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carrying an internal deletion of 30 amino acids in the cytoplas-
mic domain was found to incorporate dramatically reduced
amounts of vRNP and M1 (14), implying that the cytoplasmic
domain of BM2 might play an important role in viral assembly.
On the other hand, for influenza A virus, truncation of the
carboxy-terminal 28 amino acids from the cytoplasmic domain
of the M2 protein greatly reduces virus infectivity and results in
reduced incorporation of NP and viral RNA into virions (25).
Similarly, truncation of the carboxy-terminal 22 amino acids
from the M2 eytoplasmic domain reduces infectious virus titers
and results in production of filamentous particles (16). A re-
cent study identified the sequences of the M2 cytoplasmic
domain that were required for specific incorporation of vRNP
into virions and demonstrated interaction of the M2 cytoplas-
mic domain with the M1 protein (24),

To define in greater detail the role of the cytoplasmic do-
main in the assembly process. we generated a series of trun-
cation and substitution mutants in the BM2 cytoplasmic
domain using reverse genetics. The results showed that trun-
cation of six amino acids from the carboxyl-terminal end of the
BM2 protein affects the membrane association of M1 and
greatly reduces incorporation of the vVRNP complex into viri-
ons, resulting in altered particle morphology. We also found
that amino acid substitutions within the carboxyl-terminal re-
gion result in a failure to incorporate the vRNP complex into
virions. Given these findings, the eytoplasmic domain of BM2
protein may play key roles in the generation of infectious virus.

MATERIALS AND METHODS

Plasmids. The plasmid pCAGGS/BM2, which encodes the BM2 gene of
H Y amagata/ 173 (HB/Yamagata) virus, has been deseribed previously (32). To
generate BM2 deletion construets, the BM2 open reading frame was cloned into
the pT7Blue Blunt vector (Novagen, Madi WI1) and the d BM2 penes
were amplified by inverse PCR (primes sequences are available on request). PCR
prowducts were then dloned into the pPCAGGS/MCS cukaryolic expression plas-
miid (31). The resulting constructs were designated pCBM2ALM-109

Cells and antibodies, MDCK cells were grown in Eagle’s minimal essential
medium supplemented with 10% fetal call serum (FCS). Human embryonic
Kidney 293T cells und CK/BM2 cells (14) were cultured in Dulbecco's maodified
Eagle's medium containing 1095 FCS. Stable cell lines expressing the wild-type or
mutated BM2 protein were estublished as described previously (14). Briefly,
MDCK cells were fi i with plasmid pCBT, ding hygromyein resis-
tance, and with the u:lw'npnnl: pC AGGS construct ot a ratio of 30, Stable
MIDCK cell clones were selected in medi ,hy;rum)nn a2 rnyml
(lnvitrogen, Carlsbad, CA) and were d by an
cence assay (IFA) Polyclonal anti-B/Yamagata virus antibodies have been de-
seribed Iy (37). A % peptide, LSDNMERLSDHIVIEGLSAE,
corresponding to amino acids 74 o 93 in the BM2 open reading frame of
H/Y wmagata virus, was synth d by Bio-Synthesis (Lewisville, TX). For prep-
aration of the antiscrum specific for the influenza B virus BM2 protein, the
peptide was coupled with keyhole limpet hemocyanin and mice were immunized.
The antiactin antibody was obtained from Sigma (St Louis, MO)

Iltmw genetics, Plasmids to express mutant BM2 genes with truncations or

ions were ted an follows. Mutated M genes were amplified by
PCR from pT7BlueBlunt containing the B/Yamagata M gene and were then
digested using HsmBI (primer sequences provided on request). The BsmBI-
digested fragment was cloned into the BsmBl sites of RNA éxpression polymer-
ase (POl 1) plasmids. All constructs were sequenced 1o ensure that no unwanted
mutations were present, Transfectant influenza viruses were generated as de-
scribed previously (14). Briefly, 2937 cells (0.8 = 10" cells) were plated the day
belore fi Twebve plasmids (eight Pol | comstructs for cight RNA
segments and four protein expression constructs for three polymerase. proteins
and NP) were mived with transfection reagent (trans [T LT-1, Panvera, Madison,
WI) at 2 plipg of DNA and then added 1o 2937 cells in Dulbecon’s modified
Eagle's medium-10% FCS. At 16 h posttransfection, medium was replaced by
Opti-MEM | (Invitrogen) containing 10 pg/iml of trypsing At 48 b posttransfec-
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tion, viruses in supernatants were collected and propagated in CK/BM2 cells in
Opti-MEM |1 containing 10 pg/ml trypsin.

IFA. MDCK cells grown on coverslips were infected with wild-type and mutant
viruses and incubated for 11 b at 34°C Cells were washed three times with
phosphate-buifered saline (PBS), fixed in 4% paraformuldehyde for 10 min at
room temperature, and permeabilized with 0.1% Triton X-100 in PBS for 10 min.
Background staining was blocked with 10% goat serum m PBS for | h. Cells were
then incubated with anti-BM2 antibodies. After incubation for 1 h, cells were
washed with PBS and incubated for 1 h with Alexa 488-conjugated goat anti-
mise globulin G {1gG) (1 gen ), C lips were i on glass
slides and d using confocal mic py (model LSM 510 Carl Zess,
Oberkochen, Germany).

Western blotting. MDCK cells were infecied with virus at s multiplicity of
infection (MO of 10 PFU/cell and incubated at 34°C At 10 h postinfection
(p1), cells were hysed in radioimmunoprecipitation assay buffer (50 mM Tris-
HOT [pH 80], 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, and 0.1% sodm
dndﬂ‘\’l wilfute [SDS]) and maintained for =.t| min on e After clarification by

the sup was dissolved in SDS sample buffer (50 mM
Tris HO [pH 6.8], 5% Z-mercaptoethanal, 2% SDS, 109 glycerol, and bromo-
phenol bluc) at 95°C for § min, resolved by SDS-polyacrylamide gel electro-
phoresis (PAGE), and ¢l blotted to 1 bilon-P paper (Millipore, Billerica,
MA). After incubation with the appropriate antibody (antiscrum to BM2 or
B/Yamagata virion), the membrane was treated with honeradish peromidase-
conjugated anti-mouse 1gG for influcnza B lnnu BM2 or HRP-conjugated anti-

rnhlﬂll;("forB(\ gatin virion, resy ly, and visualized by enh i
ch ence ding to p p1m1d:d by GE Healthcare Life
Sciences (Linde Chalfont, England). Band | ities were 1 with a
LightCapture system (model AE-6961; ATTO, Tokyo, Japan) using a €S ana-

Iyzer (ATTO)

Analysis of the protein composition of vidons. MIDCK cells grown in 10cm
dishes were infected with wild-type or mutant virus at an MO1 of 5§ PFU and
cultured in Opti-MEM | a1 34°C. A1 24 b p.i., supernatanis from cell culture were
harvested and clarified by centrifugation at 1,620 = g for 10 min at 4'C. Virions
were purified by centrifugation through 309 sucrose in a SW41 Ti rotor (Beck-
man Coulter, Fullerton, CA) at 150,000 = g for | h at 4°C. Pellets were then
suspended in 30 mM Tris-HOl (pH 7.5), and the samples were analyzed by
SDS-PAGE. Proteins were d 1 by using C ic brilliant bluc and West-
emn blotting using anti-BM2 antibody. The profiles of the stained gels wore
digitized and were quantified as deseribed previously (14).

Real-time PCR. RNA was extracted from purificd virions using an RNeasy kit
(Qiagen, Hilden, G w)in d with the of the fac-
turer. The :DNA.-\. were svathesized by reverse I of vRNA with an

lij leotide « ! vy to the conserved 3° end of vRNA. Pnimer and
nmhc sequences for I!."‘l’umngxu virus HA genes have been deseribed previously
(14). Amplification and detection by real-time PCR were performed using the
Chromo-4 real-ume PCR detection system (Bio-Rad, Hercules, CA). PCR was
performed with 50 ul of reaction mixture consisting of 1% PCR Gold buffer
(GreneAmp Gold PCI H reng:m kn. Applied Biosystems, Foster City, CA), 250
PM of cach deoxy 1 hosphate, § mM MgCle, 1.25 U of AmpliTag
Gold DNA polymerase [&pplml Biosystems), 0.2 pM each of forward and
reverse pnmers, (1.1 pM of probe, and § ul of eDNA. Reaction conditions were
set at SU°C for 2 min and Y5°C for 10 min, followed by 40 eycles of 95°C for 153
and 60°C for | min. The stundard curve for this assay was calculated using o
series of |0-fold dilutions of Pol 1 plasmids Jing the BYY virus HA
gene

Proteass treatment of virions. Purified virions in 50 mM Tris-HCl (pH 7.5)
were digested with 0.05 mg/ml trypsin (sequencing grade; Roche, Mannheim,
Germany) 91 25°C After won for 2 b, diges wih ! by adding
4-(2 hylh-b Ifonyl fluoride (Roche) 1o a 4 mM concentration
Samples were dissolved in SDS sample buffer and subjected 1 SDS-PAGE

Electron microscopy. A droplet of purified virions was placed on a 400-mesh
copper grid (Veeo, Eiersbeck, The Netherlands) coated with collodion and then
negatively staimed with 1% uranylacetate Images were obtained using an H-7000
transmission electron microscope (Hitachi, Tokyw, Japan) operated at 75 kV

