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Abstract Influenza A viruses possess two surface gly-
coproteins, hemagglutinin (HA), which binds to sialic-
acid-containing receptors, and neuraminidase (NA), which
removes sialic acid from host cells. It is well established
that the HA-NA functional balance regulates the efficiency
of virus replication. Here, we selected a plaque variant of
the WSN (H1IN1) strain that grew better than the wild-type
virus in NA-expressing MDCK cell culture. A reverse
genetics study revealed that the single mutation HA
E190K, which occurs infrequently in naturally isolated
HIN1 viruses, was responsible for the phenotype of this
variant. Receptor assays indicated that this mutation did
not affect the receptor specificity of HA but enhanced its
receptor-binding affinity, resulting in altered HA-NA
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functional balance relative to that of the wild-type virus.
We also found that this variant replicated in nasal turbin-
ates at an equivalent level but in lungs at a lower level
compared with wild-type virus, demonstrating its attenua-
tion in mice. Together, our data demonstrated the impor-
tance of the HA-NA functional balance for influenza virus
replication in an in vivo biological setting.

Introduction

Influenza A viruses are enveloped viruses that contain a
segmented genome of eight different negative-strand RNA
molecules. The envelope carries two surface glycoproteins,
hemagglutinin (HA) and neuraminidase (NA). Both gly-
coproteins recognize the same host-cell molecule, sialic
acid. HA binds to sialic-acid-containing receptors on target
cells to initiate virus infection, whereas NA cleaves sialic
acids from cell receptors to facilitate progeny virus release
from cells. NA also cleaves extracellular mucus inhibitors
containing sialic acids and prevents HA-mediated self-
aggregation of virions by desialylation of virus glycocon-
Jjugates, promoting the spread of the infection to neighboring
cells [3].

It is well established that the interplay between HA
receptor-binding and NA receptor-destroying activities
affects virus replication in eggs and cell culture; an optimal
HA-NA functional balance is required for efficient virus
replication [18]. In addition, a recent study showed that the
HA-NA functional balance is critical for efficient respira-
tory droplet transmission of a pandemic HIN1 virus in
ferrets, thereby contributing, at least in part, to virus
pathogenicity in host animals [20]. Functional imbalance
between HA and NA could be caused by mutations around
the HA receptor-binding site, the NA enzymatic active site
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or both, under various selective pressures of in vitro and
in vivo biological environments [5, 6, 13, 19].

Here, we selected a plaque variant of the influenza A
virus laboratory strain WSN (HIN1) in cell culture stably
expressing viral NA and found that its HA-NA functional
balance differed from that of the wild-type WSN virus,
leading to a change in its plaque phenotype and growth
properties in cell culture. To gain further insight into the
responsibility of the HA-NA functional balance for the
virus phenotype, we performed in vivo experiments
showing that this variant exhibited reduced pathogenicity
in mice.

Materials and methods
Cells and virus

Madin-Darby canine kidney (MDCK) and human embry-
onic kidney 293T cells were maintained in minimal
essential medium (MEM) supplemented with 5 % newborn
calf serum (NCS) and in Dulbecco’s modified Eagle’s
medium with 10 % fetal calf serum, respectively. Cells
were maintained at 37 °C in 5 % CO,. We used A/WSN/
33(HIN1; WSN) virus maintained in our laboratory. The
WSN virus was propagated in MDCK cells in serum-free
medium with 0.3 % bovine serum albumin (BSA) and
1 pg/ml TPCK-trypsin and was stored at —80 °C until use.

Reverse genetics

To generate a WSN mutant, we used our previously pro-
duced series of Poll constructs, derived from the WSN
strain, for plasmid-based reverse genetics [15]. We also
used pCAGGS plasmids expressing WSN NP, PA, PB1, or
PB2 under the control of the chicken B-actin promoter for
the system. Briefly, Poll plasmids generating viral RNAs
and protein expression plasmids were mixed with a trans-
fection 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 harvested, biologically cloned by limiting
dilution in MDCK cells, and used for further experiments.

