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H5NI1 influenza A viruses are exacting a growing human toll, with more than 240 fatal cases to date. In the
event of an influenza pandemic caused by these viruses, embryonated chicken eggs, which are the approved
substrate for human inactivated-vaccine production, will likely be in short supply because chickens will be
killed by these viruses or culled to limit the worldwide spread of the infection. The Madin-Darby canine kidney
(MDCK) cell line is a promising alternative candidate substrate because it supports efficient growth of
influenza viruses compared to other cell lines. Here, we addressed the molecular determinants for growth of
an H5N1 vaccine seed virus in MDCK cells, revealing the critical responsibility of the Tyr residue at position
360 of PB2, the considerable requirement for functional balance between hemagglutinin (HA) and neuramin-
idase (NA), and the partial responsibility of the Glu residue at position 55 of NS1. Based on these findings, we
produced a PR8/H5N1 reassortant, optimized for this cell line, that derives all of its genes for its internal
proteins from the PR8(UW) strain except for the NS gene, which derives from the PR8(Cambridge) strain; its
N1 NA gene, which has a long stalk and derives from an early H5N1 strain; and its HA gene, which has an
avirulent-type cleavage site sequence and is derived from a circulating HSN1 virus. Our findings demonstrate
the importance and feasibility of a cell culture-based approach to producing seed viruses for inactivated H5N1
vaccines that grow robustly and in a timely, cost-efficient manner as an alternative to egg-based vaccine

production.

HS5N1 influenza A viruses are exacting a growing human toll,
with more than 240 fatal cases to date (http://www.who.int/csr
/disease/avian_influenza/en/). The epidemic regions have ex-
panded from Asia to Europe and Africa, raising concerns over
a possible influenza pandemic (9). Currently, HSN1 prepan-
demic human vaccines are being stockpiled in many countries.
These inactivated H5N1 vaccines are produced from viruses
propagated in embryonated chicken eggs. In the event of a
pandemic due to H5N1 viruses, however, it is highly likely that
embryonated chicken eggs will be in short supply as H5N1
vaccine production will escalate but at the same time chickens
will be killed by the viruses or culled in an effort to limit the
worldwide spread of the virus infection. Therefore, an egg-free
system should be considered as an alternative means of HSN1
vaccine production. Cell culture-based H5N1 vaccine produc-
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tion is a promising and safe approach that may meet this need
(32).

Production of cell culture-based inactivate vaccines is in
development in many countries, with some vaccines at the
stage of clinical trials (8). This approach has considerable ad-
vantages over egg-based production: (i) it may lead to more-
rapid and larger-scale vaccine production (6); (ii) it may avoid
the potential for selecting variants adapted for embryonated
chicken eggs (16), whose antigenicity would not longer match
that of the circulating viruses; (iii) it may avoid contamination
problems that have occurred with egg-based production; and
(iv) it dispenses with the incorporation of the allergic compo-
nent of eggs into vaccines (14). However, a limited number of
cell lines are approved for cell culture-based vaccine produc-
tion. One of them, the Madin-Darby canine kidney (MDCK)
cell line, is a candidate for this purpose (8) because it efficiently
supports the growth of influenza viruses compared to other cell
lines (7).

A major concern of prepandemic HSN1 human vaccines
without adjuvants is their limited immunogenicity, which re-
quires higher concentrations of hemagglutinin (HA) antigens
to provide protective immunity than are used for seasonal
influenza vaccines (31). Therefore, to secure a large number of
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doses of effective HSN1 vaccine, the seed viruses are required
to have high-level growth properties. Currently, prepandemic
HS5N1 vaccines, including the NIBRG-14-based vaccine recom-
mended by the World Health Organization (WHO), are being
stockpiled (2). These viruses comprise an HA gene whose
cleavage site has been modified to an avirulent type (the mHA
gene) and a neuraminidase (NA) gene, both derived from an
HS5N1 strain, and six remaining genes, derived from a high-
growing donor virus (creating a so-called 6:2 reassortant). The
WHO recommends A/Puerto Rico/8/34 (HIN1; PRS) as a
donor strain for vaccine seed viruses because of its safety in
humans and its high-level growth property in eggs (34). Previ-
ously, we found that the growth property of vaccine seed vi-
ruses in eggs depends on the genes encoding the internal pro-
teins of the donor virus (10). Therefore, with respect to H5SN1
vaccine production in MDCK cells, it is necessary to select a
high-growth donor strain, whose internal proteins function ef-
ficiently in this cell line.