Flotation analysis. Flotation amalysis was performed us described previously
with medifications (21). Briefly, virus-infected colls were washed and scraped
tnto PBS containing 0.9 mM CaCl; and 049 mM MClL. Cells were pelleted by
centrifugation for 2 min at 5300 < g und resuspended in 1.2 ml of ysis buffer (20
mM Tris-HCL [pH 80, 250 mM sucrose, | mM MgCl., and 1| mM CaCl;)
containing protease inhibitors at final concentrations of .04 mM aminoethyl-
benzene sulfonyl Muoride, 0.8 M aprotinin, 20 uM leupeptin, 40 M bestatin,
15 uM pepstatin A, and 14 uM E-64. Cells were then disrupted by repeated
pussage (40 times) through a 22-gauge needle. Unbroken cells and nuclei were
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FIG. 1. Schematic diagram of wild-type and mutant BM2 protemns carrying a carboxyl-terminal truncation in the BM2 cytoplasmic domain,
Amino acid sequence of the BM2 cytoplasmic domain (residues 90 to 109) is shown. The asterisk indicates a stop codon

removed by centrifugation at 1,000 < g for 10 min at 4°C Postnuclear superma-
tants (1.2 ml) were dispersed into 1.2 ml of 605 (wiwt) OptiPrep (AXIS-
SHIELD PoC AS, Oslo, Norway) in 20 mM Tris-HCl (pH 80) plus protease
inhibitors, placed at the bottom of the tube, and then overlaid with a gradicnt
senes of 25%, 2005, 155, and 10% OptiPrep layer containing 20 mM Tos-HCl
(pH £0), 125 mM suctose, | mM MgCl., 1| mM CaCly, and provease inhibvitors
The gradient was centrifuged for 14 h at 59,200 «
a Beckman ultracentrifuge. Samples (400 ul) of the gradient were collected from
bottom e top and directly subjected to SD5-PAGE

g using an SW-35T7 rotor in

RESULTS

Generation of influenza B virus mutants carrying the trun-
cated cytoplasmic domain of the BM2 protein by reverse ge-
netics. To explore the functional role of the cytoplasmic do-
main of the BM2 protein in the replication cycle of influenza B
virus, we constructed cDNAs encoding BM2 proteins with the
cytoplasmic domain truncated at three (BM2A107-109), six
(BM2A104-109), or nine (BM2A101-109) amino acids from the
carboxyl-terminal end (Fig. 1). Influenza B viruses possessing
these truncated BM2 proteins were generated by reverse ge-
netics based on the backbone of B/Yamagata virus genes using
cight Pol | plasmids encoding genomic RNAs and four protein
expression plasmids (PBI, PB2, PA, and NP) as described
previously (14). The resultant BM2A107-109 mutant was ob-
tained with efficiency as high as that of the wild-type virus
(rg-B/Y wt) from plasmid-transfected 293T cells, whereas the
other two mutants, the BM2A104-109 and BM2A101-109 mu-
tants, were not rescued (data not shown). These 2 mutants
were recovered when our 12-plasmid system was supplemented
with the wild-type BM2 expression plasmid as mentioned
above. Rescued mutants in the culture supernatant were then
amplified in the MDCK cell line, CK/BM2, which is able 10
constitutively express the wild-type BM2 protein for prepara-
tion of working stock viruses. Titers of virus stocks were de-
termined by a plaque assay with CK/BM2 cells, and all mutants
showed titers similar to that of rg-B/Y wt (1 > 10" PFU/ml).
By sequencing RNA segment 7 of recovered mutants, we con-
firmed no reversion and no additional mutations in the seg-
ment.

Synthesis and localization of BM2 proteins in cells infected
with BM2 deletion mutants. To examine whether BM2 protein
expression was affected by truncation of the cytoplasmic do-
main, MDCK cells were infected with mutants and synthesis of
the truncated BM2 proteins was analyzed by Western blotting
using anti-BM2 antibody. All truncated BM2 proteins were
found with the expected molecular sizes, although migration

ratios of the BM2A104-109 and BM2A101-109 proteins did not
differ significantly from each other (Fig. 2A). Expression levels
of mutant proteins were estimated using a S analyzer as
described in Maternials and Methods. The BM2A107-109 pro-
tein was expressed at levels equivalent to that of the wild-type
BM2 protein, whereas BM2A104-109 and BM2A101-109
showed lower expression levels of 57% and 54%, respectively,
These differences were not reflected in the efficacy of virus
recovery and growth, as shown below.

A ,\,\@ ‘.‘-‘N@ \@
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FIG. 2. Detection of the BM2 protein in BM2 truncation mutant
virus-infected MDCK cells. (A) MDCK cells were infected with rg-B/Y
wt and BM2stop viruses, At 10 h pi, the BM2 protein in cell lysates
was detected by Western blotting using anti-BM2 antibody. Quantita-
tion of BM2 proteins was performed using an ATTO CS analyzer, and
percentages were determined relative 1o values obtained for the wild-
type BM2 protein (B) At 11 h pui, infected cells were fixed and stained
for indirect immunofluorescence using anti-BM2 antibody.
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FI1G. 3. Growth properties of BM2 truncation mutant viruses. MDCK cells were infected at an MOIL of 0.001 PFU, and supernatants of infected
cells were harvested at the indicated times. Titer of virus in the supernatant was determined by a plague assay on CK/BM2 cells,

The BM2 protein is transported to the plasma membrane
through the trans-Golgi network (47). To determine whether
truncation in the cytoplasmic domain of the BM2 protein re-
sults in a failure of proper transport to the plasma membrane,
localization of truncated BM2 proteins in mutant-infected
MDCK cells was examined by IFA using anti-BM2 antibody
(Fig. 2B). Truncated BM2 proteins were detected along the
plasma membrane and at the Golgi apparatus of infected cells,
and localization profiles were indistinguishable from that of
the wild-type BM2 protein, indicating that truncation of nine
amino acids from the carboxyl-terminal end of the BM2 pro-
tein does not significantly affect BM2 protein transport to the
plasma membrane.

Growth properties of BM2 mutants in MDCK cells, We
compared the kinetics of virus production in a multiple-step
growth cycle among BM2 truncation mutants,. MDCK cells
were infected with virus at an MOI of 0.001, and titers of virus
in the supernatant were measured by a plaque assay with CK/
BM2 cells. rg-B/’Y wt and the BM2 knockout mutant
(BM2stop; see reference 14) were included for comparison of
the growth properties of mutants. The BM2A107-109 mutant
was indistinguishable in terms of both growth kinetics and
maximum yield from rg-B/Y wt virus (Fig. 3). However, growth
of the BM2A104-109 and BM2A101-109 mutants was ex-
tremely low, and the yield at 36 h p.i. was approximately 6 logs
less than that of rg-B/Y wt, although growth was better than
that of the BM2stop mutant, These results indicate that trun-
cation of six or more amino acids at the carboxyl-terminal end
caused great suppression of infectious virus production.

Viral components in the virion of BM2 mutant viruses. We
have previously demonstrated using the BM2stop mutant that
a lack of the BM2 protein severely blocks incorporation of
VRNP complex into the virion (14), To determine whether
truncation of the BM2 cytoplasmic domain affects incorpora-
tion of vRNP complex that can be traced by detection of the
NP protein and a representative vVRNA segment in the virion,
MDCK cells were infected with mutant viruses at an MOI of 5
for 24 h. Progeny viruses released into the culture supernatant
were purified and analyzed by SDS-PAGE followed hy Coo-
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massie brilliant blue staining (Fig. 4A). Components of puri-
fied virions of mutants were compared with those of rg-B/Y wt
and BM2stop viruses. In the virion of BM2A107-109 virus,
which replicated normally (Fig. 3), the NP protein was incor-
porated at levels similar to those for rg-B/Y wt virus when total
virion protein was normalized with the HA protein (Fig. 4B).
In contrast, for BM2A104-109 and BM2A101-109 virions, mu-
tants grew very poorly (Fig. 3) and incorporation of the NP
protein into virions was dramatically decreased, to levels sim-
ilar to that for the BM2stop mutant, although each of the
truncated BM2 proteins was incorporated into the particles
(Fig. 4B). Moreover, amounts of M1 proteins in the BM2A104-
109 and BM2A101-109 mutants were found to be 67% and
27%, respectively, of those in rg-B/Y wt virus. To determine
the relative amounts of vRNA incorporation into BM2 mutant
virions, VRNA was extracted from purified virions and copy
numbers of the HA gene as a representation of vRNA seg-
ments were quantified by real-time reverse transeription-PCR
using HA gene-specific primers as previously described (14),
Incorporation of vRNA of the BM24107-109 mutant was de-
tected to be at a similar level to that of rgB/Y wt, whereas
VRNA levels of the BM2A104-109 and BM2A101-109 mutanis
were 1/3 and 1/5 of levels for rgB/7Y wi, respectively (Fig. 4C).
Taken together, these results suggest that deletion of six amino
acids from the carboxyl-terminal end of the BM2 protein gives
rise to a marked decrease in vVRNP complex incorporation in
the virion assembly process, so that production of infectious
particles is extremely suppressed.

We also observed that BM2stop, BM2A104-109, and
BM2A101-109 virions contained increased amounts of nonviral
proteins (Fig. 4A). However, proteins detected with virions of
mutants may have represented contaminants attached to the
virion surface and/or cell membrane fragments. To explore
this, virions were treated with trypsin in the presence or ab-
sence of 1% Triton X-100 and then analyzed by Coomassic
brilliant blue staiming (Fig. 4D, upper panel). A 44-kDa
polypeptide was still detected in virions even after trypsin
treatment, as were the internal virion proteins NP and M1
(Fig. 4D, lanes 4, 8, and 10), but not after treatment in the
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FIG. 4. Viral proteins and RNA segments in BM2 mutant virus particles,. MDCK cells were infected at an MOI of 5 PFU, and virions were
purified by centrifugation through 30% sucrose. (A) Protein composition of BM2 mutant and rg-B/Y wt virions. Purified virions produced by
MDCK cells were analyzed by Coomassic brilliant blue staining (upper panel) and Western blotting using anti-BM2 antibody (lower panel)
(B) Relative amounts of viral proteins. Viral proteins were quantified using an ATTO CS analyzer, and relative staining intensity of cach protein
was normalized to that of HA for each virus. (C) Relative ratio of HA genes between BM2 mutant and rg-B/Y wt virions. RNA was extracted from
virtons grown in MDCK cells and reverse transcribed, and the resultant cDNA was quantified using real-time PCR with primers directed to HA
genes (see Matenals and Methods). Mutant virions analvzed contained amounts of the HA protein equal to those of rgB/Y wit vinons. All samples
were run in duplicate and repeated three times. Error bars represent standard errors of the mean. (D) Analysis of proteins in protease-treated
virions. Punfied virions were incubated at 25°C with 0.05 mg/ml trypsin in the absence or presence of 1% Triton X-100. AEBSF was then added
to 4 mM, and each sample was analyzed by Coomassie brilliant blue staining (upper panel) and by Western blotting using antiactin antibody (lower
pancl). Arrowhcads indicate cellular actin. Mobilities of molecular mass markers are shown on the right

presence of Triton X-100 (Fig, 4D, lanes 5, 9, and 11), indi-
cating that the 44-kDa polypetide was incorporated into virions
together with viral components. Influenza A virus viruses are
known to incorporate cellular actin into virions (39), and this
protein has a molecular mass of 42 kDa. As a result, we next
examined whether the 44-kDa polypeptide really represented
actin by Western blotting analysis using antiactin antibody. The
data indicated that BM2stop, BM2A104-109, and BM2A101-
109 virions contained increased amounts of actin (Fig. 4D,
lower panel). Taken together, these data suggest that exclusion
of actin from progeny virions is affected by truncations in the
cytoplasmic domain of the BM2 protein