Cells stably expressing NA

MDCK cells were co-transfected with plasmids expressing
WSN NA (pCAGGS-NA) and puromycin N-acetyltrans-
ferase, using an electroporator (Amaxa) according to the
manufacturer’s instructions. A cell clone that stably
expressed NA was then selected in MEM containing 5 %
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NCS and puromycin dihydrochloride (5 pg/ml). NA
expression was confirmed by immunostaining with an anti-
NA mouse monoclonal antibody (WS5-29; a gift from Dr.
Takashita, Yamagata University, Japan) after confluent
cells were washed with phosphate-buffered saline (PBS)
and fixed with 4 % paraformaldehyde in PBS for 30 min at
room temperature. NA enzyme activity of the cells was
measured using a commercial assay kit with fluorescent
methylumbelliferone N-acetylneuraminic acid (MUNAN-
A) substrate (NA—FluorTM kit; Applied Biosystems).

Viral replication in cell culture

The plaque assay was conducted with MDCK cells and
TPCK-trypsin (1 pg/ml). The growth kinetics of viruses
was assessed in MDCK cells inoculated at a multiplicity of
infection (MOI) of 0.01 PFU/cell. After adsorption for 1 h,
the cells were overlaid with MEM containing 0.3 % BSA
and TPCK-trypsin and were incubated at 37 °C. At various
times post-infection, virus titers in the culture supernatant
were determined using plaque assays.

Receptor-specificity analysis with sialylglycopolymers

Glycopolymers composed of poly-o-L-glutamic acid
backbones with 5-N-acetylneuraminic acid linked to
galactose through either 02,3 or v2,6 bonds (Neu5Aco2-
3LacNAcb-pAP and NeuSAco2-6LacNAcb-pAP) were
chemoenzymatically synthesized as described elsewhere
[17]. Virus suspension (200 HA units/ml) diluted in ice-
cold PBS was used to coat 96-well polystyrene microplates
(F96 Cert. MaxiSorp Nunc-Immuno Plate; Nunc), which
were then incubated for 5 h at 4 °C (on ice). As a control,
wells without virus were also incubated. Unbound virus
was removed by washing the wells three times with ice-
cold PBS. The wells were then blocked by incubating them
at 4 °C overnight with 300 pl of PBS containing 0.001 %
Tween 20 (TPBS). The virus-coated wells were then
washed three more times with ice-cold PBS before 25 pl of
horseradish peroxidase (HRP)-conjugated bovine fetuin
(which possesses both NeuSAco2-3Gal and NeuSAco?2-
6Gal) diluted in TPBS (1:2,000) was added. Then, 25 pl of
serially diluted sialylglycoconjugated polymers was added,
and the plates were incubated at 4 °C for 2 h. After being
washed five times with ice-cold PBS, the plates were
incubated with 100 pl of substrate solution (0.4 mg/ml of
o-phenylenediamine, 0.01 % H,0, in 50 mM citrate-
phosphate buffer, pH 5.5) at room temperature for 10 to
20 min. To stop the reaction, 50 pl of 0.1 N H,SO4 was
added to each well. The extent of inhibition of fetuin
binding to virions with sialylglycoconjugate polymers was
determined by measuring the absorbance at 490 nm.
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Virus elution-assay from erythrocytes

Fifty pl of a twofold dilution of virus with an HA titer of
1:64 was incubated with 50 pl of 0.5 % chicken or 0.8 %
guinea pig erythrocytes in a microtiter plate at 4 °C for 1 h.
The plate was then stored at 37 °C, and the reduction in
HA titer was recorded periodically. Opti-MEM was used as
a diluent.

Viral pathogenicity in mice

Five-week-old female BALB/c mice (n = 10/group) were
infected intranasally with 50 ul of viral suspension con-
taining diluted viruses in sterile 0.9 % sodium chloride.
Animals (n = 4/group) were monitored daily for survival
over the next 14 days. On days 3 and 6 post-inoculation,
three mice per group were euthanized, and their lungs,
trachea, and nasal turbinates were harvested and titrated for
the presence of virus.

