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and Dimmock, 1985; Renegar et al., 1998]. The poly-
meric nature of S-IgA also explains why S-IgA cross-
reacts with variant influenza viruses to a greater ex-
tent than serum IgG [Tamura et al., 1990, 1991, 1992;
Asahi-Ozaki et al., 2004]. Thus, intranasal adminis-
tration of an inactivated influenza vaccine is advocat-
ed to elicit S-IgA and IgG responses and improve the
protective efficacy of current vaccination procedures
[Tamura and Kurata, 2004; Tamura et al, 2005,
2010].

Several clinical trials have examined the induction
of both S-IgA and IgG following intranasal adminis-
tration of inactivated influenza vaccines, either
with or without adjuvant [Kuno-Sakai et al., 1994;
Hashigucci et al., 1996; Muszkat et al.,, 2000; Green-
baum et al., 2002; Durrer et al., 2003; Treanor et al.,
2006; Atmar et al., 2007]. The antibody responses af-
ter intranasal administration of inactivated influenza
vaccines were assessed by measuring hemagglutina-
tion inhibition (HI) titres in the serum, and anti-hem-
agglutinin (HA) IgA and IgG titres in nasal wash
samples. They did not measure the titre of neutraliz-
ing antibodies, which is considered to be a better
criterion for functional protective antibodies. Neutral-
ization titres can directly inhibit the complex process
involved in virus replication, which include virus at-
tachment and entry to the host cells, and release of
newly-synthesized virus from the infected cells in tissue
culture. In addition, a previous study found that HI
titres were lower, or higher, than the corresponding
neutralization titres, depending on a strain of influenza
A or B virus used for the assay [Okuno et al.,, 1990],
whereas other studies show that anti-H5 HI antibodies
fail to detect H5N1 viruses [Lu et al., 1982; Rowe et al.,,
1999]. Thus, neutralizing antibody responses following
intranasal administration of an inactivated influenza
vaccine remain to be fully characterized.

Therefore, the aim of the present study was to ex-
amine the levels and properties of neutralizing-anti-
bodies in nasal wash and serum samples from healthy
adults after intranasal administration of an inacti-
vated vaccine (five doses, with an interval of 3 weeks
between each dose). The inactivated vaccine used in
this study was a concentrated split-virus vaccine
(containing 45 wg HA per dose), prepared from the
A/Uruguay/716/2007 (H3N2) strain. A concentrated
split-virus vaccine was chosen because the vaccine
has already been shown to induce mucosal antibody
responses after intranasal vaccination [Kuno-Sakai et
al., 1994]. To ensure that neutralization titres specific
for the A/Uruguay/716/2007 virus were assayed
at equivalent levels in both serum and nasal wash
samples, the neutralization titres were measured
using concentrated nasal wash samples (1 mg/ml total
protein) that contained approximately 1/10 of the IgA
found in undiluted mucus [Kurono and Mogi, 1987].
The properties of the neutralizing IgA and IgG anti-
bodies induced by intranasal vaccination were then
examined, and their relative levels and molecular size
were determined.
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MATERIALS AND METHODS
Subjects

Five healthy male subjects (P1, P2, P3, P4, and P5)
were enrolled in the study (aged 22, 32, 42, 42, and 68
years, respectively, at the time of the first vaccina-
tion). All participants had already acquired some de-
gree of immunity to HIN1 and H3N2 influenza A
virus subtypes after previous exposure to these virus-
es and/or as a result of previous vaccinations. Each
subject provided informed consent and the study pro-
tocol and other relevant documentation were reviewed
and approved by the Ethics Committee of the National
Institute of Infectious Diseases (Tokyo, Japan).

Virus and Vaccine

The A/Uruguay/716/2007 (A/Uruguay; H3N2) influ-
enza virus strain was propagated in the allantoic cavi-
ty of 10-day-old embryonated hen’s eggs and purified
from the allantoic fluid. The TCIDso (50% infectious
dose in tissue culture) of the virus was estimated as
described previously [Tobita et al., 1975; Kadowaki
et al., 2000]. In brief, 10-fold serial dilutions of the
allantoic fluid containing the virus were inoculated
into Madin-Darby canine kidney (MDCK) cells (ATCC
No. CCL-34) cells in 96-well culture plates and incu-
bated for 4 days at 37°C in a 5% COz humidified
atmosphere. The cytopathic effects in the virus-
containing wells were monitored under a microscope
and the TCIDs, was calculated using the Reed—
Muench method. The split product virus vaccine was
supplied by the Research Foundation for Microbial
Disease of Osaka University (BIKEN, Kanonji,
Japan). The vaccine was prepared from purified virus-
es, which were sedimented through a linear sucrose
gradient according to the manufacturer’s protocol.
The viruses were then treated with ether and forma-
lin according to the manufacturer’s protocol, which
was based on the method of Davenport et al. [1964].
The concentrated split vaccine containing 45 ng HA
was the product of a process used to prepare a triva-
lent vaccine comprising A/HIN1, A/H3N2, and B type
vaccines, each containing 15 png HA.

Vaccinations

All participants were immunized intranasally with
a threefold concentrated split H3N2 virus vaccine
(A/Uruguay, containing 45 wg HA). Each received five
doses, with an interval of 3 weeks between each dose.
Intranasal vaccination was performed by spraying
0.25 ml of the split vaccine into each nostril (0.5 ml
total) using an atomizer (Keytron, Ichikawa, Japan).
The mean droplet diameter was 56.5 um, ranging in
size between 10 pm and 90 pum.

Nasal Wash and Serum Samples

About 100 ml of nasal wash was collected from each
participant in polypropylene tubes by washing the
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nasal cavity several times using a nose irrigation de-
vice (Hananoa; Kobayashi Pharmaceutical, Osaka,
Japan) filled with saline solution according to the
manufacturer’s instructions. Pieces of dental cotton
(Dental Cotton Roll; B.S.A. Sakurai, Nagoya, Japan)
were then immersed in the collected nasal washes.
Dental cotton pieces (containing a combined absorbed
volume of about 25 ml of nasal wash) were then
placed into a filter insert (Oxi Fil filter insert; TOHO,
Tokyo, Japan) with bottoms drilled to create several
pores, and placed in 50 ml polypropylene centrifuge
tubes. Clean nasal wash was separated from mucopo-
lysaccharides and other debris by centrifugation at
2,200g for 5 min at room temperature. This procedure
was repeated for the entire 100 ml nasal wash sample
from each participant. The pooled, clean nasal wash
was then concentrated to a final volume of approxi-
mately 0.5 ml using Vivaspin centrifugal concentra-
tors (Vivaspin 20, MWCO = 30,000; Sartorius Stedim
Biotech, Aubagne, France). The concentrated nasal
wash was stored at —80°C before use.

Quantitation of IgA, IgG and IgM Antibodies
and Other Proteins

The levels of human IgA, IgG, and IgM antibodies
in the nasal wash and serum samples were estimated
using human IgA, IgG, or IgM ELISA kits (Bethyl
Laboratories, Montgomery, USA). The level of human
serum albumin in the nasal wash samples was esti-
mated using a Human Albumin ELISA kit (Bethyl
Laboratories). The protein concentration in the sam-
ples was measured using either a BCA Protein Assay
Kit, or a Micro BCA Protein Assay Kit (Thermo Fisher
Scientific, Yokohama, Japan) according to the manu-
facturer’s instructions.

Neutralization Assays

The level of serum antibodies against the vaccine
viruses was examined using micro-neutralization
assays as previously described [Belshe et al., 2000;
Kadowaki et al., 2000] with minor modifications. In
brief, serum samples were treated with a receptor-
destroying enzyme (RDE(ID); Denka Seiken, Tokyo,
Japan) overnight at 37°C and heat-inactivated for
30 min at 56°C before use. The first dilution tested in
the assays was 1:10. The concentrated nasal wash
samples [1 mg/ml total protein, corresponding to
about 1/10 of the total IgA found in nasal mucus
(2.20 mg/ml)] [Kurono and Mogi, 1987] were also
treated with RDE(II) and heat-inactivated before use.
The first dilution tested in the nasal wash assays was
1:20. Twofold serial dilutions of the serum samples
were mixed with an equal volume (50 pl) of diluent
containing influenza virus equivalent to 100 TCIDso.
Each mixture was added to the wells of a 96-well
plate containing a monolayer of MDCK cells. Four
control wells were included on each plate and con-
tained either virus or diluent alone. The plates were
then incubated for 4 days at 37°C in a 5% COsq-
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humidified atmosphere. The monolayer in each well
was observed for the presence or absence of cytopathic
effects, fixed with 10% formalin for more than 5 min
at room temperature, and stained with Naphthol blue
black. After the plates were washed and dried, the
stained cells were solubilized with 0.1 M NaOH and
the absorbance (A) was measured at 630 nm. The
average Agso nm value was determined from quadru-
plicate virus-infected wells (A and cell culture-
only controls (Acq). All values above 50% of the
specific signal, calculated using the formula: X =
(1/2) x (Acen — Avirus) + Avirus, Were considered posi-
tive for neutralization. The titres recorded were the
reciprocal of the highest dilution, where Agzq was >X.

