culture was performed by
inoculating 0.3 ml of specimen into each of six tissue culture tubes: two
rhesus monkey kidney (RhMK) tubes (BioWhittaker and ViroMed), one
Hep-2 (ATCC), one A549 (ATCC), and two primary human embryonic
lung fibroblasts (HELF) were prepared in the laboratory. Tubes were in-
cubated at 37°C for up to 28 days. One HELF tube was incubated at 35°C
onaroller drum to enhance rhinovirus isolation. Tubes were examined by
light microscopy for up to 28 days, and hemadsorption of guinea pig red
blood cells was performed weekly. Monolayers that showed cytopathic
effect or positive hemadsorption were scraped and stained with specific
monoclonal antibodies. Conventional respiratory shell vial cultures were
performed by inoculation of 0.3 ml of the specimens into a shell vial
containing either RAMK (Viromed) or locally made Hep-2 cell. Monolay-
ers were scraped after 48 h of incubation at 37°C, spotted onto slides, fixed
with acetone, stained with specific monoclonal antibodies (Dako for the
first phase study and Bartel’s for the second one) for influenza A and B,
parainfluenza virus 1 (PIV 1), 2, and 3 (RhMK shell vial [SV]), respiratory
syncytial virus (RSV), and adenovirus (Hep-2), and read under fluores-
cence microscopy. A positive result was defined as the presence of bright
green fluorescence in the cytoplasm of =2 cells.

Nucleotide extraction and PCR. RNA was extracted from 1 aliquot of
nasal wash specimen stored in M4 transport medium using TRIzol LS
(Invitrogen, Grand Island, NY) according to the manufacturer’s instruc-
tions except as follows. The RNA pellet was dried at 55°C for 5 min. A total
of 60 l of RNA storage solution (Ambion, Grand Island, NY) was added
to the dried pellet and heated to 55°C for 5 min to help resuspend the
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pellet. Three aliquots were made, each with 20 pl of the RNA, and then
stored at —80°C. RNA samples were then processed according to manu-
facturers’ instructions for the EraGen and Luminex platforms (PCR) and
the GIS specific protocol for the PathChip. All the laboratory experiments
were conducted at University of Colorado School of Medicine laborato-
ries.

EraGen. The EraGen MultiCode-PLs system assay has four steps and
produces cDNA that has been labeled twice and then bound to a Luminex
bead. All the steps were performed according to the manufacturer’s pro-
tocol (40). Manufacturer-specified, assay-specific positive and negative
controls were included on each plate of the run.

Luminex. ID-Tag RVP (Tm Bioscience Corp., Toronto, Canada) has
several steps, and it was combined with the Luminex X-Map technology
for detection and analysis (41). All steps were done in accordance with the
manufacturer’s protocol. Manufacturer-specified, assay-specific positive
and negative controls were included on each plate of the run.

GIS PathChip. A total of 25,000 full-genome sequences of viruses clini-
cally relevant to humans were downloaded from the NCBI Taxonomy data-
base (http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/) and
organized into 59 genera and 154 clinically relevant groups. For each viral
genome, a probe recognition signature consisting of probes uniformly
spaced out across the entire genome was constructed as previously de-
scribed (15, 17). The chip design was custom manufactured by Af-
fymetrix, Inc. (Santa Clara, CA), in their GeneChip cartridge format. The
c¢DNA was amplified from extracted nucleic acid samples using proprie-
tary primers as described previously (15, 17) in a single-tube reaction (for
each sample). The samples were then purified, fragmented, labeled, and
hybridized onto the PathChip according to the manufacturer’s protocol
(PathGEN Dx, Singapore). After hybridization, the PathChip was washed,
stained, and scanned using the Affymetrix GeneChip system. The Af-
fymetrix image file (.CEL) containing all the raw signal intensities for each
PathChip was uploaded into the GIS proprietary software described pre-
viously (17), which automatically detects which pathogen recognition sig-
natures are present. A report which provides a summary of the assay,
quality control metrics, and the pathogen genomes which were detected
was then generated (Fig. 1). The entire process (starting from patient
RNA) was completed within 20 h.