Analysis of virions by electron microscopy. Previous studies
of influenza A virus have shown that deletion of the cytoplas-
mic domains of the HA and NA glycoproteins and the M2

protein affects the size and shape of the virus particle, often
resulting in formation of long filamentous structures (16, 17,
27). To determine whether the lack of BM2 and truncation of
the BM2 cytoplasmic domain alters normal morphogenesis in
B/Yamagata virus particles, MDCK cells were infected with
mutant viruses at an MOI of 5 for 24 h and virions were
purified and examined by negative-staining electron micros-
copy (Fig. 5). BM2A107-109 virions displayed a typical uniform
spherical shape with a diameter similar to that of rg-B/Y wt
virions (Fig. 5). However, BM2A104-109, BM2A101-109, and
BM2stop virions were enlarged and either spherical or amor-
phous (Fig. 5). These results suggest that the failure of vRNP
complex and M1 incorporation caused by the truncation or
lack of the BM2 protein exerts profound effects on virion
morphogenesis.
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FIG. 5. Morphologies of mutants observed by using negative-stain-

ing electron microscopy, Virions were grown in MDCK cells and pu-

rified by centrifugation through 30% sucrose. Virions were negatively

stained with 19 wranylacetate and observed by using transmission
electron microscopy. Bar, 200 nm.

Truncated BM2 protein does not support intact infectious
virus production, Since deletion of six amino acds from the
carboxyl-terminal end of the BM2 protein was not tolerated for
normal virion assembly or production of infectious virus, we
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focused on the BM2A104-109 mutant for further characteriza-
tion of the BM2 protein in the present study. BM2 knockout
virus was able to grow normally when the wild-type BM2 pro-
tein was supplemented in trans by host cells expressing BM2
(14). We therefore examined whether growth of BM2 knock-
out virus could be regained by mrans supplementation of the
truncated BM2 protein. To this end, the growth properties of
rg-B/Y wt, BM2stop, and BM2A104-109 viruses were exam-
ined in a cell line expressing wild-type BM2 or BM2A104-109
In the presence of supplemental wild-type BM2 proten,
growth of BM2stop and BM2A104-109 viruses was restored to
levels similar to that seen for rg-B/Y wt virus (Fig. 6A), The
resulting virion also contained amounts of NP and M1 proteins
comparable 1o those in rg-B/Y wt virus (Fig. 6B, lanes 2 and 3).
Conversely, rrans supplementation of the BM2A104-109 pro-
tein did not accelerate the growth of BM2stop and BM2A104-
109 viruses (Fig. 6A), and virions failed to incorporate vVRNP
complex, although the truncated BM2 protein was incorpo-
rated into virions (Fig. 6B, lanes 5 and 6). These findings
support the notion that the cvtoplasmic domain of the BM2
protein plays a substantial role in packaging of vRNP complex
during the assembly process and in the production of infectious
virus.

Membrane association of M1 was greatly suppressed in the
presence of the truncated BM2 protein. We have previously
reported that BM2 increases the membrane association of M1
(14), To test whether truncation of the carboxyl-terminal re-
gion of BM2 alters the membrane association of M1, virus-
infected cells at 11 h p.i. were examined by iodixanol flotation
centrifugation analysis followed by Western blotting using anti-
B/Yamagata and anti-BM2 antibodics. In this experiment, the
majority of membrane sedimented in fractions 6 to 10. In cells
infected with rg-B/Y wi, the majority of M1 (74%) sedimented
in membrane fractions together with the integral transmem-
brane proteins, HA and BM2 (Fig. 7A, B, and D, upper row of
cach panel). In cells infected with the BM2A104-109 mutant,
on the other hand, only small amounts of M1 floated up with
membranes while the majority (71%) remained in fractions |
10 5, containing the majority of soluble NP, although distribu-
tions of HA. NP, and BM2 resembled those of rg-B’Y wt (Fig.
7). Those distribution profiles were essentially identical to that
of the BM2stop mutant. These results strongly suggest that the
membrane association of M1 was affected by the six-amino-
acid truncation of the carboxyl-terminal ¢nd of BM2, resulting
in a failure to package vRNP complex into virions,

Characterization of influenza B virus mutants with alanine
substitutions in the cytoplasmic domain. Since truncation of
the carboxyl-terminal end of the BM2 protein affected normal
incorporation of vVRNP complex into virions (Fig. 4), this re-
gion can be postulated to contain an effector domain of the
BM2 protein. To address this issue, we generated a series of
alanine-scanning substitution mutants encoding a BM2 protein
with a block of three adjacent amino acids changed to alanine,
spanning amino acids 86 1o 109 (Fig. 8), and amplified the
mutants using the same methods used for recovery of the BM2
deletion mutant. Growth properties of these mutants in
MDCK cells are shown in Fig. 9A. The BM2 104-106A and
BM2 107-109A mutant viruses exhibited growth kinetics indis-
tinguishable from that of rg-B/Y wt virus. The BM2 98-100A
and BM2 101-103A mutants revealed slightly delayed virus
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FIG. 6. The BM2A104-109 mutant protein did not support intact infectious virus production. (A) Multiple-step growth curve of rg-B/Y wt.
BM2stop, and BM2A104-109 viruses. CK/BM2 and CK/BM2A104-109 cells were infected at an MOI of 0,001 PFU, and supernatants of infected
cells were harvested at the indicated times. Titer of virus in the supernatant was determined by a plaque assay on CK/BM2 cells. (B) Protein
composition of rg-B/Y wi, BM2stop, and BM2A104-109 virions was analyzed by Coomassie brilliant blue staining (upper panel) and Western

blotting using anti-BM2 antibody (lower panel),

production but reached titers similar to that of rg-B/Y wt virus
at 60 h p.i. In contrast, BM2 89-91A, BM2 93-94A, and BM2
95-97A mutants did not display substantial growth, similar to
the BM2stop mutant, and titers at 60 h p.i, were approximately
6 logs lower than that of rg-B/Y wit virus, Virions of these
mutants, as expected, contained significantly reduced levels of
NP and M1, although substitution BM2 mutant proteins were
incorporated into the particles (Fig. 9B). The mutant BM2
86-88A had a titer higher than that of the BM2stop, BM2
89-91A, BM2 93-94A, and BM2 95-97A mutants but definitely
lower than those of the rest of the mutants and rg-B/Y wit.
Virus particles for this mutant also contained smaller amounts
of NP. When the amounts of the HA protein from purified
BM2stop, BM2 B6-88A, BM2 B9-91A, BM2 93-94A, and BM2
95-97A mutants were normalized, the amount of the NP pro-
tein in BM2 86-88A virions was 1.3- to 2.5-fold larger than
those of the others (data not shown). This slight increase in NP
incorporation into BM2 86-88A virions is likely to reflect an
increase in virus production. These results indicate that 12
amino acids of the carboxyl terminus are variable but the
adjacent upstream 12 amino acids are required for efficient
assembly of vVRNP complex into the virion.

DISCUSSION

The influenza B virus BM2 protein has the longest eyioplas-
mic domain of the various influenza virus integral membrane
proteins. Previous studies using reverse-genetics techniques for
influenza B virus have shown that viruses encoding BM2 pro-
teins with large deletions in the cytoplasmic domain do not
grow substantially in cell culture and produce progeny viruses

lacking vRNP complex (14), suggesting that the BM2 cytoplas-
mic domain might play an important role during the life cycle
of influenza B virus.

To further explore the role of the long cytoplasmic domain
of BM2 in the life cycle of influenza B virus, we generated and
characterized the phenotypes of influenza B viruses bearing
deletions or alanine substitutions within the BM2 cytoplasmic
domain. Influenza B viruses encoding the BM2 protein with a
six-residue (BM2A104-109) or nine-residue (BM2A101-109)
deletion at the carboxyl terminus produced viruses containing
dramatically reduced vRNP complex, as seen with BM2 knock-
out mutants, although intracellular transport was indistinguish-
able from that of the wild-type BM2 protein and incorporation
into virus particles was achieved. Similarly, dramatic reduc-
tions of NP incorporation were also observed for virus particles
of BM2 mutants (BM2 86-88A, BM2 R9-91A, BM2 93-04A,
and BM2 95-97A) with three consecutive alanine substitutions
in the region from position 86 1o 97. These data were further
supported by observations that BM2 knockout virus was able
to replicate successfully in cell culture by trans supplementa-
tion of the wild-type BM2 protein but not by trans supplemen-
tation of the truncated BM2 protein. Taken together, these
findings indicate that the cytoplasmic domain of BM2 plays a
crucial role for production of infectious virus particles. Similar
evidence has recently been obtained for influenza A virus,
where efficient production of infectious virus depends on the
presence of the cytoplasmic domain of the M2 protein (16, 25).

