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ABSTRACT Despite the availability of vaccines that efficiently reduce the severity of
clinical symptoms, influenza viruses still cause substantial morbidity and mortality
worldwide. In this regard, nasal influenza vaccines—because they induce virus-spe-
cific IJA—may be more effective than traditional parenteral formulations in prevent-
ing infection of the upper respiratory tract. In addition, the neuraminidase (NA) of
influenza virus has shown promise as a vaccine antigen to confer broad cross-protec-
tion, in contrast to hemagglutinin (HA), the target of most current vaccines, which
undergoes frequent antigenic changes, leading to vaccine ineffectiveness against
mismatched heterologous strains. However, the usefulness of NA as an antigen for
nasal vaccines is unclear. Here, we compared NA and HA as antigens for nasal vac-
cines in mice. Intranasal immunization with recombinant NA (rNA) plus adjuvant pro-
tected mice against not only homologous but also heterologous virus challenge in
the upper respiratory tract, whereas intranasal immunization with rHA failed to pro-
tect against heterologous challenge. In addition, intranasal immunization with rNA,
but not rHA, conferred cross-protection even in the absence of adjuvant in virus
infection-experienced mice; this strong cross-protection was due to the broader
capacity of NA-specific antibodies to bind to heterologous virus. Furthermore, the
NA-specific IgA in the upper respiratory tract that was induced through rNA intra-
nasal immunization recognized more epitopes than did the NA-specific IgG and IgA
in plasma, again increasing cross-protection. Together, our findings suggest the
potential of NA as an antigen for nasal vaccines to provide broad cross-protection
against both homologous and heterologous influenza viruses.

IMPORTANCE Because mismatch between vaccine strains and epidemic strains cannot
always be avoided, the development of influenza vaccines that induce broad cross-pro-
tection against antigenically mismatched heterologous strains is needed. Although the
importance of NA-specific antibodies to cross-protection in humans and experimental
animals is becoming clear, the potential of NA as an antigen for providing cross-protec-
tion through nasal vaccines is unknown. We show here that intranasal immunization
with NA confers broad cross-protection in the upper respiratory tract, where virus trans-
mission is initiated, by inducing NA-specific IgA that recognizes a wide range of epi-
topes. These data shed new light on NA-based nasal vaccines as powerful anti-influenza
tools that confer broad cross-protection.
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espite continued development of vaccines, seasonal influenza viruses cause seri-

ous human morbidity and mortality worldwide (1). Most current vaccines against
influenza viruses focus heavily on inducing neutralizing antibodies against hemaggluti-
nin (HA) (2, 3) because of its crucial role in initiating virus entry into susceptible cells
(4). However, the constant antigenic changes of HA drive the virus's escape from selec-
tion by the immune response (1). Therefore, the antigenicity of the HAs in vaccine
strains is often mismatched with that of circulating strains, thus decreasing vaccine
effectiveness (5, 6). Influenza vaccines able to protect simultaneously against highly
similar (homologous) strains and antigenically mismatched (heterologous) strains are
urgently needed.

The neuraminidase (NA) of influenza virus is a tetrameric transmembrane surface
protein with sialidase activity (7). NA has essential roles in the viral life cycle, from the
point of first attachment to the final dispersal of nascent viral particles. In particular, by
removing sialic acid residues in the host cell membrane, NA is responsible for the
release of budding virus from infected cells (7). In addition, NA facilitates the transport
of incoming virus through mucins by removing sialic acid moieties present as decoy
receptors within the airways (7, 8). Thus, NA supports multiple rounds of infection by
new viral progeny. Nevertheless, the potential utility of NA as a vaccine antigen has
long been overlooked. In fact, licensed influenza vaccines are standardized according
to a fixed amount of HA, whereas the amount of NA is not regulated, and conventional
influenza split vaccines typically contain 2 to 3 times less NA than HA (9, 10).
Consequently, in contrast to natural infection, many influenza vaccines fail to induce
sufficient levels of anti-NA antibodies (11).