Vaccine studies

Five-week-old female BALB/c mice (n = 4/group) were
infected intranasally with the variant virus; control mice
(n = 4) were inoculated with PBS. At day 22 post-vacci-
nation (challenge day), all of the mice were similarly
infected with 100 median mouse lethal doses (MLDsg) of
wild-type WSN virus. Survival was monitored daily for the
next 14 days.

Results
Establishment of cells stably expressing NA

Previous reports indicated that mutant viruses with an
altered HA-NA functional balance could be obtained by
using MDCK cells that had been treated with exogenous
bacterial NA or lectin [5, 6]. Here, we established NA-
expressing cells to obtain such a virus, and selected a cell
clone designated as NA-MDCK cells. Immunostaining
with an anti-NA antibody confirmed NA expression on the
cell surface, although the reactivity appeared to be weak
(Fig. 1a), possibly suggesting a low level of NA expres-
sion. Therefore, we performed fluorescent-activated cell
sorting (FACS) analysis with the anti-NA antibody, which
clearly showed that the NA-MDCK cells expressed NA on
their surface (Fig. 1b). To assess the enzyme activity of
NA expressed on cell surface, we used an MUNANA-
based assay, which showed positive NA activity of NA-
MDCK cells with cell numbers of more than 2.5 x 10°,
unlike MDCK cells.

To confirm that the expressed NA was functional, we
used FACS analysis with two lectins, MALII, which is
specific for sialic-acid-linked galactose with an 2,3 link-
age (SA02,3Gal), and SNA, which is specific for sialic-
acid-linked galactose with an 2,6 linkage (SAc2,6Gal).
The assay demonstrated that the parent MDCK cells pos-
sessed both types of SA, as reported previously [8]. By
contrast, NA-MDCK cells retained strong binding to
MALII lectin but showed weaker SNA lectin binding than
that of the MDCXK parent (Fig. 1c), indicating a reduction
in the amount of SA«2,6Gal at the cell surface. This
observation suggests that WSN NA, when expressed on the
cell surface, cleaves SA«2,6Gal but not SAw2,3Gal.

Selection of plaque variants on NA-expressing cells

We next infected NA-MDCK and parental MDCK cells
with WSN virus. Inoculation with a 10™* dilution of the
virus stock produced no visible plaques on NA-MDCK
cells, whereas large plaques were clearly observed on the
MDCK parent cells (Fig. 2). However, inoculation with a
1072 dilution of virus produced large plaques on NA-
MDCK cells, whereas on the MDCK parent, all of the cells
were damaged by cytopathic effects (data not shown). Of
note, many pinpoint plaques, which were not clearly
detected by staining with crystal violet, were also present
around the large plaques on NA-MDCK cells. These data
indicate that WSN virus forms pinpoint plaques on NA-
MDCK cells and that the viruses forming large plaques on
this cell clone are probably variants. To further analyze the
plaque variants, we purified them by three plaque-to-plaque
passages on NA-MDCK cells and designated them as
WSN-LPv.

A mutation determines the plaque phenotype
of the variant

We hypothesized that the HA-NA functional balance of the
WSN-LPy variant differed from that of parent WSN and
that it matched the receptor properties or distribution on
NA-MDCK cells, To test this concept at the molecular
level, we examined the HA and NA gene sequences of
WSN-LPv and found only one amino acid difference at
position 190 (H3 numbering) of the HA; the parent WSN
HA possessed Glu (E), whereas the variant HA possessed
Lys (K). We observed no differences between amino acid
sequences of the two NAs.

To determine the role of this HA E190K mutation in the
large-plaque phenotype on NA-MDCK cells, we used
reverse genetics to generate a mutant WSN virus with the
HA E190K substitution, which was designated the WSN-
E190K(HA) virus. We found that this virus formed large
plagues on NA-MDCK cells, as did WSN-LPv (Fig. 3),
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Fig. 1 Characterization of A
NA-expressing MDCK cells
(NA-MDCK).

a Immunostaining with an anti-

NA antibody («-NA Ab).