similar H' ion channel activity (36). The ion channel is con-
sidered necessary for efficient vVRNP uncoating during viral
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FIG. 7. Membrane association of viral proteins in virus-infected cells. MDCK cells were infected with rg-B/Y wt, BM2A104-109, and BM2stop
viruses. AL 11 h p.i., infected cells were lysed and postnuclear fractions were subjected to equilibrium centrifugation as described in Materials and
Methods, M1 (A), HA (B), NP (C), and BM2 (D) proteins in all fractions collected from top (T) to bottom (B) were analyzed by Western blotting
using anti-B/Yamagata and anti-BM2 antibodies (upper panels). Viral proteins were quantified using an ATTO CS analyzer. The amount of viral
protein in each fraction is expressed as a percentage of the total amount in all fractions (lower panels).

entry (13). The transmembrane domain of influenza A virus
M2 and influenza B virus BM2 contains consensus peptide
motifs (19-HXXXW-23) involved in ion channel activity. Elec-
trophysiological studies of BM2 in Xenopus oocytes and mam-
malian cells have demonstrated that substitutions of Cys at
positions His19 and Trp23 result in reduced ion channel activ-
ity (28). However, the role of the cytoplasmic domain of the
BM2 protein in ion channel activity has not been determined.
In the case of influenza A virus, M2 molecules with truncated
cytoplasmic domains display significantly reduced ion channel
activity, indicating that the cytoplasmic domain is involved in
the function of ion channel activity (43), If this is also the case
for BM2, truncation of the cytoplasmic domain may affect ion
channel activity. Thus. reduced ion channel acuvity of BM2
may represent one of the reasons for decreased virus infectiv-
ity. Using reverse-genetics techniques, we have observed that
influenza B virus with amino acid changes at positions 19 and
23, causing defective ion channel activity, grows more slowly
than wild-type virus in the multiple-step growth cycle but pro-

102

duces infectious progeny viruses with a maximum yield similar
to that of wild-type virus (M. Obuchi, M. Imai, and T. Odagiri,
unpublished observations), For the influenza A virus M2 pro-
tein, Watanabe et al. (48) suggested that ion channel activity is
dispensable for growth in tissue culture, whereas Takeda et al.
(43) argued against those findings following analysis of aman-
tadine sensitivity and concluded that ion channel activity con-
tributes to efficient virus replication. These studies suggest that
H" ion channel activity is important for efficient growth of
both influenza A and influenza B viruses but that activity may
not be absolutely essential for virus viability in tissue culture.

We also found that truncation of the BM2 cytoplasmic do-
main significantly affects not only incorporation of vRNP into
virions but also incorporation of M1. For influenza A virus M2,
however, truncation of the cytoplasmic domain does not affect
packaging of M1 into virions (16, 25). The reasons for this
difference remain unclear, but we speculate that differences in
the nature of protein-protein interactions for the vRNP-M1
complex between influenza A and influenza B viruses are re-
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FIG. 8 Schematic disgram of wild-type and mutant BM2 proteins with alanine substitutions in the BM2 cytoplasmic domain. Amino acid
sequence of the BM2 cytoplasmic domain (residues 84 1o 109) 15 shown. Mutated amino acid residues are indicated in red for each BM2 mutant.

sponsible. Interestingly, complex formation among vRNP, M1,
and NEP/NS2 of influenza B virus has been shown to differ
from that with influenza A virus (15). Further characterization
of interactions among viral components is required to eluci-
date the final steps of virus assembly.

The MI protein is a multifunctional protein that plays cen-
tral roles in virus assembly and budding. When expressed in
cells, M1 can induce the formation and release of M1-contain-
ing particles into extracellular medium without the aid of other
viral proteins (10, 19). The protein also exhibits lipid-binding
properties (3, 11, 38) and associates tightly with cell mem-
branes to form the inner surface of the lipid bilayer of the
envelope (1, 6, 18, 51). Moreover, M1 interacts both with
vRNP 1o mediate nuclear export and prevent nuclear reentry
of vRNP (23, 50) and with cytoplasmic domains of the HA and
NA proteins on the plasma membrane (1, 6, 17, 53). M1 thus
appears to coordinate particle formation of influenza virus by
forming a bridge between the lipid envelope and various virus
components. We have previously shown that membrane asso-
ciation of influenza B virus M1 is highly influenced by the
presence or absence of BM2 on the membrane (14). In the
present study, we also observed that truncation of the BM2
cytoplasmic domain causes decreased membrane association
of M1 by flotation gradient analysis, suggesting that the cyto-
plasmic domain of BM2 interacts with the M1 protein and
increases the membrane-binding affinity of the M1 protein
(Fig. 7). Support for this notion is provided by previous exper-
iments in which BM2 was coprecipitated with M1 when deter-
gent-disrupted virions were immunoprecipitated using anti-M|
antibody and by the finding that in experiments of virion frac-
tionation, BM2 always coexists with M1 in the same fractions
bur is not present with HA and vRNP without M1 (32). Based
on these findings, it is tempting to speculate that a major
contribution of this M1-BM2 interaction is to capture MI-
VRNP complex at the virion budding site during virus assembly.
Interestingly, small amounts of M1 in BM2 mutant virions
remained detectable when vRNP incorporation was drastically

reduced (Fig. 4 and 9). We therefore postulate that two pop-
ulations of M1 molecules exist within virions: vRNP-associated
M1 and vRNP-free M1. The cytoplasmic domain of the BM2
protein may sclectively bind to vRNP-associated M1 but not to
vRNP-free M1, since the number of BM2 molecules within
infected cells is much lower than that of M1 molecules.

In addition to vRNP packaging, M1-BM2 interaction is
likely to control the morphology of virus budding. Influenza B
viruses with BM2 proteins containing altered cytoplasmic do-
mains display a wide range of sizes and shapes relative to those
of wild-type viruses, as determined by negative-staining elec-
tron microscopy (Fig. 5). Initially, M1 was thought to be the
major driving force in virus budding (10, 19), although a sub-
sequent study found that M1 of influenza A virus was not
released efficiently into culture medium when M1 was ex-
pressed in the absence of other viral proteins, suggesting that
M1 may not be required for virus budding (4). However, M1 is
known to modulate virus particle morphology (2, 5). We there-
fore hypothesize that changes in the strength of Ml-membrane
interaction may down-regulate the efficiency of virus release,
leading to significant changes in virus particle morphology.
Our study using BM2 mutants suggested the importance of
MI-BM2 interactions in the morphological features and as-
sembly of influenza B virus. We also observed that BM2stop,
BM2A104-109, and BM2A101-109 mutant particles with al-
tered morphology had a much greater content of cellular actin
than spherical virions, such as wild-type and BM2A107-109
viruses. The cellular cytoskeleton has been proposed to play an
important role in bud formation and bud release of influenza
virus. For influenza A virus, cellular actin and the actin-binding
protein ezrin-radixinmoesin have been found in purified prep-
arations of particles (39). Furthermore, disruption of the actin
cvioskeleton inhibits the production of filamentous virions but
not spherical virions, suggesting that formation depends on
intact actin filaments (37, 42). Our data suggest that exclusion
of a large proportion of actin from the viral budding site was
impaired by deletion of the BM2 cytoplasmic domain. Efficient
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FIG. 9. Characterization of influenza B virus mutants with al subst in the cy ic domain. (A) Multiple-step growth curve of
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of the supernatant was determined by plaque assay on CK/BM2 cells. (B) Protein composition of BM2 mutant virions. Proteins of purified viruses
were analyzed by Coomassie brilliant blue staining (upper panel) and Western blotting using anti-BM2 antibody (lower pancl).

exclusion of host proteins from virions might be involved in the
maturation of spherical virus particles.

Previous studies have shown that sequences at both the 5
and 3" ends of the vRNA coding region are necessary for
efficient incorporation of the vVRNA segment into virions (8, 9,
20, 22, 29, 34, 49). We therefore cannot exclude the possibility
that the mutations introduced into 5" coding ends of the M
segment disrupt packaging signals, resulting in reduced viral
replication. However, we found that when the wild-type BM2
protein was supplemented by host cells expressing BM2, the
BM2 cytoplasmic domain-truncated virus (BM2A104-109 mu-
tant) exhibited growth Kinetics indistinguishable from that of
rg-B/Y wt virus, and no significant differences existed in the
incorporation of the M1 protein between the mutant and wild-
type viruses (Fig. 6). Consequently, we favor the interpretation

that viral infectivity was reduced as 4 result of truncation of the
BM2 cytoplasmic domain.

Since truncation of the carboxyl-terminal three residues of
BM2 (BM2A107-109) had no effect on production of infectious
viruses but truncation of six or nine residues (BM2A1(M-109 or
BM2A101-109) significantly impaired vRNP incorporation inta
particles, a six-amino-acid region encompassing residues 101 w0
106 should contain an essential domain for production of infec-
tious virus. However, we observed that neither alanine substitutions
of residues 101 to 103 (BM2 101-103A) nor substitutions of residues
104 to 106 (BM2 104-106A) had any effect on mfectious virus pro-
duction. These observations suggest that the sequence in this region
of the BM2 cytoplasmic domain is not critical for vRNP complex
incorporation into virions but the actual length of the eytoplasmic
domain might be important for fulfilling BM2 function.
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Serial substitutions in the cytoplasmic domain of the BM2
protein indicated that a 12-amino-acid stretch between amino
acids 86 and 97 cannot be replaced by other sequences to
preserve the innate function of BM2 (Fig. 9). The region may
contain effector signals for binding of the M1 protein, like the
signal found with the M2 protein of influenza A virus (24).
Another possibility is that this region has a secondary structure
essential for the stability of the BM2 protein. Alternatively,
since the BM2 protein has been shown to be modified by
phosphorylation (32), a serine-to-alanine change at position 91
might result in the loss of a phosphorylation site, so the func-
tion of BM2 may be affected. However, phosphorylation of M2
in influenza A virus does not appear to be essential for virus
replication (44), Further investigations in terms of these pos-
sibilities are needed.

