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ABSTRACT

Neuraminidase (NA), an influenza virus envelope glycoprotein, removes sialic acid from receptors for virus release from infected
cells. For this study, we used a baculovirus-insect cell expression system to construct and purify recombinant NA (rNA) proteins
of H5N1 (A/Vietnam/1203/2004) and pandemic H1N1 (pH1N1) (A/Texas/05/2009) influenza viruses. BALB/c mice immunized
with these proteins had high titers of NA-specific IgG and NA-inhibiting (NI) antibodies against H5N1, pH1N1, H3N2, and
H7N9 viruses. H5N1 rNA immunization resulted in higher quantities of NA-specific antibody-secreting B cells against H5N1
and heterologous pH1N1 viruses in the spleen. H5N1 rNA and pH1N1 rNA immunizations both provided complete protection
against homologous virus challenges, with H5N1 rNA immunization providing better protection against pH1N1 virus chal-
lenges. Cross-reactive NI antibodies were further dissected via pH1N1 rNA protein immunizations with I149V (NA with a
change of Ile to Val at position 149), N344Y, and I365T/S366N NA mutations. The I365T/S366N mutation of pH1N1 rNA en-
hanced cross-reactive NI antibodies against H5N1, H3N2, and H7N9 viruses. It is our hope that these findings provide useful
information for the development of an NA-based universal influenza vaccine.

IMPORTANCE

Neuraminidase (NA) is an influenza virus enzymatic protein that cleaves sialic acid linkages on infected cell surfaces, thus facili-
tating viral release and contributing to viral transmission and mucus infection. In currently available inactivated or live, attenu-
ated influenza vaccines based on the antigenic content of hemagglutinin proteins, vaccine efficacy can be contributed partly
through NA-elicited immune responses. We investigated the NA immunity of different recombinant NA (rNA) proteins associ-
ated with pH1N1 and H5N1 viruses. Our results indicate that H5N1 rNA immunization induced more potent cross-protective
immunity than pH1N1 rNA immunization, and three mutated residues, I149V, I365T, and S366N, near the NA enzyme active
site(s) are linked to enhanced cross-reactive NA-inhibiting antibodies against heterologous and heterosubtypic influenza A vi-
ruses. These findings provide useful information for the development of an NA-based universal influenza vaccine.

Members of the Orthomyxoviridae family, influenza A viruses
are enveloped viruses containing a single-strand, 8-segment,

negative-sense RNA genome typically encoding 11 or 12 viral pro-
teins (1, 2). Influenza A virus subtypes have been classified based
on the antigenic properties of hemagglutinin (HA) and neur-
aminidase (NA) glycoproteins, designated H1 to H16 and N1 to
N9, respectively. Besides these subtypes, H17N10 and H18N11
viruses from fruit bats were also identified (3, 4). According to
phylogenetic analyses, subtypes N1 to N9 can be classified as be-
longing to group 1 (including N1, N4, N5, and N8) or group 2
(including N2, N3, N6, N7, and N9) (5). To date, N1, N2, N7, and
N9 subtypes are known to trigger human epidemics (6, 7). N3 and
N8 subtypes only cause limited sporadic human infections, as re-
ported for H7N3 in Mexico (8) and Canada (9) and for H10N8 in
China (10).

NA, an enzymatic protein with a complex tetrameric structure
(11), is capable of cleaving sialic acid linkages on cell surfaces,
thereby facilitating viral release from infected cells (12). NA also
contributes to viral transmission and infection by destroying de-
coy receptors on cilia, mucins, and cellular glycocalyx (12–15).
NA immunogenicity was first observed in human subjects immu-
nized with an NA-specific inactivated vaccine (16). The use of
recombinant NA (rNA) proteins expressed in yeast (17) or insect
cells (18) elicits protection against lethal virus challenges in im-

munized mice. Ferrets immunized with rNA proteins exhibit a
distinctive type of protection in addition to that provided by HA
immunization alone (19). NA-inhibiting (NI) antibodies are
known to limit virus spreading and to mitigate clinical symptoms
of influenza A virus infection (19). Mice immunized with a re-
verse-genetic reassortant H1N1 virus containing seasonal influ-
enza virus NA exhibit cross-reactive NI antibodies and reduced
mortality from pandemic H1N1 (pH1N1) virus challenges (20).
Live attenuated influenza vaccines for seasonal H1N1, H3N2, and
pH1N1 strains have been reported as inducing cross-reactive NI
antibodies to H5N1 viruses in ferrets (21), and NI antibodies elic-
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ited by a seasonal trivalent influenza vaccine have been reported as
providing cross-protective immunity against lethal H5N1 chal-
lenges, also in ferrets (22). Furthermore, NA-based virus-like par-
ticles (VLPs) containing NA and matrix proteins M1 and M2 have
been shown to elicit more potent NI antibodies and to confer
cross-protective immunity against H5N1 and pH1N1 viral chal-
lenges in mice (23). NI antibodies have also been detected in hu-
mans vaccinated with an H5N1 inactivated vaccine (24), as well as
in humans exposed to natural infections (25). NA immunogenic-
ity and cross-protection mechanisms remain unclear.

