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The quality and safety of blood products used in trans- Supported by the Food and Drug Administration Medical Countermea-

fusions are of significant public concern. The number of
emerging pathogens that affect blood safety has steadily
increased in the recent decades and has triggered a rapid
development of molecular tests for detection of blood-borne
pathogens such as West Nile virus,' dengue virus (DENV),”
and Babesia microti® to name a few. Some highly virulent
pathogens may have a low prevalence rate and/or be
restricted seasonally or geographically, suggesting they may
not be of concern for blood safety. However, the impact of
transfusion-transmitted infection of such agents can have
fatal consequences in highly vulnerable populations such as
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neonates, the elderly, or immunocompromised persons.
Therefore, approaches to blood donor testing that can
include these pathogens are needed. Molecular diagnostic
tests for assessment of the quality of blood products require
a high sensitivity to ensure blood safety and high specificity
because too many blood donations would be lost as a result
of a test with too many false positives. Although many
singleplex tests are approved or cleared by the Food and
Drug Administration (FDA), there are a limited number of
tests that accomplish simultaneous detection for multiple
pathogens.” Application of novel and emerging technologies
offers the prospect of developing the next generation of
superior performance tests that will detect an increasing
number of transfusion-transmittable agents in multiplex
format with high sensitivity and specificity, robustness, and
adaptability to accomplish detection of new agents once
issues of throughput, proper format for clinical trials, and
requirement for FDA approval of new more complex
devices are solved. The successful utilization of a high-
throughput multiplex PCR platform (OpenArray; Thermo
Fisher Scientific, South San Francisco, CA) for detection of
a limited number of viral and bacterial pathogens was
reported earlier,” and its performance was comparable
with existing singleplex assays currently used for donor
screening.

In this study, we present the evaluation of a highly
multiplex blood-borne pathogen panel (BBPP) built on an
OpenArray platform with capacity for simultaneous detec-
tion and discrimination of 17 viral strains in human plasma
samples and 13 bacterial and protozoan pathogens in human
blood samples. The specificity and sensitivity of the custom
BBPP was evaluated using pathogen-spiked blood and
plasma. The ultimate test of the device performance was
achieved by obtaining and blindly processing (E.G. and
S.P.) 92 characterized blood donor specimens. The results of
this study yielded a decision tree that can be used for
identification of unknown samples on an OpenArray BBPP.

Materials and Methods

Viral Specimen Preparation

Specimens positive for HIV-1 clades, HIV-2, hepatitis C
virus (HCV)-1b, and hepatitis B virus (HBV) were assem-
bled from reference material prepared by the FDA
(Supplemental Table S1).°'* The viral concentrations of
these frozen vials were established by the FDA, and we used
these concentrations in the spiked specimens without further
verification. The concentration of HCV-2a genomes in
copies per milliliter of plasma was established at 120,000 by
quantitative RT-PCR (7500 RT-PCR Guide; Applied Bio-
systems, Foster City, CA) in the source specimen, and the
concentrations in the specimens reported in the results were
obtained by diluting the source sample with human plasma.
West Nile virus (WNYV) strains NY99 and FDAHu2002 were
quantified by both plaque-forming assay'* and TagMan
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quantitative RT-PCR assay (Applied Biosystems).'>'®

DENVs were molecularly quantified in PCR-detectible
units by TagMan quantitative RT-PCR.'” Influenza virus
stocks were quantified by plaque-forming assay on Madin-
Darby canine kidney epithelial cells. "’

Bacterial and Protozoan Specimen Preparation

Three bacterial species, Escherichia coli, Yersinia enter-
ocolitica, and Staphylococcus aureus (Supplemental Table
$2)""7** were quantified by measuring optical density at
600 nm and converting to cells per milliliter by the formula
5.0 x 10® cell/mL = 1 absorbance unit in the SmartSpec
3000 spectrophotometer (Bio-Rad, Hercules, CA). Babesia
microti were quantified by microscopic determination of the
percentage of red blood cells infected and determination of
the number of red blood cells per milliliter with a Coulter
particle counter (Beckman Coulter, Brea, CA), then the
Babesia cells per milliliter were calculated by the product of
these two numbers. Leishmania braziliensis, Leishmania
donovani, Leishmania infantum, Leishmania major, Leish-
mania mexicana, and Leishmania tropica; promastigotes
(Supplemental Table S2); and Trypanosoma cruzi were
quantified with a Coulter particle counter. Plasmodium
falciparum and Plasmodium vivax were quantified micro-
scopically, as with B. microti.

Spiking

HIV-1 group M subtype A, subtype B, and subtype G;
HIV-2; HCV-1b; and HBV were not further diluted, but the
Lot Release Panel members were used directly as test
specimens. Chikungunya virus strain R91064-purified RNA
was estimated for genome copy number by RNA concen-
tration and diluted into RNA samples extracted from the
appropriate volumes of human plasma. DENV 1 to 4, HCV-
2a, influenza HIN1, and influenza H5N1 obtained as
cultured virus stock were diluted into human plasma that
was free of infectious agents. After quantification, an
appropriate dilution of WNV stock was made in phosphate-
buffered saline, then further diluted at least 10-fold into 1
mL of human plasma to prepare the test specimens. The six
species of Leishmania, P. falciparum, P. vivax, T. cruzi,
E. coli, Y. enterocolitica, and S. aureus, obtained as cultured
cells, were similarly diluted and spiked into whole hepa-
rinized human blood. B. microti as intraerythrocytic para-
sites at 1000 infected cells/uL were further diluted in whole
human blood. The blood and plasma were obtained from
deidentified donors to the research program at the Depart-
ment of Transfusion Medicine, NIH, under an approved
protocol that is reviewed by the FDA Research in Human
Subjects Committee (principal investigator R. Duncan). All
donations are tested by the collection center with
FDA-approved donor tests for HIV, HCV, HBV, WNV,
Treponema palladium, and T. cruzi.
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Nucleic Acid Extraction, Volume, Quantification