In summary, the present study showed that the presence and
maintenance of a long cytoplasmic domain in BM2 is impor-
tant for the function of the BM2 protein in the membrane
association of the M1 protein, incorporation of vVRNP and M1
into virions, and particle morphology. Moreover, we have pre-
sented evidence that suggests the amino acid region from po-
sition 86 to position 97 in the BM2 cytoplasmic domain is a
prerequisite for innate BM2 function. These findings greatly
enhance our understanding of the molecular mechanisms un-
derlving influenza virus assembly.
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Antigenic and genetic analysis of the hemagglutinin of ~13,000 human influenza A (H3N2)
viruses from six continents during 2002—2007 revealed that there was continuous circulation in
east and Southeast Asia (E-SE Asia) via a region-wide network of temporally overlapping epidemics
and that epidemics in the temperate regions were seeded from this network each year. Seed strains
generally first reached Oceania, North America, and Europe, and later South America. This evidence
suggests that once A (H3N2) viruses leave E-SE Asia, they are unlikely to contribute to long-term
viral evolution. If the trends abserved during this period are an accurate representation of overall
patterns of spread, then the antigenic characteristics of A (H3N2) viruses outside E-SE Asia may

be forecast each year based on surveillance within E-SE Asia, with c

to vaccine strain selection.

Jjor cause of human influenza morbidity and

mortality worldwide. On average, influenza
viruses infect 5 to 15% of the global population,
resulting in ~500,000 deaths annually (/). De-
spite substantial progress in many arcas of influ-
enza research, questions such as when and to
what extent the virus will change antigenically,
and to what extent viruses spread plobally, re-
main unanswered. A fundamental issue behind
these questions is whether epidemics are the con-
sequence of low-level persistence of viruses from
the previous epidemic or whether they are seeded
from epidemics in other regions and, if so, from
where (2-8).

Addressing these issues of local persistence
and global spread 1s vitally mportant for designing
optimal surveillance and control strategies. If epi-
dermcs were regularly seeded from an outside re-
wion and if the source region of seed strains could
be identified, it may be possible to forecast which
variants would appear in epidemics n seeded
regions and, consequently, to optimize vaccine
strain selection. Alematively, if viruses persist with-
in & region, evolve, and reemerge to cause the next
cpidenmic, nfervention strategies targeting vinus
arculation between epidemics might be effective
in minimizing subsequent epidenics.

The eight gene segments of influenza A viruses
reassort, leading 1o complicated phylogenetic
pattems at the genomic scale (4, 8-70). The gene
segment coding for the hemagghutmin (HA) 15 of
major mmportance because the HA protem is the
primury target of the protective tmimune response.
Consequently, the HA is the focus of public health
surveillance and the primary component of cur-
rently licensed influenza vaccines. We used anti-
genic and genetic analyses of the HA as a marker
to mnvestigate the global evolution and epidemiol-
ogy of influenza A (H3IN2) viruses from 2002 o
2007 and 1o determine whether influenza epidem-
ics anse from locally persisting strains or whether

Inﬂumza A (H3N2) virus 1s currently the ma-

timp

epidemics are seeded from other regions.

Antigenic Evoluti
Antigenic cartography has shown that the anti-
genic evolution of A (H3N2) virus, since its ap-
pearance in humans in 1968, can be represented
by a two-dimensional (2D) antigenic map (/7).
Since 2002, the antigenic evolution of A (H3N2)
viruses has roughly followed a line away from
the A/Sydney/5/1997-like viruses that predomi-
nated in 1998 through the A/Fujian/441/2002-
like viruses to the A/Califomin/7/2004-like viruses
1o the A/Wisconsin/67/2005-like stramns that pre-
dominated in 2006 and 2007. Figure 1A uses this
directional bias to make a 2D plot to show spatial
antigenic evolution and epidermiology in one plot.

Previously, Smith et al. (/1) showed that, from
1968 to 2003, the antigenic evolution of A (H3N2)
virus was punctuated: Periods of relative stasis
lasting from 3 to 8 years were followed by rapid
antigenic change, resulting in transitions to new
antigenic clusters that necessitated an update of
the influenza virus vaccine strain. Duning this
time, several clusters also exhibited intracluster
antigenic evolution, necessitating a within-cluster
update of the vaccine strain. We find a similar
pattern of intracluster antigenic evolution from
2002 to 2007, During this time, antigenic evo-
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lution progressed away from A/Sydney/5/1997 at
an average rate of 2.13 antigenic units per year
(Fig. 1A). A distance of two antigenic units,

representing a fourfold difference in lmnagghm—
nation mhibiion (HI) assay tter, is generally
considered as a sufficient antigenic difference to
warrant a vaccine update. The A (H3N2) compo-
nent of the influenza vaccine was updated four
times during this period. A core component of
vaccine struin selection involves identifying emerg-

ing antigenic variants. If an emerging vanant is
judged likely to cause epidemtcs in the upcoming
influenza season, the vaccine is updated to con-
tain a representative of the new strain.

We find differences in the amount of antigemc
variation seen during an epidemic in different re-
mons and from year to year m the same region
{Fig. 1A). Despite such spatial and temporal heter-
ogeneities, the antigenic evolution has been marked-
Iy homogeneous on a global scale. An explanation
for this homogeneity could be that viruses circu-
late globally rather than persist and evolve locally.

To search for global patterns in the source of
emerging variants, we measured which regions
were leading or trailing antigenically and found
that, from 2002 to 2007, newly emerged strains
of the A (HIN2) subtype appeared in E-SE Asian
countries, on average, ~6 to 9 months earlier than
they appeared in other regions, with long delays
10 South America, typically of an additional -6 to
9 months (Fig. 2A). Though A (H3N2) viruses in
E-SE Asian countries are on average more anti-
genically advanced, there is sufficient variability
from season to season (colored circles in Fig. 2A)
such that no one particular country m the reggion is
consistently most advanced, Thailand, Malaysia,
and Japan arc exceptions to the Asia-leading pat-
temn, being less antigenically advanced than the
rest of the region.

One interpretation of this Asia-leading pattern
is that new variants emerge first in E-SE Asia and
subsequently seed other regions of the world. An
alternative but more complex explanation is that
this pattern is the product of independent local
persistence in multiple regions and parallel evo-
lution in which similar antigenic variants emerge
independently worldwide as a result of similar
selection pressures. To test between these two
interpretations, we must answer the fundamental
long-standing question of whether influenza vi-
ruses persist in a region, and could thus undergo
parallel evolution, or whether regions are regu-
larly seeded from external regions.

About 10% of the ~13,000 A (H3N2) viruses
analyzed antigemically were also analyzed genet-
ically by sequencing the HA1 domam of the he-
magglutinin (£2). This subset was a representative
sample of all ~13,000 isolates (fig. S1B)and thus
was suitable for investigating the ancestry of struins
and the findamental issue of local persistence ver-
sus seeding in the global circulation of A (H3N2)
viruses. The genetic progression over time (Fig. 1B)
shows similar average patterns to the antigenic
data, with Asia leading [as previously shown for
Taiwan (/3)] and South America trailing (Fig. 2,
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Fig. 1. Global pattems in antigenic and genetic
evolution over time. (A} Antigenic distance from A/
Sydney/5/1997 virus of all isolates plotted against time
of isolation. One unit of antigenic distance cormesponcds

- ~ ~ov? to a twofold dilution of antiserum in the HI assay, Each
Loogiuce - point coresponds to a laboratory-confirmed influenza
A (HIN2) isolate, with the color of the point indicating
the region of geographic origin as shown in (E), The thick black line fs the best-fit statistical model (a loess spline) fitted through all data points to show the trend aver time.
Points in advance of the spline are antigenically advanced, whereas strains behind the spline are antigenically lagging. (B) Genetic version of (A) for all sequenced strains
with distance measured to the root, AWuhan/359/1995, of a maximum likelihood nucleotide phylogenetic tree (C). The thick black line is the same as in (&) but for the
genetic data, (C) Phylogenetic tree of HA1 nucleotide sequences color-coded by geographic origin (E), including strain names and isolation dates. We constructed the
initial tree with the PhyML software package version 2.4.5 (38), with 1567 nucleotide sequences (12) and AWuhan/359/1995 as the root, using GTR++1 4 (the general
time-reversible model with the proportion of invariant sites and the gamma distribution of among-site rate variation with four rate categories estimated from the empirical
data) [determined by Mode(Test (39)] as the evolutionary model. GARLI version 0.951 (40) was run on the best tree from PhyML for two million generations to optimize
tree topology and branch lengths. Figure 53A provides a “zoom-able” version of this image, (D) Partial detail of (C). (E) Color-coded geographic setting for (A) to (D).
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A and B). However, there were important differ-
ences (China in 2005 and Oceania m 2005). For
mfluenza vaccme stram selection, genetic-antigenic
differences are resolved in favor of the antigenic

data, because the humoral immune system “'sees”

the virus phenotype, not the genotype

Persistence Versus Seeding

Source of inter-epidemic strains. The simplest
test of persistence versus seeding 15 to examine
the origin of strains isolated between epidemics.
If viruses persist locally, at least some of the
inter-cpidemic strams would be descended from,
and thus more closely related to, strams from the
previous epidemic than to strains from outside
the region. Alternatively, if there was no persist-
ence, mter-eprdemic stains would be more sim-
ilar to strains from elsewhere.

We sequenced the HA | domains of 52 inter-
eprdemic strains isolated in Oceania (primarily
Australia and New Zealand), North America, und
Japan from June 2002 w September 2006. None
of these inter-epidemnic strains was more sumilar
to strains from the previous local epidemic than
to externally circulating strains (Fig. 3). This re-
sult is evidence for external seeding and against
Iocal persistence.

Even when done well, inter-epidemic surveil-
lance yields relatively small amounts of data that
can never completely rule out the existence of
local virus persistence between epidemics, espe-
cially of any low-pathogenic vanants that pro-
duce subclinical infections. The test described in
the next section has the advantage of using all
available sequence data rather than being limited
to inter-epidemic data. Nevertheless, all tests must
take into accotnt the effects of extemal introduc-
tions during local epidemics (/4),

Evolutionary relationship of strains from one
epidemic to the next in a region. As described
by Nelson er al. (4, 8), if epidemic strains persist
locally and give rise to the next local epidemic,
those strains should be more closely related to one
another than to strains isolated n other regions,
and a phylogenetic tree of the data would look like
that depicted m fig. SZA. Conversely, if epidemics
were seeded from outside a region, the epidemic
strains would be more similar to contemporary
strains from outside that region than to strains
from the previous local epidemic (fig. S2B).