In this study, we found that the HSN1 6:2 reassortant viruses
with our laboratory strain of PR8 [PR8(UW)] (10) as the
background grew significantly better than NIBRG-14 with the
PR8(Cambridge) background in MDCK cells. We therefore
sought to determine the molecular basis of this difference in
growth, which would contribute to the robustness of MDCK
cell-based H5N1 vaccines, and tested whether the HA/NA
functional balance regulates the growth of the vaccine seed
viruses in MDCK cells, as it does in eggs (10). Our results
should help to establish MDCK cell-based H5N1 vaccine pro-
duction as a viable option for large-scale vaccine production in
the event of a pandemic.

MATERIALS AND METHODS

Cells. MDCK cells, maintained in our laboratory, were grown in minimal
essential medium (MEM) with 5% newborn calf serum. 293T human embryonic
kidney cells were maintained in Dulbecco’s modified Eagle’s MEM with 10%
fetal calf serum. A72 canine tumor fibroblasts (13) were maintained in L15
medium (GIBCO-BRL) with 20% fetal calf serum. Cells were maintained at
37°Cin 5% CO,.

Viruses. The HSN1 A/Vietnam/UT30259/04 (VN30259), A/Vietnam/UT3030/04
(VN3030), A/Indonesia/UT3006/05 (Indo3006), and A/Anhui/2/05 (AH2) strains
were propagated in 10-day-old embryonated chicken eggs at 37°C for 48 h, after
which time the allantoic fluids containing viruses were harvested. All experiments
with these infectious viruses were carried out in a biosafety level 3 containment
laboratory. The WHO-recommended vaccine seed virus, NIBRG-14 (PRS/
VN1194 6:2 reassortant), was a kind gift from J. Wood and J. Robertson at the
National Institute for Biological Standards and Control, United Kingdom. Re-
combinant vesicular stomatitis virus (VSV) carrying the green fluorescent pro-
tein (GFP) gene instead of the G protein gene (VSV-AG*-GFP) (30) was kindly
provided by M. A. Whitt at the University of Tennessee, Memphis, TN.

Construction of plasmids and reverse genetics. To generate reassortants of
influenza A viruses, we used plasmid-based reverse genetics (23). Viral RNA was
extracted from the allantoic fluids by using a commercial kit (ISOGEN LS;
Nippon Gene) and was converted to cDNA by using reverse transcriptase
(SuperScript IIT; GIBCO-BRL) and primers containing the consensus sequences of
the 3-prime ends of the RNA segments for the HS viruses. The full-length
cDNAs were then PCR amplified with ProofStart polymerase (Qiagen) and with
segment-specific primer pairs and cloned into a plasmid under the control of the
human polymerase I (Poll) promoter and the mouse RNA Poll terminator (Poll
plasmids). By inverse PCR using back-to-back primer pairs followed by ligation,
we altered the HA gene sequence that encodes the cleavage site of the wild-type
'VN30259, VN3030, Indo3006 (RERRRKKR), and AH2 (RERRRKR) viruses
to create the avirulent-type sequence (RETR), as described elsewhere (11). We
also constructed PollI-VN30259NA, Poll-VN3030NA, Poll-Indo3006NA, and
pPoll-AH2NA plasmids containing the NA genes by using reverse transcrip-
tion-PCR with Nl-specific primers. We additionally constructed pPoll-
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VN1203FilINA with the insertion of a 20-amino-acid-encoding sequence de-
rived from the A/goose/Guandong/1/96 NA stalk region into VNI1203NA
(VN1203FilINA). All of these constructs were sequenced to verify the ab-
sence of unwanted mutations. Primer sequences will be provided upon re-
quest.

We used our previously produced series of Poll constructs, derived from the
PR8(UW) and PR8(Cambridge) strains, for reverse genetics (10, 11) and also
used Poll plasmids containing mHA genes derived from VN1194 and VN1203
and NA genes derived from A/WSN/33 (HIN1; WSN), A/Hong Kong/213/03
(H5N1; HK213), and A/Kanagawa/173/2001 (HIN1; Kanagawa) (11, 17, 23).

Chimeric PB2 genes were constructed by switching the fragments at two
BsmBI sites between pPoll-PR8(UW)PB2 and pPoll-PR8(Cambridge)PB2. To
generate PB2 and NS mutants, Poll plasmids expressing the PB2 and NS genes
of PR8 were used as templates for site-directed mutagenesis by the inverse PCR
method. Plasmids expressing PR8 NP, PA, PB1, or PB2 under the control of the
chicken B-actin promoter were used for all reverse genetics experiments. Briefly,
Poll plasmids and protein expression plasmids were mixed with a transfection
reagent, Trans-IT 293T (Panvera); incubated at room temperature for 15 min;
and then added to 293T cells. Transfected cells were incubated in Opti-MEM I
(GIBCO-BRL) for 48 h. Supernatants containing infectious viruses were har-
vested and propagated in 10-day-old embryonated chicken eggs at 37°C for 48 h,
after which time the allantoic fluids containing virus were harvested and stored
at —80°C until use.

