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Table 2 | Frequency of multiple mutations in nine amino acids of the HiN1pdm HA in egg-passaged (P1 and P6), and MDCK-passaged samples

derived from #1.
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Critical substitutions such as K119N, N125D, N129S, D187E, A215V, D222G, Q223R, and two additional substitutions T133S and S183F as controls, are shown.

the #2-P6 viruses (Table 3), and K119N, N125D, N129S, A215V,
and D222G mutations found in the #3-P5 viruses predominated
(Table 4). The N125D-Q223R (76%) genotype derived from #1
and K119N-N129S-D222G (45.5%), and N125D-D187E-Q223R
(21.8%) genotypes derived from #2 and K119N-A215V-D222G
(39%), N125D-D222G (17%), and N125D-N129S-D222G (11%)
genotypes derived from #3 were also detected as major popula-
tions (Tables 2—4). The shift in HA genotype through passaging in
eggs is assessed in Figure 1. Of particular interest, sequences con-
taining double and/or triple amino acid mutations, which were
abundantly detected in egg-passaged viruses, were also found as
a minor population in its nasal specimen. For example, HA har-
boring N125D-D187E-Q223R (Table 2; Figure 1), K119N-N129S-
D222G and N125D-Q223R (Table 3; Figure 1), or K119N-D222G
(Table 4) was detected in #1, #2, and #3 clinical samples (Yasugi

et al., 2012), respectively. These results suggest that egg-adapted
viruses, likely represented by a2,3-linkage-tropic virus, were also
present in human upper airways as a minor population and trans-
mitted in humans during the outbreak of HIN1pdm. Because
2,6Gal expression is abundant and 2,3Gal expression is minor in
epithelial cells of the upper respiratory tracts (Shinya etul., 2606), it
might make sense that ¢2,3-linkage-tropic viruses exist as a minor
population in human upper airways.

In contrast to the first wave, both the G222 and R223 variants
had almost disappeared (0.01-0.07 and 0.47-0.63%, respectively)
in five nasal swabs (#4 to #8) obtained from individuals with a
mild case of HIN1pdm in December 2010 (second wave; Yasugi
#1 al., 2412). We then inoculated the five specimens (#4 to #8) into
embryonated chicken eggs and serially passaged them six times
in eggs. Hemagglutination was faintly detected in samples in the
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Table 3 | Frequency of multiple mutations in nine amino acids of the H1N1pdm HA in egg-passaged (P1 and P6), and MDCK-passaged samples

derived from #2.
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Critical substitutions such as K119N, N125D, N129S, D187E, A215V, D222G, Q223F, and two additional substitutions T133S and S183F, as controls, are shown.

first passage (P0) but was detected in the third or fourth passage
and showed 2°-27 hemagglutination titers in the fifth or sixth pas-
sage (P5 or P6) in the four specimens except #8 (Table 5). PCR
products amplifying the same region as #1 to #3 (first wave; Yasugi
st al, 2012) were prepared and were examined using conventional
direct PCR sequencing. The G222 (#4, #6) and R223 (#5 and #7)
variants were detected even in P1 passages in the four specimens
(Table 6), although both variants had very minor populations in
nasal specimens. In addition, no other variants, except the above
two amino acids, were detected (data not shown); thus, further
high-throughput sequencing analysis was not performed in #4
to #8.

DISEUSSICN

Previous work demonstrated that D222G and/or Q223R muta-
tion led to the binding of o2,3-SA-resialylated chicken red
blood cells (Chen et al, 2018). D222G and/or Q223R muta-
tions might also be crucial for the tropism and/or pathogen-
esis of HIN1pdm. The function(s) of the other substitutions
shown in Tables 2-4 are largely unknown; however, signifi-
cant similarities in the HA genotype between the viruses res-
ident in upper airways (Yasugi ¢ al, 2012) and egg-adapted
viruses (Tables 2-4) suggest that the minor genotype of a2,3-
linkage-tropic viruses in upper airways became dominant after
passaging through chicken eggs. Viruses derived from #1 and
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Table 4 | Frequency of multiple mutations in nine amino acids of the HiN1pdm HA in egg-passaged (P1 and P5) samples derived from #3.
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Critical substitutions such as K119N, N125D, N129S, D187E, A215V, D222G, Q223R, and two additional substitutions T133S and S183F, as controls, are shown.
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FIGURE 1 | Putative shift in HA genotype through the passage in eggs of H1N1pdm {first wave).

possessing HA containing N125D-Q223R and N125D-D187E-

K119N-N129S-D222G, and viruses derived from #3 containing
Q223R, viruses derived from #2 containing N125D-Q223R and KI119N-D222G and N125D-S207N-D222G, were detected in both
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Table 5 | HA titer of virus second wave H1N1pdm samples passaged in
eggs.

Sample HA titer (2 Log 10)

PO P1 P2 P3 P4 P5 P6
#4 1 1 1 5 4 5 4
#5 1 6 7 7 6 7 7
#6 1 1 7 5 5 5 3
#7 1 7 7 5 6 6 5
#8 1 1 1 0 0 0 0

Table 6 | D222G and 0223R mutations on second wave H1N1pdm
samples.

Sample Passage

pPo P1 P3 P4 P5 P6
#4 No D222G D222G No D222G No
#5 No Q223R Q223R Q223R Q223R Q223R
#6 ND D222G* D222G D222G D222G D222G
#7 No Q223R Q223R Q223R Q223R Q223R

No, no mutation on 222 and 223 position.

ND, not done.

*Double peak= double peak as in GGT (wild type) and GAT (D to G) on position
222.

clinical specimens and egg-passaged samples (Figure 1; ¢
#t al, 2012). These results suggest a direct linkage of ®2,3- troplc
viruses between the clinical samples and egg-adapted samples in
each case.

However, such a direct linkage could not be observed in the
second wave of HIN1pdm, because the G222 and R223 variants
were almost undetected (0.01-0.07 and 0. 47-0 63%, respectively)
in five nasal swabs (#4 to #8; Yasu ., 2612). Thus, D222G
or Q223R mutation may occur in moculated eggs. Further inves-
tigations of clonal recombinant virus using reverse genetics are
required to address this question. We also failed to rescue egg-
adapted virus from #8 (Table 5). In addition, neither D222G nor
Q223R genotype was detected in the sixth passage of #4 (Table 6),
although egg-adapted viruses well grew (Table 5). These results
mlght suggest that factor(s) other than mutation(s) in HA-RBS
(larers %) are involved in egg adaptation.