Nucleic acid from plasma spiked with WNV was extracted
using the QIAamp Viral Mini kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. Nucleic acid from
all other plasma specimens was extracted with the QIAamp
MinElute Virus Spin kit (Qiagen) according to the manu-
facturer’s protocol, eluted in 180 pL. DNA from whole
blood specimens was extracted with the QIAamp DNA
Blood Mini kit (Qiagen) according to the manufacturer’s
protocol, eluted in 180 pL.

Primer Design and Selection

The panel for detection of a broad range of blood-borne
pathogens consisted of primers and TagMan probes for
viral, bacterial, and parasitic targets (Supplemental Tables
S3 and S4)*7?** 7! designed for this study, published in
the literature, or commercially available from Thermo
Fisher Scientific (for research use only, not for use in
diagnostic procedures). TagMan assays were designed using
a proprietary algorithm developed by Thermo Fisher
Scientific. This algorithm evaluates a set of optimal assays,
considering criteria of melting temperature and nucleotide
composition of primer-pair combinations. The algorithm
selects the assays with highest specificity, based on nucleic
acid sequence comparison of assay primers and probes with
genomic sequences from other closely related species. From
the sequence comparison, the assay with the highest
mismatch score with other organisms was chosen, which
minimizes the possibility of generation of false-positive
results during the testing. Primers and probes designed by
the FDA laboratory as part of this study were selected from
genomic sequences using MacVector software version
15.1.3 (MacVector, Inc., Cary, NC), avoiding hairpin loops,
primer duplexes, and optimizing melting temperatures.

Reverse Transcription Reaction and Preamplification

Extracted viral RNAs (10 pL of each sample) were reverse
transcribed using the High Capacity RT kit (Applied
Biosystems) with random hexamer primers or gene-specific
primers (pool of all assay primers diluted 1:5 relative to the
concentration in the PCR reaction) and incubated at 37°C
for 2 hours per manufacturer’s protocol in a 20-pL reaction
volume. To increase sensitivity for targets present at low
concentration, the target-specific preamplification protocol
was applied. A sample of cDNA (10 pL) was mixed with 10
pL of a mixed pool of PCR assay oligonucleotides at 180
nmol/L/50 nmol/L primer pair/probe concentration and 20
pL of TagMan preamplification master mix (Applied Bio-
systems). The preamplification reaction was performed on
an ABI9700 (Applied Biosystems) at the following cycling
conditions: single cycle at 95°C for 10 minutes; 18 cycles at
95°C for 15 seconds, 60°C for 4 minutes; single cycle at
99°C for 10 minutes in a total volume of 25 pL.
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Preamplification products were diluted 1:10 in 0.1x Tris
and EDTA buffer (Quality Biological, Gaithersburg, MD)
and were used on the BBPP OpenArray platform.

Real-Time PCR on BBPP OpenArray Platform

The OpenArray technology (for research use only, not for
use in diagnostic procedures) is based on a metal plate
the size of a microscope slide that has been photolitho-
graphically patterned and etched to form a rectilinear
array of 3072 through-holes, organized in 48 subarrays
with 64 through-holes each. Each through-hole is loaded
with an individual TagMan assay (Supplemental Tables
S3 and S4) and contains 33 nL of PCR reaction
mixture. Previous work has shown that the PCR assay
performance in the nanoplates is equivalent to the same
assay in microplates,”” but with >150-fold lower reaction
volume (33 nL versus 5 pLL PCR reaction volumes) and
with the ability to profile multiple targets using the same
sample. Blood collected from a donor can be separated
into a plasma sample and a whole blood sample,
providing the opportunity to target plasma-residing path-
ogens with one panel and whole blood-residing pathogens
with a separate panel. The primer and probe sets targeting
viruses were configured in triplicate on each subarray of
one set of plates (plasma panel), and the primer and
probe sets targeting bacteria and protozoans were simi-
larly configured on a separate set of plates (whole blood
panel). Thus, plasma samples were applied to the virus-
type plates, whereas whole blood samples were applied
to the bacteria/protozoan plates. Each sample was tested
on multiple subarrays to achieve a higher level of repli-
cates for each assay.

A sample of genomic DNA or cDNA across a range of
concentrations (1.2 pL of each) was mixed with 1.3 pL
of PCR-grade water and 2.5 puL of TagMan OpenArray
real-time PCR master mix (Applied Biosystems). Then,
the reaction mixture was dispensed on a BBPP Open-
Array plate using the automated sample loading system,
AccuFill (Applied Biosystems). Real-time PCR occurred
in an OpenArray custom computer-controlled imaging
thermal cycler under software control (manufacturer’s
proprietary software), where imaging data for up to
12,168 individual reaction wells (four plates) was
collected during 40 cycles of PCR. The step after
acquisition includes calculation of Cq* and the Cp con-
fidence parameter, which were used for further data
analysis and in the decision tree for pathogen identifica-
tion. The Cr confidence parameter is calculated using
Thermo Fisher Scientific’s proprietary algorithm, and its
value reflects the quality of the amplification curve
generated during PCR. The Cr confidence values >300
indicate good quality of amplification, Ct confidence
values between 200 and 300 are considered marginal, and
each amplification curve with such Ct confidence values
has to be manually checked before the result can be
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Table 1  Analytical Sensitivity Study Test Results of the Plasma Panel
Assay 1 Assay 2

