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A live attenuated influenza A/Vietnam/1203/2004 (H5N1) vaccine virus (VNO04 ca) has receptor binding
specificity to a2,3-linked sialosides («2,3SAL), and a single dose induces a minimal serum antibody response
in mice and ferrets. In contrast, A/Hong Kong/213/2003 (H5N1) vaccine virus (HK03 ca) binds to both «2,6SAL
and «2,3SAL and generates a stronger serum antibody response in animals. Among the 9 amino acids that
differed between the two H5 HA1 proteins, several HK03-specific residues enabled the VN04 ca virus to bind
to both a2,3SAL and «2,6SAL receptors, but only the removal of the 158N glycosylation, together with an
S227N change, resulted in more-efficient viral replication in the upper respiratory tract of ferrets and an
increased serum antibody response. However, the antibody response was HKO03 strain specific and did not
significantly cross-neutralize VN04 virus. A second approach was taken to adapt the HSN1 VN04 ca virus in
MDCK cells to select HA variants with larger plaque morphology. Although a number of large-plaque-size HA
variants with amino acid changes in the HA receptor binding region were identified, none of these mutations
affected virus receptor binding preference and immunogenicity. In addition, the known receptor binding site
changes, Q226L and G228S, were introduced into the HA protein of the VN04 ca virus. Only in conjunction with
the removal of the 158N glycosylation did the virus replicate efficiently in the upper respiratory tract of ferrets
and became more immunogenic, yet the response was also HKO03 specific. Thus, the mask of the antigenic
epitopes by 158N glycosylation at the HA globular head and its «2,3SAL binding preference of VN04 ca virus

affect virus antigenicity and replication in the host, resulting in a lower antibody response.

Influenza A viruses have the potential to cause pandemics
of various severities. The emergence of new influenza virus
strains to which the general population has low or no immu-
nity, such as the 2009 swine-origin influenza A HINT viruses,
will continue to challenge public health authorities and the
scientific community to develop quick and efficient mitigation
responses (18). Highly pathogenic avian influenza A (HPAI)
HS5N1 viruses pose a serious pandemic threat due to their
virulence and high mortality in humans, and their increasingly
expanding host reservoir and significant ongoing evolution
could enhance their human-to-human transmissibility (8). Cur-
rently, the case fatality rate of HPAI HSNI1 viruses in humans
is estimated to be approximately 60% (30).

Although HPAI H5N1 viruses are now endemic in several
countries (2), direct transmission of influenza viruses from
avian species to humans remains a relatively rare event. The
hemagglutinin (HA) protein’s affinity for cell surface sialic
acid-containing molecules is one of the determinants of influ-
enza A virus host range restriction. Human and avian influenza
virus isolates differ in their recognition of host cell receptors;
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human strains mainly bind «2,3-linked sialosides (a2,6SAL),
whereas the avian strains have a high affinity to «2,3SAL (15,
32). The influenza pandemics of the last century have been
suggested to result from switching of HA receptor-binding
specificity from «2,3SAL to a2,6SAL receptors (6, 26, 31).

The receptor-binding specificity of the HA protein can be
influenced by several critical residues. For influenza H3 sub-
type viruses, substitutions of Q226L. and G228S could com-
pletely reverse receptor-binding specificity from «2,3SAL to
a2,6SAL (4, 21). For the H1 subtype viruses, the E190D and
D225G residues switch virus receptor binding specificity from
a2,3SAL to a2,6SAL for the 1918 pandemic HINT viruses (6,
25). However, based on glycan microarray analysis, the 190E
and 225D residues cannot alter the HA binding preference
from «2,3SAL to «2,6SAL for H5N1 viruses (26).

Vaccination is considered a preferred approach to prevent in-
fluenza-related illness in the community. A pandemic influenza
vaccine should stimulate protective immunity in the target popu-
lation using the smallest amount of antigen possible, thus en-
abling availability of maximal vaccine doses. The inactivated
H5N1 VNO04 vaccines have been found to be poorly immunogenic
in humans, and adjuvants are needed to enhance vaccine immu-
nogenicity (13). Live attenuated influenza vaccines (LAIV) have
several desirable attributes: the stimulation of a durable mucosal
and systemic immunity, broad efficacy against homologous and
drifted strains, and efficient production (17).
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Several HSN1 LAIV vaccines possessing a modified HA and
neuraminidase (NA) of an H5N1 virus and the six internal
protein gene segments (PB1, PB2, PA, NP, M, and NS) of the
A/Ann Arbor/6/60 (H2N2) cold-adapted (AA ca) master do-
nor virus were previously generated and evaluated for their
immunogenicity and efficacy in mice and ferrets (29). A single
dose of A/Vietnam/1203/2004 (VNO04 ca) LAIV elicited very
low levels of serum neutralizing antibodies against homologous
and heterologous wild-type (wt) H5N1 viruses 4 weeks after
administration to mice and ferrets. In contrast, a single dose of
A/Hong Kong/213/2003 (H5N1) (HKO03 ca) LAIV was more
immunogenic (29). A specific amino acid residue at position
227 in the HK03 HA has been reported to be responsible for
the greater immunogenicity of HK03 (9). VN04 and HKO3 also
differ in their receptor binding specificities. The VN04 HA
mainly recognizes a2,3SAL, while the HK03 HA recognizes
both «2,3SAL and o2,6SAL (7, 14, 22, 36). Sequence align-
ment of the two H5 HA proteins revealed nine amino acid
differences in their HA1 region (9). The current analysis eval-
uates the impact of these amino acid differences on HSN1 VN
ca vaccine strain replication and immunogenicity. In addition,
adaptive mutations selected from MDCK passage of the HSN1
VNO4 ca virus and introduction of known receptor binding
sites were evaluated for their effect on antigenicity and immu-
nogenicity of the HSN1 VNO04 ca virus.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Viral RNA was extracted from the influenza A
HS5N1 HKO03 and VNO04 wt viruses in a biosafety level 3-plus (BSL3+) laboratory.
MDCK cells were obtained from the American Type Culture Collection (ATCC)
and maintained in minimal essential medium (MEM) containing 5% fetal bovine
serum (FBS) in a humidified atmosphere of 5% CO,. Polyclonal anti-influenza
A/Ann Arbor/6/60 (H2N2) antiserum was produced in chickens. Rabbit anti-
HA1 (H5N1) antiserum was obtained from Immune Technology Corp. (New
York, NY).