We showed that MDCK-passaged virus isolates contain a sim-
ilar ratio of a2,3-tropic and «2,6-tropic viruses compared to

et oa

$30)
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APPENDIX

Table A1 | Primer pairs used to amplify segments of the H1N1pdm genome.

PB2-5’

PB2-3’

PB1-5

PB1-middle

PB1-3
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PA-3
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NS
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TGTAAAACGACGGCCAGTATGGAGAGAATAAAAGAACTGAGAG
GCTTGTCCTTTTGAAAGTGAACCCA
TGCAAAAGTGCTTTTCCAGAACTGG
CAGGAAACAGCTATGACCCTAATTGATGGCCATCCGAATTC
TGTAAAACGACGGCCAGTATGGATGTCAATCCGACTCTAC
ATTTTCATTCCACTTAGTGTTGTCC
CAAAGATGCAGAGAGAGGCAAG

CAGGTCCTGTAGAATCTGTCCAC
GATTTTGCTCTCATAGTGAATGCAC
CAGGAAACAGCTATGACCTTATTTTTGCCGTCTGAGTTCTTCAATGGTGG
TGTAAAACGACGGCCAGTATGGAAGACTTTGTGCGACAATG
GTCCTCAAGAATGGTTCAATTTTGG
ATGGATTCGAGCCGAACGGCTGCATTG
TATGTACACTCCCTTCATTATGTATTCAG
TTGATGAAATAGGAGAAGATGTTGC
CAGGAAACAGCTATGACCCTACTTCAGTGCATGTGTGAG
TGTAAAACGACGGCCAGTATGAAGGCAATACTAGTA
CGGGATATTCCTTAATCCTGTRGC
GTGCTATAAACACCAGCCTYCCA
CAGGAAACAGCTATGACCTTAAATACATATTCTACACTGTAGAG
TGTAAAACGACGGCCAGTATGGCGTCTCAAGGCACCAAACG
CAGGAAACAGCTATGACCTCAACTGTCATACTCCTCTG
TGTAAAACGACGGCCAGTATGAATCCAAACCAAAAGATAATAACCATTG
AGAATCAGGATAACAGGAGC

GAATGTGCATGTGTAAATGG
CAGGAAACAGCTATGACCTTACTTGTCAATGGTAAATGGCAACTCAG
TGTAAAACGACGGCCAGTAGCAAAAGCAGGTAGAT
CAGGAAACAGCTATGACCAGTAGAAACAAGGTAGTTT
TATAAAACGACGGCCAGTAGCAAAAGCAGGGTGACAA
CAGGAAACAGCTATGACCAGTAGAAACAAGGGTGTTT
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Detection of influenza virus using a lateral flow immunoassay for amplified

DNA by a microfluidic RT-PCR chip
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Kazuyoshi Tkuta,” Masato Saito,” Toshiro Miyahara® and Fiichi Tamiya®
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Influenza virus RNA was amplified by a continuous-flow poly-
dimethylsiloxane microfluidic RT-PCR chip within 15-20 min. The
amplified influenza virus RNA was observed with the naked eye, as
the red color at the test line, using a lateral flow immunoassay within
1 min.

Rapid diagnostic kits based on a lateral flow immunoassay (LFIA),
utilizing the antigen—antibody reaction for the influenza virus, are
commercially available. In the LFIA, the primary antibodies for the
influenza virus are immobilized on the membrane, and a sandwich-
type immunoassay is achieved between the primary antibodies,
influenza virus, and the secondary antibody-labelled gold nano-
particles at the test line on the membrane. After the antigen-antibody
reaction, a red color appears at the test line, caused by the accumu-
lation of gold nanoparticles. The results can be observed directly with
the naked eye and the utilization of a membrane strip as the immu-
nosorbent provides a unique analytical platform that permits one-
step, rapid and low-cost analysis."® The sensitivity of LFIA however,
is low compared with that of conventional enzyme-linked immuno-
sorbent assays. There are some reports regarding the enhancement of
the sensitivity of LFIA*® The sensitivity of LFIA using such
enhanced methods is usually lower than that of a genetic assay based
on the polymerase chain reaction (PCR) or real-time PCR. The usage
of gold nanoparticles has been studied for DNA detection as well as
protein detection.™ Nowadays, for these studies, LFIA has been
adapted for amplified DNA detection.*** There are two types of
detection for amplified DNA using LFIA. One is based on haptens
and the antibodies reaction when the PCR products are amplified,
using a hapten labelled primer (such as biotin, fluorescein iso-
thiocyanate (FITC), etc).'**S The other is based on hybridization
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reactions of PCR products and specific sequences.’** These methods
have enough sensitivity for amplified DNA detection.

The PCR is a powerful method that is used to amplify a large
number of copies of a specific sequence of DNA. Due to high
sensitivity and specificity, reverse transcription PCR (RT-PCR) or
real time RT-PCR has become the definitive and preferred method
for replicating the influenza virus.* However, RT-PCR takes about
1-2 h when standard thermal cyclers are used. The development of
miniaturized PCR or RT-PCR chips has become possible with the
advent of micro electro-mechanical system (MEMS) technology %
The chips using MEMS have initially been developed for reducing
amplification time and/or sample volume. The PCR or RT-PCR
chips can be classified into two kinds: a stationary chamber-based
PCR and a continuous-flow-based PCR. The first stationary
chamber-based PCR chip was reported by Northrup ez al. in 1993

- Since then, the stationary chamber-based PCR chips have been

widely replicated and improved.?>? In 1994, Nakano et al. reported
the first continuous-flow PCR using a capillary passing through
different temperature baths.?® In 1998, Kopp et al. reported the first
continuous-flow microfluidic PCR, using a glass-based device,
where the DNA amplification was completed within 1.5-18.7 min
(20 cycles).* Since then, the continuous-flow-based PCR chips have
undergone considerable improvements.***35 A problem with these
chip is the generation of air bubbles, particularly at high temperature
in DNA denaturation. In order to prevent the generation of air
bubbles from the continuous-flow microchannel, we previously
proposed the use of a pressurizing channel that was located near the
outlet®* In this chip, the pressure in the microchannel during
streaming is kept higher than the optimized value, which prevents the
generation of air bubbles. Recently, we succeeded in carrying out
RT-PCR for replicating the influenza virus RNA within 15 min,
using a microfluidic continuous-flow RT-PCR chip equipped with
a pressurizing channel, and the amplified DNA was detected by
electrochemistry.*¢

