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X110 Large ScaleZEDR]gE/NRE MR

CLEIA (Cutoft WB (7 127tz NHTLV- 1) o Peptide ELISA syneytium BRI | PVLEIH %
D il index) I m\n"nl
load (%)
CLASOO L2/ UL ABPBEFEHY gpab P53 P24 plo env (OD) pepl80 (OD]gag (OD) % sd % sd

1 52 IS 10.0 NUT. * + + + + 8.36 0.633 0.062 0.816 0.00 91.51 2.06
2 47 M 10.0 + + + + + 7.39 1.138 1.096 0.356 5.19 77.67 4.91
3 40 M 10.0 ¥ + £ + + 7.04 1.387 0.991 0.872 1.44 99.56 0.24
4 29 + 10.0 + ¥ + + + 1.092 0.795 0.808 0.00 85.17 6.51
5 36 I° 10.0 + # + £ + 1,108 3 0.578 1 2.49 51.48| 14.79
6 28 M 10.0 + + t * + 1.131 72.57 2.19 41.71 .17
7 35 M 10.0 + + + + + 0.979 0.108 94.18 3.81 73.16

8 57 F 10.0 + . ¥ + 1.260 0.120 L34 .44 70.17

9 59 M 10.0 + + + + + 0.816 0.375 .92 5.76 40.02{ 12.88
10 17 F 10.0 + + + 5 + 1.268 84 1.44 95.54 0.57
11 43 i 10.0 + + ¥ + + 1.211 0.759 51 2.49 58.95 9.50
12 51 I8 10.0 ¥ + * 1.443 0.803 2.49 98.66

13 17 17 10.0 + + + + 0.817 0.295 10.08 35.04

14 35 N 10.0 + * + + + 0.919 0.279 5.76 35.35

15 41 M 10.0 + + & + + 1.181 0.905 2.19 86.52

16 47 M 10.0 13.8 + + + N + 0.441 0.333 98.34 1.44 35.13

17 56 M 10.0 45.0 b + + * * 0.952 0.548 96.67 1.44 75.04

18 51 I 10.0 34.1 + i + + + 0.763 0.455 83.37 5.76 14.65

19 36 | 10.0 45.0 + + + + & 0.952 0.788 95.84 2.88 83.98

20 24 M 10.0 41.7 + + + * + 0, 0.563 90.86 3.81 42.85

21 62 I 10.0 N.T. + + * 0.565 0.299 39.32 5.19 40.72

22 56 I 10.0 27.3 + * + F + 0.585 0.871 93.35 144 44.02

23 53 M 10.0 17.9 i + + ¥ + 0.761 0.225 80.88 18.04 52.27

24 39 M 10.0 39.9 + + + i ? 0.6499 0.830 94.18 6.28 59.09
25 55 I8 10.0 T + + + + + 0.298 69.21 16.03 15.07
26 61 3 10.0 & v - + 0.310 100.00 0.00 88.50
27 37 I 10.0 NJT. + + + 0.197 94.18 144 73.76
28 59 I 10.0 45.0 + + + i + 0.942 95.01 4.32 92.23

29 26 M 10.0 38.6 + * + N ¥ 0.511 61.26 7.62 21.73

30 53 " 10.0 N + & + & v 0.206 95.01 1.99 80.37

31 65 M 10.0 45.0 @ + £ + + 0.696 95.01 2.19 57.97
32 35 7 10.0 21.2 + + + + 0.161 89.19 5.19 38.61
33 26 M 10.0 38.0 ¥ + + + 0.569 80.88 141 26.12
34 56 M 10.0 45.0 * + + £ + 0.247 40.98 15.03 16.91
35 25 I 10.0 NJT. - + + + + 0.905 0.306 73.40 2.88 49.32

K10 : Large Scale AE DR RELRZAFMIERL Y v 2 & (PVL) o/mWE, FROb 0, K
AE—DHD L 3DDTL— RIZHT, T HICEERR (p24 (gagicapsid), gp46-21(env), pep180(env))
ELISA 558 & western blot DFEF(p19, p24, p53, gpd6) % Mk L 7=,
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NAT

Degenerate polymerase chain reaction strategy with DNA
microarray for detection of multiple and various subtypes of
virus during blood screening