Development of a gold standard for viral diagnosis. To test the sen-
sitivity and specificity of the GIS PathChip compared to those of the mul-
tiplex panel tests, a gold standard was developed from results of culture
and PCR for each specimen. The gold standard for comparison was con-
sidered to be positive for a virus if that virus was positive for culture or
both PCR methods (EraGen and Luminex). The gold standard was then
used to classify each specimen by type of viral infection, with the signifi-
cance of any differences reported between individual assays determined
using the Fisher exact test.

Sensitivity, specificity, and diagnostic accuracy. The PathChip was
compared to the gold standard to evaluate its sensitivity, specificity, and
overall diagnostic accuracy. Sensitivity was computed as the proportion of
positive specimens that tested positive; likewise, specificity was computed
as the proportion of negative specimens that tested negative. The diagnos-
tic accuracy was the proportion of all specimens that were correctly clas-
sified among all subjects.

Detection of novel pathogens by the PathChip. For pathogens that
were not covered by the viral culture or the EraGen and Luminex PCR
approaches, we reported all positive samples based on the pathogen re-
port, autogenerated by the PathChip software (and initially described as
false positive compared to the gold standard).

Validation of viruses detected by PathChip but not detected by
other methods (PathChip false-positive results). This examination was
done using 3 strategies. Since the gold standard included only viruses
detected by both EraGen and Luminex methods, we considered a
PathChip false-positive virus to be confirmed if it was also detected in one
of the 2 PCR methods. For the poliovirus and the influenza viruses, we
sequenced the VP1 region of poliovirus (42) and the complete hemagglu-
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PATHOGEN CHIP DETECTION REPORT

REPORT GENERATED: 2012-07-11, 12:05 AM Singapore time (UTC+08:00)
CONTROL SUMMARY: HYBRIDIZATION: GOOD DETECTION SUMMARY: 3 PATHOGENS DETECTED
LABELING: GOOD (2 VIRUSES and 1 BACTERIA)
PCR: GOOD
NO S&NAL ng HIGH
HYBBRIDIZATION CONTROLS: 037 Array Signal Intensity Key —
§ . : : : 0,00 (421,0)
Perfect Match (PM) score e s s el IEEEEEECEEET Uniformity Visualizer EEEEEEEEEE
POOR ADEQUATE GOOD am
10.00 — m
Mismatch (MM) score e s« soeH T = um
POOR ADEQUATE GOOD 3 L
9.49 2 EEm
Uniformity score N :  « EHEE 5 =H
POOR ADEQUATE GOOD x am
= m
(0,421) (421,421)
LABELING CONTROLS:
10.00 LOW (MM) HIGH (PM)
Perfect Match (PM) score e s+ s ool EEECEECEET Labeling Visualizer UEEEEEEEEEEEN
POOR AD%Q;J?TE GOOD
Mismatch (MM) score e s Y s el EEECEET
POOR ADEQUATE GOOD
PCR CONTROLS:
Plant virus negative control 9.97 5 3
Control score Emme s o« s ol NN Genome Visualizer 80 B ]
POOR ADEQUATE GOOD
PCR positive control 10.00 5 3
Control score ooz 2 ¢ s o ESEECEEEY Genome Visualizer |
POOR ADEQUATE GOOD
Human DNA repeat segment g 35 > s
Control score Yoo o+ sonen EEECEECEETY Genome Visualizer ISIIIII mimnna IIIIIII--3
POOR ADEQUATE GOOD
Human endogenous retrovirug 4, @ 3
Control score Yoz 5+ 5o0eH EEECEECEED i i
POOR P DEOUATE oD Genome Visualizer I NN N e N
PATHOGENS DETECTED:
- Virus:
Human Coronavirus
Closest seq. matched Gl:62530898, Human coronavirus OC43 strain 19572 Belgium 2004.
58 5 3
Detection score e s+ s T Genome Visualizer IR END 0D E e
POOR ADEQUATE GOOD
Human respiratory syncytial virus B
Closest seq. matched Gl:2582022, Human respiratory syncytial virus wildtype strain B1.
.64 5% 3%
Detection score Emz s+ s Yol RO Genome Visualizer 100 T VOO
POOR ADEQUATE GOOD
- Bacteria:
Moraxella 10.00 5 &
Detection score . : + e Genome Visualizer il | e N |
POOR ADEQUATE GOOD

About this detection report
This report evaluates the potential of pathogen infection using Pathogen Chip.