For this study, we used a baculovirus-insect cell expression
system to obtain soluble rNA proteins from H5N1 and pH1N1.
Two-dose active immunizations in mice were used to evaluate the
immunogenicities of H5N1 rNA and pH1N1 rNA. In addition to
detecting NA-specific total IgG and IgG subtypes, NI antibodies in
sera, and antibody-secreting B cells (ASCs) in splenocytes, we also
observed protective immunity following live-virus challenges.
Our data indicate that H5N1 rNA and pH1N1 rNA immuniza-
tions provided complete protection against homologous virus
challenges, with H5N1 rNA immunization eliciting more potent
cross-reactive NI antibodies and inducing better protection
against heterologous pH1N1 virus challenges. The residues at po-
sitions 365 and 366 near the NA enzyme active site were observed
associating with enhanced cross-reactive NI antibodies against
heterologous and heterosubtypic influenza viruses. It is our hope
that these findings provide useful information for the develop-
ment of an NA-based universal influenza vaccine.

MATERIALS AND METHODS
Recombinant NA protein expression and purification. cDNA from the
NA genes of A/Vietnam/1203/2004 (H5N1) (GI 145284408) and A/Texas/
05/2009 (pH1N1) (GI 255602223) was separately synthesized with insect
cell-optimized codon sequences from Genomics, Inc. The coding se-
quences of the NA H5N1 and pH1N1 ectodomains, together with addi-
tional N-terminal sequences containing gp67 signal peptides (MLLVNQ
SHQGFNKEHTSKMVSAIVLYVLLAAAAHSAFA), six-His residues (HH
HHHH), tetrameric human vasodilator-stimulated phosphoprotein

(hvsp) domains (SSSDYSDLQRVKQELLEEVKKELQKVKEEIIEAFVQE
LRKRGS), and a thrombin cleavage site (LVPRGS), were cloned into
pFastBac expression vectors (26). Next, rNA proteins were produced us-
ing a Bac-to-Bac insect cell expression system (Invitrogen) according to
the manufacturer’s instructions. Briefly, Sf9 cells were infected with re-
combinant baculoviruses expressing the NA ectodomains of H5N1 and
pH1N1 for 48 h prior to collecting supernatants for additional rNA pro-
tein purification using nickel-chelated resin affinity chromatography
(Tosoh). H5N1 rNA and pH1N1 rNA purity was confirmed by Coomassie
blue staining. Anti-His horseradish peroxidase (HRP)-conjugated anti-
bodies (Affymetrix) were used for Western blotting characterization.

Production and purification of H5N1 and H7N9 VLPs. H5N1 and
H7N9 VLPs were produced using the procedures described in reference
27. Briefly, the H5 HA gene of A/Thailand/1(KAN-1)/2004 (H5N1), the
H7 HA gene of A/Shanghai/2/2013 (H7N9), and the M1 gene of A/WSN/
1933 (H1N1) were cloned into separate pFastBacDual vectors (Invitro-
gen). The N1 NA gene of A/Vietnam/1203/2004 (H5N1), the N9 NA gene
of A/Shanghai/2/2013 (H7N9), and the M2 gene of A/WSN/1933 (H1N1)
were cloned into separate vectors. For H5N1 VLP production, Sf9 cells
were coinfected with Bac-H5HA-M1 and Bac-N1NA-M2 recombinant
baculovirus at a multiplicity of infection (MOI) of 3 or 1, respectively.
Culture supernatants were harvested and concentrated 72 h postinfection.
VLPs were further purified using a 20% sucrose solution and centrifuga-
tion at 33,000 rpm for 3 h. H5N1 VLPs were obtained and stored at 4°C
until used for NI assays. For H7N9 VLPs, Sf9 cells were coinfected with
Bac-H7HA-M1 and Bac-N9NA-M2 recombinant baculovirus at an MOI
of 3 or 1, respectively, for 72 h. The subsequent steps were the same as for
H5N1 VLP production.