TH, TH,
Pathogen Copies/mL  Name Mean Cq  95% (I pos/total Name Mean Cq 95% CI  pos/total
Chikungunya virus 1000 CHIK 18.85 18.45—19.25 12/12 NA
Chikungunya virus 100 CHIK 22.81 22.67—22.95 12/12 NA
DENV-1 10* DENV-1 22.16 21.81—22.51 9/9 PAN DENV  26.22 +0.43  9/9
DENV-1 10° DENV-1 23.00 22.74—23.26  9/9 PAN DENV
DENV-2 10* DENV-2 18.35 17.90—18.80 12/12 PAN DENV  24.79 +0.49  12/12
DENV-2 103 DENV-2 22.93 22.54—23.32 12/12 PAN DENV 0 0
DENV-3 10 DENV-3 20.02 19.88—20.16 9/9 PAN DENV  25.00 +0.14  9/9
DENV-3 10° DENV-3 22.78 22.69—22.87 9/9 PAN DENV 0 0
DENV-4 10* DENV-4 20.14 20.01—20.27 9/9 NA
DENV-4 10° DENV-4 19.72 19.65—19.79 9/9
HBV 500 HBV-A 22.15 21.96—22.34 12/12 NA
HCV-1b 500 HCV-B 24.25 24.10—24.40 12/12 NA
HCV-2a 2000 HCV-B 14.09 13.91—-14.27 12/12 NA
HIV-1 group M subtype B 500 HIV-1A 22.11 21.77—-22.45 12/12 HIV-1 24.23 +0.32  12/12
HIV-1 group O 1000 HIV-1 0 19.93 19.67—20.19 12/12 NA
HIV-1 group O 100 HIV-1 0 24.52 24.22—24.82 12/12 NA
HIV-1 group M subtype A 1000 HIV-1 0/M  23.51 23.13—23.89 12/12 HIV-1 22.73 +0.20 12/12
HIV-1 group M subtype A 100 HIV-1 0/M  25.08 24.77—25.39 11/12 HIV-1 26.37 +0.29 12/12
HIV-1 group M subtype G 1000 HIV-1 21.59 21.52—21.66 12/12 NA
HIV-1 group M subtype G~ 100 HIV-1 24.25 23.71-24.79 12/12 NA
HIV-2 1000 HIV2_1 14.50 14.25—14.75 12/12 HIV2_2 14.50 +0.25 12/12
HIV-2 100 HIV2_1 17.62 17.29—17.95 12/12 HIV2_2 17.58 +0.30 12/12
Influenza HIN1 1000 H1IN1-HA 13.80 13.71-13.89 12/12 INF-M 15.16 +0.08 12/12
Influenza HIN1 100 H1IN1-HA 16.89 16.64—17.14 12/12 INF-M 18.13 +0.21  12/12
H5N1 1000 H5N1-HA 15.40 15.21—15.59 12/12 INF-M 14.33 +0.19 12/12
H5N1 100 H5N1-HA 19.32 18.98—19.66 12/12 INF-M 18.49 +0.38 12/12
WNV-FDAHu2002 1000 WNV-B 20.93 20.82—21.04 12/12 NA
WNV-FDAHU2002 100 WNV-B 22.61 22.21—-23.01 12/12 NA
WNV-NY99 1000 WNV-B 24.28 23.77—24.79 12/12 DENV-2 23.23 +0.50 12/12
WNV-NY99 100 WNV-B 25.22 24.98—25.46 12/12 DENV-2 22.60 +0.14  12/12
Neg control plasma None NA NA 0/9
No-template control HIV-1A 34.42 32.20—36.64 2/36 INF-M 34.96 2.18 3/36

DENV, dengue virus; HBV, hepatitis B virus; HCV, hepatitis C virus; NA, not applicable; Neg, negative; pos, positive; TH, through-hole, cumulative, from

multiple OpenArray plates; WNV, West Nile virus.

considered valid. Reactions with Ct confidence values
<200 are not considered valid.

The blind testing (E.G. and S.P.) of coded specimens was
assured by nucleic acid extraction of the spiked specimens
in the FDA laboratory, the eluted samples were placed into
tubes that were all identically labeled with a code. Coded
specimens were shipped to the Thermo Fisher Scientific
laboratory where they were tested with the BBPP Open-
Array, and the result were interpreted. The code was broken
only after the final interpretation had been recorded.

Statistical Analysis

The means and confidence intervals of Cq values were
calculated with the functions AVERAGE and CON-
FIDENCE.NORM(0.05, STDEV.S, N) in Microsoft Office
Excel (Microsoft Inc., Redmond, WA). The overall correct
and incorrect percentages of unknowns detected are best
represented by the binomial distribution, so the 95%
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confidence intervals were calculated by the Wilson score
interval.”