Generation of recombinant viruses. Recombinant cold-adapted (ca) HKO03
and VNO04 viruses that contain the cleavage site-modified HA were generated by
reverse genetics as described previously (29). To introduce specific change in the
HA protein, site-directed mutagenesis of the HK03 and VN04 HA plasmids was
performed by using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA).
Mutagenized residues were confirmed by sequence analysis. Recombinant 6:2
vaccine viruses with specific changes in the HA gene, the unmodified NA from
HKO03 or VNO04, and the six internal gene segments from the AA ca virus were
rescued using the eight-plasmid transfection system (10, 11). Viruses were prop-
agated in allantoic cavities of 10- to 11-day-old embryonated chicken eggs, and
the viruses were harvested and stored at —80°C. The genetic sequence of each
recombinant virus was confirmed by sequencing cDNA amplified from viral
RNA (VRNA) by reverse transcription (RT)-PCR.

Selection of H5SN1 VN04 ca variants from MDCK cell adaptation. The VN04
ca virus was passaged six times in MDCK cells to select variants that exhibited
large-plaque morphology. MDCK cells in six-well plates were infected with the
'VNO04 ca virus at a multiplicity of infection (MOI) of 0.01 in triplicate in 3 ml of
Opti-MEM I (Invitrogen, Carlsbad, CA) containing 1 pg/ml tosylsulfonyl phe-
nylalanyl chloromethyl ketone (TPCK)-trypsin at 33°C in a CO, incubator. When
the cytopathic effect (CPE) reached 80 to 90% (2 to 4 days postinfection [p.i.]),
the culture supernatant was collected, diluted 100- to 1,000-fold, and used to
infect fresh MDCK cells. The VNO4 ca virus used for the initial passage was
referred to as VNO4 ca virus PO, and the subsequently passaged viruses were
referred to as VNO4 ca viruses P1 to P6.

Plaque assay. Plaque morphology of the passaged VN04 ca PO to P6 viruses
was examined in MDCK cells by plaque assay. MDCK cells in six-well plates
were infected with 400 pl of 10-fold serially diluted virus and overlaid with 3 ml
of L15/MEM containing 1% agarose and 1 pg/ml TPCK-trypsin. The infected
cells were incubated at 33°C for 3 days. Plaques that were at least twice the size
of the VNO4 ca virus PO were isolated for sequence analysis and further amplified
in MDCK cells or eggs. The plates were then immunostained using polyclonal
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antiserum against AA ca, and the enumerated plaque images were captured
using an Alphalmager system (Alpha Innotech, San Leandro, CA).

Examination of HA 158N glycosylation by Western blotting. The VN04 HA
has a putative glycosylation site at the N158 residue because of the T160 residue
(9). To confirm whether a T-to-A substitution at residue 160 that is present in the
HA protein of HKO03 affected the 158N glycosylation status of VN04 HA, West-
ern blotting was performed to examine the mobility change of the HA protein on
a polyacrylamide gel. Each virus was concentrated by ultracentrifugation, and
viral proteins were electrophoresed on a Novex 10% Tris-glycine gel (Invitro-
gen). The electrophoresed proteins on the gel were transferred to a nitrocellu-
lose membrane, and the membranes were blocked in 5% fat-free milk before
incubation with rabbit anti-HA1 (H5NT1) antiserum (Immune Technology Corp.,
New York, NY), followed by incubation with horseradish peroxidase (HRP)-
conjugated antirabbit antibodies (Dako, Carpinteria, CA). Protein bands were
detected by a chemiluminescence detection kit (GE Healthcare Bio-Sciences,
Piscataway, NJ) and developed on an X-ray film.

Receptor-binding assay. The receptor-binding specificity of the recombinant
viruses was determined by comparing the hemagglutination activities using
enzymatically modified chicken red blood cells (¢cRBCs) that express either
a2,3SAL or a2,6SAL, as previously described (3, 20). Briefly, 100 pl of 10%
cRBCs was incubated with 50 mU Vibrio cholerae neuraminidase (Sigma, St.
Louis, MO) at 37°C for 1 h to remove sialic acids from cRBCs. Subsequently,
desialylated cRBCs were incubated with 2.5 mU of «2-3(N)-sialyltransferase
(Calbiochem, La Jolla, CA) or 2 mU of a2-6(N)-sialyltransferase (Calbiochem,
La Jolla, CA) and 1.5 mM cytidine-5'-monophospho-N-acetylneuramine acid
(Sigma, St. Louis, MO) for 1.5 h at 37°C. The resialylated red blood cells (RBCs)
were suspended (0.5% [vol/vol]) in phosphate-buffered saline (PBS) (pH 7.2 to
7.6) and incubated with 2-fold serially diluted virus at room temperature for 60
min. The viral HA titer was defined as the reciprocal of the highest dilution that
displayed hemagglutination of the RBCs.