Mouse immunizations. BALB/c mice (6 to 8 weeks old) purchased
from the Taiwan National Laboratory Animal Center were immunized
twice intramuscularly with a 3-week interval with 2 or 20 �g of rNA
proteins plus 10 �g CpG and 10% poly(ethylene glycol)-block-poly(lac-
tide-co-epsilon-caprolactone) (PEGb-PLACL), squalene, and Span85
(PELC) emulsion as described in a previous report (28). Serum samples
were collected 2 weeks after the second inoculation; splenocytes were
harvested and isolated 1 week later. Procedures involving live animals
were performed according to guidelines established by the Laboratory
Animal Center of National Tsing Hua University (NTHU). All animal use

FIG 1 Expression and characterization of soluble recombinant NA (rNA) proteins. The cDNA coding sequences of NA ectodomains (A/Vietnam/1203/2004
[H5N1] or A/Texas/05/2009 [pH1N1]) with additional N-terminal sequences of 6�His residues and hvsp sequences were constructed and expressed using a
baculovirus-insect cell expression system. (A and B) Purified rNA proteins (2 �g) were confirmed by Coomassie blue staining (A) and Western blotting (B). (C)
Fetuin-based assays were used to determine rNA protein enzymatic activity.
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protocols were reviewed and approved by the NTHU Institutional Animal
Care and Use Committee (IACUC) (approval no. 10002).

Viral challenges. For the two-dose immunization strategy, BALB/c
mice (6 to 8 weeks old) were placed in one of 5 groups, with each group
consisting of 5 mice immunized twice with a 3-week interval with either 2
or 20 �g of H5N1 rNA or pH1N1 rNA proteins plus CpG and PELC or
with phosphate-buffered saline (PBS). Three weeks after the second inoc-
ulations, all mice were intranasally challenged with 10 50% murine lethal
doses (MLD50) of the H5N1 (NIBRG-14 [RG-14]), pH1N1 (A/California/
07/2009 [CA/09]), or H7N9 (A/Taiwan/01/2013 [TW/13]) virus. PBS-
immunized mice were used as a mock control. Survival rates and body
weights were recorded daily for 14 days. For mouse virus challenges, the
experimental procedures were reviewed and approved by the IACUC of
Academia Sinica, Taiwan. According to IACUC guidelines, a weight loss
of 25% or more was established as an endpoint.

Enzyme-linked immunosorbent assays (ELISAs). Individual wells in
96-well plates were coated with purified rNA proteins (100 �l at 2 �g/ml)
and held overnight at 4°C, washed 3 times with PBST (0.05% Tween 20 in
PBS), and blocked with blocking buffer (1% bovine serum albumin [BSA]
in PBS) for at least 1 h. Next, 100 �l of 2-fold serially diluted serum
samples were added and held at room temperature (RT) for 1 h, followed

by 3 additional washes with PBST. HRP-conjugated goat anti-mouse IgG
antibodies (Bethyl Laboratories, Inc.) were added to each well, the plates
were incubated for 1 h, and the wells washed 3 times with PBST. Anti-NA
IgG titers were determined by adding TMB substrate (3,3=,5,5=-tetra-
methyl benzidine; Biolegend), holding for 15 min at RT, and stopping the
reaction with 2 N H2SO4. Endpoint titers were determined as the recip-
rocals of the most-diluted serum concentrations giving a mean optical
density (OD) at 450 nm of more than 0.2.

NI assay. To determine the optimal concentrations of viruses or VLPs
for the subsequent NI assays, the NA activities induced by each virus or
VLPs as determined from ELISA data were plotted in GraphPad Prism 5.0
and fit to a nonlinear curve as previously described (29). The amounts of
each virus or VLP reacted with fetuin and agglutinin resulted in OD values
of around 2.0, half the maximal OD value in the ELISAs. Quantities of 1
�g of VLPs (H5N1 or H7N9) or 105 PFU of viruses (pH1N1 or H3N2)
were used for NI serological assays. NI antibodies were measured using a
previously described fetuin-based assay procedure (30). Briefly, 96-well
plates were coated with 50 �g/ml fetuin (Sigma) and held overnight at 4°C
before being washed 3 times with PBST and blocked with blocking buffer
for 2 h. Twofold serially diluted serum samples in blocking buffer were
incubated with equal volumes containing 1 �g VLPs (H5N1 or H7N9) or

FIG 2 NA-specific IgG antibodies (Ab) against different viruses induced by rNA immunization. Female BALB/c mice were intramuscularly immunized with 2
or 20 �g of H5N1 rNA or pH1N1 rNA plus 10% PELC and 10 �g CpG adjuvant twice with a 3-week interval; serum samples were collected 14 days after the
second inoculation. Briefly, 96-well plates were coated with 2 �g/ml of recombinant N1 NA proteins (A), 10 �g/ml of H5N1 VLPs (B), 20 �g/ml of the pH1N1
virus (C), 20 �g/ml of the H3N2 virus (D), or 10 �g/ml of H7N9 VLPs (E) and held overnight at 4°C. ELISAs with H5N1 rNA or pH1N1 rNA mouse antisera or
anti-mouse N1 NA-specific antibodies (Abcam) were performed to measure NA-specific total IgG titers (0.2 endpoint). Data are expressed as means � standard
deviations (SD) for three experiments.
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105 PFU viruses (pH1N1 or H3N2) for 1 h at 37°C, added to the fetuin-
coated plates, held for another 1 h at 37°C, and then washed 3 times with
PBST. Peroxidase-labeled peanut agglutinin (100 �l at 2.5 �g/ml)
(Sigma) was added to each well, incubated for 1 h at RT, and washed 3
times with PBST. The NA activity levels of viruses (pH1N1 or H3N2) and
VLPs (H5N1 or H7N9) were determined by adding TMB substrate (Bio-
legend), holding for 15 min at RT, and stopping the reaction with 2 N
H2SO4. Plates were read with an ELISA reader (Tecan) at an OD of 450
nm. The corresponding 50% inhibitory concentrations (IC50s) were de-
fined as the reciprocal serum dilutions inhibiting 50% of viral NA enzyme
activity.