What are the pathogens being tested in this report?
The ﬂathogens that are being tested include 156 common virus species which currently cover 24,966 virus strains and 28 bacteria groups
which currently cover 223 bacteria species. The complete pathogen list can be found at http://pathchip.gis.a-star.edu.sg.

What does this report mean?
This report estimates the confidence level of pathogens ﬁresent in the sample using Pathogen Chip. The detection scoring system used in
this report is still under testing thus the information in this report shall be used for research reference only.

FIG 1 Sample PathChip report. The 1st section contains a summary of the report. The 2nd section contains hybridization, labeling, and PCR controls. The 3rd
section shows the heat maps of the detected pathogens and the closest matches to known strains found in the patient sample.
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TABLE 1 Number of positive infections by virus type and platform

No. (%) of positive infections by*:

Virus Gold standard Culture EraGen Luminex PathChip
Adenovirus 13 (4.5) 13 (4.5) 19 (6.6) 5(1.7) 4(1.4)
Coronavirus” NA? NA 42 (14.5) NA 18 (6.2)
0C43 NA NA 40 (13.8) NA 12 (4.1)
229E NA NA 0(0) NA 4(1.4)
NL63 NA NA 2(0.7) NA 2(0.7)
Enterovirus/HRV 83 (28.6) 24 (8.3) 113 (39) 91 (31.4) 90 (31)
HMPV 20 (6.9) NA 27 (9.3) 22 (7.6) 23(7.9)
INF A 26 (9) 23 (7.9) 24 (8.3) 24 (8.3) 26 (9)
INF B 11 (3.8) 1(3.8) 1(3.8) 8(2.8) 11 (3.8)
PIV 1 15 (5.2) 5(5.2) 11 (3.8) 11(3.8) 11 (3.8)
PIV 2 12 (4.1) 0(3.4) 11 (3.8) $(2.8) 8(2.8)
PIV 3 19 (6.6) 6 (5.5) 24 (8.3) 16 (5.5) 18 (6.2)
RSV® 88 (30.3) 75 (25.9) 94 (32.4) 76 (26.2) 72 (24.8)
RSV A 46 (15.9) NA 64 (22.1) 42 (14.5) 37 (12.8)
RSV B 34 (11.7) NA 39 (13.4) 34 (11.7) 37 (12.8)
No. (%) of virus-negative specimens 36 (12.4) 101 (34.8) 37 (12.8) 60 (20.7) 49 (16.9)

“ There were 290 samples tested by each platform.

b Only EraGen was used to test for coronavirus; therefore, there was no possible positive coronavirus result for the gold standard.
¢ Culture detected some that PCR did not, and two subjects had both RSV A and RSV B infections.

4 NA, not available.

tination and neuraminidase genes for influenza (43) using Sanger se-
quencing. Finally, for those samples with detected viruses that were not
confirmed by these 2 methods, we performed NGS of the sample aliquots
when available.

Validation of PathChip results by next-generation sequencing. The
12 samples that were not confirmed by other PCR approaches or Sanger
sequencing were selected for NGS validation. Each sample was amplified
using PathChip’s random-tagged PCR protocol. The amplified sample
was then further processed for MiSeq multiplexing sequencing by follow-
ing the Illumina TruSeq protocol (Illumina Inc., San Diego, CA). This
generated 3.5 million paired-end reads (2 X 100 bp) covering the 12
samples. After the primer tag was removed from the paired-end reads, we
used Bowtie 2 (44) to map the reads onto viral sequences downloaded
from the NCBI Taxonomy database (http://www.ncbi.nlm.nih.gov
/Taxonomy/taxonomyhome.html/). A read was considered mapped to a
virus if at least one paired-end read matched the same specific sequence
with a mismatch of <5 bp. For each sample, a virus was called if at least
one paired-end read aligned to a distinct fragment covering at least 200 bp
of the virus sequence with a minimum seed length of 20 bp and with an
alignment score greater than 20 + 8.0 X In(read length) in a multiple-seed
heuristic local alignment.

RESULTS

Clinical features of the subjects. This study was conducted in the
context of a pneumococcal vaccine trial (38), and 47% of the pa-
tients included in this study had been in the vaccinated group (see
Table S1 in the supplemental material). The mean (= standard
deviation) age of the children was 11.2 = 7.1 months. Nearly 60%
of children had severe or very severe pneumonia and only 4 had
upper respiratory tract infections, while the remainder had non-
severe pneumonia.