Ferret studies. Seven- to ten-week-old ferrets from Simonsen (Gilroy, CA) or
Triple F farm (Sayre, PA), testing seronegative for antibodies to influenza A
HIN1, H3N2, and H5N1 viruses, were used to examine viral replication in the
upper and lower respiratory tract of ferrets and to compare levels of serum
antibodies induced by the recombinant viruses. Groups of 3 ferrets were inocu-
lated intranasally with 7.0 log,, PFU of the VN04 ca, HKO03 ca, or VN04 ca HA
variants in a volume of 0.2 ml (0.1 ml per nostril). Replication of the H5 variants
in the upper and lower respiratory tract of ferrets was determined by 50% egg
infectious titer and expressed as log,, egg infective dose (EID)/g tissue. H5-
specific antibody responses were examined by hemagglutination inhibition (HAT)
and microneutralization (Nt) assays using sera collected at day 28 p.i. after a
single dose or 14 days after the second dose (42 days p.i.).

Microneutralization assay. Serum antibody levels of postimmunization ferret
sera against the homologous and heterologous viruses were determined by an Nt
assay. Sera were treated overnight with receptor-destroying enzyme (RDE)
(Denka-Seiken, Tokyo, Japan) at 37°C for 18 h and heat inactivated at 56°C for
45 min. Serial 2-fold dilutions of ferret serum starting from 1:10 dilution were
incubated with an equal volume of the indicated viruses at a concentration of 100
50% tissue culture infectious dose (TCIDs;)/ml in a 96-well U-bottom plate for
60 min at 33°C. The virus-serum mixture was transferred to monolayers of
MDCK cells and incubated at 33°C for 6 days. The neutralizing antibody titers
were defined as the reciprocal of the highest serum dilution that completely
neutralized the appropriate virus as defined by the absence of CPE on day 6 p.i.

RESULTS

Adaptation of the VNO04 ca virus in MDCK cell cultures. The
'VNO4 strain, which was isolated from an infected person, orig-
inated with an avian host and has receptor binding specificity
to a2,3SAL. Passage of the VNO4 ca virus in MDCK cells
selected viruses with large-plaque morphology (Fig. 1). There
was a progressive increase in the proportion of plaques that
exhibited large-plaque morphology on MDCK cells in later
passages, indicating that these viruses with large-plaque phe-
notype may have acquired an amino acid change(s). Eighteen
larger plaques from each passage were selected for sequence
analysis to identify amino acid substitutions in the HA and NA
genes. As shown in Table 1, the most frequently isolated large-
plaque isolates contained sequence changes at or near the HA
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FIG. 1. Plaque morphology of the HSN1 VNO04 ca virus passaged in
MDCK cells. MDCK cells were infected with the VNO4 ca virus at a
MOI of 0.01, and virus supernatants collected at passages 1, 3, and 6
were examined by plaque assay in MDCK cells. The viruses in the later
passages exhibited large-plaque morphology compared to the viruses
in the earlier passage.

receptor binding site; no mutations in the NA were detected in
any of these virus isolates. Some of the changes occurred as
early as passage 1. Several substitution mutations, E190D,
T219N, K222E, G225E, and S227N (H3 numbering) (27, 34),
were detected in HS HA at a much higher frequency. The
190D or 225E mutation has been reported to affect receptor
specificities of H1 viruses (6, 15, 19, 25). The 227N residue is
also present in HA of HK03 and was found to allow the virus
to bind «2,6SAL (1, 9, 24). The other changes in HA1 at
residues H130N, A138T, Y201C, S203F, K222Q, and N240D
were detected at a much lower frequency. In addition to the
changes in the HA1 region, two mutations at residues 64 and
82 (HS numbering) in the HA2 region were also detected. The
sequences of the six internal protein gene segments of the
VNO04 HA variants with mutations at residues 190D, 219N,
222E, 225E, and 227N were also examined. Random mutations
with one or two amino acid changes were detected in the PB1,
PB2, PA, or NP gene segment. To eliminate any possible
effects of the mutations in the internal protein gene segments
on virus phenotypes, mutations at positions 190, 219, 222, 225,
and 227 were introduced into the VN04 HA plasmid, and
recombinant viruses possessing these substitutions were gen-
erated and characterized.

Generation of the HSN1 VN04 and HKO03 ca variants by
reverse genetics. Alignment of the H5 HA protein sequences
of HK03 and VNO04 revealed 9 amino acid differences in
their HA1 region (NCBI accession number BAE07201 or
AAT39065 for HKO3 HA and AAT73274 or ABP51977 for
VNO04 HA). Analysis of the three-dimensional (3D) protein
structure of the H5S HA protein indicated that 6 amino acid
residues (125, 159, 160, 193, 216, and 227, H3 numbering) (27,
34) are located at the antigenic sites of the HA globular do-
main, and these residues were chosen for further evaluation.
The HKO03 HA-specific amino acids were introduced individ-
ually or in combination into the VN04 HA protein (Table 2).
Viruses possessing the introduced mutations in HA of the
VNO4 ca virus were rescued by reverse genetics. In addition,
the Q226L and/or G228S mutation, with or without the T160A
change, was also introduced into HA of the VN04 ca virus. None
of these amino acid changes (with the HKO03 residue, adaptive
mutations, or introduced mutations) in the HA protein of VN04
ca virus affected viral growth, since all the viruses replicated well
in eggs with titers of ~8 log,, PFU/ml (Table 2).