Kazuya Takizawa,* Tatsuo Nakashima,* Takuo Mizukami,* Madoka Kuramitsu, Daiji Endoh,
Shigeto Kawauchi, Kohsuke Sasaki, Haruka Momose, Yoshiharu Kiba, Tetsuya Mizutani,
Rika A. Furuta, Kazunari Yamaguchi, and Isao Hamaguchi

BACKGROUND: The risk of transferring blood-borne
infections during transfusion is continually increasing
because of newly emerging and reemerging viruses.
Development of a rapid screening method for emerging
viruses that might be transmitted by transfusion is
required to eliminate such pathogens during blood
donor screening. Owing to increased use of human
materials in organ transplants and cell therapy, the risk
of donor-transmitted viral infections is also increasing.
Although nucleic acid amplification technology (NAT) is
dedicated to blood screening, a small, convenient
detection system is needed at the laboratory and
hospital level.

STUDY DESIGN AND METHODS: We developed a
new pathogen detection system that can detect multiple
viruses simultaneously, using originally designed degen-
erate polymerase chain reaction primers to amplify a
wide range of viral genotypes. Amplified samples were
identified using a DNA microarray of pathogen-specific
probes.

RESULTS: We detected very low copy numbers of mul-
tiple subtypes of viruses, such as human hepatitis C
virus (HCV), human hepatitis B virus (HBV), human
parvovirus B19 (PVB19), and West Nile virus (WNV),
using a single plate. We also detected all genotypes of
human immunodeficiency virus (HIV) but sensitivity was
less than for the other viruses.

CONCLUSION: We developed a microarray assay
using novel primers for detection of a wide range of
multipie pathogens and subtypes. Our NAT system was
accurate and reliable for detection of HIV, HBV, HCV,
PVB19, and WNV, with respect to specificity, sensitivity,
and genotype inclusivity. Our system could be custom-
ized and extended for emerging pathogens and is suit-
able as a future NAT system.

34

uality and safety in blood products are major

public health concerns. In addition to general

quality control (QC) testing, introduction of

good manufacturing practice and routine
screening of blood material and products have assured
consistency and quality in production and increased
blood transfusion safety in recent decades. Newly devel-
oped serologic tests and nucleic acid technology (NAT)
have markedly reduced the risk of transmitting human
immunodeficiency virus (HIV), hepatitis C virus (HCV),
and hepatitis B virus (HBV) from infected blood.! Cur-
rently, several Food and Drug Administration (FDA)-
licensed NAT assays are available to screen blood donors
for HIV, HCV, HBV, and West Nile virus (WNV). However,

ABBREVIATIONS: DLC-chip = diamond-like carbon-coating
microarray chip; dPCR = degenerate polymerase chain reaction;
IC = internal control; NIBSC = National Institute for Biological
Standards and Control; OE-PCR = overlap-extension polymerase
chain reaction; PVB19 = parvovirus B19; TMA = transcription-
mediated amplification; WNV = West Nile virus.
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TAKIZAWA ET AL.

TABLE 1. Pathogen-specific dPCR primers for microarray detection*
GenBank

Pathogens Primer sequence (5'-3") Accession Number Position (NT) Gene name Amplicons (bp)

HIV RARAGGGGGGATTGGGGGGTA NC_001802 4336-4356 Integrase 129
YTGTCYCTGWAATAAACCCGA 4444-4464

HCV GAAAGCGYCTAGCCATGGCGT D90208 59-327 5-UTR 269
TGCACGGTCTACGAGACCTCC 307-327

HBV AYTAYCAAGGTATGTTGCCCG X70185 450-470 S 266
GGAAAGCCCKRCGMACCACTG 695-715

PVB19 AGTGGTGGTGAAAGCTCTGAA NC_000883 2148-2168 NS1 122
TCTCCTGAACTGGTCCCG 2252-2269

WNV GGHTGTTGGTATGGNATGGA NC_009942 3451-3590 NS1 141
CTCCTGGGTGRCCAAGAAC 3573-3591 NS2A

IC TCGAAGACGATCAGATACCGT M10098 1147-1157 18S rRNA 129
ATACTCCCCCCGGAACC 1259-1275

* Code base description: M, A/C; R, A/G; W, A/T; S, C/G; Y, C/T; K, G/T; V, A/IC/G; H, A/CIT; D, A/G/T; B, C/G/T; N, A/T/C/G.