Laboratory results. The gold standard panel identified respi-
ratory syncytial virus (RSV) (culture only) or RSVA and RSVB
(when culture was confirmed by PCR), parainfluenza viruses
(PIV) 1, 2, and 3, influenza (INF) A and B, human rhinovirus
(HRV) or enterovirus (EV), and adenoviruses (AD) (Table 1). PIV
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4 was detected only by the PathChip, while the coronaviruses were
detected only by PathChip and EraGen (as our tissue culture
method was not suitable for coronavirus detection). Thus, PIV 4
was not included in the gold standard, and the gold standard for
coronaviruses was considered inadequate. Furthermore, tissue
culture was less sensitive in detecting enteroviruses than were the
PCR platforms (P < 0.005).

Overall, there was no significant difference between the num-
bers of virus-negative specimens by any of the 3 PCR-based detec-
tion methods between themselves or with the gold standard (P >
0.15). However, all the PCR methods had significantly more vi-
ruses detected than did culture (P < 0.005). Compared to the gold
standard (Table 2), the PathChip had a diagnostic accuracy that
ranged between 85.9% for enterovirus/rhinovirus to 98.6% for
PIV 2.

PathChip. Figure 1 shows a sample report from the PathChip
analysis, which is divided into 3 sections. The 1st section contains
a summary including basic identification of the patient, techni-
cian, and laboratory, whether the test was successfully run, and the
number of pathogens detected. The 2nd section contains a de-
tailed description of various controls for the test, including PCR
controls, labeling controls, and hybridization controls, that indi-
cate the quality of the test. The final section shows heat maps of
any detected pathogens, illustrating which regions of the pathogen
genome were detected and identifying the known virus strains
which are most similar to that found in the patient sample. The
PathChip had >93% specificity for all of the gold standard viruses
(Table 2), with the capacity to detect individual viral infections
and describe the genome with the closest match. The PathChip
had a lower sensitivity for adenovirus than did the other methods.
For coronavirus OC43, there was a divergence between the Path-
Chip and EraGen results that was difficult to interpret without
reference to another method (Table 1). While EraGen detected
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TABLE 2 PathChip concordance with the gold standard, sensitivity, and specificity analysis by virus group

No. true No. false No. false No. true Sensitivity (%) Specificity (%) Diagnostic accuracy

Virus® positive positive negative negative (95% CI)* (95% CI) (95% CI)
ADV 4 0 9 277 30.8 (9.1,61.4) 100.0 (98.7, 100) 96.9 (94.2, 98.6)
CoV* 0 18 0 272 NA 93.8 (90.4, 96.3) 93.8 (90.4, 96.3)

OC43 0 12 0 278 NA 95.9 (92.9,97.8) 95.9 (92.9, 97.8)

229E 0 4 0 286 NA 98.6 (96.5, 99.6) 98.6 (96.5, 99.6)

NL63 0 2 0 288 NA 99.3(97.5,99.9) 99.3(97.5,99.9)
EV/HRV 66 24 17 183 79.5 (69.2, 87.6) 88.4(83.2,92.4) 85.9 (81.3, 89.7)
HMPV 19 4 1 266 95.0 (75.1, 99.9) 98.5(96.3, 99.6) 98.3 (96.0, 99.4)
INF A 22 4 4 260 84.6 (65.1, 95.6) 98.5 (96.2, 99.6) 97.2 (94.6, 98.8)
INF B 8 3 3 276 72.7 (39.0, 94.0) 98.9 (96.9, 99.8) 97.9 (95.6, 99.2)
PIV1 10 1 5 274 66.7 (38.4, 88.2) 99.6 (98.0, 100) 97.9 (95.6, 99.2)
PIV 2 8 0 3 279 66.7 (34.9,90.1) 100.0 (98.7, 100) 98.6 (96.5, 99.6)
PIV 3 16 2 3 269 84.2 (60.4, 96.6) 99.3 (97.4,99.9) 98.3 (96.0, 99.4)
RSV A 36 1 10 243 78.3 (63.6, 89.1) 99.6 (97.7, 100) 96.2 (93.3,98.9)
RSV B 31 6 3 250 91.2 (76.3,98.1) 97.7 (95.0,99.1) 96.9 (94.2, 98.6)
RSV 68 4 20 198 77.3 (67.1, 85.5) 98.0 (95.0, 99.5) 91.7 (87.9, 94.6)

@ Confidence intervals for the binomial proportion were computed with exact (Clopper-Pearson) confidence limits. NA, not applicable.
® ADV, human adenovirus; CoV, human coronavirus; EV, human enterovirus; HRV, human rhinovirus; INF, influenza virus; PIV, human parainfluenza virus; RSV, respiratory

syncytial virus.