A commercial ABC kit (Vector
Laboratories) was used for

detection. b FACS analysis of

NA expression on the MDCK

MDCK

and NA-MDCK cell surface. An
anti-mouse IgG FITC conjugate
was used as the secondary &
antibody. ¢ FACS analysis of - Control
the sialic acid content on the T
MDCK and NA-MDCK cell -g B MDCK
surface. MALII lectin, specific 2 0O NA-MDCK
for SAo2,3Gal, and SNA lectin, =
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Fig. 2 Plaque morphology of the parent WSN virus on MDCK and
NA-MDCK cells. Crystal violet staining was used to visualize
plaques 2 days post-infection. All MDCK cells were detached from
the well surface due to the cytopathic effect of the WSN virus at a
dilution of 1072 (not shown)

demonstrating that the single mutation of E190K in HA is
responsible for the large-plaque phenotype of WSN-LPv on
NA-MDCK cells.
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Fig. 3 Plaque morphology of parent WSN and mutant WSN-

E190K(HA) viruses on MDCK and NA-MDCK cells. Both viruses
were generated by using reverse genetics

Growth properties of the HA mutant

To test the growth properties of the mutant in detail, we
first compared the plaque phenotype of the reverse-



Attenuated HA mutant of influenza A virus

1007

genetics-generated parent WSN (WSN-RG) virus with the
plaque phenotypes of the mutant viruses (Fig. 3). We
confirmed that the WSN-RG virus formed large plaques on
MDCK cells and pinpoint plaques on NA-MDCK cells,
whereas WSN E190K(HA) virus formed large plaques on
NA-MDCK cells. Interestingly, this mutant also formed
large plaques on MDCK cells, but their sizes were signif-
icantly smaller (P < 0.05, Student z-test) than those on
NA-MDCK cells. In addition, the plaque sizes of the
mutant on NA-MDCK cells were significantly smaller
(P < 0.05) than those of WSN-RG virus on MDCK cells.
To determine whether the plaque phenotypes correlated
with the growth efficiencies of these two viruses, we
infected MDCK cells with the viruses at an identical MOI
of 0.01 and compared the growth kinetics of the parent and
mutant viruses. We found that the growth rate of the
mutant was lower than that of the parent WSN (Fig. 4),
indicating a positive correlation between plaque phenotype
and growth on MDCK cells. On the other hand, although
the mutant tended to grow better than the parent virus, the
difference in growth rates between the mutant and parent
viruses on NA-MDCK cells was not large. This finding is
in contrast to that of the plaque sizes of the two viruses,
suggesting that, unlike MDCK cells, there is no correlation
between the plaque phenotype and growth rate on NA-
MDCK cells. Heterogeneous receptor distribution on NA-
MDCK cells may be responsible for this discrepancy.

Receptor specificity of the HA mutant

To determine whether the differences in growth properties
observed between the parent and mutant viruses are
responsible for changes in receptor specificity, we mea-
sured the receptor specificity of both viruses by means of a
receptor assay using sialylglycopolymers. Interestingly,
both viruses had the same receptor specificities; they both
recognized both SA¢2,3Gal and SA¢2,6Gal (Fig. 5).

Since this receptor assay is not quantitative, we next
used virus elution from erythrocytes as an assay to compare
the receptor binding affinities of the two viruses. The
elution assay provides a quantitative assessment of virus
binding and release. When we used chicken erythrocytes,
the mutant virus was not easily eluted, unlike the parent
virus, which was easily eluted for up to 5 h after the
temperature shift. By contrast, with guinea pig erythro-
cytes, we did not observe a marked difference in the elution
kinetics between the mutant and parent viruses (Fig. 6).
Previous studies [7, 12] as well as our own unpublished
observations have shown that chicken and guinea pig
erythrocytes contain both SA«2,3Gal and SA¢2,6Gal, but
quantitative differences between these sialic acids in these
species have not been defined. Nonetheless, these data,
together with those from the virus elution assay, strongly
suggest that the mutant and parent viruses differ in their
receptor-binding affinities.