NA-specific antibody-secreting B cells. Splenocytes were collected
from each group of rNA-immunized or PBS-immunized mice 3 weeks
after the second inoculations. Multiscreen 96-well filtration plates (Milli-
pore) were coated with rNA proteins (1 �g per well) and incubated over-
night at 4°C. Plates were blocked with 200 �l/well of complete RPMI 1640
(10% fetal bovine serum [FBS], 1� penicillin/streptomycin, 1� sodium
pyruvate, 1� nonessential amino acids [NEAA], and 100 �M �-mercap-
toethanol) and held for 1 h at RT. Splenocytes (2 � 105) diluted in com-
plete RPMI 1640 were added to individual plates and incubated for 48 h at

37°C. After 3 washes with PBST, HRP-conjugated anti-mouse IgG was
added to each well and held for 2 h at RT. After 3 PBST and 2 PBS washes,
3-amino-9-ethylcarbazole (AEC) substrate was added to each plate and
the plates held at RT for approximately 10 to 60 min before the reactions
were stopped with double-distilled water. Immunospots for each immu-
nized group were determined using an enzyme-linked immunosorbent
spot assay (ELISPOT) plate reader (CTL, Inc.).

Statistical analysis. All results were analyzed using two-tailed Stu-
dent’s t tests. Asterisks in the figures indicate statistical significance as
follows: *, P � 0.05; **, P � 0.01; and ***, P � 0.001.

RESULTS
H5N1 rNA and pH1N1 rNA proteins were expressed and puri-
fied using a baculovirus-insect cell expression system. Soluble
H5N1 rNA and pH1N1 rNA were produced from the culture su-
pernatants of Sf9 insect cells infected by recombinant baculovi-
ruses and purified using Ni-chelated affinity chromatography,
and their production yields were approximately 0.5 mg/liter and
0.25 mg/liter, respectively, with 80 to 90% purity (Fig. 1A). Ac-

FIG 3 NA-inhibiting-antibody curves and the corresponding IC50s against different virus strains produced by immunizing mice with H5N1 rNA and
pH1N1 rNA. Fetuin-based assays were used to measure NA-inhibiting-antibody titers as reductions in the NA enzymatic activities of the pH1N1 or H3N2
viruses or H5N1 or H7N9 VLPs. (A to H) H5N1 rNA inhibition curves against homologous H5N1 VLPs (A), heterosubtypic pH1N1 viruses (B), the H3N2
viral strain (C), or H7N9 VLPs (D) are plotted. pH1N1 rNA inhibition curves are plotted against the homologous pH1N1 viral strain (E), heterosubtypic
H5N1 VLPs (F), the H3N2 viral strain (G), or H7N9 VLPs (H). (I) Corresponding IC50s were determined as the 50% reduction in the NA enzymatic
activities of the homologous strains (white bars) or heterosubtypic viruses (filled bars). Integrated data are expressed as means � SD from three
experiments. *, P � 0.05; **, P � 0.01.
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cording to the results from SDS-PAGE gels with Coomassie blue
staining (Fig. 1A) and Western blotting (Fig. 1B), purified H5N1
rNA and pH1N1 rNA proteins had molecular masses of 53 kDa
each. Based on Eadie-Hofstee measurements, the Km values of
H5N1 rNA and pH1N1 rNA were 2.80 and 1.90, respectively (Fig.
1C), indicating enzyme activity of insect cell-expressed H5N1 rNA
and pH1N1 rNA.