The selective pressure exerted by adaptive immune responses is lower against NA
than HA; consequently, the amino acids at antigenic sites change more slowly in NA
than HA (12). In addition, antibodies against NA are becoming recognized as important
for protection against virus (7, 13-15). For example, some studies have demonstrated
that anti-NA antibodies bind not only NA from homologous viruses but also NA from
heterologous viruses and thereby confer broad cross-protection against heterologous
virus challenge in mice (16-23). Furthermore, vaccination with NA provides broad
cross-protection against virus challenge in mice, guinea pigs, and ferrets (24-29). In
addition, increasing evidence has suggested that the titers of both anti-NA antibodies
and NA-inhibiting antibodies are correlated with protection against influenza virus
infection and disease in humans (30-32). Together, these reports indicate the benefits
of developing vaccines using NA as a vaccine antigen to improve and broaden cross-
protection against influenza virus.

In humans, infections with seasonal influenza viruses are initiated in the upper respira-
tory tract, where they cause relatively mild illness, whereas progression of infection to the
lower respiratory tract often leads to pneumonia and more severe disease (33, 34). In
addition, the upper respiratory tract is an important site in the transmission of virus via
coughing, sneezing, or talking (1, 33-35). Therefore, developing vaccines that block the
infection, generation, and expulsion of influenza viruses in the upper respiratory tract is
critical. Because of their ability to induce antibodies in the upper respiratory tract, vac-
cines administered intranasally, i.e., “nasal vaccines,” are anticipated to be powerful tools
for combating influenza viruses (36-38). In this regard, nasal vaccines induce not only
antigen-specific IgG in blood but also antigen-specific IgA in the upper respiratory tract;
in contrast, traditional, parenterally (e.g., intramuscularly or subcutaneously) administered
vaccines do not induce antigen-specific IgA in the upper respiratory tract (36-38).
Furthermore, compared with parenteral vaccines, nasal vaccines generated by using inac-
tivated influenza virus more efficiently protect against influenza virus challenge in the
upper respiratory tract of mice (39-41). However, only a few studies have assessed the
potential of NA as a vaccine antigen for nasal vaccines (24, 29), and the utility of NA as an
antigen for nasal vaccines and its superiority to HA in this context are unclear as yet.

In this study, we showed that a nasal vaccine using recombinant NA (rNA) from an
H1N1 influenza virus as the antigen achieved broader cross-protection in the upper
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respiratory tract than an otherwise similar vaccine containing recombinant HA (rHA).
Furthermore, IgA that was specific for NA in the upper respiratory tract and was
induced by intranasal immunization recognized more epitopes than did NA-specific
IgG in the plasma. Our data suggest the potential of NA as an antigen for nasal vac-
cines that achieve broad cross-protection against influenza viruses.

RESULTS

Generation and characterization of rNAs. First, we compared the antigenicities of
monomeric and tetrameric rNA proteins created from the ectodomain of NA from H1N1
A/California/07/2009 (Cal7); tetramerization of NA is required for its enzymatic activity
(42). To obtain tetrameric rNA, we used the tetrabrachion domain from Staphylothermus
marinus as a tetramerization motif; both rNAs were generated in mammalian cells and
purified by using immobilized metal ion and size exclusion chromatography. In addition,
trimeric rHA was generated and purified in the same way as rNA. We obtained about
5.4 mg monomeric rNA, 0.9 mg tetrameric rNA, and 8 mg rHA after purification from 1 [i-
ter of culture medium for mammalian cells. In size exclusion chromatography, tetrameric
rNA had a shorter elution time than monomeric rNA, and both rNAs were eluted at the
volume that was expected from their anticipated molecular weights (Fig. 1a). Sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) performed under reducing
conditions showed that both monomeric rNA and tetrameric rNA migrated as single
bands, with molecular masses of about 40kDa and 50kDa, respectively (Fig. 1b).
Because of the size of the tetrabrachion domain, the molecular weight of tetrameric rNA
was slightly greater than that of monomeric rNA (Fig. 1b). rHA migrated as a single band
with a molecular mass of about 70 kDa (Fig. 1b). We then used an NA enzyme-linked lec-
tin assay (ELLA) to determine the sialidase activity of both rNAs (Fig. 1c). Our tetrameric
rNA had strong sialidase activity, as previously reported (43), but the monomeric rNA
lacked enzymatic activity (Fig. 1c).