Viral replication in MDCK cells. Virus was inoculated into MDCK cell mono-
layers at a multiplicity of infection (MOI) of 0.01 PFU with MEM containing
0.3% bovine serum albumin and 0.8 p.g/ml TPCK-trypsin and incubated at 33°C.
Viruses in the culture supernatants were collected at a given number of hours
postinfection (hpi) and then titrated by use of an MDCK plaque assay to deter-
mine the virus titers. The plaque sizes (at least 15 plaques for each virus) were
measured by micrometer calipers after staining with crystal violet.

Luciferase assay-based assessment of viral polymerase activity. The viral
polymerase activity was measured as described previously (24). All experiments
were independently performed in triplicate. Briefly, pPollIC250-NP(0)Fluc(0), a
luciferase reporter plasmid under the control of the canine Poll promoter (22),
was cotransfected into MDCK cells by using plasmids expressing PR§(UW) PB1,
PA, and NP and either PB2 derived from PR8(UW) or PR8(Cambridge) or
mutant PB2 under the control of the chicken B-actin promoter. The cells were
subjected to a dual-luciferase reporter assay system (Promega, Madison, WI) on
a microplate luminometer (Veritas; Turner Biosystems, Sunnyvale, CA) accord-
ing to the manufacturer’s instructions. pGL4.74[hRluc/TK] (Promega) was used
as an internal control.

IFN bioassay. Levels of interferon (IFN) secreted by virus-infected canine
cells were determined as previously described (13, 25), with some modifications.
Briefly, MDCK cells were infected with wild-type or NS1 mutant viruses at an
MOI of 2. Supernatants from infected cells were harvested 24 hpi and then
treated with UV light for 20 min to inactivate the infectivity of the virus. UV-
treated supernatants were then added to A72 cells and incubated for 20 h before
being infected with VSV-AG*-GFP at an MOI of 1. Adherent cells were de-
tached by vigorous pipetting in phosphate-buffered saline at 12 hpi and then
washed once with cold phosphate-buffered saline supplemented with 2% fetal
calf serum and 0.1% sodium azide (wash buffer). Cells were washed again before
the number of cells expressing GFP was counted by FACSCalibur with Cell
Quest software (Becton Dickinson).

Statistical analysis. All comparisons of the infectivity titers, relative luciferase
activities, numbers of GFP-positive cells, and plaque diameters of each virus
relied on Student’s ¢ test with two-tailed analysis to determine significant differ-
ences.

RESULTS

Growth of PR8/VN1194 6:2 reassortant viruses in MDCK
cells. To assess the replication abilities of two PR8/VN1194 6:2
reassortants, PR§(UW)/VN1194H5N1 [PR8(UW) strain back-
ground] and NIBRG-14 [PR8(Cambridge) strain background],
in MDCK cells, we examined the plaque-forming characteris-
tics of these viruses and their growth kinetics. PR§(UW)/
VN1194H5N1 formed larger plaques (Fig. 1A) and grew sig-
nificantly better than NIBRG-14 (Fig. 1B). The peak viral titer
reached 3.2 X 107 + 1.2 X 107 PFU/ml at 36 hpi for PR8(UW)/
VN1194H5N1, compared to 6.8 X 10* = 1.5 X 10* PFU/ml at
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FIG. 1. Growth of PR8/H5N1 6:2 reassortant viruses in MDCK
cells. (A) Plaque morphology of PR(UW)/VN1194H5N1 and WHO-
recommended NIBRG-14 on MDCK cells. (B) Viral titers of
PR8(UW)/VN1194H5N1 and NIBRG-14 were determined at 12, 24,
36, and 48 hpi at an MOI of 0.01. The data are reported as mean titers
with standard deviations for three independent experiments. Virus
titers with significant growth enhancement relative to those of
NIBRG-14 (P < 0.05; Student ¢ test with two-tail analysis) are shown (*).

48 hpi for NIBRG-14. These two viruses have identical HAs
and NAs, indicating that our PR§(UW) strain is responsible
for the superior growth kinetics relative to those for the
PR8(Cambridge) strain background of H5N1 vaccine seed vi-
rus in MDCK cells.