Evaluation of antigenicity of VN04 ca variants. The antige-
nicity of the VN04 ca variants was compared to those of the
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VNO04 ca and HKO3 ca viruses by using postinfection ferret
serum collected after intranasal inoculation with a single dose
or two doses of 7.0 log,, PFU of either the VN04 ca or HK03
ca virus. Since the VNO4 and HKO3 ca viruses have different
receptor binding preference, which may affect the sensitivity of
the HAI assay, an Nt assay was also performed to assess the
antigenicity of the HSN1 ca viruses. All of the preimmunized
sera had Nt antibody titers of <10. As shown in Table 2, the
HKO03 ca virus-immunized ferret serum had an Nt titer of
1,280, but it neutralized the VNO4 ca virus at a much lower
titer of 40; its reactivity with VNO4 was reduced by 32-fold.
These data are consistent with the previous reported finding
that HKO3-specific antibody has very narrow reactivity to
other H5N1 viruses (29). Although VNO04 ca postimmuniza-
tion ferret serum had a low Nt antibody titer (80) against the
homologous virus, it had a similar titer against the HKO03 ca
virus, confirming that VNO4 ca vaccine-induced antibody
had broader reactivity than the HKO03 ca virus-induced an-
tiserum. The VNO04 ca variants reacted similarly to the VNO04
ca virus-specific sera. However, their reactivity to the HK03
ca vaccine-induced serum varied. The VNO04 ca variants with
the 160A residue (VN-T160A, VN-S159N/T160A, VN-T160A/
S227N, VN-Q226L/T160A, and VN-Q226L/G228S/T160A) re-
acted with the HKO3 ferret serum much better than the VNO4 ca
virus and other VN04 ca variants, suggesting that the 160 residue
determined strain-specific reactivity. The VNO4 ca variants se-
lected from the MDCK cells (adaptive mutations) and the
viruses with the introduced Q226L and/or G228S mutation had
antigenicity similar to that of the VNO04 ca virus as determined
by the Nt assay.

Similar to the Nt assay, the HAI assay also showed that the
one- and two-dose HKO03 ca virus postimmunization ferret sera
reacted with the variants that had the T160A mutation bet-
ter than the VNO04 ca virus (Table 2). The HKO03 ca virus
post-dose-1 and -dose-2 serum had HAI titers of 64 and 256
against the homologous HKO03 ca virus and <4 and 16
against the heterologous VNO04 ca virus, respectively. How-
ever, HAI titers of 16 to 128 (post-dose-1 serum) or 32 to
256 (post-dose-2 serum) were detected for the VN-T160A,

TABLE 1. Amino acid substitutions detected in the HA protein of
the VNO4 ca variants®

aa substitution Isolated in

passage(s):

No. of
isolates

aa position no. for

H3, H5

VNO4 Variant

190, 186
219, 215
222, 218
225, 221
227,223
130, 125
138, 134
201, 197
203, 199
222, 218
240, 236
NA, HA2-64
NA, HA2-82
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“ Amino acid (aa) substitutions are indicated by a single-letter amino acid
residue at each position, and their positions in H5 numbering and H3 numbering
are presented. NA, not applicable.
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TABLE 2. Comparisons of HSN1 VNO04 ca, HKO03 ca, and VN04 ca HA variants for their replication in eggs and antigenicity

Nt titer” HAL titer”
Category of VN04 HA . Titer of virus®
s rrnyutation Virus (log. PFU/mI) HKO3 VNO4 HKO03 VNO4
1 dose 1 dose 1 dose 2 dose 1 dose 2 dose
None HKO03 ca 7.8 1280 80 64 256 <4 64
VNO4 ca 8.1 40 80 <4 16 <4 16
With HK residue VN-S125N 8.0 80 80 <4 8 <4 16
VN-S159N 8.1 80 80 <4 8 <4 16
VN-T160A 7.8 640 80 32 64 <4 64
VN-K193R 8.0 160 80 <4 8 <4 16
VN-R216K 8.1 40 80 <4 4 <4 16
VN-S227N 8.3 40 80 8 16 <4 64
VN-S159N/T160A 7.3 320 80 16 32 <4 32
VN-T160A/S227N 8.1 640 80 32 64 <4 32
Adaptive mutations VN-E190D 8.2 80 80 <4 16 <4 64
VN-T219N 8.3 80 80 <4 16 <4 32
VN-K222E 8.0 80 80 <4 16 <4 64
VN-G225E 8.0 80 80 <4 16 <4 32
Introduced mutations VN-Q226L 7.7 80 80 32 64 <4 128
VN-G228S 8.1 80 80 8 64 <4 128
VN-Q226L/G228S 8.4 80 80 16 32 <4 128
VN-Q226L/T160A 7.7 640 80 64 128 <4 128
VN-Q226L/G228S/T160A 8.1 640 80 128 256 <4 128

“ Titer of virus was measured by plaque assay on MDCK cells and expressed as mean log;, PFU/ml from two experiments.
b Ferrets were immunized with the HK03 ca or VN04 ca virus, serum was collected 4 weeks after a single dose or 2 weeks after the second dose, and sera from three
ferrets were pooled for the Nt assay and HAI assay using turkey RBCs. The values represent the highest serum dilution that neutralized the indicated viruses.