Hemagglutination Inhibition

The antibody responses to the vaccine viruses were
examined in serum and nasal washes using HI anti-
body assays incorporating a microtiter method as de-
scribed elsewhere [Hierholzer et al.,, 1969]. All
samples were pre-treated with RDE(II) at 37°C for
18 hr, subsequently inactivated at 56°C for 30 min,
and mixed with packed red blood cells to remove any
nonspecific inhibitors. The starting material for the
assays was a 1:10 dilution for the serum samples and
a 1:40 dilution for the nasal wash samples.

Fractionation of Nasal and Serum Samples

The concentrated nasal wash samples (100 pl,
6 mg/ml) and diluted serum samples (10-fold dilution,
100 pl, about 6 mg/ml) were fractionated on a Super-
ose 6 10/300 GL gel filtration column using an FPLC-
AKTA chromatography system (GE Healthcare, Little
Chalfont, UK). The concentrated nasal wash sample
was treated with 1 pg/ml of lysozyme (Sigma-Aldrich,
St. Louis, MO) for 1 hr at 37°C to decrease the viscosi-
ty and then centrifuged using Vivaspin to remove the
lysozyme prior to gel filtration. Fractions (each
500 ul) were collected in PBS at a flow rate of
0.1 ml/min; little or no change in the fractionation
pattern of the antibodies in the concentrated nasal
wash samples was observed following lysozyme treat-
ment. Molecular weight marker proteins (Kit for
Molecular Weights 29,000-700,000 Da; Sigma-Aldrich)
were eluted under the same conditions to determine
the size of each fraction.

RESULTS

Measurement of Neutralization and HI Titres
in Concentrated Nasal Wash Samples

The total protein level and the levels of IgA, IgG,
and IgM and human serum albumin in 100 ml of
unconcentrated nasal wash and in approximately
0.5 ml of concentrated nasal wash are shown in
Table I. About 70% of the total nasal wash proteins
were lost during the concentration process. Also, a
fraction of the higher molecular weight (MW) proteins
and lower MW proteins (less than 30 kDa) was lost by
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TABLE I. Concentration of IgA, IgG, IgM and HSA in 0.5 ml of Solution Concentrated From 100 ml of Nasal Wash

(n = 10)*
Concentration: Mean + SD
Unit Total protein IgA IgG IsM HSA
Nasal wash (n = 10)
Unconcentrated
mg/100 ml 5.875 + 1.856 11382 + 0.678  0.125 + 0.057  0.032 £ 0.021  0.531 + 0.280
Concentrated
mg/0.43 + 0.06 ml 1.647 4 0.549 0.375 + 0.193  0.093 + 0.044  0.007 £ 0.006  0.292 = 0.214
Concentration calculated in 1.00 0.217 0.057 0.004 0.177

terms of total protein (mg/ml)

*The concentration was calculated using two nasal wash samples collected from five participants (with a 1 week interval).

adsorption to the cotton and during Vivaspin centrifu-
gation, respectively. However, better recovery was
observed for IgA and IgG. When the concentration of
the enriched nasal washes was adjusted to 1 mg/ml
total protein, the amount of IgA was 0.217 mg/ml.
This amount of IgA in the concentrated nasal
wash corresponded to about 1/10 of the levels of total
IgA recovered from nasal mucus (2.20 mg/ml by aspi-
ration as reported by Kurono and Mogi [1987]
(Table I). In subsequent experiments, neutralization
and HI titres in the nasal wash samples were
measured using concentrated nasal wash proteins
(1 mg/ml of total protein), which contained 1/10 of the
IgA found in mucus, to ensure that the nasal and
serum neutralization titres were assayed at equiva-
lent levels.

The amount of total IgA and total IgG in the
nasal wash samples from each participant varied
slightly at each sampling time. Also, the level of total
IgA and IgG antibodies did not increase significantly
between pre-vaccination and post-vaccination in any
of the participants. Thus, the average amount of total
IgA or total IgG in the nasal wash samples from the
five participants was relatively constant (data not
shown).

Neutralizing Antibody Responses in Nasal Wash
and Serum Samples

Next, antibody responses in the nasal wash and se-
rum samples were examined in all five study partici-
pants. The responses are presented as neutralization
titres against the A/Uruguay (H3N2) virus in
Table II. The responses recorded in the four young
adults (between 18- and 50-years-old) are also shown
as geometric neutralization titres (Fig. 1). The nasal
wash and serum neutralization titres increased in all
participants as the number of vaccinations increased,
although the degree of increase differed between par-
ticipants. In addition, nasal wash neutralization titres
increased more rapidly than serum titres. The nasal
wash titres showed at least a fourfold increase after
the second vaccination in the four young participants
(all of whom had a nasal wash neutralization titre of
1:20 or 1:40 before vaccination). By contrast, a four-
fold increase in the serum titre was observed only af-
ter the fifth vaccination in three of the participants
(all of whom had serum titres of <1:10, 1:20, or 1:40
before vaccination). Participant P5, who was 67 years
old, showed at least a fourfold increase in nasal wash
titre after the fourth vaccination, but no significant

TABLE II. Neutralizing Antibody Responses in Subjects who Received the Threefold Concentrated A/Uruguay/716/2007
(H3N2) Split Vaccine

Neutralization titre against A/Uruguay virus (H3N2)*

P1 P2 P3 P4 P5
Weeks Nasal Nasal Nasal Nasal Nasal
(vaccination) wash Serum wash Serum wash Serum wash Serum wash Serum
0 (1st) 20 (1) 40 (2) 20 (1) <10(<0) 40 (2) 20 (1) 20 (1) <10 (<0) 20 (1) <10(<0)
3 (2nd) 80(3) 1604 20 (1) <10(<0) 80 (3) 20 (1) 20 (1) <10 (<0) 40(2) <10 (<0)
6 (3rd) 160 (4) 160 (4) 80 (3) 10 (0) 320 (5) 20 (1) 80 (3) <10 (<O 40 (2) <10(<0)
9 (4th) 320(5) 160(4) 160 (4) 20 (1) 1280 (7) 40 (2) 160 (4) 10 (0) 40 (2) <10(<0)
12 (5th) 320(5) 160(4) 320(5) 40 (2) 2560 (8) 80 (3) 80 (3) 10 (0) 80(3) <10(<0)
15 1280 (7) 160 (4) 320 (5) 40 (2) 2560 (8) 80 (3) 160 (4 20 (1) 160 (4) 10 (0)
28 640 (6) 160 (4) 160 (4) 40 (2) 1280 (7) 80 (3) N.D. N.D. 80 (3) 10 (0)
N.D,, not done.

“Respective values are a reciprocal titre and a geometric titre (10 x 2%) in a parenthesis.
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Fig. 1. Nasal wash and serum sample neutralization titres against A/Uruguay (H3N2) (pre- and
post-intranasal immunization). Neutralization titres against the A/Uruguay virus in nasal washes (A)
and serum (B) were determined in samples collected from four participants (18-60 years old; P1, open
circle; P2, open triangle; P3, open square; and P4, cross). The participants were given five doses of the
threefold concentrated A/Uruguay split influenza vaccine intranasally with an interval of 3 weeks
between doses (each arrow indicates a point of vaccination). The neutralization titre shown is the
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geometric titre.

increase was observed in serum titre after five vacci-
nations. In all participants, the nasal wash and serum
titres were largely maintained, even at 16 weeks after
the fifth vaccination, at which point the nasal wash
titre decreased only slightly, while no decrease was
observed in the serum titre (Table II).