NA-specific IgG antibodies were induced by H5N1 rNA and
pH1N1 rNA immunizations. Groups of five female BALB/c mice
were immunized intramuscularly with two doses of H5N1 rNA or
pH1N1 rNA proteins (2 or 20 �g per dose) with a 3-week interval
between doses. Antisera were collected 2 weeks after the second
immunization. Data for NA-specific IgG titers against the same
immunogens (H5N1 rNAs or pH1N1 rNA proteins) in each
group are presented in Fig. 2A. We used an anti-mouse N1 NA-
specific antibody as a positive control and PBS-immunized sera as
a negative control (NA-specific IgG titers were 103.5 to 104 and
undetectable, respectively). As shown by the results in Fig. 2A,
mice immunized with 20 �g of H5N1 rNA or pH1N1 rNA exhib-
ited slightly higher NA-specific total IgG titers than mice immu-
nized with 2 �g of H5N1 rNA or pH1N1 rNA. We also performed
ELISAs with H5N1 VLPs (Fig. 2B) and the pH1N1 (A/California/
04/2009) virus (Fig. 2C). Our data indicate that at either 2 or 20
�g, both H5N1 rNA and pH1N1 rNA cross-reacted with H5N1
VLPs and the pH1N1 virus to induce similar total IgG titers (Fig.
2B and C). Similar cross-reactive results were also found for the
H3N2 virus (A/Udorn/307/1972) and H7N9 VLPs (Fig. 2D and
E). No significant differences were noted for either IgG1 or IgG2a
subclass titers in the same immunization groups. The single ex-
ception was significantly greater IgG2a for mice immunized with
20 �g H5N1 rNA (data not shown).

NI antibodies are elicited by H5N1 rNA and pH1N1 rNA im-
munizations. To measure NI antibody titers, 2-fold serially di-
luted serum samples from each immunization group were mixed
with 1 �g of H5N1 VLPs, 105 PFU of the pH1N1 (A/California/
04/2009) virus, 105 PFU of the H3N2 (A/Udorn/307/1972) virus,
or 1 �g of H7N9 VLPs and then examined using fetuin-based
assays. The percentages of NA inhibition and NI antibody titers
against H5N1 and pH1N1 in each immunization group are shown
in Fig. 3A, B, E, and F. Those results indicate dose dependency,
with the NI curves from all rNA immunization groups being sig-
nificantly higher than the curves for the PBS immunization group.
NA inhibition percentages and NI antibody titers were also dem-
onstrated for the H3N2 virus and H7N9 VLPs, with similar results
but lower NI antibody titers (Fig. 3C, D, G, and H). Regarding the
IC50s, similar NI antibody titer ranges were observed against the
homologous viruses, 3.7 to 3.8 for H5N1 rNA immunization
against H5N1 and 4.3 to 4.4 for pH1N1 rNA immunization
against pH1N1 (Fig. 3I). However, significant differences were
noted among the six immunization groups in terms of NI anti-
body titers against the H5N1, pH1N1, H3N2, and H7N9 heterol-
ogous viruses. Both H5N1 rNA immunization groups (2 and 20
�g) expressed higher heterologous NI antibody titers against
pH1N1 than were elicited by the two pH1N1 rNA immunization
groups against H5N1 viruses. In contrast, H5N1 rNA and pH1N1
rNA elicited lower NI antibody titers, with IC50s of less than 2.32
for all groups immunized against the H3N2 and H7N9 viruses
(Fig. 3I). Our data indicate that the effect of H5N1 rNA immuni-
zation was limited to more potent heterologous NI antibodies
against pH1N1 viruses.

Antibody-secreting B cells detected in spleen. To measure an-
ti-NA IgG-secreting B cells elicited by H5N1 rNA or pH1N1 rNA,
splenocytes were collected from immunized mice 3 weeks after
their second immunization, reacted with 1 �g H5N1 rNA or
pH1N1 rNA protein per well, and examined using ELISPOT as-
says. The results shown in Fig. 4 indicate that the numbers of spots
against homologous viruses due to H5N1 rNA immunization
were slightly higher than those resulting from pH1N1 rNA immu-
nization. Significantly higher numbers of spots against H5N1 and
pH1N1 heterologous viruses were only noted in the 20-�g H5N1
rNA immunization group, which also exhibited higher quantities
of ASCs in splenocytes against homologous and heterologous
H5N1 and pH1N1 viruses.

Protective immunity against H5N1, pH1N1, and H7N9 virus
challenges. To assess protective immunity triggered by rNA im-
munizations, mice immunized with 2 or 20 �g of H5N1 rNA or
pH1N1 rNA proteins were challenged with 10 MLD50 of H5N1
(RG-14), pH1N1 (CA/09), or H7N9 (TW/13) viruses 3 weeks af-
ter their second immunizations. According to the results shown in
Fig. 5A and B, with the exceptions of an 80% survival rate for mice
immunized with 2 �g of pH1N1 rNA and a 0% rate for the PBS
control mice, all immunization groups had 100% survival rates
after homologous H5N1 or pH1N1 viral challenges. Significantly
smaller body weight losses were observed for mice in the 20-�g
H5N1 rNA and 20-�g pH1N1 rNA immunization groups chal-
lenged with homologous H5N1 or pH1N1 than for those in the
2-�g H5N1 rNA and 2-�g pH1N1 rNA immunization groups
(Fig. 6A and B). In terms of cross-protection levels, mice receiving
either 2- or 20-�g H5N1 rNA inoculations exhibited complete
protection against pH1N1 viral challenges (Fig. 5C), with signifi-
cantly smaller body weight losses noted in the 20-�g group