Pathogenicity of the mutant virus in mice

Our in vitro assays demonstrated that the HA-NA func-
tional balance of the mutant differs from that of the parent
virus. We then asked whether this alteration affects virus
pathogenicity in mice. We infected mice with various
dilutions of virus and determined the median mouse lethal
dose (MLDsg), and the results indicated that the mutant
was attenuated in these animals (10%?° PFU for WSN-RG
vs. >10%° PFU for WSN-E190K(HA)). To confirm the
attenuation phenotype of the mutant, we compared virus
titers in organs following intranasal infection with the same
amount of the two viruses. We observed no differences in
the virus titers in the nasal turbinates but observed signif-
icant (P < 0.05) differences in the virus titers in the lungs
(Fig. 7), indicating that the mutant virus was attenuated in
mice and that its pathogenicity may be determined by its
growth rate in the lung.

Fig. 4 Growth kinetics of 03 09

parent WSN and mutant WSN- 08 08

E190K(HA) viruses on MDCK _ -

and NA-MDCK cells. E 9 E @

Following infection of cells 2 o6 Z o6

with each virus at an MOI of =) he °‘s od

0.01, virus titers were v w

determined by plaque titration % 04 T, B4

with MDCK cells. Experiments £ .g 03

were performed three times § 2 o

independently < o =@== WSN-RG = === WSN-RG
o = WSN-E190K(HA) ot il WSN-E190K(HA)
s 12 24 36 48 60 72 5 12 24 36 48 60 72

Hours post-infection Hours post-infection
NA-MDCK

MDCK
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A ded kel (Fig. 8a). When we attempted to isolate viruses from
324 ‘H - I —— mouse organs at 3 days post-challenge, no virus was
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16 immunized control mice (Fig. 8b). These data indicate that
_.E the mutant virus has potential as a live vaccine against the
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0B Bk d B Berd & B B0 Ad,ds A8 64 45,15 17 15 In this study, we selected a plaque variant virus, WSN-LPy,

Incubation time at 37°C (hr)

Fig. 6 Virus elution assay using chicken and guinea pig erythrocytes
for parent WSN (WT) and mutant WSN-E190K(HA) (MT) virus,
respectively. Virus preparations with identical HA titers (64) were
incubated with erythrocytes at 4 °C for 1 h, and the plates were then
shifted to 37 °C. The HA titers were recorded up to 18 h. Identical
results were obtained in two independent experiments

Vaccine potential of the mutant virus

The attenuation phenotype of this mutant suggests that it
may have potential as a live vaccine. To assess this pos-
sibility, we inoculated mice with a series of dilutions of the
mutant virus and then challenged them with 100 MLDs5, of
wild-type WSN at 3 weeks post-immunization. The mice
were observed for lethality for 2 weeks. None of the
immunized mice died during this observation period,
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derived from the laboratory HINT influenza virus, by using
NA-expressing MDCK cells. We found that this variant
was attenuated in mice when compared with the parent
virus, due to an alteration in its HA-NA functional balance
that resulted from a single mutation (E190K) in HA. This
observation supports the notion that the HA-NA functional
balance is responsible for efficient virus growth and can,
therefore, be a determinant factor for virus pathogenicity in
host animals.

To our knowledge, the HA E190K mutation observed in
WSN-LPv has not been found in any naturally occurring
HINT viruses, although it is well documented that the
nature of the amino acid at position 190, in addition to that
at position 225, of the HA receptor-binding pocket deter-
mines the receptor specificity of H1 viruses [11]. Indeed,
Asp (D) at positions 190 and 225 (found in human viruses)
confers binding to SA02,6Gal oligosaccharides, whereas D
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Fig. 7 Virus growth in the organs of mice infected with parent WSN
(WT) and mutant WSN-E190K(HA) (MT) viruses. Mice were
infected intranasally with two different concentrations of the viruses
(5 x 105 or 5 x 10° PFU), and respiratory organs were collected at
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Fig. 8 Protective effects of mutant WSN-E190K(HA) virus against
wild-type WSN virus challenge. a Mice were immunized intranasally
with the indicated titers of mutant virus and were then infected with
100 MLDs, of wild-type WSN-RG at 3 weeks post-immunization.
Body weights of mice (n = 4/group) were monitored for 14 days.
b At 3 days post-challenge, four mice in each group were sacrificed
for titration of virus present in their organs. Each bar indicates the
result from one infected mouse. Mock-immunized mice (PBS) were
also challenged and examined as controls

and Gly (G) at these positions (found in swine viruses)
allow binding to both ¢2,6 and ¢2,3 linkages; Glu (E) and
G at positions 190 and 225, respectively, (found in avian
viruses) permit binding to ¢2,3-linked sialic acids. Inter-
estingly, WSN-LPv possesses K and D at positions 190 and
225, respectively, whereas the parent WSN virus and even