Following the methodology of Nelson et al.
{4, 8), we constructed a phylogenetic tree of the
HA! domain of the hemagghitinin from the se-
quenced subset of the global surveillance data (Fig.
I1C and fig. S3A). In this tree, the HAL of the
viruses in cach epidemic in o temperaie region
(four in North America, five in Ocemnia, four m
Europe, and four in Japan) and each epidemic in a
subtropical region (three m Hong Kong) descended
from externally circulating strains, not from strains
in the previous local epidemic (Fig. |, C and D).
The topology of this tree is more similar to that in
fig. S28 than to that in fig. SZA. This result is also
evidence for external seeding and agamst persist-
ence. For other regons, including most tropical

and subtropical regions, there were fewer se-
quences, and it was not possible to conclusively
differentiate between persistence and seeding

This evidence for external seeding and against
persistence agrees with full-genome analyses of
New York state, Australia, and New Zealand data
that show global migration of A (H3N2) viruses
rather than local persistence (4, §-10, 15). In ad-
dition, Nelson et al. (&) find evidence compatible
with either northem-to-southern hemisphere mi-
gration or migration from tropical regions, in-
cluding Southeast Asia.

Source of Seeding

Given this evidence for seeding and against local
, we are lefi with the interpretation that

the E-SE Asia-leading pattern (Fig 2, A and B)

implies that new variants emerge first in E-SE
Asia and then seed the rest of the world. The
phylogenetic tree provides further evidence o
support this interpretation, showing that the an-
cestors of strains in tempemte regions typically
originate in E-SE Asia, with the “trunk” of the
phylogenetic tree typically occupied by E-SE Asian
strains (Fig. 1, C and D) and with, on average,
E-SE Asian strains closer to the tunk (P < 0.001)
than strains from all other regions (Fig. 2C).

The above analyses, in addition to being evi-
dence for an “out of E-SE Asia™ hypothesis, are
also evidence against several other long-standing
unresolved hypotheses for the global circulation
of influenza viruses, as follows.

Out-of-China. 1f China alone were the source
of all new variants and effectively seeded the rest
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Fig. 2. Evolutionarily leading and trailing regions. (A) Black circles indicate the average antigenic
distance to the spline of Fig. 1A for all strains isolated in a region, and the thin horizontal black line
indicates the SEM. Colored circles split this overall average by epidemic; circle color indicates time. The
spline can also be interpreted as a function of time; thus, time is shown as a second x axis. (B) Similar to
(A) but based on genetic distance to spline from Fig. 18. (C) Genetic distance to trunk of the phylogenetic
tree by region and season. We algorithmically defined the trunk of the tree in Fig. 1C (14) and calculated
the tree distance of each strain to the trunk. Average distance to trunk was calculated per region and per
seasan. The black circles indicate the overall average per region, the thin horizontal black line indicates
the SEM, and colored circles indicate seasonal averages. The mean for E-SE Asia is different from that of
Oceania (P < 0.00001), North America (P < 0.001), Europe (P < 0.01), and South America (P < 0.0001).
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of the world (76), then Chingse strains would be
(1) closer to the trunk than strains from all other
regions each year and (ii) consistently antigeni-
cally and genetically advanced relatve to strains
from other regions, both of which we do not find

(Fig. 2). Commiensurate with previously published
studies, we find new variants are sometimes first
detected in China (/3, 17, 18); however, we also
find that new variants are sometimes first detected
in other countries in E-SE Asm (Fig. 2).

Out-of-tropics. In this hypothesis, epidemics
in regions outside the tropics are seeded from the
wopics (7, 19). If tue, A (H3N2) viruses would
need to circulate continually in the tropics and
would give rise o one of two evolutionary

Fig. 3. The genetic re- 008
lationship of interseason-
al strains to strains in the
previous local epidemic
and to strains epidemic
in other regions. Inter-
seasonal strains are de-
fined as strains isolated
more than 1 month after
the end of the previous
local epidemic and more
than 1 month before the
beginning of the next lo-
cal epidemic. For each
interseasonal strain, the
phylogenetic tree dis-
tance was calculated to P
the closest strain in the
previous epidemic and to
the closest strain found
outside the region in the
previous 4 months. The

st
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Tren dista

patterns. One pattem would anise if tropical Asia,
Africa, and South America were well connected
epidemiologically to one another; in this case,
all three regions would be similarly antigenical-
ly and genetically advanced and closer to the
would anse if the three tropical regions were
poorly connected epidemiologically to one an-
other; in this case, there would be independent
genetic lineages for each tropical region. There is
currently not enough dam 10 include wopical
Affrica in this analysis. However, for tropical Asia
and South America, neither of these patterns is
observed (Figs. 1C and 2 and fig. S3A) (/4).
Seeding by strains moving between the north-
e and southern hemispheres, 1f this hypothesis
were true, then each year epidemics in the
northern hemisphere would be seeded by viruses
from epidemics in the southem hemisphere and
vice versa (2(-22). The phylogenetic tree for the
HA1 domain (Fig. 1C and fig. S3A) shows no

L: oA sl evidence for epidemic strains in the northem hemi-
s Jeowr | sphere being descendant from strains epidemic in
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Fig. 4. Synchrony of epidemics in east Asia and the South Pacific. (A)
Epidemics in east Asia. The y axis shows laboratory-confirmed H3N2
infections per 2 weeks as a proportion of the total number of laboratory-
confirmed H3N2 infections over the study period in each location. (B) Strains
on the trunk of the phylogenetic tree are of particular evolutionary
importance in testing for virus migration among countries. In (B) and (E),
there is a circle for every strain on the trunk of the phylogenetic tree (figs.

S3A and 54). The purpose is to show where the trunk strains were isolated
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South America or Africa. The tree shows limited
evidence for Oceania playing a role in seeding a

.02 oo oo
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[top row color code from (A), bottom row from (C)] and when they were
isolated, to assess the epidemiological activity at the time of isolation. Cyan
circles represent E-SE Asian strains but in locations not shown in (F). (O
Same as (A) but for tropical Southeast Asia. (D) Same as (A) but for Australia
and New Zealand. (E) Same as (B), but the top row are Oceanian strains
leyan circles represent strains from cities in Australia not shown in (F)], and
the bottom row are strains from North America (blue) and Russia and
Ukraine (yellow). (F) Geographic setting for (A) to (E).
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minority of epidemics in the northem hemisphere
(/4) but at & level insufficient to support this
hypothesis as the dominant mechanism of the
global circulation of influenza viruses. This
hypothesis also fails w explain how viruses from
Asia, which is almost entirely contained within
the northern hemisphere, lead antigenically and
genetically and are closest to the trunk of the
phylogenetic tree.

Local persistence with seeding only at cluster
ransitions. Though there was no major cluster
an average of 2.13 units of antigenic evolution
each year, Even so, in tlemperate regions, no local
persistence could be detected, and each epidemic
was seeded by exogenous strains. The drift van-
ants observed in this study have emerged from
E-SE Asia; however, because we have not seen
a major cluster transition of the magnitude of
Wuhan 1995 to Sydney 1997 (-4.7 antigenic
units), we can neither exclude that in such a case
a new variant could emerge outside E-SE Asia
nor that it could affect seeding patterns.

The E-SE Asian Circulation Network

For E-SE Asis to seed epidemics in multiple re-
gions of the world, influenza virus must circulate
continually in E-SE Asia. But how?

Tt is generally considered that influenza vi-
ruses continually circulate in tropical countries
(7, 23-27) and, if this were true, it would explain
how influenza viruses could persist in tropical
Asia. Indeed, circulation m an endemic core area
that seeds satellite areas has been shown to be o
key epidemiological process for the continual cir-
culation of antigenically stable pathogens (28, 29).
Reports based on influenza-like illness (ILI) or
influenza and p nia mortality (TPM) data
describe continual circulation in the tropics (23).
However, several viruses other than influenza can
cause ILI and IPM, and studies from tropical
countries based on viral isolations show a marked
scasonality for influenza epidemics, with peaks
usually occurming during penods of high rainfall
(30-35), In agreement with these studies based
on virus isolation, our virus isolation study also
finds that influenza has clear epidemic peaks and
deep troughs i all regions, including the four

sk

sefsr
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tropical and four subtropical E-SE Asian coun-
tries for which there are sufficient data to detect
an epidemic signal. Thus, continuous circulation
in individual tropical countries is unlikely to be
the mechanism for persistence in E-SE Asia.
However, more data from a wide diversity of
locations are needad to fully understand seasonal
forcing and to definitively exclude local persist-
ence as an element of transmission dynamics in
tropical and subtropical areas of E-SE Asia.

Another possibility for continual circulation
is that viruses pass from epidemic to epidamic
among countries via the mobile human popula-
tion. Figure 4, A and C, shows that there is suf-
ficient variability in the timing of epidemics within
E-SE Asia such that the virus could circulate
continuously in this way as a result of the tem-
poral overlap of epidemics. Much of the varia-
bility in the timing of epidemics is likely to be
linked to the heterogeneity in the tming of lower
temperatures and rainy seasons (/9, 33, 36), We
thus hypothesize that the vanability of epidemics,
combined with the interconnectedness of E-SE
Asian countries, forms an E-SE Asian circulation
network that maintains influenza virus in the re-
gion by passing from epidemic to epidemic.