Growth of reassortants between the PR8(UW) and
PR8(Cambridge) strains. To identify the genes responsible
for the superior growth of our 6:2 reassortant, we made a
series of gene reassortants between the PR8(UW) and
PR8(Cambridge) strains with VN1194 mHA and NA and
measured their viral titers in MDCK cells (Fig. 2). Every
reassortant possessing PR8(Cambridge) PB2 exhibited sig-
nificantly poorer growth (more than 3 logs lower) than
PR8(UW)/VN1194H5N1 (P < 0.01; Student’s ¢ test). Con-
versely, the reassortant Cam-UWPB2 virus that possesses
PR8(UW) PB2 with PR8(Cambridge) as the background
grew significantly better than NIBRG-14 (P < 0.01). These
results indicated that PR§(UW) PB2 is responsible for the
high growth of PR§(UW)/VN1194H5N1 in MDCK cells.

Interestingly, the reassortant UW-CamNS virus that pos-
sesses the PR8(Cambridge) NS gene with the PR§(UW) back-
ground grew significantly better than PR§(UW)/VN1194HS5N1
(P < 0.01). This result indicates that the PR§(Cambridge) NS
gene product enhanced viral growth in MDCK cells, although
a negative effect was not observed when the NS gene of
NIBRG-14 was replaced with that of the PR§(UW) (i.e., Cam-
UWNS) strain.

These observations demonstrate that it is PB2 that primarily
is responsible for the difference in virus growth in MDCK cells

J. VIROL.
Virus Genotype Virus titer
PB1 PB2 PA NP M NS mHA NA (logi PFUmI)
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FIG. 2. Growth of PR8/H5N1 reassortant viruses in MDCK cells.
All viruses possess mHA and NA, both derived from VN1194 (green),
and their remaining genes are from either PR§(UW) (red) or
PR8(Cambridge) (blue). Cells were infected with each virus at an MOI
of 0.01. Virus titers were determined in a plaque assay with MDCK
cells at 36 hpi. The data are shown as mean titers with standard
deviations (n = 3). Titers significantly (P < 0.05) decreased (*) or
increased (***) compared with that of PR§(UW)/VN1194H5N1 are
shown. Titers significantly increased (##*) compared with that of
NIBRG-14 are also shown.

between PR§(UW)/VN1194H5N1 and NIBRG-14 but that NS
also partially contributes to this difference.

PB2 is responsible for viral growth in MDCK cells. To
determine the amino acid residues that determine virus growth
in MDCK cells, we compared the PB2 amino acid sequence of
PR8(UW) with that of PR8(Cambridge) and found six amino
acid differences between the two strains (Table 1). To identify
which residue(s) is responsible for virus growth, we generated
two PB2 chimeric viruses whose other internal genes came
from PR8(UW); chimera 1 possesses the amino-terminal por-
tion (residues 1 to 387) of PR8(Cambridge) PB2 and the car-
boxyl-terminal portion (residues 388 to 759) of PR§(UW) PB2,
and chimera 2 possesses the opposite configuration. When we
tested the viral titers of chimeras 1 and 2 in MDCK cells, the
titers were found to be 5.0 X 10° PFU/ml and 3.9 X 10’
PFU/ml, respectively (Fig. 3A), revealing that the amino acid
difference(s) in the amino-terminal portion is responsible for
virus growth in MDCK cells. Therefore, we made an additional
four PB2 mutant viruses with single-amino-acid substitutions
at positions 105, 251, 299, and 360 of PR8(UW) PB2 and
assessed the titer of each virus (Fig. 3A). Among these viruses,
UW-Y360SUWPB?2, which contains a Tyr-to-Ser substitution
at position 360 of PB2, grew poorly, with a titer of 1.5 X 10°
PFU/ml, which was approximately 1,000 times lower than that
of PR§(UW)/VN1194HS5N1. Notably, this titer was signifi-
cantly lower than that of NIBRG-14 (P < 0.05). Conversely, an
NIBRG-14 mutant with a single-amino-acid substitution of
Ser to Tyr at position 360 of Cambridge PB2 (NIB-
S360YCamPB2) showed a viral titer comparable to that of
PR8(UW)/VN1194H5N1. These results demonstrated that Tyr
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TABLE 1. Amino acid differences between the PRS strains for
proteins other than HA and NA

Amino acid for indicated strain

Protein Position

PR8(Cambridge) PR8(UW)

PA 158
550

K
I

PB1 175
205
208
216
563

~nRZZ

PB1-F2 59
60

A~

PB2 105
251
299
360
504
702

NP 353
425
430

M2 27
39

> H<< B<<URRZ OR FMQFA TR CRF

NS1 55
101

oR HH zZ-7o RT3

< mm

NS2 89

—

at position 360 of PR§(UW) PB2 gives rise to the high effi-
ciency of viral growth in MDCK cells.