¢ Despite a clear gold standard for coronavirus, this reflects GIS false positives compared to EraGen only.

coronavirus OC43 more often than did the PathChip, some sam-
ples clearly positive by PathChip were negative by EraGen (Fig. 2).
In total, the PathChip identified 76 different viruses, including a
number of viruses not identified by any of the other methods, includ-
ing poliovirus, bocavirus, parechovirus, and rotavirus (Table 3).
Validation of PathChip false positives not detected by the
gold standard. There were 57 specimens in which one or more

viruses that were detected by the PathChip were not confirmed by
the gold standard (Table 2). For these samples, we investigated if
there was supporting evidence for the presence of the PathChip-
identified virus. For 12 of the 57 samples, no RNA remained for
further testing and no alternative confirmation was available. For
two samples, Sanger sequencing corroborated the identity, find-
ing poliovirus in 1 specimen and influenza virus in another spec-

Possible | Possible
False False
0C43 EraGen GIS3 | Negative | Positive
Sample Count 40 12] 30 [
11
*
10
9 <
8 - *
o L 4
37 ¢
[
2 @ TruePos
g 6 'S L M FalseNeg
o » Others
5 <&
4
*
3
b .
5 W rw s WL I, D VO SRV, W L g M ", TOT
0 50 100 150 200 250 300

Patient Sample

FIG 2 OC43 detection score plot. EraGen identified 40 specimens with coronavirus OC43 infection (samples indicated by red and blue). The PathChip identified
12 specimens with coronavirus OC43 (red). The other 30 specimens (blue) were not identified by either PathChip or Luminex. The background detection scores
of coronavirus OC43 in other specimens are also shown in green. TruePos, true positive; FalseNeg, false negative.
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TABLE 3 Viruses detected by GIS PathChip

TABLE 3 (Continued)

Virus® No. detected % of total ~ Virus” No. detected % of total
AD type 35 1 0.3 HRV C 5 1.4

AD type 5 1 0.3 INF A HIN1 3 0.8

AD type 7 1 0.3 INF A H3N2 23 6.3

AD type C 1 0.3 INF B 11 3.0
Bocavirus 6 1.6 INFC 1 0.3

CMV (HHV5) 7 1.9 Parechovirus 5 1.4
HCoV 229E 4 1.1 PIV 1 11 3.0

HCoV NL63 2 0.5 PIV 2 8 2.2

HCoV OC43 12 33 PIV 3 18 4.9
Coxsackievirus A12 1 0.3 PIV 4 4 1.1
Coxsackievirus A16 22 6.0 Poliovirus 1 0.3
Coxsackievirus A18 1 0.3 Rotavirus 1 0.3
Coxsackievirus A24 1 0.3 RSV A 37 10.1
Coxsackievirus A4 1 0.3 RSV B 37 10.1
Coxsackievirus B4 1 0.3 “ AD, human adenovirus; CMV (HHV5), cytomegalovirus (human herpesvirus 5);
Coxsackievirus B6 1 0.3 HCoV, human coronavirus; EV, human enterovirus; HMPV, human

Echovirus 11 2 0.5 metapneumovirus; HRV, human rhinovirus; INF, influenza virus; PIV, human
Echovirus 16 2 0.5 parainfluenza virus; RSV, respiratory syncytial virus.