Results

Evaluation of Plasma Specimens

A blood sample can be collected and separated into the
plasma fraction and the cellular fraction. Thus, without prior
knowledge of the infected status, the plasma fraction, where
viruses can be detected, was applied to the plasma panel.
The analytical sensitivity for each assay was determined as a
lowest detected concentration of viral sample spiked into
human plasma, and results are shown in Table 1. The range
of concentrations of viral samples was chosen based on
clinical requirements for pathogen detection and perfor-
mance variables of existing diagnostic tests.”” >’ One or
two target-specific assays were used for detection: the Cq
values generated with assay 1 were used for determination
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criteria that, when applied in order, lead from the Cq values obtained for each real-time PCR

West Nile virus.

of analytical specificity, whereas Cq values obtained with
assay 2 were used as a confirmatory. Two types of negative
controls were included, process control (negative plasma)
and PCR no-template controls. The mean Cq values for
tested targets ranged from 13.8 to 25.2. The total through-
holes reported in Table 1 for each sample represent the
number of replicates of a sample multiplied by 3 through-
holes that contain the same TaqMan assay for each
sample replicate. Nearly all samples were detected in 100%
of the through-holes (9 of 9 or 12 of 12, depending on the
run) with exception of the HIV-1 group M subtype A at 100
copies/mL. detected in 11 of 12 through-holes tested
(91.6%). The reliable detection of chikungunya; HIV-1
group O, group M subtype A and subtype G; HIV-2;
influenza HIN1 and influenza HO6NI1; and WNV-
FDAHu2002 and -NY99 viruses were achieved at 100
copies/mL. HCV-2a was not detected <2000 copies/mL
because of specimen availability, and the lowest detectable
level has not been determined. Negative control plasma
samples produced no positive signal, whereas 2 and 3 of 36
replicates of no-template controls produced positive signal
with HIV-1A and influenza matrix assays, respectively
(Table 1). The Cq values generated with no-template con-
trols were at least nine Cq units higher than the Cq resulting
from positive viral samples. This information was used for

The Journal of Molecular Diagnostics m jmd.amjpathol.org

reaction to the identification of the pathogen present, if any, in a plasma sample. This applies
when reverse transcription is performed with gene-specific primers and preamplification uses 18
cycles. This decision tree is applied to results from the plasma panel OpenArray. The
C; confidence parameter is explained in the Materials and Methods. DENV, dengue virus; WNV,

determination of the Cq threshold to separate positive and
negative interpretations when blinded specimens (E.G. and
S.P.) were tested. In addition, a set of parameters (average
Cq values, the Crt confidence that reflects the quality of the
amplification curve, reproducibility among the replicates of
an assay, reproducibility among the assays targeting a
particular pathogen, and assay specificity) were compiled
and applied for identification of unknown (coded) speci-
mens. These criteria were expressed in a decision tree
specific to the plasma panel for evaluation of plasma spec-
imens (Figure 1). The decision tree was applied to all of the
replicates of each assay for each sample to reach a decision
about the presence or absence of each pathogen in each
sample. Guided by this decision tree, we proceeded to
evaluate blinded specimens (E.G. and S.P.).

To evaluate the ability of the BBPP OpenArray plates to
identify unknown viral specimens, plasma was spiked with
measured amounts of cultured pathogens or selected Center
for Biologics Evaluation and Research lot release panel
members (Materials and Methods) near the limits of
detection determined above. Specimens were extracted in
one laboratory, coded, and sent to the other laboratory for
testing. The testing of 24 coded nucleic acid specimens,
including pathogen-free plasma on BBPP OpenArray plates,
resulted in 19 true positives, two true negatives, three false
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Table 2  Detection of Unknown Specimens, Plasma Spiked with Virus, or Control Plasma

Coded specimen type Total Outcome

(copies/mL) specimens True Positive True Negative False Positive False Negative
Negative plasma control 2 2

Chikungunya virus (10%) 1 1

Chikungunya virus (10%) 1 1

DENV1 (10°) 1 1

DENV1 (10°) 1 1

DENV2 (10%) 1 1

DENV3 (10%) 1 1

DENV4 (10°) 1 1

HBV (500) 1 1

HCV-1b (100) 1 1
HCV-1b (500) 1 1
HCV-2a (2000) 1 1

HIV-1 group M (500) 1 1

HIV-1 group M (1000) 1 1

HIV-1 group O (1000) 1 1

HIV-1 subtype A (1000) 1 1

HIV-1 subtype G (1000) 1 1

HIV-2 (100) 1 1

Influenza H1N1 (100) 1 1

Influenza HIN1 (1000) 1 1

Influenza H5N1 (100) 1 1

WNV-2002 (100) 1 1

WNV-NY99 (100) 1 1
Overall total 24 19 2 0 3
Overall correct/incorrect (%) 21 (87.5) 3 (12.5)

Confidence limits (95%)

69.0%—95.7%

4.3%—31.0%

Detailed results are found in Supplemental Table S5.

DENV, dengue virus; HBV, hepatitis B virus; HCV, hepatitis C virus; WNV, West Nile virus.

negatives, and no false positives (Table 2), which is a suc-
cess rate of 87.5% (21 of 24; 95% CI, 69%—96%). Most of
the false negatives occurred in the specimens with the
lowest virus concentrations (500—100 RNA copies/mL).
Details of the OpenArray results for each coded specimen
are shown in Supplemental Table S5.