If such a network existed, we would expect a
temporal and phylogenetic progression of E-SE
Asian viruses on the trunk of phylogenetic tree as
viruses pass from epidemic to epidemic within
the network. Figure S4 shows such a progression,
and Fig. 4, B and E, shows the relationship of
these trunk strains to the timing of epidemics.
Trunk strains were isolated in temperate, subtrop-
ical, and ropical regions of E-SE Asia, indicating
that all three climatic regions of E-SE Asia are
part of the circulation network. To test whether
the non-E-SE Asian strains on the trunk indicate
that the circulation network includes countries
outside of E-SE Asia or whether they represent
one-way seeding events out of E-SE Asia, we ex-
amined the phylogenetic tree (Fig. 1C and fig. S3A).
We found only limited instances of such seeding
back into E-SE Asia, with clear evidence that most
E-SE Asian strains were directly descendent from
other E-SE Asian strins (/4)—thus indicating
that the temporally overlapping epidemics in E-SE
Asia form a circulation network that, during the
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Fig. 5. Schematic of the dominant seeding hierarchy of seasonal influenza A (H3N2) viruses. The
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structure of the network within E-SE Asia is unknown.
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study peniod, has been mostly closed to external

E-SE Asia's strong travel and trade connec-
tions to Oceania, North America, and Europe
(14, 37) facilitate the rapid movement of new in-
explain the relatively small lag in antigenic and
genetic advancement seen in those regions (Fig. 2,
A and B). Also, though it is unclear how much
travel there must be between two locations for
them to be epidemiologically well-connected, South
America’s 6- to 9-month antigenic lag (Fig. 2A)
may be anributable fo its paucity of direct connec-
tions with E-SE Asia (fig S5). South America’s
strong travel connections to Europe and North
Amenica, but not to E-SE Asia, could result in a
seeding hierarchy where strains are first seeded
into North America and Europe and from there to
South America (Fig. 5). Most strains appear to
circulate in this simple hierarchy, and even those
strains that circulate in a more complex hierarchy
still originate in E-SE Asia (/4). Thus, the extinc-
tion of many H3 lineages—a key characteristic of
the H3 phylogeny—may, in addition to the accu-
mulation of deleterious mutations (25), also be
due to reaching the end of this hierarchy,

Surveillance and Vaccine Strain Selection

A major practical function of WHO’s Global
Influenza Surveillance Network is to assist reg-
ulatory authorities to recommend which strains
should be included in influenza vaccines. Expand-
ing surveillance within the E-SE Asian circula-
tion network will aid the early detection of the
emergence and spread of new variants and could
help to more precisely define the network. Such
surveillance is crucial for optimizing vaccine strain
selection for countries within the netwark and for
forecasting which vanants will seed epidemics in
the rest of the world, consequently increasing vac-
cine efficacy and ultimately reducing mfluenza
morbidity and mortality worldwide.

Given the importance of the HA, it is the
only portion of the virus genome that is currently
sequenced routinely within the WHO Global
Influenza Surveillance Network. Recently, whole-
genome sequencing initiatives have provided im-
portant insights into the genesis and spread of
reassortment viruses, their rapid migration, and
the cocirculation of multiple lineages (4, 8, 2, /5).
Expanded sequencing of whole genomes will
provide additional markers for tracking the global
migration of viruses and reveal potential differ-
ences between the global evolution of the HA
and the other gene segments. Such sequencing
efforts should include strains from E-SE Asia and
be linked with antigenic data on HA and, in the
longer term, with phenotype changes determined
by other virus genes to fully understand the se-
lection pressures on influenza viruses and their
epidemiology.

The dats used in this study were generated by
the WHO Global Influenza Surveillance Network.
Although there are biases in surveillance data,
these biases do not have a substantial effect on
the results (/4). The methods we have used are



generic and, although applisd here to human References and Notes

influenza A (H3N2) viruses, are broadly appli-
cable to influenza viruses in other species and
to other pathogens.

Summary

We present evidence from antigenic and genetic
analyses of HA that, from 2002 to 2007, influ-
enza A (H3N2) virus epidemics worldwide were
seeded each year by viruses that originated in
E-SE Asia. We find evidence that temporally over-
lapping epidemics in E-SE Asia create a circula-
tion network m which influenza A (H3N2) vinuses
continually circulate within the region by passing
from epidemic to epidemic. E-SE Asia's strong
travel and trade connections with Oceania, North
tions to South America, could explain the seeding
hierarchy observed in this period where new virus
variants first seed epidemics in Oceania, North
America, and Europe and later in South America.
The mostly one-way nature of this hierarchy sug-
gests that, once A (H3N2) viruses leave E-SE Asia,
they are unlikely to contribute to long-term viral
evoluuon. If the trends observed during this pe-

terns of spread, then the antigenic characteristics
of A (H3N2) viruses cutside E-SE Asia may be
forecast each year based on surveillance within
E-SE Asin, with consequent improvements to vac-
cine strain selection and reductions in influenza
A (H3N2) morbidity and morality. Intensified sur-
veillance, including whole-genome sequencing,
and better understanding of the evolutionary
selection pressures in E-SE Asia would further
improve vaccine struin selection worldwide and
potentially make influenza virus evolution more
predictable.
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Timely production and antigenic match with those of the epidemic strains are required for influenza vac-
cines. AfFujian/411/2002-like (H3N2) virus was the main epidemic influenza virus during the 2003/2004
season in the northern hemisphere. But AfFujian-like reassortant viruses were not available until more
than one year later, We evaluated the A/Kumamoto/102/2002 strain, an AfFujian/411/2002-like strain
isolated in 2002, as a potential vaccine. We compared A/Kumamoto/102/2002 viruses isolated from
the same clinical sample in Madin-Darby canine kidney (MDCK) cells and eggs. Kumamoto/102/2002
isolated from eggs grew poorly and showed amino acid mutations of haemagglutinin. In contrast,
A/Kumamoto/102/2002 isolated from MDCK cells grew well in MDCK suspension culture, The amino acid
sequence of MDCK-derived A/Kumamoto virus was identical to that of A/Fujian/411/2002, These results

suggest that culture in MDCK cells could have produced an influenza vaccine with a better antigenetic
match to the predicted epidemic strain for the 2003/2004 season than the vaccine actually produced.

1. Introduction

Influenza vaccines currently used around the world are man-
ufactured from viral strains that are chosen to be antigenically
similar to anticipated epidemic strains. The World Health Organi-
zation (WHO) makes a recommendation about the influenza virus
strains that should be used for vaccine production for the north-
ern hemisphere in February and for the southern hemisphere in
September, based on analysis of the strains that are circulating
predominantly at the time, Most influenza vaccines are manufac-
tured by using embryonated chicken eggs as a substrate for viral
growth, Therefore, only viral strains that show good replication in
eggs can actually be used for vaccine production. For this reason
and to avoid contamination with other human respiratory viruses,
vaccine seed viruses should be isolates derived in eggs. However,
some clinical isolates fail to grow or show poor replication in eggs.
In such cases, to improve the growth of the desired viral strain,
a reassortant virus is created by using the haemagglutinin (HA)
and neuraminidase (NA) genes derived from the epidemic strain
and other genes derived from the high yielding PR-8 strain [1].

* Corresponding author. Tel.: +81 968 37 4090; fax: +81 968 37 3616.
E-mail address: makizumi@kaketsuken.orjp (K. Makizumi ),

0264-410X/8 - see front matter © 2008 Elsevier Ltd, All rights reserved.
doi 101016/ vaccine 2008.09.075

© 2008 Elsevier Ltd, All rights reserved,

However, it takes time to develop PR-8-based reassortant strains
and it is sometimes impossible to establish a reassortant virus that
is antigenically equivalent to the recommended strain. In recent
years, the reverse genetics (RG) technique has made it easier to
create reassortant strains suitable for vaccine production, How-
ever, viruses created by this technique are regarded as genetically
modified organisms (GMO) in some countries. Therefore, the need
for biological confinement of RG viruses during vaccine production
means that this technique is not used to produce influenza vaccines
ar present.

In the spring of 2003, the WHO held its annual meeting to rec-
ommend influenza vaccine strains for the northern hemisphere
2003/2004 flu season. At that rime, it was considered that an
AlFujian/411/2002-like (H3N2) strain might emerge as a result
of antigenic drift from the A/Moscow-like strain that had been
used in influenza vaccines during the previous year, but the WHO
finally decided to recommend the A/Moscow-like strain vaccine
again. One reason for choosing the A/Moscow-like strain over
the A/Fujian-like strain was the lack of a viral strain that was
antigenically equivalent to A/Fujian/411/2002 that showed good
growth in eggs |2]. As a result, the vaccine manufacturers used
the A/Panama/2007/99 strain (an A/Moscow/10/99-like virus) as
the H3NZ component of vaccines for the 2003/2004 season. Subse-
quently, H3N2 strains were predominant during the flu season from
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A/Ku IVR-135 E12/E2/M1
+
(Sent to NIID) == - -+ A/Kumamoto/102/2002 IVR-135---* A/Ku IVR-135 E12/E2/E1
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Fig. 1. History of the A/Kumamoro/ 102/2002 viruses. A solid line arrow shows passage in
line arrow shows passage in eggs. Viral g hwas dior3gy

MUICK-13016. A solid double line arrow shows cultivation in MDCK €134, A dotted

s each of A/Ku M1, A/Ku E3, A/Ku ES, and A/Ku IVR-135 E12/E2 HA1 gene sequences were compared

foaor AJKu M1, A/Ku M1/M2, A/Ku E3, AJKu E3/M2, A/Ku ES, A/Ku ES/M2, A/Ku IVR-135. E12/E2, and A/Ku IVR-135 E12/E2/M2. Viruses punified from A/Ku M1/M3, AKu E3/MT,
A/Ku ES/M3, and A/Ku IVR-135 E12/E2/M3 were used for immunogenicity assays. To compare the HA content, A/Ku M1/M3, A/Ku E3/M3, A/Ku E5/M3, and AfKu IVR-135

E12/E2/M3 were re-cultured from previously passaged viruses (/M2).

the winter of 2003 to the spring of 2004, and the A/Fujian-like strain
was the most prominent of the H3N2 strains [3]. This resulted in
a mismatch between the influenza vaccine and the predominant
epidemic influenza virus [4].