In this communication, we report a rapid method for the detection
of influenza virus RNA, using a microfluidic continuous-flow
RT-PCR chip and amplified DNA detection lateral flow immuno-
assay (ADLFIA). Influenza virus RNA was amplified using a FITC
labelled primer and biotinylated primer. The amplified DNA and
biotin antibody-labelled gold nanoparticles were mixed, and the
mixture was absorbed by capillary action for ADLFIA, immobilizing
FITC antibodies at the test line. As a result, a red color, caused by the
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accumulation of gold nanoparticles, was observed at the test line
within 1 min (Scheme 1).

Firstly, ADLFIA was evaluated using amplified DNA from
influenza virus RNA with a standard thermal cycler. RT-PCR for
influenza virus RNA (A/HIN1) was performed using a one-step RT-
PCR method (PrimeScript® One Step RT-PCR Kit Ver.2, Takara
Bio Inc.). The reaction mixture for the RT-PCR contained 25 pL of 2
x 1 step buffer, 2 pL of PrimeScript® 1 step Enzyme Mix, 5 puL of 4
uM 5-FITC labelled primer (M30: 5-TTCTAACCGAGGTC
GAAACG-3), 5 pL of 4 uM 5-biotinylated primer (M264R2: 5'-
ACAAAGCGTCTACGCTGCAG-3),"® 2 uL of various concen-
trations of isolated influenza RNA and 11 pL of RNase free distilled
water. The RT-PCR was carried out using a standardized RT-PCR
thermal cycling protocol that consisted of RT at 50 °C for 30 min,
followed by denaturation at 95 °C for 2 min and PCR for 30 cycles at
95 °C for 30 s of denaturation, 60 °C for 30 s of annealing and 72 °C
for 1 min of primer extension. After RT-PCR, the reaction solution (5
uL) was electrophoreted on 3% (w/v) agarose gel containing ethidium
bromide in running buffer and the amplified DNA was visualized by
UV illumination (Fig. 1A). The specific amplification of 232 bp was
clearly observed at an initial concentration 40 pg pL~! of template
RNA in the RT-PCR mixture. However, no amplification was
evident at lower initial concentrations. The amplifications after
RT-PCR were also confirmed by ADLFIA. The ADLFIA was
prepared by a similar method to that described in a previous report.’
The FITC antibody solution (BETHYL laboratories Inc.) was
prepared to 1 mg mL~! by diluting with 50 mM phosphate-buffered
saline (pH 7.2). For the immobilization of the FITC antibody at the
test line on the nitrocellulose membrane, the FITC antibody solution
of 650 pL was mixed with 20% (w/v) sucrose solution, diluted with
50 pL of 50 mM KH,PO, buffer (pH 7.5) and 50 pL of 2-propanol.
For the preparation of the control line, 40 pL of the mouse IgG
antibody (DakoCytomation) was mixed with both 60 pl of
2-propanol and 1100 uL of 50 mM KH,PO, buffer (pH 7.5). The
FITC antibody solution and the mouse IgG antibody solution were
applied to the nitrocellulose membrane (Hi-Flow Plus HF135, Merck
Millipore) by a dispensing system (Biojet Quanti 300, BioDot Inc.).
After drying the membrane for 1 h at room temperature, the non-
specific protein adsorption was blocked by immersing it in a 50 mM
boric acid solution containing 0.5% (w/v) casein (pH 8.5) and incu-
bating it for 30 min at room temperature. Then, the blocked

RT-PCR chip

i aF
132

Bthond with
abtiodios fabeled gl
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Fig.1 Detection of amplified DNA from the influenza virus RNA, with
a standard thermal cycler, by agarose gel electrophorsis (A) and ADL-
FIA (B). For both A and B, lane 1, 2 and 3 show the initial concentrations
of template RNA (40, 4, 1.6 pg uL™"), respectively. Lane M contains
a 100 bp DNA ladder as a molecular weight standard. Lane NTC means
non-template control.

membrane was washed with a 5.0 mM phosphate buffer (pH 7.5)
containing 0.01% (w/v) sodium dodecy! sulfate for 30 min at room
temperature. After drying the membrane overnight, it was prepared
on a backing sheet and the absorbent pad was pasted. The membrane
was cut into individual strips (4.0 mm strip~"), using a guillotine
cutting system (BioDot Inc.) and these strips were used for ADLFIA.
Biotin antibody-labelled gold nanaparticles were also prepared by
a similar method to that described in a previous report.® The biotin
antibody solution at 50 pg mL " was prepared with 50 mM KH,POy,
buffer (pH 7.5) and the final volume was 250 pL. 200 pL of the
diluted biotin antibody solution was added to a 1.8 mL colloidal
solution (Tanaka Kikinzoku Kogyo) of gold nanoparticles (40 nm in
mean diameter, 0.0065% (w/v)) and mixed immediately. The mixture
was kept at room temperature for 10 min, for the immobilization of
antibodies onto the surface of the gold nanoparticles by physical
adsorption. After the immobilization, 100 pL of 1% (w/v)