VN-S159N/T160A, VN-T160A/S227N, VN-Q226L/T160A,
and VN-Q226L/G228S/T160A variants. Similar to the case
with the VNO4 ca virus, the adaptation mutations did not react
with the HKO3 1-dose serum and had an HALI titer of 16 with
the HKO3 ca 2-dose serum. The introduced Q226L and G228S
mutations had greater reactivity to the HK03 ca serum in the
HAI assay. VN04 ca 1-dose serum had an antibody titer too
low to be detected by the HAI assay using turkey RBCs, while
the VNO4 ca 2-dose serum reacted to the HKO3 ca virus at a
titer 4-fold higher than that of the homologous VN04 ca virus
(64 versus 16) due to the difference in the receptor binding
property. The VNO04 ca 2-dose serum also reacted with some of
the variants better than the VNO04 ca virus. The highest titers
were detected for the introduced Q226L and/or G228S muta-
tion with or without the T160A mutation. The data obtained by
the HAI assay indicated that some of the mutations in the HA
molecule may have affected virus receptor binding preference
or avidity such that the variants had better binding to the
turkey RBCs, resulting in increased sensitivity of the HAI
assay.

Receptor-binding preference of the VN04 ca variants. The
VNO4 ca variants bearing substitutions in the HA protein,
reflecting either the HKO03-specific amino acids, adaptive mu-
tations selected from MDCK cells, or the introduced Q226L
and G228S changes, were analyzed for their receptor-binding
specificities by hemagglutination of the variants with cRBCs
resialylated with either a2,3SAL or a2,6SAL. The HA titer of
64 was used for the analyses of the VNO04 ca variants. As
expected, the HKO3 ca virus had binding affinity for both
a2,3SAL and oa2,6SAL, and the VNO4 ca virus displayed a
strong binding preference for a2,3SAL (Table 3). The intro-

duction of single amino acids from HK03 HA, S125N, S159N,
T160A, K193R, and the double S159N/T160A and T160A/
S227N mutations resulted in increased binding to «2,6SAL
without a loss of binding to a-2,3SAL. The virus with the single
R216K or S227N change did not bind to «2,6SAL. Surpris-
ingly, the VNO4 ca variants that had the MDCK adaptive
mutations (E190D, T219N, K222E, G225E, and S227N) re-

TABLE 3. Receptor binding specificities of VN04 ca variants

Titer of HA using cRBCs with
indicated treatment”

Virus
Untreated a2,3SAL «2,6SAL
HKO03 ca 64 64 32
VNO4 ca 64 64 2
VN-S125N 64 64 16
VN-S159N 64 128 32
VN-T160A 64 64 64
VN-K193R 64 64 64
VN-R216K 64 64 2
VN-S227N 64 64 <2
VN-S159N/T160A 64 64 64
VN-T160A/S227N 64 64 32
VN-E190D 64 32 <2
VN-T219N 64 64 <2
VN-K222E 64 64 <2
VN-G225E 64 64 <2
VN-Q226L 64 8 <2
VN-G228S 64 64 16
VN-Q2261/G228S 64 8 8
VN-Q226L/T160A 64 4 64
VN-Q226L/G228S/T160A 64 64 64

¢ Virus that didn’t hemagglutinate RBCs was assigned a value of <2.
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FIG. 2. Examination of glycosylation of the HSN1 HA proteins by
Western blotting. Viruses were amplified in eggs, concentrated by
centrifugation, and electrophoresed on 10% polyacrylamide gel con-
taining 0.1% SDS. The HAI1 proteins were detected by using poly-
clonal anti-VNO04 antibody. The 158N glycosylated (CHO-HA1) with
160T and nonglycosylated HA1 (HA1) with 160A proteins are indi-
cated.

mained unable to bind to «2,6SAL at the virus concentration
tested (Table 3). The Q226L mutation reduced the receptor
binding affinity for «2,3SAL without detectable binding to
a2,6SAL being shown. However, the G228S mutation allowed
the virus to bind to «2,6SAL better, and the double Q226L/
228S mutant bound to a2,6SAL and «2,3SAL equally but at a
low level (both had a titer of 8). Introduction of the T160A
mutation into the Q226L and Q226L/G228S mutants improved
virus binding affinity for «2,6SAL. Thus, the mutations intro-
duced into HA of the VNO4 ca virus had various impacts on
virus receptor binding preferences.