Echovirus 19 1 0.3

Echovirus 27 1 0.3

Echovirus 9 Z L imen. In 34 specimens, the virus identified by the PathChip was
Ez o1 i g; also .identiﬁed by one. of the other PCR metl}ods (EraGen or
EV 68 4 1 Luminex). The remaining 12 samples were subjected to NGS, as
EV 74 1 03 described in Materials and Methods, with the results shown in
EV 86 4 11 Table 4. For nine of these 12 samples, the PathChip results corre-
EV 87 2 0.5 lated well with the NGS results, although for sample 702-0-1100,
EV Hangzhou 3 0.8 the PathChip reported the third coinfecting virus to be PIV 1
EV Ningbo 1 0.3 whereas the NGS and culture identified it as PIV 3. For the re-
HMPV 23 6.3 maining three samples, discrepancies were observed (Table 4).
HRV 10 2 0.5 They include PathChip-identified INF B virus in sample 701-0-
HRV 100 1 0.3 1761 and INF A in sample 702-0-2174, findings which were not
Eﬁz i; ;1 (l)é seen by any of the other methods, and EV 86 and RSV B in sample
HRV 1B a e 701-0-1464, which were not seen by any other method. Overall, of
LRV 2 1 0.3 the 17 viruses described as false positives in the 12 samples inves-
HRYV 20 1 03 tigated by NGS, 12 were concordant with the NGS results (includ-
HRV 22 P 0.5 ing two, bocavirus and influenza C virus, that were not covered by
HRV 24 4 1.1 other technologies) while five were divergent.

HRV 25 7 1.9 Detection of coinfections with the PathChip. The numbers of
HRV 26 1 0.3 nasal wash specimens with single and dual infections are illus-
HRV'3 1 0.3 trated in Table S2 in the supplemental material, with the number
Ly 2] I Lo of single infections on the diagonal for each respective virus. A
Eﬁz ;Z ; g:g si.ngle virus was ide.ntiﬁt.ed in 171 (59%) of the spe.cimens, and two
HRV 47 | 0.3 viruses were identified in 59 (20.3%) of the specimens. Three or
HRV 49 ) 0.3 more viruses were detected in 11 (3.8%) of the specimens (see
HRV 50 2 05 Table S3 in the supplemental material), and 49 (16.9%) specimens
HRV 60 3 0.8 had no viruses detected. Most of those with multiple coinfections
HRV 61 1 0.3 included EV and/or HRV. The most frequent types of dual coin-
HRV 65 1 0.3 fections were enterovirus with HRV (n = 16) and enterovirus with
HRYV 67 1 0.3 RSV A (n = 5).

HRV 7 3 0.8

HRYV 70 1 0.3 DISCUSSION

gﬁz ;g i gg In our analysis, we have demonstrated a similar b‘road‘agreer‘nent
HRV 80 5 14 between the three PCR approaches and culture viral diagnosis, as
HRYV 81 1 0.3 has been previously reported (2, 4). Our data also show that these
HRV 85 2 0.5 advanced PCR techniques were able to detect a wide range of
HRYV 89 1 0.3 viruses and coinfections in a fast and systematic way. However, the
HRV 9 1 0.3 results also highlight the difficulty of virological diagnosis in these
HRV 92 1 0.3 children, as the gold standard failed to identify a causative agent in
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36 patients (Table 1). This was most likely because the agent was
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TABLE 4 Examination of PathChip false positives”

Pathogen Chip for Respiratory Tract Infections

False positive

Conclusion for the

Sample PathChip v.1.2a reported MiSeq sequencing Other platform result(s)® false positives®
701-0-0379 HCoV OC43 HCoV OC43 HCoV 0C43 E+; others NT HCoV OC43: TP
CMV/HHV5 C—; others NT
701-0-1056 HCoV 229E HCoV 229E HCoV 229E E—; others NT HCoV 229E: TP
HRV 7 HRYV 88/7 RSVA C—,E+,L+
701-0-1464 EV 86 EV/HRV C— E—,L— EV/HRV: FP
RSV B, RSV A RSV B RSVA RSV, C+; RSV A, E+, L+ RSV B: FP
CMV/HHV 5 C—; others NT
701-0-1686 HCoV 229E HCoV 229E HCoV 229E E—; others NT HCoV 229E: TP
Echovirus 27 EV/HRV C—,E+,L— EV/HRV: TP
CMV/HHV 5 CMV/HHV 5 C—, others NT
701-0-1747 HCoV 229E HCoV 229E HCoV 229E E—; others NT HCoV 229E: TP
HRV 47 HRV 12/31/47 C+,E+,L+
701-0-1761 INF B INF B C— E—,L— INF B: FP
PIV2 PIV2 C+,E+,L+
701-0-1880 RSV A, RSV B RSV A, RSV B RSV A, RSV B C— E—,L— RSV A: TP; RSV B: TP
INF B INF B C+,E—,L—
HHV 7
HCoV 229E E—; others NT
701-0-2422 HCoV 229E HCoV 229E HCoV 229E E—; others NT HCoV 229E: TP
HRV 25 C—,E+,L+
702-0-1100 Coxsackievirus A16 EV/HRV C—,E—,L+ EV/HRV: TP
HCoV OC43 HCoV 0OC43 E+, others NT HCoV OC43: TP
PIV1 PIV1 PIV 3 PIV1l,C—,E—,L—; PIV3,C+,E—,L— PIV 1: FP
702-0-1989 INF A INF A C—E—,L—,§+ INF A: TP
HRV 12 HRV 12 C—,E+,L+
RSV A
702-0-2128 HCoV OC43 HCoV OC43 HCoV OC43 E+; others NT HCoV OC43: TP
BV BV
702-0-2174 PIV 2, INF A INF A PIV2 C— E—,L— INF A: FP