Testling e g
Ateaorbint et

Scheme 1  Schematic representation of the detection of the influenza virus using the continuous-flow RT-PCR chip and ADLFIA. Influenza virus RNA
(target RNA) is amplified by the continuous-flow RT-PCR chip (52 x 76 mm) using an FITC labelled and biotinylated primer set. The amplified DNA is
mixed with biotin antibodies labelled with gold nanoparticles. The size of the ADLFIA strip is 4 x 40 mm. FITC antibody and mouse IgG antibody are
immobilized on the test and control line, respectively. The mixture is absorbed for ADLFIA, the amplified DNA complex with biotin antibody-labelled
gold nanoparticles is captured by the FITC antibody at the test line. Finally, a red color appears as the result of accumulation of gold nanoparticles.
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polyethylene glycol (PEG), which was dissolved in a 50 mM KH,PO4
buffer (pH 7.5), and 200 pL of 10% (w/v) bovine serum albumin
(BSA), which was also dissolved in a 50 mM KH,PO, buffer (pH
9.0), were added to block the surfaces of non-coated gold nano-
particles. After the immobilization and the blocking procedure, biotin
antibody-labelled gold nanoparticles were separated by a centrifugal
operation (12 000 x g for 15 min at 4 °C). The obtained pellet was
pulse-sonicated for a few seconds and was added to 2 mL of
preserving solution (1% (w/v) BSA, 0.05% (w/v) PEG 20000 and
150 mM NaCl in a 20 mM Tris-HCI buffer, pH 8.2). Once mixed,
biotin antibody-labelled gold nanoparticles were collected by the
same procedure as described above. After the pulse sonication, biotin
antibody-labelled gold nanoparticles were suspended in a preserving
solution and the absorbance was adjusted to O.D. 520 = 6 (optical
density at 520 nm). 40 pL of the reaction solution after RT-PCR and
4 uL of the biotin antibody-labelled gold nanoparticles were mixed
together in a microtiter 96-well plate. Each of the mixed solutions was
then absorbed for ADLFIA by the capillary force (Fig. 1B). At the
initial concentration of 40 pg pL~', the red color at the test line was
clear for the template RNA in RT-PCR mixture. The red color at the
initial concentration 4 pg pL~! was observed within 1 min. Although
the photograph was not clear, we could observe a very pale red color
with the naked eye at the test line at the initial concentration of 1.6 pg
pL" after 5 min. The red color at the test line was not observed in the
non-template control. As a result of agarose gel electrophoresis, the
specific DNA band was not observed except for an initial concen-
tration of 40 pg pL~*. This means that, although there is the amplified
DNA from the influenza virus RNA in the reaction solution at the
initial concentrations of 4 pg pL~! and 1.6 pg pL~!, the amount of
amplified DNA by RT-PCR in 5 pL of the reaction solution is not
enough to be observed on agarose gel electrophoresis. The amplifi-
cation by RT-PCR was confirmed with ADLFIA using 40 uL of the
reaction solution. The result indicates that ADLFIA can be used to
detect the amplified DNA from the influenza virus RNA and the
sensitivity of ADLFIA is comparable or superior to that of agarose
gel electrophoresis.

When RT-PCR or PCR is carried out by a continuous-flow
microfluidic chip using MEMS technology, a long time is required to
collect 40 plL. of the reaction solution, due to the small channel. To
overcome the problem of sample collection, the sensitivity of ADL-~
FIA was evaluated. The reaction solution after RT-PCR, at an initial
concentration of 40 pg pL~! of the template RNA mixture, was
diluted (10, 100, 1000 times) with 10 mM phosphate buffer (pH 7.4)
and measured using ADLFIA (Fig. 2). 40 pL of the diluted RT-PCR
solution and 4 pL of the biotin antibody-labelled gold nanoparticles
were mixed together and the mixture was measured by ADLFIA,
using the same procedure described above. A red color at the test line

10 180 1000
Dilution rate {Times)
Fig. 2 Sensitivity of detection of ADLFIA. RT-PCR mixture at an

initial concentration of 40 pg uL~' of the influenza virus RNA was diluted
(10, 100, 1000 times) and tested by ADLFIA.

for the reaction solutions diluted 10 and 100 times was observed.
Although the red color for the reaction solution diluted 100 times was
paler than that diluted 10 times, the red color was detected clearly
with the naked eye. A red color at the test line was not observed for
the reaction solution diluted 1000 times. These results mean that the
sensitivity of ADLFIA is enough to detect amplified DINA and the
volume required for detection is 0.04 pL when the amplified DNA is
detected on agarose gel electrophoresis. The high sensitivity and low
volume for detection of amplified DNA using ADLFIA are very
attractive for the continuous-flow RT-PCR chip.

The continuous-flow RT-PCR chip for this study, fabricated using
polydimethylsiloxane (PDMS) (Dow Corning) by standard soft
lithography, was the same design as that described in our pervious
report.* The RT-PCR chip consisted of four zones: the RT reaction
zone, the initial denaturation zone, the thermal cycle zone (30 cycles)
and the pressurizing-channel zone. The size of the channel was 50 x
50 pum and the pressurizing-channel was 20 x 50 pun. The total length
of the flow channel was 1280 mm and the total volume was 3.1 pL.
Access holes were drilled above the inlet and outlet locations and
fluorinated ethylene propylene tubes (BSA Inc.) were inserted into
these holes and sealed with PDMS. The PDMS chip was bonded
irreversibly to the glass substrate via oxygen plasma-treatment. The
experimental set up for continuous-flow RT-PCR on the chip con-
sisted of a microsyringe pump (KD Scientific Inc.) and a 100 pL
syringe (Hamilton). A cartridge heater and a temperature sensor were
packaged in a 10 x 10 x 70 mm aluminium block, and the
temperature was controlled by PID regulation to maintain the opti-
mized constant temperature (Kyushu-Nisso Co.). The chip was
placed on the three individual heaters set at 50, 95 and 63 °C, for
reverse transcription to synthesize cODNA from RNA, for denatur-
ation and for annealing and extension, respectively. The RT-PCR
mixture for the continuous-flow RT-PCR chip contained 2 x Pri-
meSTAR Max Premix (PrimeScript® High Fidelity RT-PCR kit;
Takara Bio Inc.), 0.4 U pL~! of RNase Inhibitor (Takara Bio Inc.),
0.15 U pL~! of SpeedSTAR® HS DNA polymerase (Takara Bio
Inc.), 8 U pL~! of PrimeScript RTase (Takara Bio Inc.), 1 pg pL=! of
BSA to prevent the adsorption of RT-PCR regents on PDMS,
0.5 pM FITC labelled and biotin biotinylated primer set for the
influenza virus, as described above, and 0.16 pg pL~! of influenza
virus RNA. The RT-PCR mixture was streamed using a syringe
pump at the fixed flow rate 0.5 pL min~! and the total flow-through
time from inlet to outlet was 15 min. The RT-PCR mixture from the
outlet was collected at different periods of 15 to 20, 20 to 25 and 25 to
30 min. The total volume collected from the outlet during each period
was approximately 2 pL. The reaction solutions (1 pL) were elec-
trophoreted on 3% (w/v) agarose gel. The collected reaction solutions
were also diluted to 40 times with a 10 mM phosphate buffer (pH 7.4)
and 40 pL of the diluted reaction solution and 4 pL of the biotin
antibody-labelled gold nanoparticles were mixed together and the
mixture was measured by ADLFIA, using the same procedure as
described above (Fig. 3). The specific amplification of 232 bp was
observed for the reaction solution collected from the outlet during
15-20 min but it was not clear. The amount of amplified DNA
increased with the collection period from 25-30 to 30-35 min on the
agarose gel. Meanwhile, the amplification was not observed in the
non-template control at any collection period (Fig. 3A). A pale red
color at the test line was observed for the reaction solution collected
from the outlet during 15-20 min, within 1 min (Fig. 3B). A red color
at the test line was clear for the collection period of 25-30 and 30-30
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Fig.3 Detection of amplified DNA from influenza virus RNA, with the
continuous-flow RT-PCR chip, by agarose gel electrophoresis (A) and
ADLFIA (B). In both A and B, lanes 1, 2 and 3 show the RT-PCR
solution collected from the continuous-flow RT-PCR chip at 15-20, 20—
25 and 25-30 min (total flow-through time from inlet to outlet), respec-
tively. Lanes 4, 5, 6 show the non-template RT-PCR solution collected
from the continuous-flow RT-PCR chip at 15-20, 20-25, 25-30 min
(total flow-through time from inlet to outlet), respectively. Lane M
contains a 100 bp DNA ladder as a molecular weight standard.