the continuous development of a highly sensitive screen-
ing system is a challenging task for NAT. The focus is
mainly on assay sensitivity rather than the range and
diversity of viral species detected; therefore, the current
NAT systems only ensure detection of a restricted range of
viruses and their subtypes and not newly diverged, emerg-
ing, or reemerging viruses.? It has been reported that the
NAT sensitivity for HCV detection differs slightly in rela-
tion to virus subtype.® Recent advances in organ trans-
plantation and cell therapy have also increased the risk of
donor-transmitted viral infections, such as cytomegalovi-
rus, Epstein-Barr virus, WNV, and lymphocytic chori-
omeningitis virus.* Further development of muitiple virus
detection systems is required to increase coverage of a
range of virus strains and subtypes. We have experienced
pandemics, such as WNV in the United States in 2003 and
the chikungunya virus on Reunion Island in 2006; thus,
there is a need to develop a rapid virus detection system
that uses a more flexible blood-testing platform and meets
the safety requirements for transfusion.

HBV is one of the most geographically widespread
viruses and is subdivided into eight main genotypes
(A-H),*¢ causing liver cirrhosis and hepatocellular carci-
noma. Although most infectious blood units are removed
by screening for hepatitis B surface antigen (HBsAg), there
is clear evidence that transmission by HBsAg-negative
components occurs during the serologically negative
window period and late stages of infection.” In addition to
the window period of infection, HBV blood screening is
required to detect all virus genotypes. Similar to HBV,
several false-negative results in minipool NAT screening
were reported after the introduction of WNV NAT because
of the low viral load. Moreover, WNV continues to diverge
rapidly from the originally isolated strain.?® Multiplex NAT
assays have become the modern method for detecting
several viruses, and in conjunction with automated
systems, they have the potential to improve processes that
ensure blood safety. Candotti and colleagues'® have
reported the feasibility of a multiplex real-time quantita-
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tive reverse-transcriptase polymerase chain reaction
(PCR) for HBV, HCV, and HIV-1, suggesting that simulta-
neous amplification of multiple pathogens is an effective
approach for improving pathogen detection methods. The
flexibility provided by multiplex PCR is limited, however,
because the PCR primers are designed in commonly pre-
served regions of the viral genomes. To increase the
detectable range for multiple pathogens, PCR using
degenerate primers has been developed. Recently, bioin-
formatics has strongly improved the design of degenerate
primers, allowing the coverage of a wide range of virus
subtypes. We have developed a new method for designing
degenerate primers.! Here, we used the diamond-like
carbon-coating microarray chip (DLC-chip) to reduce
background noise and increase the detection sensitivity
of the system.!*!®* We combined two newly developed
technology platforms for a multiple pathogen detection
system using a degenerate PCR-based NAT system
(dPCR-NAT).