To address the molecular basis for the importance of the
amino acid at position 360 of PB2, we assessed the polymerase
activity of the viral polymerase complex containing each PB2 in
MDCK cells by using a polymerase activity assay with lucifer-
ase as a reporter (24). For this assay, plasmids expressing
either PB2 of PR8(UW), PR8(Cambridge), or their mutants
were cotransfected into MDCK cells by using four plasmids
expressing PR§(UW) PB1, PA, and NP and a reporter plasmid
expressing luciferase under the control of the canine Poll pro-
moter (22). At 24 h posttransfection, the cells were lysed and
the luciferase activity of the lysates was measured as an indi-
cator of viral polymerase activity (Fig. 3B). The cell lysates
transfected with the plasmid expressing PR§(UW) PB2 or
PR8(Cambridge) S360Y mutant PB2 exhibited significantly
higher luciferase activities than those of PR8(Cambridge) PB2
and PR8(UW) Y360S mutant PB2. These data indicate that
the amino acid at position 360 of PB2 is responsible for viral
polymerase activity in MDCK cells and is likely the impetus for
the different growth rates among viruses.

The role of NS for viral growth in MDCK cells. To address
the role of NS for virus growth in MDCK cells, we compared the
NS amino acid sequences of PR§(UW) and PR§(Cambridge) and
found two amino acid differences in NS1 and one difference in
NS2 between the two strains (Table 1). To determine which
residue(s) is involved in viral growth kinetics, we generated
NS1 mutant viruses with a single-amino-acid substitution
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either at position 55 or at position 101 of NS1 and assessed
each viral titer (Fig. 4A). When a Lys-to-Glu substitution at
position 55 was introduced into NS1 of PR8(UW)/
VN1194H5N1 (UW-KS5EUWNSI), the virus grew signifi-
cantly better than its parent, PR§(UW)/VN1194H5N1 (P <
0.05). However, when a Glu-to-Lys substitution at the same
position was introduced into PR8(Cambridge) NS1 of a
PR8(UW)/VN1194H5N1-based mutant, UW-CamNS (see
Fig. 2 for gene constellation) (UW-E55KCamNS1), the vi-
rus grew less well than its parent, UW-CamNS, and showed
no significant difference relative to the growth of PR§(UW)/
VN1194H5NI1.

In addition, an Asn-to-Glu substitution at position 101
(UW-D101EUWNSI) did not yield a viral titer significantly
different from that of PR§(UW)/VN1194H5N1. These results
indicate that the amino acid at position 55 of NS1 affects virus
growth in MDCK cells.

NS1 is known to mediate type I IFN antagonism to affect
viral growth in host cells (5). We therefore analyzed the IFN
antagonistic properties of each NS1 by use of an IFN bioassay
to understand the molecular basis of the contribution of NS1 to
the growth properties of virus in MDCK cells. In our IFN
bioassay, the supernatant from MDCK cells infected with
either virus possessing Glu at position 55 of NS1 (UW-
KS55EUWNS1 or UW-CamNS) was less able to inhibit VSV-
AG*-GFP replication than was supernatant from cells infected
with PR§(UW)/VN1194H5N1 (P < 0.05) (Fig. 4B). In con-
trast, inhibition levels were similar among viruses possessing
Lys at position 55 of NS1 [PR8(UW)/VN1194H5N1, UW-
E55KCamNS1, and UW-D101EUWNSI]. These results indi-
cate that Glu at position 55 of NS1 is responsible for the
enhanced type I IFN antagonistic property of PR8(Cambridge)
NS1, leading to high growth in MDCK cells of viruses possess-
ing this protein.