Evaluation of Whole Blood Specimens

Blood-borne pathogens of concern other than viruses are
primarily found in whole blood such as bacteria and
protozoans, which are organisms with DNA genomes. Thus,
processing of whole blood specimens involved nucleic acid
extraction optimized for DNA, and the samples were tested
with a panel of TagMan style PCR assays targeting bacteria
and protozoans (Supplemental Tables S3 and S4). Volunteer
donor whole blood was spiked with cultured pathogens at
known concentrations, and results of detection and
discrimination on the BBPP OpenArray platform were
collected (Table 3). Whole blood samples were spiked with
cultured pathogens to concentrations near the likely detec-
tible level according to previous work.” To enhance detec-
tion and discrimination, multiple primer/probe sets targeted
each pathogen. Some were chosen which target sequences
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that were unique to a species, whereas others targeted
conserved regions that may amplify multiple species but
would facilitate detection sensitivity. B. microti was easily
detected at 100 cells/mL, suggesting the lower detection
limit had not been reached. All of the Leishmania species
could be detected at 100 cells/mL, and the unique pattern of
amplification among the eight Leishmania assays allowed
unambiguous discrimination of the species. The two Plas-
modium species were detected at 100 cells/mL and were
discriminated by species-specific assays. The two assays for
T. cruzi are very sensitive because of the large number of
repeats in the genome of the targeted sequence. The
Gram-negative bacteria were detected at 100 cells/mL for
E. coli and at 1000 cells/mL for Y. enterocolitica, although
the result for Y. enterocolitica fell just below the cutoff at
100 cells/mL. The presence of a Gram-negative bacteria was
identified, but the species were not discriminated. The
Gram-positive bacterium, S. aureus, was not detected
<1000 cells/mL. Twenty-seven different whole blood
samples with no spiked pathogen were prepared and tested
to evaluate the specificity of the BBPP OpenArray Whole
Blood plates (Table 3). The results show that specificity is a
property of each primer/probe set not the platform as a
whole. The Leishmania (LEI)-1 assay targets a high-copy

jmd.amjpathol.org m The Journal of Molecular Diagnostics


http://jmd.amjpathol.org

Multiplex Blood-Borne Pathogen Screening

Table 3  Analytical Sensitivity Study Results of Whole Blood Panel

Assay 1 Assay 2
Pathogen Cells/mL  Name Mean Cq  95% (I TH Pos/Total Name Mean Cqg  95% CI  TH Pos/Total
Babesia microti 1000 BAB-1 22.90 22.67—23.13 18/18
B. microti 100 BAB-1 26.31 25.8—26.82 18/18
Leishmania braziliensis 1000 LCHAG  26.31 25.66—26.96 18/18 LEI-1 23.58 +0.29  18/18
L. braziliensis 100 LCHAG 24.08 23.81—24.35 18/18 LEI-1 21.84 +0.24 18/18
L. donovani 1000 LINF 23.21 22.77—23.65 18/18 LTRO 22.18 +0.40 18/18
L. donovani 100 LINF 26.70 26.12—27.28 18/18 LTRO 25.82 +0.49  18/18
L. infantum 1000 LCHAG 21.39 21.15—21.63 18/18 LINF 24.70 +0.36 18/18
L. infantum 100 LCHAG 25.06 24.59—25.53 18/18 LINF 28.68 +0.46 18/18
L. major 1000 LMAJ 26.29 25.71-26.87 18/18 LTRO 28.58 +0.57  18/18
L. major 100 LMAJ 25.78 25.4—26.16 18/18 LTRO 28.62 +0.45 18/18
L. mexicana 1000 LMEX 24.18 24.01—24.35 18/18 LMEX-1  27.49 +0.48 17/18
L. mexicana 100 LMEX 28.25 27.96—28.54 12/18 LEI-1 26.03 +0.41  11/18
L. tropica 1000 LTRO 23.97 23.67—24.27 18/18 LEI-2 24.56 +0.31 18/18
L. tropica 100 LTRO 26.90 26.37—27.43 18/18 LEI-2 28.48 +0.50 17/18
Plasmodium falciparum 1000 PLA-3 21.58 21.19—-21.97 17/18 PLA-2 19.95 +0.31  18/18
P. falciparum 100 PLA-3  25.12 24.5—25.74  18/18 PLA-2  23.06 +0.35  18/18
Plasmodium vivax 1000 PLA-4 23.49 23.11—23.87 18/18 PLA-2 18.88 +0.36 18/18
P. vivax 100 PLA-4 25.58 24.99—26.17 18/18 PLA-2 21.37 +0.32 18/18
Trypanosoma cruzi 1000 TCF-1 13.47 12.95—13.99 18/18 TCF-2 13.40 +0.53 18/18
T. cruzi 100 TCF-1 17.35 16.86—17.84 18/18 TCF-2 17.20 +0.46 18/18
Escherichia coli 1000 GNEG-1  24.39 24.1—24.68 17/18 GNEG-2  24.89 +0.36 16/18
E. coli 100 GNEG-1 27.31 26.81—27.81 18/18 GNEG-2  27.40 +0.36 18/18
Yersinia enterocolitica 1000 GNEG-1  25.21 24.87—25.55 18/18 GNEG-2  25.71 +0.27  18/18
Y. enterocolitica 100 GNEG-1 28.98 28.43—29.53 15/18 GNEG-2  29.24 +0.56 16/18
Staphylococcus aureus 10,000 STAU 25.11 24.73—25.49 18/18
S. aureus 1000 STAU 27.67 26.91—28.43 5/18
Neg control blood LEI-1 28.66 28.26—29.06  15/27 GNEG-1  29.53 +0.37  4/27
No-template control GNEG-1  29.38 29.03—29.73  10/36 GNEG-2  29.64 +0.45  9/36