MATERIALS AND METHODS

Design of dPCR primers and

microarray oligoprobes

We designed dPCR primers that hybridized with HIV, HCV,
HBV, human parvovirus B19 (PVB19), and WNV genomic
sequences (Table 1). We used the CoCoMo (Coordination
of Common Motifs) algorithm (www.geneknot.info/
cocomo)™* for dPCR primer design. CoCoMo determines
primer regions in commonly conserved nucleotide
regions in the assembled nucleotide sequences of virus
strains. In each case, all viral sequences were identified
from GenBank and EMBL, and a low degeneracy primer
set was selected as a candidate using the CoCoMo algo-
rithm. We collected data on 2072 HIV-1 nucleotide
sequences and selected 14 complete genome sequences
that corresponded to each genotype of HIV-1. We
designed dPCR primer sets for detecting 14 complete
genome sequences, resulting in approximately 3897
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TABLE 2. Oligonucleotide probe sequences of DNA microarray assay
Virus Probe name Sequence (5-3") Tm (°C)y*
HIV IR1-1 ACTATTCTTTCCCCTGCACTGTACCCCCCAATCC 78
IR1-2 TCTGTTGCTATTATGTCTACTATTCTTTCCCC 66
IR1-3 CTTTAGTTTGTATGTCTGTTGCTATTATGTCTAC 63
IR1-4 GTAATTTGTTTTTGTAATTCTTTAGTTTGTATGTCTG 66
IR3-1 GGGATTGTAGGGAATTCCAAATTCCTGCTTGATT 76
IR3-3 CTTTAATTCTTTATTCATAGATTCTACTACTCCTTGACTTTG 69
HCV CF1-1 AACCGGTGAGTACACCGGAATTGCCAGGAC 77
CF1-2 TTTCTTGGATCAACCCGCTCAATGCCTGGAGATTTGGGCG 88
CF1-3 TGCCCCCGCAAGACTGCTAGCCGAGTAGTGTTGGG 85
CF2-1 AGAGCCATAGTGGTCTGCGGAACCGGTGAGTACACCGGA 86
CF2-2 CTAGCCGAGTAGTGTTGGGTCGCGAAAGGCCTTG 81
CF2-3 GCGAAAGGCCTTGTGGTACTGCCTGATAGGGTGCT 82
CR2-1 TCCGGTGTACTCACCGGTTCCGCAGACCACTATGGCTCT 86
HBV BF4-1 CTGCTATGCCTCATCTTCTTGTTGGTTCTTCTGG 75
BF4-2 CTTCTGGATTATCAAGGTATGTTGCCCGTTTGTCCTC 78
BF4-3 TGTCCTCTAATTCCAGGATCAACAACAACCAGTAC 73
BF4-4 ATTCCCATCCCATCGTCCTGGGCTTTCGCAAAATACC 84
BF4-5 CCTATGGGAGTGGGCCTCAGTCCGTTTCTCTTGGCTC 84
BF4-6 GTCCGTTTCTCTTGGCTCAGTTTACTAGTGCCATTTGTTCAG 80
BR4-1 CCAGAAGAACCAACAAGAAGATGAGGCATAGCAG 75
PVB19 PVB19F-1 GGCGCCTGGAACACTGAGACCCCGCGCTCTAGTAC 85
PVB19F-2 GGCGCCTGGAACACTGAAACCCCGCGCTCTAGTAC 84
PVB19F-3 GAACTCAGTGAAAGCAGCTTTTTCAACCTCATCACTCC 78
PVB19R-1 GTACTAGAGCGCGGGGTCTCAGTGTTCCAGGCGCC 85
PVB19R-2 GTACTAGAGCGCGGGGTTTCAGTGTTCCAGGCGCC 84
PVB19R-3 GGAGTGATGAGGTTGAAAAAGCTGCTTTCACTGAGTTC 78
WNV WNVF-1 ATGATTGATCCTTTTCAGCTGGGCCTTCTGGT 77
WNVF-2 ATGATTGACCCTTTTCAGTTGGGCCTTCTGGTCG 80
WNVF-3 ATGATTGATCCTTTTCAGCTGGGCCTTCTGGT 77
WNVF-4 ACGCCGACATGATTGATCCTTTTCAGTTGGGCCT 81
WNVR-1 ACCAGAAGGCCCAGCTGAAAAGGATCAATCAT 77
WNVR-2 CGACCAGAAGGCCCAACTGAAAAGGGTCAATCAT 80
WNVR-3 ACCAGAAGGCCCAGCTGAAAAGGATCAATCAT 77
WNVR-4 AGGCCCAACTGAAAAGGATCAATCATGTCGGCGT 81
IC 1C-1 GTCGTAGTTCCGACCATAAACGATGCCGACCGG 81
IC-2 GGCGATGCGGCGGCGTTATTCCCATGACCC 86
IC-3 CCGCCGGGCAGCTTCCGGGAAACCAAAGTCTTTG 87
IC-4 TCGAAGACGATCAGATACCGTCGTAGTTCCGACC 78
Qc Qc TTGGCAGAAGCTATGAAACGATATGGG 69
* The melting temperature (Tm) was calculated using NetPrimer (PREMIER Biosoft International, http://www.premierbiosoft.com/).

primer sets. For HCV, we collected 978 sequences and
selected 167 complete genome sequences to design dPCR
primer sets, generating 31 primer sets. For HBV, 1461
sequences were collected and 1344 complete genome
sequences were selected to generate the dPCR primer sets,
generating approximately 29 primer sets. For WNV, we col-
lected 17,172 sequences and used 111 complete genome
sequences to design the dPCR primer sets, generating
1649 primer sets. For PVB19, we collected 1145 sequences
and selected seven complete genome sequences to design
the dPCR primer sets, generating 2517 primer sets.
Selected primers are listed in Table 1. The sequences of the
oligonucleotide detection probes on the DLC-chip are
indicated in Table 2. The probes were manually designed
from regions amplified by the degenerate primers. Thirty
to 42 oligomers that had a GC content between 50 and
60% were selected. The resultant melting temperature
values were 62 to 88°C. The hybridization stability of the
PCR fragments was biased according to strand; therefore,
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we designed probes on each strand of the PCR products
(sense strand—same sense as forward primer).