FIG 4 Detection of antibody-secreting B cells in mouse spleens induced by
H5N1 rNA and pH1N1 rNA proteins. ELISPOT assays were used to mea-
sure IgG-secreting B cell numbers. Splenocytes collected from mice immu-
nized with H5N1 rNA (2 � 105) were cocultured with 1 �g of H5N1 rNA or
pH1N1 NA proteins and held for 48 h at 37°C. Splenocytes from mice
immunized with pH1N1 rNA were incubated for 48 h at 37°C with 1 �g of
pH1N1 rNA or H5N1 NA proteins. Immunospots were determined by
ELISPOT assays. Data are expressed as the means � SD from at least two
experiments. *, P � 0.05.
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(Fig. 6C). A 60% survival rate (Fig. 5D) and faster weight recovery
following challenge with the heterologous H5N1 virus were ob-
served in the 20-�g pH1N1 rNA immunization group (Fig. 6D).
No protection against the heterosubtypic H7N9 virus challenge
was observed in the 20-�g H5N1 rNA and 20-�g pH1N1 rNA
immunization groups (Fig. 5E and 6E).

Cross-reactive NI antibodies elicited by pH1N1 rNA mutant
proteins. To add detail to our investigation of cross-reactive NI
epitopes, we aligned the amino acid sequences of A/Vietnam/
1203/2004 (H5N1), A/Texas/05/2009 (pH1N1), A/Udorn/307/
1972 (H3N2), and A/Shanghai/02/2013 (H7N9), as shown in Fig.
7. Based on the alignment analysis, we identified 34 different
amino acids (Fig. 7, red highlighting) in the NA ectodomains of
A/Vietnam/1203/2004 (H5N1) and A/Texas/05/2009 (pH1N1)
sequences (94.6% identical). Previous reports have identified in-
fluenza NA enzyme catalytic sites at residues 118 and 119, 151 and
152, 198, 224, 227, 243, 274, 276 and 277, 292, 330, 350, and 425
(11, 30); therefore, we targeted residues 149, 344, 365, and 366, all
located close to NA enzyme active sites and contributing to NI

antibody elicitation. These four target residues (with changes of
Ile to Val at position 149 [I149V], N344Y, and I365T/S366N) are
shaded in blue and the enzyme active sites are shown as red sticks
in a three-dimensional (3-D) NA structure diagram in Fig. 8. Site-
directed mutagenesis at these four residues produced the three
mutant pH1N1 rNA proteins with mutations I149V, N344Y, or
I365T/S366N (Fig. 9). The results from an analysis of antisera
from the wild type and the three mutant pH1N1 rNAs show
that the I149V and I365T/S366N proteins elicited more NI an-
tibodies against the homologous pH1N1 strain (Fig. 10A), with
the I365T/S366N protein eliciting more potent cross-reactive
NI antibodies against the H5N1 (Fig. 10B), H3N2 (Fig. 10C),
and H7N9 viruses (Fig. 10D). The corresponding IC50s calcu-
lated from NI response curves indicate that the I149V and
I365T/S366N mutant proteins resulted in increased NI anti-
body titers against the homologous pH1N1 viruses and that all
three mutant proteins resulted in increased NI antibody titers
against heterosubtypic H3N2 and H7N9 viruses (Fig. 10E). The
I365T/S366N mutation of pH1N1 rNA induced the highest NI

FIG 5 H5N1 rNA and pH1N1 rNA protective immune responses against different virus challenges. (A and C) Mice were intramuscularly immunized with 2 or
20 �g of H5N1 rNA twice with a 3-week interval and intranasally challenged with 10 MLD50 of the homologous H5N1 (RG-14) virus (A) or heterologous pH1N1
(CA/09) (C) at the end of week 6. Shown are survival curves for mice immunized with H5N1 rNA over a 14-day period after challenge. (B and D) Mice immunized
with 2 or 20 �g of pH1N1 rNA were challenged with 10 MLD50 of the homologous pH1N1 (CA/09) virus strain (B) or heterologous H5N1 (RG-14) virus (D) at
the end of week 6. Shown are survival curves for mice immunized with pH1N1 rNA over a 14-day period after challenge. (E) Mice were intramuscularly
immunized with 20 �g of H5N1 rNA or pH1N1 rNA twice with a 3-week interval and intranasally challenged with 10 MLD50 of heterosubtypic H7N9 (TW/13)
viruses 3 weeks after the second inoculations. Survival rates over the 14 days after the viral challenges are shown.
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antibody titers against the homologous, heterologous, and het-
erosubtypic strains.