min as well, for agarose gel electrophoresis. The red color at the test
line was not observed in the non-template control. The depth of the
red color at the test line was in proportion to the amount of amplified
DNA on the agarose gel when 1 pl of the reaction solution was
measured using ADLFIA. In this study, 40 uL of the diluted reaction
solution was needed to detect amplified DNA with a 40 mm wide
ADLFIA strip. The volume of diluted solution however, can be
reduced when a narrow width ADLFIA is applied.

Conclusions

The amplified DNA from influenza virus RNA, using a FITC
labelled primer and biotinylated primer, by the microfluidic contin-
uous-flow RT-PCR chip was detected by ADLFIA. The sensitivity of
ADLFIA is comparable to that of agarose gel electrophoresis. The
detection of amplified DNA by staining agarose gel electrophoresis
with fluorescent dyes needs additional equipment such a UV illumi-
nator. The detection by ADLIFA, however, needs only the naked eye.
ADLFIA will be appended to a conjugate pad containing a dried
excess volume of biotin antibody-labelled gold nanoparticles for
a one-step assay. The conjugate pad appending ADLFIA can inte-
grate easily into the solution exuding from the outlet of the chip. The
integration enables the easy detection by ADLFIA without a mixing
step. We are continuing our effort towards a battery powered portable
PCR chip, and a battery powered portable PCR chip with ADLFIA
has the potential to give the portable system a diagnostic test.
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NEUTRALIZATION TITERS AGAINST INFLUENZA A
(H3N2) AND INFLUENZA B VIRUSES AMONG A
NON-VACCINATED POPULATION FROM THAILAND
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Abstract. Influenza A and B viruses are viral respiratory pathogens that can cause
severe infections among birds and mammals. Neutralization assays using human
sera are useful to evaluate the risk of circulating viruses to humans. In this study,
359 serum samples from healthy Thai volunteers, who had not been vaccinated
against influenza for at least five years, were investigated by microneutralization
(MN) assays against influenza AH3N2 and influenza B viruses in 2009. There was
no significant difference in neutralization activities against 2006 and 2008 isolates
of influenza A H3N2 viruses. However, neutralization titers to influenza B viruses
among 2008 isolates were quite low. The results indicate the non-vaccinated study
population had some neutralizing antibodies against influenza A H3N2 but not
against influenza B viruses.

Keywords: influenza A virus, influenza B virus, neutralization titer, healthy
Thais

INTRODUCTION ral respiratory pathogens that can cause

severe infections among birds and mam-

Influenza A and B viruses are the vi- mals. Since the first influenza A (H3N2)

virus pandemic in 1968 which killed an
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estimated 750,000 people worldwide, the
virus has had the tendency to predomi-
nate in prevalence over influenza A HIN1
and influenza B, especially over the past
ten years (Finkelman et al, 2007; Colin et al,
2008). In Thailand, influenza (H3N2) vi-
rus predominated during 2005 and 2007
and type B viruses predominated in 2008
(Simmerman et al, 2009). Influenza vi-
ruses have both dynamic antigenic drifts
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and antigenic shifts. Antigenic drift is an
accumulation of point mutations in the
hemagglutinin (HA) gene, responsible
for inhibiting receptor binding and pre-
venting reinfection with the same strain,
which allows the viruses to escape the
immunologic pressure of the host (Hamp-
son, 2002), whereas antigenic shift is the
process by which two or more different
strains of a virus combine to form a new
subtype having a mixture of the surface
antigens of the original strains (Carrat
and Flahault, 2007). Molecular epide-
miological studies have suggested anti-
genic changes occur in H3N2 virus more
frequently than HIN1 virus (Rambaut et
al, 2008). The World Health Organization
(WHO) has been using antigenic, genetic
and epidemiologic data from the current
epidemic virus strains to identify anti-
genic variants with the potential to cause
future epidemics and to develop vaccines
(WHO, 2007). During 2007-2008 influenza
season in the northern hemisphere there
were changes in all vaccine strains: H1N1,
H3N2 and influenza B viruses (WHO,
2008). This change in candidate vaccine
strains suggests potential antigenic drift
in 3 subtypes of influenza viruses. We
reported significant antigenic drift in
HIN1 viruses between 2006 and 2008
among healthy Thai volunteers in 2009,
with remarkably lower neutralization
activities against H1N1 isolates in 2008
than 2006 isolates (Kanai et al, 2010). In-
fluenza A (FHI3N2) and influenza B viruses
have been co-circulating worldwide with
influenza A (H1N1) viruses. HIN1 and
H3N2 viruses have been co-circulating
worldwide since 1977 and have continued
to do so even during the HIN1 2009 virus
pandemic (WHO, 2011).