Synthesis of genotype panel oligomers for
screening primers

Genotype panel oligomers of HIV-1, HBV, PVB19, and
WNV were prepared by overlap-extension PCR (OE-PCR;'®
Fig. 1A). Regions for OE-PCR were selected according to
the nucleotide sequences amplified with our primers for
each virus genotype. The nucleotide sequences of HBV
subtypes B and C panel oligomers had the same sequence.
The joining oligonucleotides listed in Supplemental
Table S1 (available as supporting information in the
online version of this paper) were designed using DNA
works (http://helixweb.nih.gov/dnaworks/).!® The nucle-
otide sequences of each genotype panel oligomers are
listed in Supplemental Table S2 (available as supporting
information in the online version of this paper). OE-PCR
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A

Preparation of genotype panel by OE-PCR

Prepare specific 4-6 oligomers for each genotype
by DNA works ver 2 (Supplement Table S1)

&

Check with electrophoresis (Figure 1B)

~300 bp

Cc
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Fig. 1. Synthesis of genotype panel oligomers for HIV, HCV, HBV, PVB19, and WNV. (A) Preparation of genotype panel oligomers by
PCR-based gene synthesis, OE-PCR. dPCR primers were validated with genotype panel oligomers. (B) Genotype panel oligomers
were synthesized against 14 subtypes of HIV-1, eight genotypes of HBV, nine genotypes of HCV, six genotypes of PVB19, and 10

genotypes of WNV. (C) Each of the HIV-1 subtype oligomers was amp
agarose gel electrophoresis analysis of PCR products to identify the 1
HBV, PVB19, and WNV genotype panel oligomers with specific dPCR.

was carried out according to a two-step reaction method
by using a PCR kit (Prime Star, Takara-bio, Otsu, Japan;
Fig. 1). The first reaction was carried out using a mixture of
OE-PCR oligomers in 30 cycles of 98°C for 15 seconds,
55°C for 10 seconds, and 72°C for 15 seconds. One micro-
liter of the first PCR products was transferred to the
second PCR solution, which included 5 pmol/pL each of
the 5"- and 3’-end primers. The second reaction consisted
of 30 cycles at the temperature conditions used in the first
reaction. The molecular weights of the OE-PCR products
were checked on a chip electrophoresis system (Multina
202, Shimazu, Kyoto, Japan; Fig. 1B). HCV genotype panel
oligomers were synthesized and obtained from Invitrogen
(Carlsbad, CA; custom DNA oligonucleotide synthesis
service).

Viral samples for dPCR-based NAT
For more accurate analysis, we purchased PVB19 NAT-
based assays genotype panel (First International
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lified by dPCR primers for HIV-1. The top panel shows the
4 HIV-1 subtypes. Similar results were obtained from HCV,

Standard; Category Number, 09/110 National Institute for
Biological Standards and Control [NIBSC], UK); HIV-1
RNA genotype panel (Category Number 08/358 NIBSC);
HCV RNA genotype panel (Category Number 08/264
NIBSC); HCV for NAT (Fourth WHO International
Standard; Category Number 06/102 NIBSC); HBV for NAT
(Third WHO International Standard; Category Number
10/264 NIBSC); and PVB19 DNA NAT assays (Second
International Standard; Category Number 99/802 NIBSC).
To evaluate the specificity of our dPCR-NAT system, we
diluted each genotype panel with defibrinated plasma
(Basematrix 53, SeraCare BBI Diagnostics, Milford, MA) to
give a final concentration of 151 to 9722 copies/mL (HIV),
500 to 1500 [U/mL (HCV), 5754 to 123,027 [U/mL (HBV),
and 870,964 to 954,933 IU/mL (PVB19), respectively. To
evaluate the sensitivity of our dPCR-NAT system, we
diluted each international standard with defibrinated
plasma to give a final concentration of 1 to 10,000 IU/mL.
Samples containing the New York strain of WNV RNA (NY
2001-6263; NATtrol, Category Number NATWNV-0005,