HI Antibody Responses in Nasal Wash
and Serum Samples

Antibody responses were also examined by measur-
ing the HI titre against the A/Uruguay (H3N2) virus.
Table III shows the pre-vaccination HI titres of the
nasal wash and serum samples from two participants,
and the HI titres 3 weeks after each of the five vacci-
nations. For each participant, the HI titres were lower
than the neutralization titres shown in Table II. The
HI titres were approximately 1/4-1/8 the level of the
neutralization titres. Statistical correlation analysis

TABLE III. Hemagglutinin Inhibition (HI) Antibody
Responses in Subjects who Received the Threefold Concen-
trated A/Uruguay/716/2007 (H3N2) Split Vaccine

HI titre against A/Uruguay virus (H3N2)*

P1 P2
Weeks Nasal Nasal
(vaccination) wash Serum wash Serum
0 (1st) N.D. 10 (0) <40 (<2) <10 (<0)
3 (2nd) <40 (<2) 20 (1) <40 (<2) <10 (<0)
6 (3rd) <40 (<2) 20 (1) <40 (<2) <10 (<0)
9 (4th) 40 (2) 20 (1) <40 (<2) 10 (0)
12 (5th) 40 (2) 20 (1) 80 (3) 20 (1)
15 160 (4) 40(2) 80 (3) 20 (1)
N.D., not done.

“Respective values are a reciprocal titre and a geometric titre
(10 x 2" in a parenthesis.
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of the data presented in Tables II and III showed a
strong correlation between the HI titres and the neu-
tralization titres (r = 0.8699). Thus, the HI titre cor-
related with the neutralization titre, although it was
less sensitive than the neutralization titre.

Fractionation of The Nasal Wash
and Serum Samples

The types of antibody present in the nasal wash
and serum samples were examined after fractionation
on a gel filtration column. The concentrated nasal
wash samples (100 pl, about 6 mg/ml) and diluted se-
rum samples (10-fold diluted sera, 100 pl, about 6 mg/
ml) were fractionated on a Superose 6 column in PBS.
The antibody concentration in each fraction was then
measured by ELISA. Figure 2 shows the profiles for
IgM, IgA, and IgG antibodies, together with the absor-
bance values for the total protein in each fraction.
The nasal wash samples contained IgM, which com-
prised less than 1% of the total protein and showed a
peak MW of 970 kD; IgA, which comprised about 20%
of the total protein and showed a peak MW of about
660 kD; and IgG, which comprised about 6% of the
total protein and showed a peak MW of 150 kD. The
MW of the nasal IgA (150 kD-900 kD, with a peak
MW of 660 kD) appeared to correspond to that of tet-
rameric IgA (the MW of dimeric IgA is estimated to be
about 360 kD). The maximum absorbance value ob-
served in the protein profile (at around 66 kD) was
due to the presence of human serum albumin
(Fig. 2A).

The serum samples contained IgM, which com-
prised about 3% of the total protein and showed a
peak MW of 970 kD; IgA, which comprised about 6%
of the total protein and showed a peak MW of about
150 kD; and IgG, which comprised about 23% of the
total protein and showed a peak MW of 150 kD
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Fig. 2. Fractionation of nasal wash (A) and serum (B) samples from representative participants on
Superose 6 columns. Quantification (ug/ml) of IgA (open circles), IgG (open squares), or IgM (open
triangles) antibody levels and the absorbance at 280 nm (mAu, broken line) are shown. The grey zones
in the upper part of the curves indicate the positions of the molecular weight markers [thyroglobulin
(669 kD), apoferritin (443 kD), B-amylase (200 kD), and bovine serum albumin (66 kD).

(Fig. 2B). Serum IgA (which showed a lower peak at
about 360 kD in addition to a peak at about 150 kD)
appeared to comprise both monomeric and dimeric
IgA.

Taken together, the results of the fractionation
analysis suggests that highly polymeric IgA is the pre-
dominant nasal antibody, and can be separated from
nasal IgG and IgM. By contrast, the monomeric forms
of IgG are the major component of total serum
antibodies.

Neutralization Activity of the IgA and IgG
Antibodies in The Nasal Wash and Serum Samples

To determine the isotype of the antibodies responsi-
ble for the neutralization activity induced by
intranasal administration of the inactivated vaccine,
nasal wash and serum samples from participant P1,
who showed relatively high neutralization titres after
the fifth vaccination, were separated on a Superose 6
column and the neutralization titre of the resulting

antibody fractions assayed. The nasal polymeric IgA
fraction (No. 27) showed a neutralization titre of 1:10,
whereas the nasal monomeric IgG fraction (No. 33)
showed a reciprocal neutralization titre of <1:10.
However, the serum dimeric IgA fraction (No. 30)
showed a neutralization titre of <1:10, whereas the
serum peak monomeric IgG fraction (No. 33) showed
a neutralization titre of 1:10 (Table IV). The respec-
tive peak fractions in the nasal wash were then
concentrated to 100 pg/ml, and the neutralization
activity of the nasal IgA antibodies (a mixture of frac-
tions 26 and 27) was compared with that of the nasal
IgG antibodies (a mixture of fractions 33 and 34). The
nasal IgA fractions showed a neutralization titre of
1:40, whereas the nasal monomeric IgG fractions
showed a neutralization titre of 1:10. Similarly, the
neutralization activity of the serum IgA antibodies
(100 pg/ml; a mixture of fractions 30 and 31) was com-
pared with that of serum IgG antibodies (a mixture of
fractions 33 and 34). The serum IgA fractions showed
a neutralization titre of <1:10, whereas the serum

TABLE IV. Neutralization Titre of the IgA and IgG Fractions From the Nasal Wash and Serum Samples Following
Separation on Superose Columns

Neutralization titre®

Nasal wash Serum
Polymeric IgA IgG Dimeric IgA IgG
A/Uruguay (A/H3N2)
Peak fraction: Separated on Superose column 10 (0) <10 (<0) <10 (<0) 10 (0)
Concentrated fraction (100 pg/ml) 40 (2) 10 (0) <10 (<0) 10 (0)

The samples were collected from a representative subject vaccinated five times with an interval of 3 weeks between vaccinations.
*Respective values are a reciprocal titre and a geometric titre (10 x 2") in a parenthesis.
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IgG fractions showed a neutralization titre of 1:10
(Table IV).

The peak polymeric IgA fraction (about 600 kD)
from the nasal wash samples, as measured using an
IgA ELISA, contained no IgG antibodies when mea-
sured using an IgG ELISA; however, the peak mono-
meric IgG fractions (about 150 kD) from the nasal
wash comprised about 1/4 of IgA (data not shown). By
contrast, about 1/10 of the peak dimeric IgA (about
380 kD) from the serum samples comprised IgG anti-
bodies, whereas about 1/10 of the peak monomeric
IgG fractions from the serum comprised IgA (data
not shown). This suggests that nasal polymeric
IgA is responsible for the neutralization activity
observed in the peak polymeric IgA fractions
(about 600 kD) from the nasal wash samples. Serum
monomeric IgG appears to be responsible for
the neutralization activity observed in the peak mono-
meric IgG fractions (about 150 kD) from the serum,
because the IgA content of the IgG fractions
was very small. In those nasal monomeric IgG
fractions that contained a relatively high amount
of IgA, both IgG and IgA may be responsible for
the neutralization activity. Taken together, these
results show that the main neutralizing antibody
in the nasal mucus is highly polymeric IgA, while
the main neutralizing antibody in the serum is
monomeric IgG.

DISCUSSION

In the present study, mneutralizing antibody
responses and their properties were examined in na-
sal and serum samples from healthy adults after in-
tranasal administration of a concentrated, inactivated
split A/Uruguay (H3N2) vaccine (containing 45 pg HA
per dose). The first intranasal administration of a con-
centrated split vaccine in young adults was conducted
by Kuno-Sakai et al. [1994] and showed that both se-
rum HI- and nasal HA-specific IgA antibodies were
induced after two aerosol vaccinations, which pro-
tected against a challenge infection with a cold-
adapted live virus vaccine. In the present trial, neu-
tralizing antibody responses were examined in both
serum and nasal wash samples obtained from adults
given five doses of vaccine, with an interval of 3 weeks
between doses. The nasal wash samples were concen-
trated to ensure that nasal and serum neutralization
titres were assayed at equivalent levels (Table I).

To measure the concentration of IgA and IgG anti-
bodies in the concentrated nasal wash samples, the
standardized nasal wash samples were adjusted to
1 mg/ml of total protein, and contained about 1/10
amount of IgA and IgG found in natural nasal mucus
[Kurono and Mogi, 1987]. Previous studies show that
the total amounts of IgA and IgG increase between
pre-vaccination and post-vaccination in BALB/c mice
[Tamura et al., 1990, 2010]; however, the results of
the present study show that the amount of total IgA
(and other antibodies) recovered from the nasal
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mucus showed small variations at each sampling
time, although this was not related to vaccination sta-
tus (data not shown). Even allowing for small varia-
tions in the recovery of total IgA and IgG from the
nasal mucus of each subject, the neutralization titres
in the standardized nasal wash samples after vaccina-
tion appeared to be a reasonable reflection of the abso-
lute antibody titre in the nasal mucus.