In this study, we used two influenza virus challenge models, in which virus was
administered intranasally to mice to achieve either an upper respiratory tract infection
(5 ul to the nares) or lower respiratory tract infection (30 ul to the nares). Prior to using
the upper respiratory tract model, we confirmed that the virus strains we used were
not detected in the lung and did not cause body weight loss after challenge (data not
shown); then, as an indicator of vaccine efficacy, we used this model to measure the vi-
rus titer in nasal wash fluid after challenge. Using the lower respiratory tract model, we
evaluated body weight loss and survival as indicators of vaccine efficacy. To assess the
potential of each rNA as a vaccine antigen in vivo, we immunized mice subcutaneously
with 1 ug/mouse of each Cal7-based rNA by using aluminum salts (alum) as an adju-
vant. After the last immunization, we used enzyme-linked immunosorbent assay
(ELISA) to analyze the levels of tetrameric rNA from Cal7-specific IgG (Fig. 1d) and Cal7
virus-specific IgG (Fig. 1e) in plasma. Immunization with tetrameric rNA induced signifi-
cantly higher levels of rNA- and Cal7-specific IgG than did that with monomeric rNA
(Fig. 1d and e). In addition, we challenged immunized mice with homologous Cal7 af-
ter the last immunization to induce a lower respiratory tract infection and then
assessed their body weights (Fig. 1f) and survival (Fig. 1g). Mice treated with either
phosphate-buffered saline (PBS; controls) or immunized with monomeric rNA rapidly
lost body weight, and more than half of these mice died within 10 days after Cal7 chal-
lenge (Fig. 1f and g). In contrast, all of the mice immunized with tetrameric rNA sur-
vived without loss of body weight (Fig. 1f and g). These results suggest that the antige-
nicity of tetrameric rNA is stronger than that of monomeric rNA. Therefore, we focused
on, and used, tetrameric rNA as a vaccine antigen for immunization and as a coating
antigen for ELISA in subsequent experiments.

Potential of NA as an antigen for a parenteral vaccine. To compare the antigenic-
ities of rNA and rHA, we immunized mice subcutaneously with 1 wg/mouse rNA from
Cal7 (i.e.,, Cal7-rNA) or 1 ug/mouse rHA from Cal7 (i.e., Cal7-rHA) by using alum and used
ELISA to examine the levels of Cal7-rNA- and Cal7-rHA-specific IgG in plasma (Fig. 2a and
b). Immunization with Cal7-rNA induced high levels of Cal7-rNA-specific IgG (Fig. 2a),
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FIG 1 Potential of recombinant tetrameric NA as a vaccine antigen. (a) Monomeric recombinant NA
(rNA) and tetrameric rNA from Cal7 were generated in Expi293F cells and analyzed via size exclusion
chromatography. (b) Purified rNAs and rHA were analyzed through SDS-PAGE followed by staining
with Coomassie brilliant blue. M, marker; lane 1, monomeric rNA from Cal7; lane 2, tetrameric rNA
from Cal7; lane 3, rHA from Cal7. (c) The sialidase activity of serially diluted rNAs was evaluated
through enzyme-linked lectin assay (n=3). (d to g) Mice (n=5) were immunized subcutaneously with
monomeric rNA from Cal7 (1 wg/mouse) plus alum or tetrameric rNA from Cal7 (1 wg/mouse) plus
alum. At 7 days after final immunization, plasma levels of (d) tetrameric rNA-specific IgG and (e) Cal7
virus-specific IgG were evaluated by using ELISA. We used 160-fold (@), 800-fold (M), and 4,000-fold
(A) diluted plasma. At 10days after final immunization, mice were challenged with Cal7
(homologous virus) and the percentage changes in (f) body weight and (g) survival were monitored.
(d to f) Data are given as means *= SD. (d and e) Significant differences (***, P<0.001; ****
P <0.0001; Tukey’s test) were analyzed only for the 160-fold-diluted samples. (g) *, P < 0.05 according
to comparison of Kaplan-Meier curves by using the log-rank test.