The 158N residue in the HA protein of the VN04 ca virus is
glycosylated. Posttranslational N-linked glycosylation of the
HA protein can influence the virulence and pathogenicity of
influenza virus by masking the antigenic epitopes of the HA
protein (23), resulting in altered virus receptor binding (16)
and modulation of the cleavability of the HA precursor protein
(5). The 158N residue was present in both VN04 and HK03
HA, but VNO04 has residue 160T, which could make the 158N
glycosylated (N-S-T). HKO03 has 160A, and its 158N residue
thus could not be glycosylated. To confirm that this 158N
glycosylation site in the VN04 H5 HA protein was indeed
utilized, the H5 HA proteins of the VN04, VN04-160A, HK03
and HKO03-160T ca viruses were analyzed by Western blotting
using an H5 HA-specific antibody (Fig. 2). As expected, the HS
HA protein of the VN04 ca virus with the 158N-159S-160T
sequence in HA1 migrated slower than the VNO4 virus with
160A. Similarly, the HA protein of the HK03 ca virus migrated
faster than HK03-160T. These data confirmed that the T160A
change resulted in the loss of the glycosylation site and the
158N residue in the HS HA of the VN04 ca virus was indeed
glycosylated.

Replication of the VN04 ca variants in ferrets. To determine
whether the VNO4 ca variants with a receptor binding prefer-
ence for a2,6SAL could replicate more efficiently in vivo, the
VNO04 ca mutants were evaluated for their replication in the
upper and lower respiratory tract of ferrets (Table 4). All of
the VNO04 ca variants remained attenuated, with no virus rep-
lication detected in the lungs of ferrets. The VNO4 ca virus
replicated in the nasal turbinates (NT) at a very low level (titer
of 2.2 log,, 50% EID (EIDs,)/g of tissue), which was about
100-fold lower than replication of the HKO03 ca virus. To de-
termine if the NA contributed to virus replication in the respi-
ratory tract, chimeric viruses with the HK03 HA and VN04 NA
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(HK-HA+VN-NA) or VN04 HA and HK03 NA (VN-HA+HK-
NA) were produced. This chimeric HK-HA+VN-NA virus rep-
licated at a mean titer of 3.4 log,, EIDsy/g, yet its level of
replication in the NT varied significantly among the three fer-
rets, with a standard error (SE) value (0.9) much greater than
those of the VNO04 (0.1) or HKO03 (0.1) ca viruses. The chimeric
VN-HA+HK-NA virus replicated similarly to the VNO4 virus.
These data indicate that HA plays a greater role than NA in
determining virus replication in vivo. Most of the VN04 ca
variants replicated poorly in the NT. However, VN-T160A/
S227N exhibited better replication in the NT, at a titer of 3.4
log,, EIDs,/g, which was similar to that of the chimeric virus
containing the HA from HKO03 and NA from VNO04 (3.4 log,,
EID,,/g). Conversely, adding the glycosylation site and making
the N227S change in the HA protein of the HKO03 ca virus
reduced replication of the HK03 ca virus (HK-A160T/N227S)
in the NT (2.5 log,, EIDsy/g). The VN-Q226L/T160A and
Q226L/G228S/T160A variants replicated most efficiently in the
NT of the ferrets (5.2 and 4.9 log,, EIDsy/g). Thus, the com-
bination of the removal of the 158N glycosylation (because of
the T160A mutation) and an additional receptor binding site
mutation enabled the VNO04 ca virus to replicate more effi-
ciently in the upper respiratory tract of ferrets.
Immunogenicities of VN04 ca variants in ferrets. To evalu-
ate whether the specific amino acid changes in HA of the
VNO04 ca virus would affect the ability of the VNO4 ca virus to
induce serum antibody responses, groups of three ferrets were
vaccinated intranasally with 107 PFU of different VNO4 ca
variants, and serum neutralizing and HAI antibody titers against
the HKO3 ca, VNO4 ca, and VNO04 ca variants were determined
(Table 5). There was a relatively good correlation in the Nt and
HALI antibody titers. The geometric mean Nt antibody titer of
the VNO4 ca virus postimmunization serum was much lower
than that of the HKO3 ca postimmunization serum. All the

TABLE 4. Replication of VNO04 ca variants in ferrets

Titer of virus® (log,, EIDsy/
g tissue = SE)

Virus

NT Lung
VNO4 ca 22+0.1 <15
HKO03 ca 4.6 £0.1 <1.5
HK-HA+VN-NA 3.4+09 <1.5
VN-HA+HK-NA 2.7+0.2 <1.5
HK-A160T/N227S 25+0.5 <1.5
VN-T160A 2.5 +0.0 <1.5
VN-S227N 22+02 <1.5
VN-K193R 22 +0.3 <1.5
VN-T160A/S227N 34 x0.6 <1.5
VN-E190D 2.0+0.3 <1.5
VN-T219N 2.1*+0.5 <1.5
VN-K222E 22 +0.1 <1.5
VN-G225E 2.0*+0.3 <1.5
VN-Q226L 2.1 +0.1 <1.5
VN-G228S 22+02 <1.5
VN-Q2261/G228S 2.1 +0.1 <1.5
VN-Q226L/T160A 52=*0.6 <1.5
VN-Q226L/G228S/T160A 49 +0.3 <1.5

“ Ferrets in groups of three were inoculated intranasally with indicated virus at
a dose of 7.0 log;, PFU. Three days postinfection, the virus titer in the NT and
lung tissues was determined by measuring the 50% egg infectious titer (log,,
EIDs/g tissue + SE).
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TABLE 5. Immunogenicity of VNO4 ca variants in ferrets