Alteration of the HA/NA functional balance enhances viral
growth in MDCK cells. To see if we could further enhance
viral growth in MDCK cells, we next determined the optimal
functional balance between HS NA and N1 NA. To this end,
we produced a series of 6:2 (or 7:1) reassortants with the
PR8(UW) background possessing HS mHA derived from
VN1194 or VN1203 and NAs derived from several N1 strains
and compared the plaque sizes of each virus as an indicator of
growth in MDCK cells (Fig. 5). The plaque size of PR§(UW)/
VN1203H5N1 was 2.07 £ 0.59 mm (in diameter), which was
significantly larger than that of PR§(UW)/VN1194H5N1 (1.57 =
0.51 mm) (P < 0.01). We therefore used VN1203 mHA-bearing
viruses for further assessments. Reassortant viruses bearing NAs
from VN1203Fill or HK213 (containing a 20-amino-acid insertion
in its stalk) formed significantly larger plaques (291 * 0.42 or
2.83 = 0.29 mm, respectively) than PR§(UW)/VN1203H5NI1. In
contrast, reassortants with NAs from the Kanagawa or PRS
strains formed smaller plaques (1.21 = 0.31 or 0.93 = 0.21 mm,
respectively) than PR§(UW)/VN1203H5N1. Moreover, reassor-
tants with NAs from WSN [PR8(UW)-VN1203H5/WSNN1] or
NIBRG-14 formed even smaller plaques (0.53 * 0.12 or 0.44 =
0.09 mm, respectively). These results suggest that the HA/NA
functional balance optimal for virus growth in MDCK cells is
achieved by the combination of VN1203 mHA and NA with a
longer stalk, such as HK213 NA or VN1203Fill NA.
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FIG. 3. Growth of PB2 mutant viruses and their polymerase activities. (A) MDCK cells were infected with PB2 mutant virus at an MOI of 0.01.
UW- indicates a PR§(UW)/VN1194H5N1 background PB2 mutant, and NIB- indicates an NIBRG-14 background PB2 mutant [e.g., UW-
1105MUWPB?2 contains the 1105M mutant of PR§(UW) PB2 in the PR(UW)/VN1194H5N1 background]. Chimera 1 possesses the N-terminal
portion of PR8(Cambridge)PB2 and the C-terminal portion of PR8(UW) PB2; chimera 2 possesses the opposite configuration. Virus titers were
determined in a plaque assay with MDCK cells at 36 hpi. Titers significantly (P < 0.05) decreased (*) compared with that of the PR§(UW)/
VN1194H5N1 virus are shown. (B) Polymerase activities with wild-type PR8(UW) PB2 and mutant PB2s were analyzed by use of a luciferase
reporter assay. Wild-type or mutant PB2 was cotransfected into MDCK cells by using plasmids expressing PB1, PA, and NP of PR8(UW) plus a
reporter plasmid expressing the firefly luciferase gene in the virus RNA under the control of the canine Poll promoter. At 24 h posttransfection,
cells were subjected to the dual-luciferase assay. Polymerase activities, represented as ratios of firefly to Renilla luciferase (as an internal control)
and normalized to levels for PRS§(UW) PB2 transfected samples, are shown. Polymerase activities significantly (P < 0.05) decreased (*) compared
with that of PR8(UW) PB2 are shown. The data are presented as mean values with standard deviations for three independent experiments.

Enhanced growth of the PR8/H5N1 6:2 reassortant in
MDCK cells. To test if the growth-enhancing activity of NS1
and HA/NA functional balance are additive, we generated 6:2
reassortant viruses possessing heterologous NS or NA with
VN1203 mHA and assessed their growth in MDCK cells (Fig.
6A). Viruses bearing the long-stalk NA, PR8(UW)/VN1203HS/
VNI1203FilIN1 and PR8(UW)/VN1203H5/HK213N1, grew to
1.3 X 108 = 0.5 X 10% and 1.1 X 10% = 0.4 X 10® PFU/m],
respectively, both of which titers were significantly higher than
those of viruses possessing the short-stalk NA [PR§(UW) NA
or VN1203 NA]. Replacement of the NS gene of these viruses
with that from PR8(Cambridge) [PR8(UW)/VN1203H5/
VN1203FilIN1-CamNS or PR8(UW)/VN1203H5/HK213N1-
CamNS, respectively] further enhanced viral growth signifi-
cantly, compared with the levels for the parental viruses (2.33 X
108 + 0.27 X 10% and 2.35 X 10% = 0.21 X 10® PFU/ml,
respectively).

To authenticate the enhanced viral growth in MDCK cells
mediated by NS and HA/NA functional balance, we produced
reassortants with other H5S mHAs derived from clade 1
(VN30259 and VN3030), clade 2.1.3 (Indo3006), and clade
2.3.4 (AH2) H5NI viruses with similar gene constellations
(Fig. 6B). Each virus showed significantly enhanced growth
with the introduction of the HK213 NA gene and even greater
enhancement with the introduction of the PR8(Cambridge)
NS gene. These results demonstrate the universal contribution

of NS1 and HA/NA functional balance to the enhanced growth
of H5N1 vaccine seed viruses in MDCK cells.

DISCUSSION

In this study, we addressed the molecular determinants for
growth of H5N1 vaccine seed virus in MDCK cells, which are
approved for human vaccine production. Seed viruses that
provide robust growth in cell culture are needed to ensure an
adequate supply of H5N1 vaccine either as a supplemental to
or as an alternative method for egg-based vaccine production.
The H5N1 influenza vaccine seed virus that we produced and
optimized for MDCK cells was a PR8/H5N1 6:2 reassortant,
the internal genes of which, with the exception of the NS gene,
were derived from the PR§(UW) strain. Its NS gene was de-
rived from the PR§(Cambridge) strain and its NA gene from
the HK213 strain, and its mHA gene came from a circulating
HS5N1 virus.