BAB, Babesia microti; GNEG, Gram-negative bacteria; LCHAG, Leishmania chagasi; LEI, Leishmania; LINF, Leishmania infantum; LMAJ, Leishmania major;
LMEX, Leishmania mexicana; LTRO, Leishmania tropica; Neg, negative; PLA, Plasmodium species; Pos, positive; STAU, Staphylococcus aureus; TH, through-hole,

cumulative, from multiple OpenArray plates; TCF, Trypanosoma cruzi.

number DNA structure in the mitochondrion, unique to the
class of protozoans that includes Leishmania and
Trypanosoma, that makes it quite sensitive, but in a situation
in which cross-reactivity is an issue, it may have to be
disregarded. The Gram-negative assay is also subject to
amplifying trace amounts of bacterial DNA known to be
found in reagents.”® However, establishing a Cq cutoff of 27
in the decision tree removed all of the amplification
observed in negative control blood samples or no-template
controls from consideration as pathogen positive (Table 3).

On the basis of comparison of amplification results for
each assay, a set of criteria (mean Cq values and the
reproducibility among the replicates of an assay, reproduc-
ibility among the assays targeting a particular pathogen,
combinations of assays among related species, and assay
specificity) were compiled that completely distinguished a
true-positive result from a true-negative result and correctly
identified the pathogen among the spiked blood specimens
with known pathogen concentrations or blood alone. These
criteria were expressed in a decision tree (Figure 2) that was
applied to all of the replicates of each assay for each sample
to reach a decision about the presence or absence of each
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pathogen in each sample. Guided by this decision tree, we
proceeded to evaluate blinded specimens (E.G. and S.P.).
The decision tree for whole blood pathogens required some
additional criteria to ensure specific detection and discrim-
ination of all of the species in the panel. For example, L.
donovani and L. infantum, two species that cause visceral
leishmaniasis, are nearly identical at the genomic level;
however, the Cq values that result from four of the Leish-
mania assays in the panel can be ordered by the magnitude
of their Cq value that indicates which species is present in
the specimen (Figure 2).

To evaluate the ability of the BBPP OpenArray plates to
identify unknown bacteria and protozoan specimens, whole
blood was spiked with measured amounts of cultured
pathogens (Materials and Methods) near the limits of
detection determined above. Specimens were extracted in
one laboratory, coded, and sent to the other laboratory for
testing. The testing of 24 coded nucleic acid specimens,
including pathogen-free blood specimens on BBPP Open-
Array plates, resulted in 19 true positives, one true negative,
and four with indeterminate results. There were no false
negatives and no false positives (Table 4), which is a
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L. major
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Quality of Amplification Assays ( ) )
Cq<27 : L. tropica
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Retestfor L. donovani
Rep OOy Leishmania o:::;ff:ko ) / -
> 50% Through-Holes/Assay Spedes Multiple Specific LINF < LCHAG
for One Target Specific Identification Target Assays
Assay/Pathogen Amplified
Negative YES Order of Cq Value
LE1 < LCHAG <
= LTRO < LINF
Reproducibility If STAU Assay
Some Amplifies with
Positive for Multiple Ca<26
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Bacteria Present
YES
——
Specificity If Gram-Negative
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e Amplifywith Bacteria Present
YES Cq<25 \ P,

YES
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Figure 2

YES Retest for Gram-
Negative Bacteria

The whole blood sample pathogen identification decision tree provides a flow diagram of criteria that, when applied in order, lead from the Cq

values obtained for each real-time PCR reaction to the identification of the pathogen present, if any, in a blood sample. This applies when gene-specific
primers are used in pre-amplification for 14 cycles. This decision tree is applied to results from the whole blood panel OpenArray. LCHAG, Leishmania
chagasi; LEI, Leishmania; LINF, Leishmania infantum; LMAG, Leishmania major; LTRO, Leishmania tropica; STAU, Staphylococcus aureus; S. aureus, Staphylo-

coccus aureus; TCF, Trypanosoma cruzi.

success rate of 83% (20 of 24; 95% CI, 79.5%—99.3%). The
indeterminates occurred in negative whole blood or speci-
mens with the lowest pathogen concentrations (100 cells/
mL), and all of them had a pattern of results that qualifies for
retesting according to the decision tree. Details of the
OpenArray results for each coded specimen are shown in
Supplemental Table S6.

Evaluation of Blood Donor Plasma Specimens

To further the validation of the BBPP OpenArray, unlinked
residual donor specimens after approval by the FDA
Research in Human Subjects Committee (protocol number
13-022B) were obtained from Creative Testing Solutions, a
centralized facility running FDA-licensed tests for blood
donor screening. Creative Testing Solutions sent plasma
samples with the infecting pathogen identified, nucleic acid
was extracted in the FDA laboratory, and coded samples
were sent to Thermo Fisher Scientific for processing on the
plasma panel BBPP OpenArray. After final determinations
were made on each specimen, the code was broken, and a
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summary of the results is presented in Table 5. Detailed
results for all 92 residual donor specimens showed the assay
Cq values that allowed identification of the infecting agent
according to the decision tree (Supplemental Table S7).
Among the blood donor specimens, 8 of the 24 HIV posi-
tives were identified as subtype G (33.3%). In the literature,
non-B subtypes are reported to represent about 2.5% of HIV
infections in blood donors.>”*° Thus, these results are likely
an overestimate of the proportion of HIV infections that
were subtype G.