A >4-fold increase in the nasal neutralization titre
was observed after the second vaccination in the four
younger subjects, whereas a rise in the serum
neutralization titre was observed only after the fifth
vaccination in the three younger subjects (Table II
and Fig. 1). Intranasal administration of a vaccine
tends to induce inferior serum antibody responses,
but superior nasal IgA responses, compared with in-
tramuscular injection [Atmar et al., 2007]. The pres-
ent study also showed that neutralization titres
correlated well with HI titres, although the HI titres
were lower than the corresponding neutralization
titres (Table III). This result confirms the work of
Okuno et al. [1990], who showed that HI titres are
sometimes lower than the corresponding neutraliza-
tion titres, depending on the strain of influenza A or
B virus used in the HI assay.

Healthy adults who had already acquired immunity
to influenza viruses due to previous natural infections
or vaccinations (seropositive adults) showed both na-
sal and serum antibody responses induced by the na-
sal vaccine (Tables II and III, and Fig. 1). Clinical
trials show that intranasal administration of inacti-
vated vaccines induces both mucosal and systemic an-
tibody responses in seropositive adults [Kuno-Sakai
et al., 1994; Hashigucci et al., 1996; Muszkat et al.,
2000; Greenbaum et al., 2002; Durrer et al., 2003;
Treanor et al., 2006; Atmar et al., 2007]. The induc-
tion of antibody responses in seropositive people by
the nasal vaccine can be explained by the notion that
the seropositive people have immunological memory
for influenza viruses. Previous reports show that ad-
ministration of an intranasal split vaccine plus adju-
vant induces both local and systemic antibody
responses in naive mice, and that the adjuvant is not
required for a booster dose to induce an enhanced an-
amnestic immune response 4 weeks later [Tamura
et al., 1989, 1992]. Administration of an adjuvant to-
gether with the vaccine stimulates innate immunity
via several classes of pattern-recognition receptors
(such as Toll-like receptors), which leads to the acqui-
sition of specific immune responses, including immu-
nological memory [Tamura et al., 1991, 2005; Tamura
and Kurata, 2004].

Analysis of nasal wash and serum samples after
passage through Superose 6 columns showed that the
major component of nasal mucus antibodies was high-
ly polymeric IgA, while that of serum antibodies was
IgG (Fig. 2). In those subjects that received five doses
of the intranasal A/Uruguay (H3N2) vaccine, the
highly polymeric nasal IgA fractions were responsible
for the majority of the neutralizing activity, whereas
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the serum IgG fractions were responsible for the
majority of the neutralizing activity in the serum
(Table IV). These data are in agreement with those
obtained in a previous mouse model experiment, in
which IgA antibodies with neutralizing activity puri-
fied from the respiratory tract of mice immunized in-
tranasally with HA molecules from the A/Puerto Rico/
8/34 (H1N1) virus were polymeric, whereas the puri-
fied IgG antibodies with neutralizing activity were
monomeric [Tamura et al., 1990]. Further study of the
detailed structure of IgA, which has higher MW than
expected for dimeric IgA [Song et al., 1995] remains to
be performed.

Previous studies show that IgA in the respiratory
tract is more cross-reactive with variant influenza
viruses than IgG [Tamura et al, 1990, 1991]. This
cross-reactivity seems to depend on the polymeric
nature of IgA [Taylor and Dimmock, 1985; Palladine
et al., 1995]. Taken together, these data suggest the
potential for intranasally administered inactivated
vaccines to induce cross-protection against antigenic
variants of viruses in pre-immunized adults.

Both serum and mucosal HA-specific ELISA anti-
body responses after nasal vaccination need to be
examined and compared with the corresponding neu-
tralization and HI titres. In addition, neutralizing
antibody responses to other influenza vaccines (from
different strains, different subtypes or types of virus-
es, and from different forms of vaccines such as sub-
virion and whole virus vaccines) after nasal vaccina-
tion remain to be examined to compare the efficacy of
nasal vaccines with that of the parenteral vaccine.
Some of these studies are ongoing.

In conclusion, intranasal administration of an
A/Uruguay split vaccine containing 45 ug HA resulted
in induced nasal and serum neutralizing antibody
responses in four out of five healthy adult subjects,
with a neutralization titre of >1:40 after the second
and the fifth administrations, respectively. These
neutralizing antibody responses were largely due to
the induction of nasal polymeric IgA and serum mono-
meric IgG.
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Transcription and replication of the negative-sense single-stranded influenza A virus genomic viral RNA
are catalyzed by the viral RNA polymerase, which is a trimeric complex encoded by the three largest seg-
ments of the influenza virus genome: PB1, PB2, and PA. Numerous studies of the trimeric polymerase
complex assembly have substantially contributed to current understanding of influenza virus replication.
However, the dynamics of spatial and temporal macromolecular interactions involving virus and host
proteins during the formation of the trimeric polymerase complex (PA-PB1-PB2) are still not completely
understood.

In this study, bimolecular fluorescence complementation (BiFC) and Raster image correlation spectros-
copy (RICS) were applied to monitor the interactions between PB1, PB2, and PA. The BiFC probes of
PA-PB1 and PB1-PB2 could monitor the trimeric polymerase complex as well as the binary complex. Fur-
thermore, the C-terminal domain of PA (PAC) promoted interaction between PB1 and PB2 in the cyto-
plasm and that the N-terminal domain of PA (PAN) inhibited the aberrant trimeric complex formation
and assembly of higher-order oligomers induced by PAC in the cytoplasm. Taken together, these results
revealed a novel function of PAN in the formation of the trimeric polymerase complexes of influenza A
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virus.
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1. Introduction

The influenza A virus genome is transcribed and replicated by
the trimeric viral RNA polymerase (PA, PB1, and PB2) in the nuclei
of infected cells. Therefore, the polymerase subunits have to be im-
ported into the nuclei and assembled into a functional trimer [1].

Recently, a novel bio-imaging technique, fluorescence cross-cor-
relation spectroscopy (FCCS), was applied to monitor the interac-
tions between the polymerase subunits as well as their spatial and
temporal relationships in live cells [2]. This technique confirmed
the model of assembly and nuclear import of the influenza A poly-
merase complex proposed by Dengetal.[3],in thata PA-PB1 hetero-
dimer isimported into the nucleus, where it then associates with the
independently imported PB2 to form the fully assembled trimeric
polymerase in the nucleus. Furthermore, the FCCS clearly showed
that trimeric complexes could form higher-order oligomers.
However, the FCCS using each of polymerase subunits labeled

Abbreviations: BIFC, bimolecular fluorescence complementation; RICS, Raster
image correlation spectroscopy; FCCS, fluorescence cross-correlation spectroscopy.
* Corresponding author. Fax: +81 42 561 6572.
E-mail address: hasegawa@nih.go.jp (H. Hasegawa).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
d0i:10.1016/j.bbrc.2011.09.142

individually with fluorescent protein could not detect the detailed
subcellular localization of the complexes formed, since the signal
from dimers/trimers was indistinguishable from that of monomers.
The bimolecular fluorescence complementation (BiFC) assay
enables direct visualization of protein interactions in live cells [4].
Recently, Hemerka et al. developed and validated a BiFC approach
to detect the formation of pairwise binary complexes of polymerase
(PA-PB1, PB1-PB2 or PA-PB2) [5]. However, the behavior of these
binary complexes under the condition of triple co-expression of
polymerase subunits (PA, PB1, and PB2) has not been demonstrated.
In this study, we applied BiFC and Raster image correlation
spectroscopy (RICS), which is a technique for measuring molecular
dynamics and concentrations from fluorescence confocal images
[6], to monitor the interactions between the subunits of influenza
A virus RNA polymerase in live cells. The BiFC probes, which
detected PA-PB1 or PB1-PB2 interaction, demonstrated that triple
co-expression of PB1, PB2, and PA influenced the localization and
mobility of polymerase complexes in agreement with previous
reports [3,5,7]. Furthermore, BiFC experiments using deletion mu-
tants indicated that the N-terminal domain of PA (PAN) inhibited
both PB1-PB2 interaction and formation of higher-order oligomers
induced by the C-terminal domain of PA (PAC) in the cytoplasm.
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2. Materials and methods
2.1. Construction of plasmids

PA, PB1 and PB2 expression plasmids derived from influenza
H1N1 A/PuertoRico/8/34 (PR8) virus reverse genetics systems were
kindly provided by Dr. Ayato Takada at Hokkaido University. For
the construction of BiFC plasmids, the complementary DNAs
(cDNAs) of polymerase subunits were amplified by polymerase
chain reaction using the PA, PB1, and PB2 expression plasmids as
templates and sub-cloned into pCXSN plasmid [8]. Sequences
encoding the amino [residues 1-173 (VN)] or the carboxy! [resi-
dues 155-228 (VC)] fragments of Venus fluorescence protein
(kindly provided by Dr. A. Miyawaki) were fused to the C-terminus
of each of the three subunits (PA, PB1, and PB2) or deletion mu-
tants derived from PA (PAN: residues 1-240, PAC: residues 240~
716), or PB2 (PB2N: residues 1-259) via linker sequences
(NSRTKLGSAAANSADGGGGSGGSGGSGGGSTQGTGGS). The cDNAs
of PA, PB2, PAN (residues 1-240) and PAC (residues 240-716) were
also sub-cloned into the pCXSN-MycC plasmid [8] for expression of
the C-terminal Myc-tagged polymerase subunits. Integrity of the
plasmids was verified by sequencing. CFP, cyan fluorescent protein
(kindly provided by Dr. A. Miyawaki), was sub-cloned into the
pCXSN-MycC plasmid.