To better understand the epidemio-
logy of influenza A (H3N2) and influenza
B viruses in Thailand, we examined influ-

Vol 43 No.3 May 2012

enza virus neutralizing activities among
non-vaccinated, healthy Thais against
recent virus isolates to carry out risk
analysis among Thais to current circulat-
ing viruses and the virus evolution driven
by human antibodies.

MATERIALS AND METHODS

Healthy volunteer sera

In this study, we collected serum
samples from 359 healthy volunteers in
Prachuap Khiri Khan (n=119), Phetcha-
bun (n=120) and Nakhon Sawan (n=120)
Provinces, Thailand, during May to Oc-
tober 2009. None of the volunteers had
vaccinations during the previous 5 years
and signs of influenza infection during
sampling. This study was approved by
the ethics committee of the Department
of Medical Sciences, Ministry of Public
Health, Thailand. Written informed con-
sent was obtained from each participant
before inclusion in this study. Serum
samples were treated with receptor de-
stroying enzyme (RDE: Denka Seiken,
Tokyo, Japan) at 37°C for 18 hours and fol-
lowed by incubation at 56°C for 1 hour to
remove non-specific neutralizing factors
to influenza viruses.

Influenza viruses

Theinfluenza A (H3N?2) isolates in 2006
(TH/45/06; TH/46/06; TH/47/06; TH/49/06)
and in 2008 (TH/743/08; TH/592/08) and
influenza B isolates in 2008 (B/TAK/725/08;
B/TRAT/433/08; TH/749/08, TH/533/08),
which were clinical isolates in Thailand,
were kindly provided by the Thai National
Influenza Center (Thai NIC), National In-
stitute of Health, Thailand. Viruses were
cultured in Madin-Darby canine kidney
(MDCK) cell culture and detected by the
virus working dilution by focus-forming
units (FFU) before use as previously de-
scribed (Okuno et al, 1990).
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Microneutralization assay

The microneutralization (MN) assay
was carried out as described previously
(Kanai et al, 2010). Pretreated sera were
serially diluted (1:10 to 1:1,280) with
Dulbecco’s modified essential medium
(DMEM) in a 96 well round-bottom mi-
croplate. Then, each serum dilution and
then DMEM without serum as a control
were each combined with an equal vol-
ume (25 pl) of virus fluid adjusted to
give a final control count of about 50-100
focus-forming units (FFU) per well and
then incubated at 37°C for 60 minutes in
a 5% CO, incubator. After 16 hours, the
cells were fixed with absolute ethanol and
reacted with mouse monoclonal antibo-
dies against influenza A virus NP protein
(clone A3, 1:1,000 dilution) or influenza B
virus NP protein (clone B2, 1:1,000 dilu-
tion), followed by horseradish peroxidase-
conjugate goat anti-mouse IgG antibody
(A2304, Sigma Aldrich, Steinheim, Ger-
many. 1:400 dilution). Mouse monoclonal
antibodies were kindly provided by Dr
Yoshinobu Okuno (Kanonji Institute,
the Research Foundation for Microbial
Diseases of Osaka University, Kanonji,
Kagawa, Japan). Virus-infected cells were
visualized by 3,3-diaminobenzidine tet-
rahydrochloride hydrate (D5637; Sigma
Aldrich, Steinheim, Germany). Human
serum taken from vaccinated adults who
had a positive antibody titer to influenza
A H3N2 or influenza B virus was used
as a positive control. The MN titers were
expressed as a reciprocal of the maximum
dilution giving a 50% reduction compared
with the control.

Statistical analysis

The average MN titer among the virus
isolates were compared by two-tailed Stu-
dents t-test. The prevalences of positive
samples were compared by chi-square
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test. A p<0.05 was considered statistically
significant.

RESULTS

Seroprevalence and MN titer to subtype
HBN2 viruses

Serum samples from 359 healthy vol-
unteers collected during May to October
2009 were examined for their MN titer
against influenza A (H3N2) (4 virus iso-
lates in 2006 and 2 virus isolates in 2008).
Mean MN titers against influenza A H3N2
and influenza B viruses are shown in Fig 1.
The overall neutralization antibody levels
against the H3N2 viruses in 2006 and 2008
isolates were comparable. Among H3N2
isolates during 2006 and 2008, a higher
titer was detected in the 16-20 year old
age group (average titer 272.8) and the
31-40 year old age group (average titer
239.3). The lowest titer was found among
subjects in the older age (>41 years old)
for virus isolates from 2006 and 2008 (av-
erage titer 134.0). Most individuals had
similar MN titers against to each of the
4 isolates in 2006; only 8 of 119 subjects
(6.7%) had a greater than 16-fold differ-
ence in MN titers among the 2006 isolates.
Twenty-three of 119 subjects (19.3%) had a
greater than 16-fold difference in the MN
titer for 2 isolates in 2008; all 23 subjects
had higher titers against TH/592/08 than
TH/743/08 (Table 1).

AHI titer >40 is considered the mini-
mum effective antibody level (Hancock
et al, 2009). We examined the correlation
between HI and MN titers against HIN1
viruses and found a MN titer >80-160
consistently corresponded to a HI titer
>40 (Kanai ef al, 2010). In this study, a
MN titer >80 was considered as having
an effective antibody titer. The prevalence
of effective antibodies against H3N2 2006
isolates (63.7%) was significantly lower
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Table 1
Distinct MN titers against 2 isolates
of H3N2 viruses (TH/743/08 and

TH/592/08) in 2008.
MN titers to H3N2

Sample Age viruses

D TH/743/08 TH/592/08
PJ 46 16 40 640
Pr48 16 20 320
Py 44 18 10 160
PJ 49 18 40 >1,280
Pj 34 19 20 320
Py 37 20 <10 160
PJ 39 21 40 640
P]3 21 10 160
PJ19 22 10 160
P9 28 20 320
PJ 33 28 40 >1,280
Py 7 29 20 320
PT43 34 40 640
PT 30 36 40 640
Pr42 37 10 160
PJ25 39 <10 160
Pl11 41 20 320
Py 2 42 <10 160
PJ12 46 20 320
P 3 48 20 320
PJ15 48 20 640
PJ 35 50 <10 80
PJ 6 52 <10 80

Subjects showing more than a 16-fold difference
in MN titers are shown.

than against the HI3N2 TH/592/08 isolate
(94.1%) (p=0.004), but comparable to the
H3N2 TH/743/08 isolate (69.4%) (p=0.435).