Discussion

A highly multiplex BBPP was built and extensively
validated in this study. This is a first report in which an
expanded spectrum of established and emerging pathogens
(viruses, bacteria, and parasites) has been tested in a single
PCR reaction. Our previous study reported the correct
identification of a limited number of pathogens on an
OpenArray platform.” Experiments conducted in this report
showed an increased capacity of an OpenArray platform for
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Table 4 Detection of Unknown Specimens, Whole Blood Spiked with Bacterial or Protozoan Pathogens, and Negative Control Blood
Outcome
Total True False False
Coded specimen type Cells/mL specimens True Positive Negative Positive Negative Indeterminate
Negative blood Control 2 1 1*
Babesia microti 1000 1 1
B. microti 100 1 1
Leishmania braziliensis 100 1 1
L. donovani 1000 1 1
L. donovani 100 1 1
L. infantum 100 1 1
L. major 100 1 1
L. mexicana 1000 1 1
L. mexicana 100 1 1*
L. tropica 100 1 1
Plasmodium falciparum 1000 1 1
P. falciparum 100 1 1
P. vivax 1000 1 1
P. vivax 100 1 1
Trypanosoma cruzi 1000 1 1
T. cruzi 100 1 1
E. coli 1000 1 1
E. coli 100 1 1*
Yersinia enterocolitica 1000 1 1
Y. enterocolitica 100 1 1*
Staphylococcus aureus 10,000 1 1
S. aureus 1000 1 1
Total 24 19 1 0 0 4
Overall correct/incorrect/Ind, n (%) 20 (83) 0 (0) 4 (17)

[95% confidence limits]

[79.5%—99.3%]

[0.7%—20.5%] [6.9%—36.2%]

Detailed results of each coded specimen are found in Supplemental Table S6.

*Qualified for retest according to decision tree.
Ind, indeterminate.

detection and discrimination of 17 viral strains in human
plasma samples and 13 bacterial and protozoan pathogens in
human blood samples. The clear advantage of the Open-
Array platform for this type of application is the ease of
assembling singleplex TagMan assays into the panel, having
technical assay replicates and/or an additional assay for each
detected target, limited or absence of assay cross-reactivity,
and Cq for target detection within a linear range of PCR
amplification. These facts played an important role in the
construction of decision trees for identification of pathogens
in plasma and whole blood samples (Figures 1 and 2).
Quality of amplification, based on established Cq
threshold and the Ct confidence parameter, was a starting
point in the decision tree for detection of viral pathogens in
plasma samples. Because a single assay was used for viral
subtyping within the HIV-1 group, we used it as a bifur-
cation point to separate the detected HIV-1 group subtypes
from other viral pathogens in the panel. If more than one
assay per target was positive and Cq values were below the
established threshold, the identity of the pathogen can be
correctly determined. Only one assay on this panel, WNV-B
designed for detection of the WNV-NY99 strain, had a

The Journal of Molecular Diagnostics m jmd.amjpathol.org

unidirectional cross-reactivity with the DENV-2 assay, and
another bifurcation in the decision trees was recommended
for identification of WNV-NY99: if both assays are posi-
tives and Cq values are <27. This decision tree was tested
on coded specimens (Table 2), and it correctly identified all
samples with the exception of HCV-1b at 100 and 500
copies/mL. and WNV-NY99 at 100 copies/mL which was
incorrectly identified as DENV-2 because of the cross-
reactivity mentioned above. When used in the training set
(Table 1), both assays produced Cq values just within the
threshold used in the decision tree. In addition, the con-
centration of 100 copies/mL for HCV-1b was not used in
the training set and it is most likely outside of the limit of
the detection for this target, so no positive signal detection
would be expected for coded specimen P24 (Supplemental
Table S5).

The decision tree constructed for identification of patho-
gens in a whole blood sample is more complicated because
of several factors: assay cross-reactivity for identification of
different Leishmania species and suboptimal performance
of the S. aureus assay. The decision tree also had to set
cutoffs that exclude detected amplification in negative
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Table 5 Summary Results of Unlinked Residual Blood Donor
Specimen Testing with the OpenArray Platform

Contaminating

pathogen* Result status Number of calls Percent
HIV Correct Subtype B 16 96
Subtype G 8
HIV Incorrect 1 (FN) 4
HCV Correct 28 93.3
HCV Incorrect 2 (FP) 6.7
HBV Correct 25 100
HBV Incorrect 0 0
NEG Correct 14 93.3
NEG Incorrect 1 (FP) 6.7
Overall Correct 91 94.8
Overall Incorrect 4 5.2

Detailed results for each of the 95 calls made on 92 blood donor
specimens are found in Supplemental Table S7.

*Detected at Creative Testing Solutions using FDA-licensed donor
screening tests.