2.2. Cell culture and transfection

Human embryonic kidney 293 cells with SV40 T antigen (293T)
were obtained from the Health Science Research Resources Bank
(HSRRB). The cells were maintained under 5% CO; at 37 °C in Dul-
becco’s minimal essential medium supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM t-glutamine, penicillin and
streptomycin (Sigma). The cells, grown on 35-mm glass-bottomed
dishes (for imaging) or 96-well plates (for flow cytometry), were
transiently transfected using FuGENE HD (Roche, Mannheim, Ger-
many) following the procedures outlined by the manufacturer.

2.3. Flow cytometry

293T cells were transfected with BiFC constructs and CFP as a
transfection control. At 48 h post-transfection, cells were trypsini-
zed and resuspended in 500 pl of phosphate-buffered saline (PBS)
followed by analysis with a FACSCanto Il machine (Becton Dickin-
son, NJ). Cells transfected with CFP plasmid alone were used to set
the baseline for fluorescence detection.

2.4. Fluorescence microscopy

Transfected 293T cells were fixed with 3% paraformaldehyde in
PBS followed by nuclei staining for 1 min with 4’'6-diamidino-2-
phenylindole (DAPI) (Molecular Probes, Eugene, OR). The cells
were observed with a confocal laser-scanning microscope,
FV1000-D (Olympus, Tokyo, Japan). For quantification of the local-
ization pattern of BiFC signal, the cells were imaged using an in-
verted fluorescence microscopy (Olympus) equipped with a
cooled charge coupled device camera (Olympus). The integrated
fluorescence intensities in the nucleus or cytoplasm of a single cell
were analyzed by the Multi Wavelength Cell Scoring Application
Modules of MetaMorph software (Molecular devices, CA).

2.5. Raster image correlation spectroscopy (RICS)

For RICS data acquisition, the transfected cells were placed in a
chamber box on a microscope, in which the temperature was main-
tained at 37 °C, and were imaged using the FV1000-D microscope

with a 60x 1.35 NA oil objective (Olympus). The scan speed was
set at 10.0 ps/pixel. The scan area was 256 x 256 pixels and
approximately 100 frames were collected for each sample. The elec-
tronic zoom of the microscope was set to 16.4, which corresponds
to a region of 12.5 um? (the pixel size was 50 nm). For the Venus
excitation, the 515 nm line of the argon ion laser was used. Data
were collected in the pseudo photon counting mode of the
FV1000-D microscope. For analyzing RICS data, the RICS analysis
package available for Fluoview1000 (Diffusion Measurement Pack-
age for the Olympus FluoView FV1000 Confocal Microscope) was
used and analysis was performed by subtracting the moving aver-
age mode following the procedures outlined by the manufacturer.
Under this condition, the diffusion coefficient of Venus fluorescence
protein in the cytoplasm was 25.1+7.2 wm?fs, in agreement with
previous studies using other methods [3].

2.6. Statistical analysis

All data were expressed as mean values + S.D. The Student’s t-
test was used to analyze differences between two groups.

3. Results

3.1. Detection of PA-PBI interactions in the trimeric polymerase
complex

We initially studied spatial and temporal dynamics of PA-PB1
interaction upon the formation of the trimeric polymerase complex
using BiFC. For the BiFC analysis, we generated chimeric constructs
of PA and PB1 fused with the N-terminal region of Venus (VN;
1-173 a.a.) or the C-terminal region of Venus (VC; 155-228 a.a.).
Venus, a variant of enhanced yellow fluorescent protein, was pre-
viously demonstrated to have strong fluorescence in BiFC analysis
[5]. Previous reports indicated that fusion of GFP to the C-terminus
of either the PA or PB1 proteins does not interfere with native pro-
tein function [10,11]; therefore, we generated BiFC constructs of PA
and PB1 by fusing the VN and VC fragments to the C-terminus of
both proteins. The resulting fusion constructs were designated
PA-VN, PA-VC, PB1-VN, and PB1-VC, respectively (Fig. 1A).

293T cells were co-transfected with several combinations of the
BiFC constructs and a CFP plasmid, which was used as a control to
account for the efficiency of transfection and other experimental
variables. Flow cytometry was used to determine the number of
Venus-expressing cells (fluorescence complementation due to
PA-PB1 interaction) relative to the number of CFP-expressing cells.
The cells expressing CFP alone or without transfection (NT) had no
detectable Venus fluorescence (Fig. 1B). However, obvious Venus
fluorescence was observed when the cells were transfected with
a combination of PA-VC and PB1-VN, indicating Venus fragment
complementation triggered by PA-PB1 interaction (Fig. 1C and
D). Furthermore, the combination of PA-VN with PB1-VC also
showed positive signals for Venus (Fig. 1C and D), suggesting of
exchangeability of the Venus fragments.

To determine whether PB2 co-expression influenced the forma-
tion of the PA-PB1 dimeric compleXx, we performed flow cytometry
with cells transfected with Myc-tagged PB2. The BiFC signal with
PB2 was similar to that without PB2 (Fig. 1C and D), suggesting
that PB2 does not have a marked effect on the interaction between
PA and PB1.

Confocal microscopy analysis of the subcellular localization of
the PA-PB1 complex was performed with 293T cells transfected
with a combination of constructs, PA-VC/PB1-VN or PA-VN/PB1-
VC. The BiFC signal representing the PA-PB1 complexes was more
intense in the nuclei than in the cytoplasm of the cells without PB2,
while it was exclusively detected in the nuclei when in the
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Fig. 1. Visualization of the PB1-PA interaction by BiFC. (A) Schematic representa-
tion of BiFC fusion proteins used in the experiment. “L" indicates a flexible linker
sequence. “NLS” indicates a nuclear localization signal. (B and C) Quantitative
analysis by flow cytometry with BiFC probes, PA-VC/PB1-VN or PA-VN/PB1-VC, in
the presence or absence of PB2. NT: not transfected. (D) The graph indicates the
percentage of cells expressing complemented Venus among the population of cells
expressing CFP. (E) Subcellular localization of BiFC probes, PA-VC/PB1-VN or PA-VN/
PB1-VC, with or without PB2. Scale bar: 5 pum. (F) Diffusion coefficient of BiFC probe
set, PA-VN/PB1-VC in the presence or absence of PB2. At 48 h post-transfection, the
cells were imaged with a confocal microscope to calculate the diffusion coefficient
values of BiFC signal in the nuclei using the RICS approach (*p<0.005). (G)
Schematic description of the interactions observed by the BiFC probe of PB1-PA.

presence of PB2 (Fig. 1E). The results were in accordance with pre-
vious reports that the nuclear accumulation of PB1 and PA is more
efficient when both subunits are co-expressed in the presence of
PB2 [2].

Recently, it has been proposed that the trimeric influenza virus
polymerase forms higher-order oligomers with host factors in the
nuclei [2]. The formation of higher-order oligomers dramatically
reduces mobility as compared to freely diffusing molecules of com-
parable size [2]. To determine whether the PA-PB1 complex inter-
acts with PB2 and subsequently forms higher-order oligomers, we
estimated the diffusion coefficient of the complemented Venus
fluorescence, representing the PA-PB1 complex, using RICS. The
diffusion coefficient of the PA-PB1 complex in the nuclei of the
cells co-expressed with Myc-tagged PB2 was approximately half
(2.6 £0.7 pm?/s with PB2) of that in the nuclei of the cells without
PB2 (4.9 + 0.3 pm?/s without PB2) (Fig. 1F), indicating that the PA-
PB1 complex with PB2 diffused more slowly and formed a complex
approximately eight-times larger than in the absence of PB2, based
on the Stokes-Einstein hydrodynamic theory [12]. This result sug-
gested that the PA-PB1 complex bound to PB2 formed the trimeric
polymerase complex, accumulated in the nuclei and assembled
into higher-order oligomers (Fig. 1G).