MN titers against influenza B virus

The MN titers against 4 isolates of
influenza B virus in 2008 were examined.
The MN titers against influenza B viruses
in 2008 were lower than those against the
influenza A H3N2 2008 isolates (p<0.001)
(Fig 1). The MN titers in each age group
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varied by the virus isolate. There were
no clear patterns among MN titers by
age group found against H3N2 viruses.
Low level of neutralizing antibodies were
found among people of all age groups
against influenza B isolates in 2008 with
a prevalence of neutralizing antibodies
of less than 50%. MN titers against in-
fluenza B viruses varied more than titers
against H3N2 isolates. B/TRAT/433/08
has a remarkable ability to escape hu-
man antibodies, as was seen by the low
prevalence of effective antibodies (MN
titer >80). Interestingly, sero-prevalence
rates of antibodies against B/TRAT/433/08
among 16-20 and 21-30 year olds were 2%
(5/25) and 0% (0/35), respectively.

DISCUSSION

In this study, 359 samples collected
from non-vaccinated, healthy volunteers
were examined for neutralizing activity
against influenza A (FH3N2) and influenza
B viruses. The study demonstrated:1) no
antigenic changes between 2006 and 2008
in H3N2 viruses and 2) low neutralizing
activity against influenza B viruses in
2008. The WHO changed recommenda-
tions for the influenza A strains of H3N2
used in the vaccine for the 2007-2008
influenza season. Significant differences
in neutralizing activity against H3N2 iso-
lates would be expected between 2006 and
2008 and would be expected against HIN1
viruses (Kanai et al, 2010). The samples
in this study were tested against HIN1
virus. The MN titer among the younger
population against HIN1 2008 isolates
was found by another study (Kanai et al,
2010) to be nearly 900.

Since normal human serum is known
to have non-specific neutralizing factors
against influenza viruses (Ananthanara-
yan and Paniker, 1960), the samples were
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olds. However, there

700 Age groups were no significant
00 [ 16-20yrs differences in neu-
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2006 isolates 2008 isolates

Fig 1-MN antibody titers among 359 healthy volunteers from Thai-
land against A (H3N2) and influenza B viruses.

treated with respector destroying emzyme
(RDE) before testing to remove non-specific
inhibitors. Although a negative control
using human serum, which could assure
the specificity of neutralizing reaction,
was not used in this study, a positive reac-
tion can be considered specific for neutra-
lizing antibodies, since many samples
were negative against influenza A (H3N2)
and influenza B viruses. This study found
the population had neutralizing antibod-
ies against HH3N2 isolates in 2006 and 2008
with more than a 50% prevalence of effec-
tive antibodies. Interestingly, the MN titer
against H3N2 virus isolates in 2008 was
slightly higher than against H3N2 isolates
in 2006, in contrast to the general theory
that virus antigenicity changes toward
escape from natural antibodies. The effect
of antigenic change due to human herd
immunity was low, even if changes had
occurred in circulating H3N2 viruses in
2008. Neutralization titers against H3N2
viruses in 2006 and 2008 were character-
ized by distinct age patterns, with higher
activity among 16-20 and 31-40-year

678

S ¢
NN\ r & &
& 6@

2008 isolates. Subjects
showed distinct MN
titers for the 2 isolates
of H3N2 2008 viruses.
The MN titer against
TH/743/08, highest
among the 31-40 year
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S S I old age group and
lower among the 21-

2008 isolates 30 year old age group
was distinct for each

of the 5 H3H5 isolates

examined. Although
the sequence data are

not available for the isolates used in this
study, the current data suggest TH/743/08
is an antigenically evolved virus.

There were low effective neutraliza-
tion antibodies against influenza B virus
isolates in 2008. The lowest titer was seen
against B/TRAT/433/08 (mean MN titer of
33) among all age groups. This indicates
the human herd immunity was vulnerable
to influenza B viruses in 2008. Due to the
limited availability of virus isolates, it
was not possible to examine influenza B
viruses before 2008. The 2008 influenza B
virus isolates might be escaped mutations
from the herd immunity. During 2008,
MN titers against influenza A (H3N2)
viruses were higher than those against
influenza B viruses. The remarkably low
titers against influenza B viruses suggests
influenza B virus will predominate during
the following season. However, in 2009
after collecting serum samples, pandemic
HIN1 2009 predominated in Thailand
and only sporadic cases of influenza B
virus were reported in Southeast Asian
countries (WHO, 2009). This fact indicates
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neutralization activity among humans
is not the only factor that determines
circulation of influenza viruses. Routine
investigations for neutralization activ-
ity is still important to understand the
epidemiology of influenza virus and to
predict the epidemiological status during
the following season. This type of study
should be performed periodically.
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Abstract

Background: In April 2009, a novel swine-derived influenza A virus (H1N1pdm) emerged and rapidly spread around the
world, including Japan. It has been suggested that the virus can bind to both 2,3- and 2,6-linked sialic acid receptors in
infected mammals, in contrast to contemporary seasonal HIN1 viruses, which have a predilection for 2,6-linked sialic acid.

Methods/Results: To elucidate the existence and transmissibility of «2,3 sialic acid-specific viruses in HIN1pdm, amino acid
substitutions within viral hemagglutinin molecules were investigated, especially D187E, D222G, and Q223R, which are
related to a shift from human to avian receptor specificity. Samples from individuals infected during the first and second
waves of ‘the outbreak in Japan were examined using a high-throughput sequencing approach. In May 2009, three
specimens from mild cases showed D222G and/or Q223R substitutions in a minor subpopulation of viruses infecting these
individuals. However, the substitutions almost disappeared in the samples from five mlld cases in December 2010. The
D187E substitution was not widespread in"specimens, even in May 2009.

Conclusions: These results suggest that «2,3 sialic acid-specific viruses, including G222 and R223, existed in humans as a
minor population in the early phase of the pandemic, and that D222 and Q223 became more dominant through human-to-
human transmission during the first and second waves of the epidemic. These results are consistent with the low
substitution rates identified in seasonal HIN1 vxruses in 2008.
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Introduction

In April 2009, a novel swine-derived influenza A virus (H1N1pdm)
emerged and spread rapidly around the world [1,2], causing the
World Health Organization to declare a pandemic in June. To date,
most countries have confirmed infections by the new virus.