“ BV, bocavirus.

b C, culture; E, EraGen; L, Luminex; S, capillary sequencing following specific PCR; NT, not tested.
¢ FP, false positive; TP, true positive. One HCoV OC43 GIS FP, per the gold standard of requiring two PCR-positive results, was positive for EraGen but negative for MiSeq. This
specimen has not been included in this table. For the final conclusion regarding the suspected false positives, the confirmed false positives are bolded.

not a virus, it was not investigated by the gold standard assays, or
the sample did not contain sufficient concentration of the virus for
detection.

The PathChip was able to detect a wider variety of organisms
than other approaches and, in particular, detected 5 virus types in
14 patients that were not found by culture, EraGen, or Luminex,
consisting of human bocavirus (6 patients), human parechovirus
(5 patients), rotavirus (1 patient), influenza C virus (1 patient),
and poliovirus (1 patient), leading to a total of 76 viral types de-
scribed (compared to culture [11], Luminex [15], and EraGen
[18]).

However, we observed a reduction in sensitivity of the Path-
Chip for some viruses (most notably adenovirus, with 4 detec-
tions, compared to 13 detections by the gold standard) that pre-
vented a significant increase in diagnosis sensitivity compared to
the other techniques.

The sensitivity differences between the PCR approaches are
most likely a function of the PCR performance. The PathChip
utilizes a semirandom PCR that makes it resilient to sequence
diversity but intrinsically less efficient than the specific primers
utilized by the other two PCR approaches. However, the PathChip
approach does offer some routes to increase its sensitivity in the
future, such as modeling the chip’s individual probe hybridization
characteristics in negative samples, which may allow for a reduc-
tion of the detection threshold.
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We used NGS to estimate the pathogen identification accuracy
of the PathChip when this assay reported false positives (Table 4)
and found that 12 of 17 concurred. Of the 5 divergent results, one
was the false finding of an RSV B virus in a sample that was positive
for RSV A. In this case, the most likely explanation is that there was
a false cross-hybridization from the RSV A array signal.

As the PathChip provided genomic information (the closest
viral genome match in the PathChip database), it additionally
allowed for potential molecular epidemiology investigations and
was also able to provide evidence for novel viruses (those without
whole-genome sequences in public records). Interestingly, several
of the enteroviruses and rhinoviruses were not able to be matched
well to a database genome, suggesting that these may be previously
unsequenced viral types.

The PathChip also identified group A, B, and C rhinoviruses.
The large number of probes on the PathChip allowed for the ac-
curate classification of these enteroviruses, which is typically be-
yond the scope of typical specific PCR assays.

The PathChip detected the presence of coinfecting viruses in
almost 30% of the samples, highlighting the complex nature of
this disease. Traditionally, coinfections have been difficult to de-
tect using array technology, but here the PathChip performed
equally as well as the specific primer PCR approaches. The clinical
importance of coinfections is only now being evaluated, with the
advent of technology that allows their detection. However, it is
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clear that they can easily mislead a conventional approach to di-
agnosis (which would typically identify only one of the agents).

In conclusion, the high sensitivity and specificity, comparable
to those of commercially available and FDA-licensed respiratory
pathogen panels, and the ability to simultaneously species type
enteroviruses, rhinoviruses, and influenza viruses suggest that use
of this technology for detection and identification of viruses in the
respiratory tract is now a viable option.
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