We previously reported that seed viruses with our laboratory-
maintained PR§(UW) strain as the background exhibit supe-
rior growth compared to the WHO-recommended NIBRG-14
seed virus in embryonated chicken eggs (four- to sevenfold
enhancement) (10). In eggs, each polymerase and NP gene of
the PR8(UW) strain enhanced virus growth slightly, but when
combined, all four genes contributed to the superior growth of
viruses possessing the PR8(UW) genes compared to those
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FIG. 4. Growth of NS1 mutant viruses and their IFN antagonism.
(A) MDCK cells were infected with NS1 mutant viruses at an MOI of
0.01. UW- indicates a PR§(UW)/VN1194H5N1 background NS
mutant [e.g., UW-E55KcamNS1 contains the ES55K mutant of
PR8(Cambridge)NS1 in the PRS(UW)/VN1194H5N1 background].
Virus titers were determined in a plaque assay with MDCK cells
(PFU/ml) at 36 hpi. The data are shown as mean titers with standard
deviations (n = 3). Titers significantly (P < 0.05) increased (*) com-
pared with that of the PR§(UW)/VN1194H5N1 virus are shown.
(B) A72 cells (13) were pretreated for 24 h with UV-inactivated su-
pernatants from MDCK cells infected with the NS1 wild-type and
mutant viruses. The pretreated A72 cells were then infected with
VSV-AG*-GFP, and at 12 hpi, the number of GFP-positive cells was
counted by fluorescence-activated cell sorting analysis. The data are
shown as mean values with standard deviations (n = 3). Numbers of
GFP-positive cells significantly (P < 0.05) increased (*) compared with
that observed following treatment of the PR§(UW)/VN1194H5N1-
infected cell supernatant are shown.

possessing the PR8(Cambridge) genes. In MDCK cells,
however, the superior viral growth (more than 1,000-fold
enhancement) was essentially determined by a single-ami-
no-acid difference at position 360 of PB2, with an additional
minor contribution from NS1 (Fig. 2 and 3). Therefore, the
amino acid at position 360 of PB2 is a determinant for virus
growth in MDCK cells but not in eggs. It may be that this
amino acid is involved in host range determinants of avian
and mammalian species, which are mediated by the host
factors of each animal, as previously reported for the amino
acids at positions 627 and 701 of PB2 (18, 29). Theoretically,
an approximately 2-fold enhancement in polymerase activity
caused by the amino acid difference at position 360 of PB2
could result in a >1,000-fold increase in overall viral growth
with multiple replication cycles in an exponential manner;
however, additional, unknown factors may also be involved
in this growth enhancement.

Here, we showed that Glu at position 55 of NS1 mediates
growth enhancement of vaccine seed viruses in MDCK cells via
its IFN antagonistic action (Fig. 4). In addition, we found that
the growth enhancement mediated by the PR8(Cambridge) NS
gene was not observed in Vero cells, which lack the type I IFN
genes (3) (data not shown). There are two possible explana-
tions for this observation; one is that the K55E substitution of

HS5N1 INFLUENZA VACCINE SEED VIRUSES IN MDCK CELLS

10507

35p

wf |

25F
@
ia
a

20F

Plaque diameter (mm)
2 a
VN1194 |—|

0.5F
0 @ ™
= ™ = T Z <
T XL g 2wm Y
NA et 2Y¢8zg
N Z NI © [ie
> z § ¢
g > X z
HA VN1194 VN1203

FIG. 5. Plaque sizes of PR8/H5N1 6:2 reassortant viruses. Plaque
sizes of viruses containing mHA from either VN1194 or VN1203, NA
from either H5N1 viruses (VN1194, VN1203, HK213, or VN1203Fill)
or HIN1 viruses (PR8, Kanagawa, or WSN), and the remaining genes,
which were from PR8(UW), were determined. The plaque size of
NIBRG-14 is also shown. The data are reported as mean plaque
diameters with standard deviations for >15 plaques with each virus.

NS1 may enhance the productivity of this protein in this cell
line, via its increased interaction with host-cell molecules, such
as chaperons, which can precisely hold and rapidly transport
NS1. The other is that this substitution may increase the in-
trinsic IFN antagonism of NS1. The region of NS1 from posi-
tion 1 to 73 is believed to be an RNA-binding site (26) that
exhibits IFN antagonism by binding host mRNA and reducing
the signaling for IFN gene activation at a posttranscriptional
level (20, 33). Given that position 55 of NS1 lies in this RNA-
binding region, NS1 that possesses ES5 may have a higher
affinity for host mRNAs than NS1 with K55, resulting in the
enhanced inhibition of IFN gene expression that we observed
in MDCK cells.