GMT of serum Nt (HAI) antibody of ferrets immunized with indicated virus®

Virus
HKO03 VN04 VN-T160A VN-Q160A/S227N VN-Q226L/T160A VN-Q226L/G228S/T160A

HKO03 ca 1280 (256) 63 (6) 63 (8) 254 (25) 320 (40) 640 (102)
VNO4 ca 32 (<4) 63 (<4) 50 (<4) 101 (<4) 40 (<4) 50 (5)
VN-T160A 640 (64) 63 (<4) 80 (<4) 320 (10) 254 (40) 508 (64)
VN-T160A/S227N 640 (64) 160 (13) 127 (13) 508 (25) 254 (40) 806 (81)
VN-Q226L/T160A 806 (102) 50 (10) 127 (10) 202 (32) 806 (40) 806 (128)
VN-Q226L/G228S/T160A 806 (256) 50 (25) 50 (20) 160 (51) 640 (64) 1016 (256)

“ Ferrets were immunized with the indicated virus, and serum was collected 21 days later for microneutralization assay on MDCK cells and HAI assay using turkey
RBCs. Values represent reciprocal geometric mean antibody titers (GMT) from three animals. The homologous titers are boldfaced and underlined.

VNO04 ca variants with the MDCK adaptation mutations and
the introduced Q226L and/or G228S mutation had antibody
responses similar to that for the VNO04 ca virus (data not
shown). As shown in Table 5, only the VNO4 ca variants with
the 160A mutation in combination with the S227N, Q226L, or
Q226L/G228S changes, VN-T160A/S227N, VN-Q226L/T160A,
and VN-Q226L/G228S/T160A, were associated with higher an-
tibody titers against the homologous virus than the VN04 ca
virus. Thus, the antibody titers correlated well with the viral
replication level in the upper respiratory tract of ferrets. Although
the homologous Nt antibody titers of VN-T160A/S227N (508),
VN-Q226L/T160A (806), and VN-Q226L/G228S/T160A (1,016)
were approaching that of the HKO03 ca virus (1,280) and re-
acted well with the HA variants, they did not react well with the
VNO04 ca virus. Thus, the enhanced immunogenicity imparted
by the T160A mutation in combination with the S227N,
Q226L, or Q226L/G228S mutations to the VNO4 ca virus was
HKO3 strain specific and did not extend to cross-reaction with
the VNO4 ca virus.

DISCUSSION

In order to understand and improve the immunogenicity of
the HSN1 VNO04 ca vaccine, several approaches were explored
in this study: identification of the adaptive mutations in the
VNO04 HA protein after serial passages in MDCK cells, eval-
uation of amino acid substitutions from the naturally immu-
nogenic HKO03 virus strain introduced into the VN04 HA pro-
tein, and introduction of the Q226L and/or G228S mutation
identified in influenza A H2/H3 viruses (4, 21). Although a
number of adaptive mutations were identified in the HA pro-
tein of the VINO4 ca virus, none of these mutations affected the
virus receptor binding preference or improved virus replication
in ferrets. The introduction of the HK03 HA-specific muta-
tions into the HA protein of the VNO4 ca virus produced
variants that had enhanced immunogenicity; however, the an-
tibody response was HKO03 strain specific. Introduction of the
Q226L and G228S mutations resulted in better binding to
a2,6SAL but had no impact on virus replication in the host and
virus immunogenicity unless 158N was not glycosylated. Our
data strongly suggest that the low antibody response to the
VNO04 ca virus in ferrets is due to its poor replication in the
upper respiratory tract because of 158N glycosylation that
masks antigenic epitopes and the virus receptor binding spec-
ificity to the a2,3SAL receptor that restricts virus replication.

The amino acid differences in the HA protein between the
VNO04 and HKO3 ca viruses determined virus antigenicity and

immunogenicity. Among the 9 amino acids that differed be-
tween these two HS5N1 viruses, four amino acid changes, at
residues 125, 159, 160, and 193, individually resulted in in-
creased binding to a2,6SAL. Recent avian H5N1 viruses (in
clade 2.2) that are characterized by the loss of the glycosylation
at residue 158N and the acquisition of the 193R residue exhibit
an increased propensity for acquiring human receptor speci-
ficity (24, 33). These features are also found in the HKO03
strain, conferring binding to both types of receptor. Our stud-
ies showed that the removal of 158N glycosylation through the
T160A mutation or the K193R change in the H5 HA of the
VNO04 ca virus allowed the virus to bind to a2,6SAL receptors.
The T160A or K193R change alone was not sufficient to im-
prove virus replication in vivo; introduction of the S227N
change was needed to increase VN04-T160A virus replication
in the upper respiratory tract of ferrets. Although the VN04 ca
virus with the T160A and S227N changes replicated at a level
approximately 10-fold lower than that of the HKO03 ca virus,
this level of replication was similar to that of the chimeric virus
with the HA protein from HKO3 and the NA protein from
VNO4. The NA protein of VN04 has a 20-amino-acid deletion
in the stalk region, which may also contribute to virus replica-
tion in vivo. Thus, the VNO04 HA protein with the T160A and
S227N changes is very similar to the HA protein of HKO03 in its
dual receptor binding specificity and the ability to replicate in
ferrets and to induce immune responses. The removal of 158N
glycosylation and the S227N change in the HA protein of the
VNO04 wt virus were previously reported to correlate with re-
duced pathogenicity in mice (35). Interestingly, the removal of
158N glycosylation from the HA protein with the Q226L or
Q226L/G228S mutations enabled the virus to replicate as ef-
ficiently as the HKO3 ca virus in the upper respiratory tract of
ferrets, resulting in a higher level of serum antibody titer. It is
not entirely unexpected that the increased antibody titers con-
ferred by the T160A, T160A/S227N, Q226L, or Q226L/G228S
mutations to the VNO04 ca vaccine virus remained highly strain
specific, because these residues are located at the receptor
binding and antigenic site of the HA protein (27). Our data
indicate that it might be difficult to find a single HSN1 vaccine
virus that could offer broad protection against antigenically
diverse H5N1 strains in different clades.