DISCUSSION

NA-based influenza vaccines are attractive because of the rela-
tively smaller number of changes in NA antigens compared to the
changes in HA antigens in host immune systems (31, 32). For this
study, we constructed and purified H5N1 rNA and pH1N1 rNA
proteins from Sf9 insect cells and found that mice immunized
with H5N1 rNA and pH1N1 rNA proteins exhibited higher quan-
tities of NA-specific total IgG, IgG1, IgG2a subclass, and NI anti-
bodies, increased numbers of ASCs in the spleen, and better pro-
tective immunity against live-virus challenges. We also found that
H5N1 rNA immunization induced more potent cross-reactive NI
antibodies and protective immunity against pH1N1 viruses than
did pH1N1 rNA immunization against H5N1 viruses. Cross-re-
active NI epitopes were further dissected by immunization using
pH1N1 rNA proteins with I149V, N344Y, and I365T/S366N NA
mutations. The I365T/S366N mutation of pH1N1 rNA was found

to increase cross-reactive NI antibodies against heterologous and
heterosubtypic influenza A viruses.

H5N1 rNA and pH1N1 rNA proteins expressed in baculovi-
rus-infected Sf9 cells and purified by affinity chromatography dis-
played similar enzymatic activities. The Km value of pH1N1 rNA
was slightly lower (higher affinity) than that of H5N1 rNA (Fig.
1C). Note that only NA ectodomain proteins (amino acids [aa] 62
to 447 for H5N1 and aa 82 to 467 for pH1N1) were encoded for
soluble rNA expression. The coding sequences did not include
N-terminal stalk regions; that is, H5N1 lacked aa 38 to 57 and
pH1N1 lacked aa 38 to 77 (Fig. 7). Each NA monomer consists of
six identical � sheets (�) plus several strands (S) and loops (L).
Influenza NA enzyme catalytic sites are located at the upper cor-
ners of each monomer (tetrameric structure); amino acids encir-
cling active catalytic sites are highly conserved among various in-
fluenza A and B virus strains (11, 33). A comparison of the
NA sequences of H5N1 (A/Vietnam/1203/2004) and pH1N1
(A/Texas/05/2009), based on X-ray crystallographic diffraction
data for NA active sites from A/Tokyo/3/67, did not identify

FIG 6 Body weight recovery tied to H5N1 rNA and pH1N1 rNA immunization responses against different virus challenges. (A and C) Mice were intramuscularly
immunized with 2 or 20 �g of H5N1 rNA twice with a 3-week interval and intranasally challenged with 10 MLD50 of the homologous H5N1 (RG-14) virus (A)
or heterologous pH1N1 (CA/09) (C) at the end of week 6. Shown are body weight losses over a 14-day period for mice immunized with H5N1 rNA. (B and D)
Mice immunized with 2 or 20 �g of pH1N1 rNA were challenged with 10 MLD50 of the homologous pH1N1 (CA/09) virus strain (B) or heterologous H5N1
(RG-14) virus (D) at the end of week 6. Shown are body weight losses over a 14-day period for mice immunized with pH1N1 rNA. (E) Mice were intramuscularly
immunized with 20 �g of H5N1 rNA or pH1N1 rNA twice with a 3-week interval and intranasally challenged with 10 MLD50 of heterosubtypic H7N9 (TW/13)
viruses 3 weeks after the second inoculation. Body weights were measured for the 14 days after each viral challenge. Body weight loss of �25% was used as an
endpoint.
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amino acid differences at residues 118 or 119 (on �1L01), 151 or
152 (on �1L23 [L23 denotes a loop between strands 2 and 3 within
a sheet]); 198 (�2L23), 224 or 227 (�3L01), 243 (�3L23), 274, 276, or
277 (�4L01), 292 (�1L23), 330 or 350 (�5L01), or 425 (�6S2) (11).
However, we did find four amino acid differences between pH1N1
rNA and H5N1 rNA (I149V, N344Y, I365T, and S366N) close to
enzymatic catalytic pockets consisting of the �1L23 loop (151 and
152) and the �5L01 loop (330 and 350).

NI antibodies are important for NA-based vaccine develop-
ment. Other researchers have reported that NI antibodies induced
by pH1N1 immunizations are cross-reactive with H5N1 viruses in
mice (34) and ferrets (21, 22). Our results indicate that the NI
antibodies induced by pH1N1 rNA immunizations (20 �g), with
an IC50 of 2.78, resulted in a 60% survival rate after H5N1 virus

challenges. In contrast, no protection against H5N1 virus chal-
lenges was noted following immunizations with 2 �g of pH1N1
rNA, with an IC50 of 2.47 (Fig. 3I, 5D, and 6D), while 100% pro-
tection against pH1N1 virus challenges was observed in mice im-
munized with either 2 or 20 �g of H5N1 rNA (IC50s of 3.53 and
3.75, respectively) (Fig. 3I, 5C, and 6C). The NI antibodies in-
duced by 2- or 20-�g H5N1 rNA immunizations had IC50s of 1.92
and 2.30, respectively, against the H3N2 virus, and the NI anti-
bodies induced by 2- or 20-�g pH1N1 rNA immunizations had
IC50s of 2.03 and 2.32, respectively (Fig. 3I). The NI antibodies
induced by 2- or 20-�g H5N1 rNA immunizations had IC50s of
1.45 and 2.26 against the H7N9 virus, respectively, and the NI
antibodies induced by 2- or 20-�g pH1N1 rNA immunizations
had IC50s of 1.31 and 2.17, respectively. In other words, H5N1