Since the first appearance of HINIpdm, one particular amino
acid substitution {aspartic acid to glycine at position 222 (D222G)}
within the hemagglutinin (HA) molecule has appeared sporadically
[1,3,4,5]. The D222G substitution is known to cause a shift from
a2,6-sialic acid receptor specificity to mixed o2,3/02,6-sialic acid
receptor specificity [6,7]. It is noteworthy that G222 is highly
conserved among avian viruses [8]. Previously, a2,3-specific avian
viruses have been isolated from patients during the initial phases of
the pandemics of 1957 and 1968, and avian HA in humans has been

@ PLoS ONE | www.plosone.org

shown to be selected for increased affinity for the 02,6 receptor [8].
Also, the G222 substitution was present in the Spanish Flu out-
break of 1918 [9]; however, the existence and transmissibility of
HI1Nlpdm 2,3 sialic acid-specific viruses remain unclear.

To identify whether «2,3 sialic acid-specific viruses, which re-
plicate well in swine, were spread during the early phase of the
HI1Nlpdm pandemic and whether ¢2,3 sialic acid-specific viruses
are easily transmitted, the nucleotide sequences of the HA receptor
binding site of H1N1pdm in clinical specimens were determined in
this study.

Several specimens obtained from mild HINIpdm cases during
the first (May 2009) and second (Dec 2010) waves of the epidemic
in Japan were analyzed. In addition to the D222G substitution, we
focused on two other substitutions {aspartic acid187glutamic acid
(D187E) and glutamine223argine (Q223R)}, known to be critical
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for receptor binding, which cause a shift from «2,6 to 42,3 sialic
acid receptor specificity [8,10]. Changes in HA amino acid diver-
sity were identified in individual cases using a high-throughput
sequencer.

Results

Sequencing analysis of HIN1pdm HA receptor binding
site (RBS) from nasal specimens in May 2009

Three nasal swabs (#1-#3) from mild HINIpdm cases were
obtained in May 2009 in Osaka, Japan. Total RINA was extracted
from each sample and the receptor binding site (RBS) within HA
was successfully amplified using One Step RT-PCR. The PCR
products (369 bp) were cloned into pGEM-T easy vector and
analyzed by conventional Sanger technology. More than 100
clones in each specimen were sequenced, and the deduced amino
acid sequences were analyzed (Figures 1, S1, S2, and S3). The
substitution rate of the deduced amino acids was 0.25-0.41%
(average: 0.34%) in the three samples, and mutations commonly
observed in more than two patients are listed in Table 1. Four
substitutions, KI119N, N125D, D222G, and Q223R, were
detected in more than 2.0% of the samples (Table 1). Among
these substitutions, D222G and Q223R had already been shown
to be critical for receptor binding and to cause a shift from 2,6 to
02,3 stalic acid receptor specificity [10]. In addition, the D187E
substitution could be critical for the human-to-avian—type receptor
switch [9]. A homology modeling and docking study also showed
that D222G and Q223R mutants had reduced affinity for the «2,6
sialic acid-linked receptor (Figure S4). Thus, we focused on these
five mutations and tried to measure the mutation ratio of un-
isolated viruses in upper respiratory airways. For a larger scale
analysis, the PCR products were examined via a high-throughput
sequencing approach using a 454/Roche GS-Junior sequencer.

Deep sequencing of more than 3,000 clones (reads) per
specimen showed high rates of amino acid diversity, with the
K119N, N125D, D222G, and Q223R substitutions in specimens
#1-#3 (Table 2). The results obtained by deep sequencing were
consistent with those obtained using Sanger sequencing (Table 1).
The DI187E substitution was also identified in two specimens
through deep sequencing analysis; however, the substitution rate
was only slightly increased in one of these (by 0.72% in specimen
#2) (Table 2). These results suggest that 02,3 sialic acid-specific
viruses, including G222 and/or R223, were present as a minor
population in the upper respiratory tract even in mild cases.

Majority

#1

i
w3

Frequency of D222G/Q223R in H1N1pdm in Japan

Table 1. Deduced amino acid mutations commonly observed
in more than two patients in May 2009.
HA position Wild type Mutant Mutant Number® Ratio (%)
119 N ' . 26
125 9
129 - < . 3
145 Y H 2 06 ‘
N D 2 06
K E 4‘ ‘ 1.3 '
o0
o T 10
182 P Q 5 1.6
187 D B s 16
191 L P 4 1.3
2'0’4"{: e ’/:I’:’ s _/   P ,:/ ,3:, ; 10
210 F L 2 06
Mo a2 05
D G 8 2.5
Q R0 32
*Number of each mutant clone out of a total of 313 sequenced clones (#1-#3
specimens).
doi:10.1371/journal.pone.0030946.t001

Multiple passages of HIN1pdm viruses in embryonated
chicken eggs

To elucidate how the genomic diversity (and population) of the
RBS, including the D222G and/or Q223R substitutions, might
change, we inoculated these specimens into embryonated chicken eggs
and serially passaged them five or six times in eggs. Hemagglutination
was not detected in any samples of the first passage (P1) but was
detected in the third or fourth passage and showed 2° to 2°
hemagglutination titers on the fifth or sixth passage (P5 or P6) (Figure
85). PCR products amplifying the same region as in Figure 1 were
prepared from early- and late-passaged viruses (P1 and P5/P6), as well
as MDCK-passaged viruses (except #3). The amplicons, approxi-
mately 200-500 reads, were examined using deep sequencing.

Figure 1. Alignment of the amino acid sequences including D187E, D222G, and Q223R mutants within the receptor binding site of
H1N1pdm hemagglutinin. E187, G222, and R223 variants obtained from three clinical specimens (#1, #2, and #3) from the first wave of the
outbreak. Three clinical nasal swabs were each subjected to RNA extraction, RT-PCR, and TA cloning. More than one hundred clones per specimen
were sequenced using conventional Sanger technology. Positions 187, 222, and 223 are shown in bold and are underlined.

doi:10.1371/journal.pone.0030946.g001
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