Our receptor binding data with use of sialic acid-specific
RBCs to hemagglutinate influenza viruses are consistent with
previous glycan microarray and cell binding assay results (1, 3,
25, 27). Although a number of mutations introduced into the
HA protein of VN0O4 did not improve virus binding to
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a2,6SAL, these mutations are associated with a greater sensi-
tivity in detecting serum HAI antibodies by adjusting receptor
binding avidity, as was also reported for the S227N mutation
(9). In addition to the S227N change, the T160A, MDCK
adaptation changes (E190D, T219N, K222E, and G225E) and
the introduced Q226L and G228S mutations were associated
with increased sensitivity in the HAI assay using sera from
ferrets that had received 2 doses of VNO4 ca. Surprisingly, with
the exception of S227N, which is also present in the HA pro-
tein of HKO3, the adaptive mutations selected from MDCK
cells did not change the receptor binding specificity of the
VNO4 ca virus. Residues 190 and 225 have been found to affect
virus receptor binding specificity for the HIN1 viruses, includ-
ing the 1918 and 2009 HIN1 pandemic viruses (3, 6, 27). We
also tried to evaluate effects of the 190D and 225E double
mutations on virus phenotype. However, the recombinant virus
with the introduced 190D and 225E readily mutated at either
of the residues. Thus, the impact of the 190 and 225 residues
on the H5N1 virus is different from that for the HIN1 viruses.
Using the glycan microarray method, Stevens et al. also
showed that the recombinant HA protein of VNO04 with the
190D and 225D residues retained its binding specificity to
a2,3-SAL (27). The fact that the VNO04 ca virus had a high
tendency to mutate at residues 190, 219, 222, 225, and 227
during replication in MDCK cells indicates that these changes
may affect HA receptor binding affinity or the interaction/
balance between the HA and NA proteins. These changes are
beneficial for the virus to enter or be released from the in-
fected cells and allow the VNO4 ca virus to replicate more
efficiently. The changes may have impacted the HA protein
binding avidity for the cell surface receptor, since Hensley et al.
(8a) recently demonstrated that single amino acid substitutions
in the globular head of the HA protein significantly affected
receptor binding avidity for cell surface glycans.

Recent phase I clinical trials of the HSN1 VN04 and HKO03
ca vaccines revealed that these vaccines were highly restricted
in replication and induced low serum antibody responses in
healthy adult vaccine recipients (12). Thus, even the HK03 ca
virus with binding to the human-like receptor did not appear to
replicate productively in humans, suggesting that other factors
play a role in restricting the replication of the H5N1 virus in
the upper respiratory tract of humans. This finding is also
supported by the fact that HKO03 is not adapted for human-to-
human transmission. Modification of the H5S HA protein in the
H5N1 VNO04 ca virus by the removal of the multibasic cleavage
site has been shown to restrict viral replication and contribute
significantly to the reduced immunogenicity and efficacy of the
vaccine virus in mice (28), suggesting that the multibasic amino
acids in the HA1-HA?2 cleavage site are favorable for vaccine
virus replication. The precise immunologic mechanisms by
which LAIV induces protective immunity are not well under-
stood; however, responses include mucosal antibody and cel-
lular responses in addition to systemic antibody responses. We
have noted previously that even in the absence of detectable
serum neutralizing antibodies, the VNO04 ca virus-immunized
mice were protected from lethal challenge with homologous
and heterologous HSN1 wt viruses, indicating that the neutral-
izing antibody titer may not be a good predictor of protection
and that other immune mechanisms may be involved in medi-
ating protective immunity. The antibody titer induced by the
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VNO04 ca virus in ferrets in this study appeared to be higher
than that in our previous study (29). Although the antibody
titer induced by one dose of the VNO4 ca virus could not be
detected by HAI, two doses of the VNO04 ca virus vaccination
induced an antibody titer that was detectable by HAI and a
significantly higher Nt antibody titer. These data suggested
that 2 doses of the VNO4 ca vaccine may be required for
optimal protection. More work is needed to understand the
protective immune responses induced by HSN1 LAIV and to
correlate the preclinical studies of animals with the clinical
studies of humans. Because of the inherent properties of the
HA protein of the HSN1 VNO04 ca vaccine, it may be very
difficult to find an H5SN1 LAIV that confers broad cross-pro-
tective immunity to diverse HSN1 viruses using systemic anti-
body responses as standards for predicting vaccine efficacy.
Our data indicate that the improvement of the VNO04 ca vac-
cine-induced immune responses requires not only the removal
of the 158N glycosylation but also the binding to the human-
like receptor. Since the recent H5N1 viruses in clade 2.2 have
evolved to have receptor binding specificity to a2,6SAL due to
the loss of glycosylation at residue 158 and the acquisition of
the 193R residue (24), vaccine strains for use against these
recent HSN1 viruses should also be evaluated to further un-
derstand the roles contributed by 158N glycosylation and HA
receptor binding specificity in virus immunogenicity.
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