3.2. Detection of PB1-PB2 interactions in the trimeric polymerase
complex

We next studied the spatial and temporal dynamics of the PB1-
PB2 interaction upon formation of the trimeric polymerase com-
plex. 293T cells were co-transfected with BiFC constructs
(Fig. 2A) with or without expression of Myc-tagged PA, and subse-
quently were subjected to flow cytometry. Cells expressing PB1-
VN/PB2-VC or PB1-VC/PB2-VN showed very faint fluorescence of
complemented Venus in the absence of PA (Fig. 2B, upper left col-
umn and 2C), which was not sufficient for detection by confocal
microscopy (data not shown). By contrast, the Venus fluorescence
was significantly higher in the cells expressing PB1-VN/PB2-VC or
PB1-VC/PB2-VN in the presence of PA than that without PA (Fig. 2B,
upper left column and 2C). The subcellular localization of the PB1-
PB2 complex was exclusively nuclear in the presence of PA (PB1-
VN/PB2-VC and PB1-VC/PB2-VN columns in Fig. 2D). These results
were consistent with the previously proposed model in which PA-
PB1 heterodimers formed in the cytoplasm were imported into the
nuclei as a heterodimer, independently of PB2. Thereafter, the het-
erodimer bound to PB2 and assembled as a functional trimeric
complex [3,2]. Taken together with the results shown in Fig. 1, this
suggested that expression of PA was necessary for PB1-PB2 BiFC
probe complementation and that the BiFC signal of the PB1-PB2
complex might represent the trimeric polymerase complex but
not the PB1-PB2 dimer (Fig. 2F).

3.3. The C-terminal domain of PB2 is responsible for nuclear
accumulation of the trimeric polymerase complex and formation of
higher-order oligomers

Previous studies have proposed that a strong interaction forms
between the N-terminal extremity of PB2 and the C-terminal
extremity of PB1 [13]. To investigate the role of the C-terminal do-
main of PB2 in formation of the PB1-PB2 complex, we generated a
deletion mutant of PB2, containing the N-terminal 247 amino acid
residues of PB2 (PB2N) and devoid of the C-terminal NLS region
(Fig. 2A).

Flow cytometry revealed that the cells transfected with the BiFC
constructs including PB2N-VN or PB2N-VC without PA had signifi-
cantly lower Venus fluorescence than those with PA (Fig. 2B, lower
left column and 2C), suggesting that PB2N could form the trimeric
complex (PA-PB1-PB2N) as well as PB2. By contrast, the subcellu-
lar localization of the PB1-PB2N complex, which was detected in
the nuclei and cytoplasm with PA (PB1-VN/PB2N-VC and PB1-V(/
PB2N-VN columns in Fig. 2D), was clearly different from that of
PB1-PB2 complex. The results suggested that the absence of the
C-terminal domain of PB2 led to aberrant formation of the trimeric
complex in the cytoplasm.

To determine whether the C-terminal domain of PB2 is involved
in formation of higher-order oligomers, we compared the diffusion
coefficient of the PB1-PB2 complex and the PB1-PB2N complex in
the presence of PA using RICS. The diffusion coefficient of the PB1-
PB2N complex (4.6 + 0.4 pm?/s, right bar in Fig. 2E) was signifi-
cantly increased compared to that of the PB1-PB2 complex
(1.0 £0.1 wm?/s, left bar in Fig. 2E), indicating that the PB1-PB2N
complex was much smaller than the PB1-PB2 complex. Interest-
ingly, the diffusion coefficient of the PB1-PB2N complex with PA
(4.6 + 0.4 um?/s) was similar to that of the PA-PB1 binary complex
without PB2 (4.9 + 0.3 um?/s, left bar in Fig. 1F), suggesting that
the PB1-PB2N-PA complex did not assemble into intact higher-or-
der oligomers. These results implied that the N-terminal domain of
PB2 was sufficient to bind to the PB1-PA binary complex, forming
the trimeric polymerase complex. The C-terminal domain of PB2
supported nuclear accumulation of the trimeric polymerase com-
plex and assembly to higher-order oligomers (Fig. 2F).
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3.4. PAC induces aberrant PB1-PB2 interaction in the cytoplasm

The PA protein can be cleaved by limited tryptic digestion into
two domains, a smaller N-terminal domain (PAN) and a larger C-
terminal domain (PAC) [14]. PAC carries the PB1 binding site
[15,16], whereas PAN is associated with the nuclear transport of
PB1 [10].

To investigate which domain of PA induces the interaction be-
tween PB1 and PB2 in the cell, we generated plasmids encoding
deletion mutants of PA, containing PAN or PAC (Fig. 3A). Flow
cytometry revealed that PAC, but not PAN, induced formation of
the PB1-PB2 complex (Fig. 3B and C) and the PB1-PB2N complex
(Fig. 3B and D) more efficiently than PA (Fig. 3B-D). By contrast,
the subcellular localization of the PB1-PB2 complex with PAC,
which was mainly detected in the cytoplasm (left column in
Fig. 3E), differed significantly from that with PA (PB1-VN/PB2-VC
and PB1-VC/PB2-VN columns in Fig. 2E). Similarly, the PB1-PB2N
complex with PAC was localized in the cytoplasm (right column
in Fig. 3E). The PAC-PB1 binary complex (PB1-VC/PAC-VN column
in Fig. 3F) was also localized in the cytoplasm, while the PAN-
PB1 binary complex was not detected by confocal microscopy
(PB1-VC/PAN-VN column in Fig. 3F). These results indicated that
the binary complex consisting of PB1 and PAC was sufficient for
interaction between PB1 and PB2 in the cell and that PAN played
a role in the nuclear transport of PA-PB1 binary complex (Fig. 3G).

3.5. PAN inhibits the PB1-PB2 interaction and the formation of ectopic
higher-order oligomers in the cytoplasm

To further investigate the function of PAN and PAC in the forma-
tion of the trimeric polymerase complex, we performed several
assays using BiFC probes (PB1-VC/PB2-VN or PB1-VC/PB2N-VN in
Fig. 3A) coupled with PA or PAC co-expression in the presence or ab-
sence of PAN. Flow cytometry revealed that PAN inhibited forma-
tion of the PB1-PB2 (left column in Fig. 4A) and PB1-PB2N
complexes (right column in Fig. 4A), which were induced by PA or
PAC co-expression. Confocal microscopy disclosed that the subcel-
lular localization of the PB1-PB2 (left columns in Fig. 4B) and PB1-
PB2N (right columns in Fig. 4B) complexes induced by PA was not
influenced by the presence of PAN (PA + PAN in Fig. 4B). However,
the subcellular localization of the PB1-PB2 complex, induced by
PAC co-expression (PAC in Fig. 4B), dramatically shifted from a
cytoplasmic localization pattern to a nuclear pattern in the pres-
ence of PAN (PAC + PAN in Fig. 4B and C). The shift was not observed
in the PB1-PB2N complex.

To further characterize PAN function in the formation of the tri-
meric polymerase complex, we estimated the diffusion coefficient
of the complexes under these conditions using RICS. The diffusion
coefficient of the PB1-PB2 complex induced by PAC in the cyto-
plasm (0.9 £0.2 um?/s) was identical to that induced by PA in
the nucleus (1.0 0.1 pm?/s), suggesting that the PAC-PB1-PB2
trimeric complex assembled to the higher-order oligomers in the
cytoplasm. The diffusion coefficient of the PB1-PB2 complex in
the presence of both PAC and PAN in the nuclei (12.3 + 5.2 pm?/
s) was significantly increased compared to that of PAC alone in
the cytoplasm (Fig. 4D). By contrast, the diffusion coefficient of
the BiFC probes of PB1-VC and PB2N-VN, which could not form
the intact higher-order oligomers in the presence of PA (Fig. 2F),
was not influenced by PAN co-expression in the nucleus
(Fig. 4D). These results indicated that PAN inhibited formation of
the aberrant cytoplasmic higher-order oligomers induced by PAC.
Taken together, these observations implied that PAN, which does
not bind to PB1, might regulate the formation of the trimeric poly-
merase complex through inhibition of assembly of the aberrant tri-
meric complex in the cytoplasm (Fig. 4E).