There are several PRS strains maintained in different labo-
ratories. The present study, together with a database search,
indicated that only the PR8(Cambridge) strain possesses S360
in PB2, whereas all the others possess Y360, as does the
PR8(UW) strain. On the other hand, E55 in NS1 is not limited
to the PR8(Cambridge) strain. For example, the PR8(Mt.
Sinai) strain possesses E55 in NS1 as well as Y360 in PB2. Thus,
comparative growth evaluations and selection of a vaccine do-
nor virus among the PRS8 strains would be valuable in the
future for pandemic preparedness to increase vaccine produc-
tivity.

HA/NA functional balance is another important determi-
nant for virus growth (19, 21). The stalk length of NA corre-
lates with its biological activity (1, 4). The NAs of HK213 and
VN1203Fill bear long stalks (44 amino acids in length), which
probably enhance the functionality of NA compared to NAs
bearing stalk lengths of 24 amino acids, which are observed in
most H5N1 viruses. Our H5N1 seed viruses with long-stalk
NAs grew better than those bearing homologous N1 NAs in
MDCK cells, suggesting that the HA/NA functional balance of
viruses with long-stalk NAs is superior to that of those viruses
with short-stalk NAs for growth in this cell line. Recently, we
reported that disrupting HA/NA functional balance by replac-
ing the NA gene with PR8 NA enhances the growth of HSN1
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FIG. 6. Growth enhancement of a PR8/H5N1 reassortant mediated by NA and NS genes. (A) MDCK cells were infected with reassortant
viruses containing mHA from either VN1194 or VN1203 and NA from a different N1 virus or NS from PR8(Cambridge) at an MOI of 0.01. Virus
titers were determined in a plaque assay with MDCK cells at 36 hpi. The data are reported as mean titers with standard deviations for three
independent experiments. Titers significantly (P < 0.05) increased (*) compared with that of the PR§(UW)/VN1194H5N1 virus are shown and
compared with those of PR§(UW)/VN1203H5/VN1203FilIN1 and PR8(UW)/VN1203H5/HK213N1 (**). (B) MDCK cells were infected with
reassortant viruses containing H5S mHA from clade 1 and clade 2 strains with homologous NA or HK213 NA or PR8(Cambridge) NS instead of
PR8(UW) NS at an MOI of 0.01. Virus titers were determined in a plaque assay with MDCK cells at 36 hpi. The data are reported as mean titers
with standard deviations for three independent experiments. Titers significantly (P < 0.05) increased compared with those of the viruses possessing
homologous NA (*) or compared with those of viruses possessing HK213 NA (*#) are shown.

vaccine seed viruses in eggs (10). In this study, optimized
HA/NA functional balance in MDCK cells differed from that
in eggs, possibly due to a difference in cell receptors between
these two substrates.

In our previous report, we discussed, albeit to a limited
extent, the possibility of a reduction in the protective immunity
of the vaccine seeds due to the inclusion of heterologous N1
NAs (10). In this context, the seed virus with artificial
VN1203Fill NA would fare better than that with HK213 NA.
However, a recent report showed considerable cross-protective
immunogenicity between N1s from human HIN1 and H5N1
viruses in a mouse model (28). Therefore, we believe that
inclusion of heterologous N1 NAs in the seed viruses would
provide an advantage for vaccine supply, which would likely
offset the limited antigenic mismatch in this minor antigen.

It is well known that the HA antigenicities of human H3N2
and HINT influenza viruses readily change following propaga-
tion in eggs (15, 27). This occurs because of differences in the
cell receptors expressed in eggs (12). However, MDCK cells
contain both avian- and human-type receptors (12), which cir-
cumvents any HA antigenic changes in the H5SN1 vaccine seed
viruses.

In conclusion, we propose a seed virus for MDCK cell-based
HS5NI1 vaccine production in the form of a 6:2 reassortant that
possesses mHA from a circulating H5N1 virus, NA from
HK?213, and its remaining genes from the PR§(UW) strain, ex-
cept for the NS gene, which comes from the PR8(Cambridge)
strain. A cell culture-based strategy with this seed virus would
allow increased production of prepandemic or pandemic inacti-
vated H5N1 vaccines in a timely, cost-efficient manner as a sup-
plement or an alternative to egg-based vaccine production.
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