FDA, Food and Drug Administration; FN, false negative; FP, false positive;
HBV, hepatitis B virus; HCV, hepatitis C virus; NEG, negative.

control blood with the LEI-1 assay and in no-template
control samples with the Gram-negative bacteria assay.
The LEI-1 primers and probe constitute a pan-Leishmania
genus assay that we have retained because it is sensitive
for detection of this parasite. A positive result must al-
ways be confirmed because of the frequency of false
positives with this primer pair. The LEI-2 assay detects
both Leishmania and Trypanosoma genera, is slightly less
sensitive than LEI-1, but much less prone to false-positive
results. The starting point in this decision tree is separa-
tion of the analysis of positive Leishmania targets from
other organisms. Previous studies on sequencing the
genomes of kinetoplastid parasitic protozoa, such as
L. major and T. cruzi, revealed significant genome con-
servation with differences in genes attributed to patho-
genesis."** The LEI-1 assay is targeting the detection of
the multicopy minicircle kDNA structure (10,000 copies
per parasite) which is conserved across multiple Leish-
mania species.”® With the exception of L. tropica, DNA
from all tested Leishmania species had a positive signal
with the LEI-1 assay. Thus, L. major and L. mexicana
can be identified if their target-specific assay had a Cq
<27 in a combination with positive results for LEI-1. The
identification of L. donovani, L. braziliensis, and
L. infantum follows more complex patterns because of
target cross-reactivity with multiple Leishmania- and
T. cruzi—specific assays. However, such complexity of
the decision tree allowed correct identification of all
coded Leishmania-containing samples with the exception
of one of L. mexicana at 100 cells/mL, a concentration
that had Cq values just outside the threshold among the
training sample set (Table 3).

The lowest detected levels for most bacteria with the
BBPP OpenArray platform are too high to be expected in an
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asymptomatic blood donor. However, most contaminations
occur during venipuncture and rapidly grow in the blood
product to as high as 10® organisms/mL, and a rate of nearly
10 bacterial infections per million transfusions has been
reported,* indicating the relevance of bacterial detection on
this platform. Two separate paths for identification of
S. aureus and Gram-negative bacteria were used because
there were high Cq values for the S. aureus target at 10,000
cellssmL. and because amplifications occurred in
no-template control reactions with Gram-negative assays in
the training set. Both are necessity driven to avoid false-
positive results when testing coded samples. This strategy
was successful based on results presented in Table 4.

The performance of the BBPP OpenArray platform with
characterized residual donor specimens was indicative of its
potential for further development as a blood-screening de-
vice in the future. The limited diversity of the donor panel
that was tested did not evaluate the extensive discriminatory
capability of the platform. In the case of discriminating
HIV-1 group M, subtype B from subtype G, the results
followed the decision tree that was derived from laboratory
specimens. However, the proportion of subtype G we
identified in this pool of 24 HIV-1—infected donors (the
licensed testing did not include discrimination of subtypes)
was high (8 of 24, 33%) and exceeds the proportion of all
non-B subtype donors combined of 2.5%.°”" Therefore,
the sensitivity for HIV-1 detection is demonstrated; how-
ever, subtyping will require more validation before it can be
applied to donor screening in the future. Optimizing an
ability to accurately identify HIV-1 subtypes is important
because projecting pathogenesis,”* drug resistance,” and
performing molecular epidemiology’® can depend on the
infecting viral subtype.

There are a few multiplex PCR-based tests approved by
the US FDA for screening blood donors, and those allow
simultaneous detection and discrimination of three viruses
(HIV, HCV, and HBV). The inclusion in this study of 92
coded samples tested positive with FDA-licensed molecular
tests provided a true comparison of BBPP performance with
tests approved by the regulatory agency and used by the
blood industry. Analytical performance of the developed
multiplex device was established with samples spiked with
organisms at levels similar to the lower limits for existing
FDA-approved tests, and little loss of sensitivity or speci-
ficity was detected at this high level of assay multiplexing.
Although assay optimization is often required to avoid
cross-reactivity or interference for primer mixes using
single-reaction primers and probes that have been pooled
into multiplex PCR, the utilization of singleplex assays on
spatially isolated individual PCR reaction chambers is the
essential feature of the OpenArray platform, which allows
achieving a high level of multiplexing without adverse
effects on sensitivity and specificity. The utility and flexi-
bility of the OpenArray platform for different applications
had been demonstrated earlier.”*”** Thus, results of testing
92 coded donors’ samples on BBPP proved that this device

jmd.amjpathol.org m The Journal of Molecular Diagnostics


http://jmd.amjpathol.org

Multiplex Blood-Borne Pathogen Screening

can accurately identify contaminating pathogens in clinical
samples (Table 5), and its performance is comparable with
existing FDA-approved tests. Although the sample size is
much smaller than what is required and used in FDA-
approved applications, the small percentage of false-
positive and false-negative results detected for each target
suggests acceptable performance in a trial for future
regulatory approval of a medical device.

Although the threat of HIV, HCV, and HBV infections
through blood transfusion has been largely eliminated by
effective development and utilization of molecular tests, in
the past few years the focus has shifted to timely detection
of emerging pathogens (Ebola, Zika, chikungunya, and
dengue viruses) in the donor blood supply. The strategy for
identification of emerging infections requires a rapid
response from industry to develop novel molecular tests and
from regulatory agencies to assess test safety and efficacy
for utilization in the highly regulated environment of the
blood bank industry. Situations such as the looming Zika
virus crisis call for the approval of screening devices that
can be rapidly adapted to new agents with the potential for a
short approval time. From the data presented in this study, a
multiplex device such as BBPP can be easily adaptable for
research to detect any emerging pathogen threatening the
blood supply. This study provides evidence that, in addition
to being a highly multiplexed device, the OpenArray plat-
form has flexibility, allowing manufacturers to include any
novel assay with minor device modifications. The fact that
real-time PCR assays are spatially separated and performed
in individual reaction wells minimizes any assay optimiza-
tion time and does not affect analytical performance of the
device. Application of novel technologies, such as BBPP,
offers the prospect for future development of the next
generation of molecular diagnostics devices for detection of
increasing number of transfusion-transmissible agents in
multiplex format with superior analytical performance,
which is required to maintain the safety of blood products.
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