4. Discussion

In this study, we applied BiFC coupled with RICS to monitor the
interactions between the subunits of influenza A virus RNA poly-
merase in live cells and confirmed the assembly model originally
proposed by Deng et al. [3]. The PA-PB1 and PB1-PB2 BiFC probes
demonstrated the dynamics of not only the binary complex but
also the trimeric polymerase complex in vivo. Furthermore, the
BiFC experiments using deletion mutants indicated that PAC,
which binds to PB1, induced the aberrant formation of the trimeric
polymerase complex in the cytoplasm (Figs. 3E and 4B). By con-
trast, PAN inhibited the formation of these aberrant cytoplasmic
higher-order oligomers induced by PAC and translocated the tri-
meric polymerase complex to the nucleus (Fig. 4B and D). PAN is
the endonuclease that cleaves host mRNAs during cap-snatching
[17,18]. Previous report using FCCS suggested that these higher-or-
der oligomers consist of not only polymerase subunits but also
host factors or structures [2]. It is obviously important to deter-
mine whether this inhibitory effect of PAN on the formation of
oligomers depends on the endonuclease activity for elucidation
the mechanism of polymerase assembly. PAN and PAC are con-
nected by a 20-residue flexible linker [14]. The presence of the lin-
ker between the N- and C-terminal domains of PA provides a
degree of conformational flexibility that may enable a role in reg-
ulating polymerase functions through conformational changes of
polymerase complexes [19]. Furthermore, a weak interaction be-
tween PB2 and PAN has recently been detected using BiFC [5]. Ta-
ken together, it has been implied that PAN might interact with PB2
transiently and regulate the proper formation of the trimeric poly-
merase complex through inhibition of assembly of the ectopic tri-
meric complex in the cytoplasm. Further investigation using this
BiFC approach may aid the elucidation of a novel therapeutic target
for anti-influenza drugs that could inhibit polymerase assembly
and activity.
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Histopathological and immunohistochemical
findings of 20 autopsy cases with 2009 H1N1
virus infection
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Twenty autopsy cases with 2009 pandemic influenza A (2009 H1N1) virus infection, performed between August
2009 and February 2010, were histopathologically analyzed. Hematoxylin—eosin staining, immunohistochem-
istry for type A influenza nucleoprotein antigen, and real-time reverse transcription-PCR assay for viral RNA
were performed on formalin-fixed and paraffin-embedded specimens. In addition, the D222G amino acid
substitution in influenza virus hemagglutinin, which binds to specific cell receptors, was analyzed in formalin-
fixed and paraffin-embedded trachea and lung sections by direct sequencing of PCR-amplified products. There
were several histopathological patterns in the lung according to the most remarkable findings in each case:
acute diffuse alveolar damage (DAD) with a hyaline membrane (four cases), organized DAD (one case), acute
massive intra-alveolar edema with variable degrees of hemorrhage (three cases), neutrophilic bronchopneu-
monia (five cases) and tracheobronchitis with limited histopathological changes in alveoli (four cases). in two
cases, the main findings were due to preexisting disease. Influenza virus antigen was only detected in the
respiratory tract in 10 cases by immunohistochemistry. The antigen was detected in type Il pneumocytes (three
cases) in the epithelial cells of the trachea, bronchi and glands (six cases), and in the epithelial cells in both of
the above (one case). The four cases with acute DAD presented with antigen-positive type Il pneumocytes.
In one case, the D222G substitution was detected in the lung as a major sequence, although 222D was
prominent in the trachea, suggesting that selection of the viral clones occurred in the respiratory tract. In five
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cases, the pathogenesis of 2009 H1N1 was confirmed to be viral infection in pneumocytes, which caused severe
alveolar damage and fatal viral pneumonia. Further studies on both host and viral factors in autopsy or biopsy

materials will be essential to elucidate the other pathogenic factors involved in influenza virus infection.
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2009 H1N1

Influenza virus causes respiratory infections with
the potential for high morbidity and mortality,
particularly in infants, the elderly, and those
with underlying diseases. To control the seasonal
epidemic of influenza virus infection, new vaccines
are developed every year. Influenza virus also
causes periodic pandemics. The emergence of avian
H5N1 influenza virus infection in humans in 1997
alerted us the future outbreaks of new pandemic
influenza virus infection.

In June 2009, the World Health Organization
declared a novel influenza pandemic that entered
the post-pandemic period in August 2010.* Overall,
the 2009 pandemic influenza A (2009 H1IN1) virus
did not cause particularly severe respiratory dis-
eases, contrary to that expected at the start of the
pandemic. In most cases, it caused subclinical
infections or mild-to-moderate upper respiratory
tract diseases. However, in some patients, it caused
severe respiratory diseases, neurological complica-
tions,>* and myocardial symptoms.>® The 2009
H1N1 virus caused viral pneumonia with acute
respiratory distress syndrome,” which is not gen-
erally caused by seasonal influenza strains. It was
also notable that younger people were affected with
severe pneumonia, which was fatal in some cases.®?

A total of 198 fatal cases with laboratory-con-
firmed 2009 H1N1 virus infection were reported by
the Japanese Ministry of Health, Labour and Wel-
fare, between August 2009 and March 2010. The
fatality rate was estimated to be 0.001%, which was
much lower than that reported in other countries.™

Pathological studies with autopsy materials are
essential to elucidate the pathogenesis of 2009 HiN1
virus infection. Autopsy findings in fatal cases of
2009 H1N1 have been reported from several coun-
tries.’**® The authors of the present study also
reported the pathological and virological findings of
two autopsy cases of 2009 HIN1 in Japan.'**” Both
cases revealed that the 2009 H1N1 virus infected
type 1I pneumocytes and caused diffuse alveolar
damage (DAD).

In the present study, we evaluated various
histopathological features of 20 cases with 2009
H1N1 virus infection, examined the distribution
of influenza nucleoprotein antigens by immuno-
histochemistry, and quantified viral RNA extracted
from formalin-fixed and paraffin-embedded tissue
specimens. For the 10 cases with viral antigen-
and viral RNA-positive formalin-fixed and paraffin-
embedded tissue sections, we investigated amino
acid substitutions at position 222 in hemagglutinin

MODERN PATHOLOGY (2012) 25, 1-13

expressed by the 2009 H1N1 virus. This position
affects its receptor-binding specificity, and substitu-
tion from aspartic acid (D) to glycine (G) enables the
virus to bind to the «2-3-linked sialic acid receptor
(SAx2—3Gal), which is expressed in distal bronch-
ioles and type II pneumocytes.'®2°

Patients and methods
Patients

A total of 20 fatal cases with 2009 HIN1 infection
were examined. Infection was confirmed by detect-
ing viral RNA in nasopharyngeal swab specimens
using the reverse-transcriptase PCR (RT-PCR)
method at the first medical examination at each
hospital. For six cases, the swabs were collected
post mortem at the medical examiner’s office. The
autopsy tissue samples of the 20 fatal cases were
sent from 15 hospitals to our laboratory for further
pathological investigation between August 2009 and
February 2010. Some tissue samples were formalin-
fixed and others were formalin-fixed and paraffin-
embedded. The tissue sections included the trachea
(n=15), lung (n=20), heart (n=10), brain (n= 5),
liver (n=5), spleen (n=5), gastrointestinal tract
(n=5), kidney (n=4), and lymph nodes (n=3).
This study was approved by the institutional medi-
cal ethical committee of the National Institute of
Infectious Diseases, Japan (Approval No. 247).