In January 2002, the A/Kumamoto/102/2002 virus was iso-
lated from a clinical specimen (swab) in southern Japan using
Madin-Darby canine kidney (MDCK) cells (ATCC CCL-34) and
it was found to have antigenic properties similar to that of
A/Fujianf411/2002. This virus was re-isolated from the same clin-
ical specimen using embryonated hens' eggs. Subsequently, a
reassortant strain was generated from this egg-derived virus
and was designated as A{Kumamoto/102/2002 IVR-135. This
reassortant virus became one of the influenza vaccine can-
didates for the 2004/2005 season. Thus, it took 2 years to
establish a reassortant vaccine seed candidate after isolation
of the wild strain. Finally, A/Wyoming/3/2003 was recom-
mended as the AfFujian/411/2002-like strain for the 2004/2005
Season.

We have been developing influenza vaccines by using suspen-
sion culture of the virus in MDCK cells. It has been reported that
MDCK cells show lower selectivity for influenza virus than eggs,
50 that the generation of reassortant viruses may be unneces-
sary for the production of vaccines with these cells [5]. However,
few authors have attempted to confirm this with viruses iso-
lated from both MDCK cells and eggs that originated from the
same clinical specimen. We recently obtained a paired set of
AlKumamoto/102/2002-related viruses, comprising the original
isolates from MDCK cells and eggs, respectively, viruses passaged in
these two substrates, and a high growth reassortant developed for
egg culture. Using these viruses and suspension culture in MDCK
cells, we investigated whether it was possible to obtain an influenza
vaccine that showed a better antigenetic match with the predicted
epidemic strain than the actual vaccine produced from embry-
onated eggs for the 2003/2004 influenza season.

=114

2. Materials and methods
2.1, Viruses

We  studied four A/Kumamotof102/2002-related  viruses
(2002 0758 MDCK 1G 1517, A/Kumamoto/102/2002 E3,
A/Kumamoto/102/2002 ES, and A/Kumamoto/102/2002 IVR-135),
as well as A/Wyoming/3/2003 IVR-134 and A/Wyoming/3/2003
X-147.

The history of the A/Kumamoto/102/2002 viruses is summa-
rized in Fig. 1.

In January 2002, the A/Kumamoto/ 1022002 virus was isolated
from a clinical specimen at the Kumamoto Prefectural Institute of
Public Health and Environmental Science (Kumamoto, Japan) using
MDCK (ATCC CCL-34) cells. This virus was originally named ‘2002
0759 MDCK 1G 15.1.7° (A/Ku M1) and was sent to the National
Institute of Infectious Diseases (NIID). In March 2003, The Chemo-
Sero-Therapeutic Research Institute started to re-isolate this virus
from the same specimen (swab) using embryonated hens' eggs.
The isolated virus was passaged 3 times in eggs and then was
sent to NIID as "A/Kumamoto/102/2002 E3 (A/Ku E3)" on March
17, 2003, Next, Af/Ku E3 was passaged twice more in embryonated
eggs at Kaketsuken and was harvested as “A/Kumamoto/102/2002
E5 (A/KuES)". Growth of both A{Ku E3 and A[Ku E5 in embryonated
eggs was not adequate for vaccine production. Subsequently, A/Ku
E3 was sent to CSL (Melbourne, Australia) and a high growth
reassortant with PR-8 was generated. This reassortant strain was
designated as AfKumamoto/102/2002 [VR-135. We obtained this
reassortant through the NID at E12/E2 (A/Ku IVR-135 E12/E2), and
AlKu IVR-135 E12/E2 became one of the influenza vaccine candi-
dates for 2004/2005 season.

A/Wyoming/3/2003 IVR-134 E13/E2{A/Wy IVR-134 E13/E2) and
X-147 ES/E2 (A/Wy X-147 ESE2) were actually used as A/Fujian-like
vaccine strains in Japan and Europe for the 2004/2005 season. These
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strains were also tested for growth in MDCK cells and embryonated
eggs to allow comparison of viral growth and HA gene sequences
in the following experiments.

2.2. Seed virus preparation

MDCK cells (MDCK-33016) developed by Novartis Vaccine and
Diagnostic (Marburg, Germany) [6,7] were used throughout the
study. The cells were cultured in 100-mL spinner flasks using
serum-free medium. Each viral strain was passaged twice consec-
utively in the MDCK-33016 cells to establish seed viruses for pilot
cell culture. Inoculated cells were grown in serum-free chemically
defined medium containing 1 pg/mL trypsin at 34°C for 3 days.
Then the cells were removed by centrifugation, the supernatant
was collected, and its infectivity titer was measured [8].

2.3, Pilot viral culture in MDCK cells and eggs

The cells cultured in 100-mL spinner flasks were inoculated with
seed viruses at a multiplicity of infection (MOI) of 10-3, 104, or
10-7 (based on the titer of the seed virus). Then the inoculated cells
were cultured in serum-free medium containing 1 pg/ml trypsin
at 34 C for 3 days, after which the cells were removed by cen-
trifugation, the supernatant was collected, and its HA titer was
measured. Virus was purified directly from the medium by ultra-
centrifugation on a 30% glucose cushion (112,700 < g for 150 min)
to estimate the viral yield. After centrifugation, the viral pellet was
collected and suspended in phosphate-buffered saline (PBS). Then
the suspension was adjusted to the original volume of the culture
supernatant and its HA content was measured by a single radial
immunodiffusion (SRD) assay.

As a control, the four viruses (A/Ku M1LA/KuE1, A/KuE5 and A/Ku
IVR-135 E12/E2) and AfWy IVR-134 E13/E2 were also cultured in
eggs. The viruses were inoculated into the chorioallantoic cavity of
embryonated eggs at concentrations of 1072 to 10~* ElDs;/0.2 mL-
The inoculated eggs were incubated at 34°C for 3 days and then
were left overnight at 4 'C. Subsequently, the allantoic fluid was
centrifuged at 320 = g for 10 min, 10mL of supernatant was cen-
trifuged at 102,300 « g for 60 min to pellet the virus, and the pellet
was re-suspended in 100 L of PBS. Then the HA content was mea-
sured by the SRD assay. We used the reagents for A/Wyoming in
all SRD assays because we could not obtain any reagents for the
AfKumamota virus.

2.4. HAI gene sequencing

The HA1 gene sequences of the original viruses that we had
obtained and the seed viruses that we established after passaging
in MDCK cells and eggs were analyzed to investigate the occurrence
of selection during culture in the cells or eggs.

The method employed was reported previously [9],

In brief, viral RNA was extracted with a Catrimox-14TM RNA
Isolation Kit Ver. 2.11 (TaKaRa). RT-PCR was performed using the
extracted viral RNA and primers to amplify HA genes with the
TaKaRa One Step RNA PCR Kit (AMV) (TaKaRa). The primers were
designed by using gene analysis software Genetix. The PCR prod-
ucts were separated by electrophoresis on 0.7% agarose gel and the
part of the gel containing the HA gene region was cut out. Then DNA
was harvested from the gel using Quantum Prep Freeze 'N Squeeze
DNA (Bio-Rad), and was purified by phenol/chloroform treatment
and ethanol precipitation. Finally, the gene sequence was analyzed
using primers designed for sequencing and a Beckman CEQ2000XL
capillary sequencer [ 10],

Table 1
Growth of A/Fujian-like viruses in MDCK-33016 cells.
Viruse Passage’

1st(M1) 2nd (M2) 3rd (M3)
AfKu M1 93+ 89 86
AKuE3 79 89 89
AfKu E5 8.1 86 8.1
AlKu IVRI35 E12/E2 73 B6 2.0
AWy IVR-134 E13/E2 7.5 85 89
AWy X-147 ES[E2 68 79 93

* Viruses were passaged 3 times,
® Viral titers of culter supematant wene determined by the TCID assay, Titers are
shown as log{ TCIDy ml )

2.5. Immunogenicity

The animal study was approved by our institutional Ani-
mal Experimentation Ethics Committee. The immunogenicity of
the four A/Kumamoto viruses (A/Ku M1/M1 and A/Ku IVR-135
E12/E2/M3) was compared in Balb/c mice.

First, these viruses were purified and inactivated according to
the following procedure. Culture supernatants were subjected to
ultracentrifugation to precipitate viral particles, which were then
purified by sucrose density gradient centrifugation and dialyzed to
remove the sucrose from the viral fraction. After dialysis, the puri-
fied viral particles were inactivated by exposure to 0.02% formalin.

Second, eight-week-old female Balbfc mice were injected
intraperitoneally with the inactivated purified viral particles at
a dose of 3 pg of total protein. The HA content of the purified
virus was confirmed to be equivalent by SDS-PAGE (similar maobil-
ity and concentrations of the HA protein bands). Eight mice were
immunized with each purified viral antigen. Immunization was
performed twice at a 3-week interval, and blood samples were
obtained 2 weeks after the second dose. Serum samples from the
immunized mice were examined by a cross haemagglutination-
inhibition (HI) antibody assay with 2 purified viral antigens that
were used for immunization as described above [11].

Comparison of the HI antibody titers determined for each
individual mouse was done with the unpaired Student's t-test(two-
tailed) [12].

3. Results

3.1. Comparison of viral growth and HA titers between egg and
cell culture

Table 1 shows the generation of seed viruses by serial culture
twice in MDCK cells.

All of the viruses showed elficient replication in these cells dur-
ing both primary culture and subsequent passages, irrespective of
whether they were originally isolated from MDCK cells or eggs. It
is noteworthy that the A/Ku M1 virus isolated from MDCK cells
showed good growth in MDCK-33016 cells during primary culture
aswell as in subsequent passages. Even A/Ku E3 and A/Ku E5, which
were isolated and passaged in eggs, showed good growth during
subsequent passaging in MDCK cells. For pilot culture in eggs, the
original viruses were used as the seed.

After pilot culture in MDCK cells and eggs, the HA titers of the
culture supernatants and the allantoic fluid and the HA content of
partially purified virus were measured. The results are shown in
Fig. 2.

When A/Ku M1 virus was cultured in embryonated eggs (A/Ku
M1/E1), the virus showed no replication, with no HA titer or HA con-
tent of allantoic Muid being detected. Although A/Ku E3 and A/Ku
ES grew in eggs, the vield was lower compared with that for reas-
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