FIG 7 Sequence alignments on influenza A virus NA proteins. The full lengths of four influenza NA sequences, from A/Texas/05/2009 (pH1N1),
A/Vietnam/1203/2004 (H5N1), A/Udorn/307/1972 (H3N2), and A/Shanghai/02/2013 (H7N9), were aligned using the Influenza Virus Resource (http:
//www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html) and Vector NTI software. Identical amino acids are indicated by dots, and noncorresponding amino
acid sites are shown by dashes. Identical amino acids (94.6%) comprising 34 different residues between the NA ectodomain of A/Texas/05/2009 (pH1N1)
and A/Vietnam/1203/2004 (H5N1) are shown by red highlighting. The four target residues selected from those 34 (I149V, N344Y, I365T, and S366N) are
highlighted in blue.
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rNA immunizations induced more potent cross-reactive NI anti-
bodies and protective immunity against heterologous pH1N1 vi-
ruses compared to the pH1N1 rNA protective immunity against
heterologous H5N1 viruses. These results are in agreement with
those from studies of pH1N1 rNA (A/California/04/2009) immu-
nization against an H5N1 (A/Turkey/1/2005) virus strain (NI an-
tibody titer of 2.67) (19) and of NA antisera induced by live, at-

tenuated pH1N1 (A/California/7/2009) that cross-reacted with
various H5N1 strains in ferrets (NI antibody titers of �2.2 to 2.3)
(21). However, in neither case was any protection observed
against the heterosubtypic H7N9 virus challenges (Fig. 3I, 5E, and
6E). Again, our findings are similar to those of a recent report
using rNA immunizations that showed no protection against het-
erosubyptic influenza virus challenges (29).

Conserved influenza NA epitopes are of great interest to re-
searchers working on a universal influenza vaccine. According to
one report, 20 amino acid residues in 7 upper surface loops (195 to
202, 216 to 231, 243 to 251, 316 to 353, 364 to 374, 398 to 407, and
428 to 439) close to enzymatically active sites may be key to elic-
iting cross-reactive NI antibodies between H1N1 (A/Beijing/262/
95) and H5N1 (A/Hong Kong/483/97) (35). Another research
team reported that N1 conserved epitopes at NA residues 273, 338,
and 339 induced cross-reactive NA-specific antibodies and pro-
vided protection against seasonal H1N1, 1918 H1N1, 2009 pan-
demic H1N1 (pH1N1), and H5N1 avian influenza viruses (34).
To date, the only NA epitopes that are universally conserved
among all influenza A viruses have been reported at NA residues
222 to 230 for the formation of active sites at residues 224 and 227
(�3L01) (36). In the present study, we found four amino acid res-
idues close to active enzyme sites in pH1N1 (A/Texas/05/2009)
and H5N1 (A/Vietnam/1203/2004): I149V, N344Y, I365T, and
S366N (Fig. 8). We also investigated three mutant pH1N1 rNA
proteins (I149V, N344Y, and I365T/S366N mutants) by using
mutagenesis to map these amino acids that may contribute to
cross-reactive NI antibody elicitation. Our results indicate that the
pH1N1 rNA (I365T/S366N) mutant protein was the most active
in eliciting increased NI antibody titers against homologous, het-

FIG 8 Three-dimensional neuraminidase structure diagram. The 3-D protein
structures of the tetrameric H5N1 rNA proteins were modified using the crys-
tal structure of NA from A/Vietnam/1203/04 strain (PDB 2HTY). The top and
side views of the monomeric structures were diagramed by using PyMOL
software, and the enzyme active sites are shown as red sticks. The four target
residues (I149V, N344Y, and I365T/S366N) are shaded in blue.

FIG 9 Construction, expression, and characterization of WT and mutant pH1N1 rNAs. (A) The wild and mutant pH1N1 rNAs were constructed by a
site-directed mutagenesis strategy and expressed using a baculovirus-insect cell expression system. (B and C) Purified rNA proteins (2 �g) were confirmed by
Coomassie blue staining (B) and Western blotting (C).
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erologous, and heterosubtypic viruses (Fig. 10). These findings
provide useful information for the development of an NA-based
universal influenza vaccine.
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