Histopathological Studies and Immunohistochemistry
Assays

Histopathological studies on formalin-fixed and
paraffin-embedded specimens of all sections of
20 cases were performed using hematoxylin—eosin
staining. Immunohistochemistry assays for type A
influenza  nucleoprotein  antigen  (InfA-NP)
were performed to evaluate the distribution
of 2009 HIN1 as described previously.'® In brief,
the sections were immunostained by the avidin—
biotin complex immunoperoxidase method (LSAB2
kit/HRP/DAB, DAKO Cytomation, Copenhagen,
Denmark) using a mouse monoclonal antibody
against InfA-NP.* For double-staining with a mono-
clonal antibody against cell type-specific marker
proteins, a rabbit polyclonal antibody against InfA-
NP was used. To characterize the virus-infected
cells, confocal laser scanning microscopy was used
to visualize double immunofluorescence staining for
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Table 1 Clinical information of the 20 autopsy cases confirmed 2009 H1N1 virus infection

Case Age/sex Underlying diseases Duration Hospitali-  Clinical symptoms Antibiotic  Antiviral Bacteria
no. of illness zation treatment  treatment isolation
(d) (d) (specimen)
1 33/M Dilated cardiomyopathy, obesity (BMI: 38}, 8 3 Fever, cough, dyspnea, + + -
diabetes, asthma, atopic dermatitis diarrhea
2 40/F Hypertension, obesity (BMI: 30) 2 NA Fever, cough - - ND
3 45/M Unknown 3 NA Fever, general fatigue - - ND
4 49/M Hypertension, Hashimoto’s disease, obesity 4 NA Fever, cough - - ND
(BML 35)
5 30/M CHF, alcoholic liver disease, obesity 2 NA Fever, headache - + ND
(BMI: 34)
6 25/M None 1 NA Fever - ND
7 81/M Diabetes 3 2 Fever, cough, wheezing, + S. pneumoniae
diarrhea, vomiting (sputum)
6/F Cerebral hemorrhage, cerebral palsy, seizure 3 NA Fever, dyspnea - + ND
42/M Cerebral hemorrhage, hypertension, 2 NA Fever, cough - - ND
hyperlipidemia,
obesity (BMI: 59), sleep apnea

10 75/M Asthma, atrial fibrillation, COPD 2 2 Fever, dyspnea, wheezing + + -

11 72/F Autoimmune hepatitis, portal hypertension, 4 4 Fever P. aeruginosa*®
hepatic encephalopathy, pulmonary (post-mortem lung)
hypertension

12 30/F Asthma 3 2 Fever, diarrhea, seizures + + -

13 2/M Hydrocephalus, laryngomalacia, mental 9 7 Fever, cough - P. aeruginosa*
retardation (post-mortem lung)

14 69/M Esophageal cancer, diabetes, COPD, CHF 10 10 Fever, cough, dyspnea + + -

15 44/M None 2 1 Fever, VF, diarrhea, dyspnea, - + -

myalgia

16 13/F None 3 1 Cough, myalgia, headache, + - ND

general fatigue

17 15/M None 29 (d2 PCPS) 28 Fever, VF + -

18 24/F Mental retardation 21 (d7 ECMO) 16 Fever, cough, dyspnea + + -

19 33/M Depression 2 NA Fever - + ND

20 41/M None 1 NA Fever, general fatigue + - S. pneumoniae*

(post-mortem lung)

Abbreviations: d: days, M: male, F: female, BML body mass index, +: positive, —: negative, CHF: chronic heart failure, GOPD: chronic obstructive pulmonary disease, PCPS: percutaneous
pulmonary support, ECMO: extracorporeal membrane oxygenation, NA: not applicable, VF: ventricular fibrillation, ND: not done, S. pneumoniae: Streptococcus pneumoniae, P. aeruginosa:
Pseudomonas aeruginosa.
*Cultured during autopsy.
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InfA-NP and for cell type-specific marker proteins,
epithelial membrane antigen (EMA; epithelial cells),
surfactant apoprotein D (SP-D; type II pneumo-
cytes), cytokeratin AE1/AE3 (epithelial cells),
CD68 (PG-M1; macrophages), and CD34 (endothelial
cells), as previously described.?? All mouse
monoclonal antibodies, except for rabbit polyclonal
antibody for SP-D, were purchased from DAKO
Cytomation. Anti-SP-D antibody was purchased
from Chemicon (Temecula, CA). Alexa Fluor
568-conjugated anti-mouse or anti-rabbit IgG (Mole-
cular Probes, Eugene, OR), and Alexa Fluor 488-
conjugated anti-rabbit or anti-mouse IgG (Molecular
Probes) were used as secondary antibodies.

Nucleic Acid Extraction and Real-Time RT-PCR
(rRT-PCR) Assays

Nucleic acid extracts were prepared from the
formalin-fixed and paraffin-embedded tissue sec-
tions (10 um x 3) of 20 cases using a PureLink FFPE
RNA total isolation kit (Invitrogen, Carlsbad, CA).
The copy number of 2009 HIN1 was determined by
rRT-PCR using an Mx3005P (Stratagene, La Jolla,
CA) to amplify a segment within the hemagglu-
tinin region of the 2009 H1N1 virus RNA. The
amount of human p-actin mRNA in the DNase-
treated RNA extracted from each section was also

determined, and this internal reference gene was
used to normalize the amount of RNA isolated from
a specimen. To amplify 2009 H1N1-hemagglutinin
region, forward (swH1N1-HA-F: 5-CCCCATTGCA
TTTGGGTAAA-3') and reverse (swH1IN1-HA-R: 5'-
TGGAGAGTGATTCACACTCTGGAT-3') primers were
used with the labeled probe 5-(FAM)AACATTG
CTGGCTGGATCCTGGGA(TAMRA)-3".*¢ To amplify
human g-actin mRNA, forward (5"-TGAGCGCGGCT
ACAGCTT-3") and reverse (5-TCCTTAATGTCACG
CACGATTT-3') primers were used with the
labeled probe 5-(FAM)JACCACCACGGCCGAGCGG
(TAMRA)-3".?* The copy numbers of 2009 H1N1-
hemagglutinin/cell were calculated using the
B-actin mRNA copy number, which was estimated
to be 1500 copies/cell, as previously described.'®

Sequence Analysis of Hemagglutinin of the 2009 HIN1
Virus

Using the RNA samples extracted from viral anti-
gen- and viral RNA-positive formalin-fixed and
paraffin-embedded tissue sections, we analyzed
the hemagglutinin sequence of the 2009 H1N1 virus.
To determine amino acid substitution in the receptor
binding site of the 2009 HIN1 virus, the hemagglu-
tinin region (nt. 634-793) was amplified with
QIAGEN OneStep RT-PCR (QIAGEN, Tokyo, Japan)

Table 2 Histopathological findings in respiratory tracts of 20 autopsy cases

Histopathological features

Case number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 18 20
Trachea, bronchus
Desquamation of epithelium 1+ 3+ 3+ 1+ 3+ 3+ 3+ 2+ 2+ 1+ 1+ 2+ 2+ ~ 2+ 2+ — - 1+ -~
Necrotizing tracheobronchitis - 24 - - 1+ 1+ 3+ - - - - 1+ - = 2+ 1+ - = - =
Inflammatory cell infiltration 1+ 3+ 1+ 1+ 1+ 2+ 3+ 2+ 2+ — 2+ 3+ 2+ — 2+ 2+ 1+ — 2+ 2+
Congestion 2+ 2+ 3+ 3+ 2+ 2+ — 3+ 2+ — 1+ 2+ 1+ — 1+ - - 3+ 2+
Hemorrhage B T T B O S © S b
Submucosal gland - 3+ 1+ 1+ 1+ 1+ 2+ 1+ 1+ - 1+ 1+ - - - - = - 1+ 1+
inflammation
Mucosal eosinophilia - - - - = 1+ = 1+ 2+ 1+ I+ 2+ - = 3+ - - = = -
Bronchiole, alveolus
Diffuse alveolar damage 3+ 3+ 24 24 — = = = = = 1+ - = - - = = 3 - =
Hyaline membrane formation 24 3+ 3+ 1+ - - - - - - 1+ - - - - - = = =
Intra-alveolar edema 24 3+ 3+ 3+ 3+ 3+ - - 1+ - - - 2+ - - 3+ — 3+ 3+
Intra-alveolar hemorrhage 1+ 1+ - 1+ - 24 = = 1+ = 2+ 2+ 2+ 1+ - - 3+ 1+ 2+ 2+
Congestion 2+ 1+ 2+ 3+ 3+ 3+ — — 3+ 1+ - - -~ 1+ - - 1+ - 3+ 3+
Microthrombi 4+ - - - = = = - - - 1+ - - 1+ - - = 1+ - -
Inflammatory cell infiltration 1+ 3+ 2+ — - = 1+ 2+ 1+ - 2+ - 2+ - - 2+ 1+ - -
Fibrosis 1+ 3+ 1+ 1+ — — 2+ 2+ - = 2+ 24+ 1+ 2+ - - 3+ 3+ - -
Type I cells hyperplasia 3+ - - = = = = = = =2+ =1+ 2+ - 2+ 3+ - =
Bronchopneumonia with - - - - = = 3+ 3 - - 1+ - 3+ - = - - - = 2+
neutrophils
Others
Heart failure cell 3+ 1+ 1+ 1+ 24 - — - 3+ - - - - - = - = = -
Emphysema - - - - = = - = = 3+ - = = 3 - = = ===
Plexiform pattern - = = - - - = = 2 - = = = = === =

No finding (~), mild (1+), moderate (2+), severe (3+).
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