5x105

o
R &

Virus titer log,, PFU/g
2 2

Trachea

Nasal turbinate

3 days post-infection. Virus titers in each organ were determined by
plaque titration. Each bar indicates the result from one infected
mouse

its original human isolate (WS virus; GenBank accession
no. CY009604) possess E and D at these positions, which is
an unusual combination of amino acids among natural
HIN1 viruses. The WSN virus was obtained experimen-
tally through successive passages of the WS virus in fer-
rets, mice and cell culture and has been maintained by
further passages in various laboratories [2, 16]. We do not
know the passage history of the WS virus that was used
for the database assignment. Nonetheless, these findings
support the notion that the amino acids at positions 190 and
225 are “hot spots” for HA mutation in HIN1 viruses that
may determine organ tropism as well as host specificity of
the virus by altering HA receptor-binding properties.

WSN-LPv with the HA E190K mutation was success-
fully selected by using our established NA-MDCK cells.
Interestingly, SA02,6Gal, but not SAv2,3Gal, levels were
reduced on the surface of NA-MDCK cells when compared
with MDCK parent cells. This observation stands in
contrast to a previous report describing the preferential
substrate specificity of HIN1 virus NAs for SA02,3Gal
over SA02,6Gal [14]. We do not know the reason for this
discrepancy because there is no information about the
substrate specificity of WSN NA when expressed on the
cell surface. One possible explanation is that a low level of
NA expression on NA-MDCK cells may result in different
substrate specificity from that measured with other assays
in previous studies.

We demonstrated that the HA-NA functional balance of
WSN-LPv was altered relative to that of the parent virus,
although the receptor specificity of the viruses was not
changed. The virus elution assay indicated slower elution
from erythrocytes of the variant than of the parent viruses,
indicating that the variant had a higher affinity for the
receptor molecules. This observation may explain why the
variant can replicate efficiently and form large plaques on
NA-MDCK cells that have fewer receptor molecules with
SAw2,6Gal.

Here, we selected an HA variant with altered receptor-
binding activity by using NA-MDCK cells. This kind of
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variant may not easily be selected in nature, due to its
inferior growth relative to that of the parent virus. How-
ever, the idea that mutant viruses with heterologous
receptor-binding properties are part of the circulating virus
population as quasispecies provides for the possibility that
such mutants could emerge as a major population under
some biological circumstance, as exemplified by the
isolation of 2009 pandemic virus mutants with an HA
D225G (H1 numbering: D222G) mutation that are more
pathogenic than the original pandemic strain and have
enhanced binding to SAo2,3Gal avian-type receptors
[1, 10]. Additionally, accidental infection of other animal
hosts may lead to the emergence of HA receptor mutants
with pandemic potential. Indeed, previous pandemics
suggest that pigs are the likely intermediate host animal in
which HA receptor mutants are generated [4].
Attenuation of the variant in mice suggests that the HA-
NA functional balance of the parent virus was superior to
that of the variant for efficient virus replication in lungs, but
not in nasal turbinates of mice, revealing that the organ
specificity of the virus could be affected by the altered HA-
NA functional balance. This finding supports exploring this
variant as a potential live vaccine virus because its repli-
cation is substantially hampered in the lower respiratory
tract. However, attenuation of the variant through an HA
single mutation may lead to considerable potential for
reversion. Therefore, artificial HA mutations with enhanced
receptor-binding affinity should be included in one of the
genetic loci for the attenuation phenotype, in addition to
cold adaptation with current live vaccines [9], which in turn
could lead to the construction of safe live vaccines with high
attenuation phenotypes and reduced potential for reversion.
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