and immunization with rHA induced high levels of Cal7-rHA-specific IgG (Fig. 2b). After
the final immunization, we challenged the immunized mice with homologous Cal7 to
achieve lower respiratory tract infection (Fig. 2c and d). Neither the Cal7-rNA- nor Cal7-
rHA-immunized mice lost weight, and all mice survived in both groups, whereas the
PBS-treated control mice lost weight, and 60% of them died within 10days after Cal7
challenge (Fig. 2c and d).

To compare the cross-protective activity of rNA and rHA, we immunized mice sub-
cutaneously with 10 ug/mouse Cal7-rNA or Cal7-rHA by using alum and then chal-
lenged them with heterologous HIN1 A/New Caledonia/20/1999 (NC20) after the final
immunization to achieve lower respiratory tract infection (Fig. 2e and f). All of the Cal7-
rNA-immunized and 80% of the Cal7-rHA-immunized mice survived; in contrast, the
PBS-treated control mice lost considerable weight, and only 10% of the PBS-treated
control mice survived after NC20 challenge (Fig. 2e and f). Furthermore, weight loss in
the Cal7-rNA-immunized mice was significantly milder than that in Cal7-rHA-immu-
nized mice (Fig. 2e and f). To assess protection against influenza infection in the upper
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FIG 2 Comparison of rNA and rHA from Cal7 as vaccine antigens via subcutaneous immunization.
Mice were immunized subcutaneously with Cal7-rNA plus alum or Cal7-rHA (a to d, 1 wg/mouse; e to
g, 10ug/mouse) plus alum. Plasma levels of (a) Cal7-rNA- and (b) Cal7-rHA-specific IgG were
evaluated by ELISA of 160-fold (@), 800-fold (M), and 4,000-fold (A) diluted samples. At 10days after
the final immunization, mice were challenged with (c and d) Cal7 (homologous virus) or (e and f)
NC20 (heterologous virus) to achieve lower respiratory tract infection. The percent changes in (c and
e) body weight and (d and f) survival were monitored after challenge with viruses. (g) At 10days
after the final immunization, mice were challenged with Cal7 (homologous virus) to cause upper
respiratory tract infection. At 3 days after challenge, virus titers in nasal wash samples were evaluated.
n=5 (a to d and g) or 10 (e and f) per group. (a to ¢, e, and g) Data are means = SD. (a and b)
Significant differences (****, P<0.0001; Tukey's test) were analyzed only for the 160-fold-diluted
samples. (d) *, P<0.05 versus PBS-treated control mice, according to comparison of Kaplan-Meier
curves by using the log-rank test. (e) *, P<0.05; ***, P<<0.001; and ****, P<0.0001, between Cal7-
rNA-immunized mice and Cal7-rHA-immunized mice, as indicated by using Tukey's test. (f) ***,

P <0.001, and ****, P<0.0001, according to comparison of Kaplan-Meier curves by using the log-
rank test.

respiratory tract, mice underwent subcutaneous immunization with 10 wg/mouse Cal7-
rNA or Cal7-rHA with alum (Fig. 2g) and then were challenged with homologous virus
(i.e., Cal7). Virus titers in nasal wash fluid on day 3 after challenge were similar among
Cal7-rNA-immunized, Cal7-rHA-immunized, and PBS-treated (control) mice (Fig. 29g).
These results suggest that subcutaneous immunization of rNA induces stronger cross-
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FIG 3 Antibody responses after intranasal immunization with rNA or rHA. Mice were immunized
intranasally with Cal7-rNA (5 wg/mouse) plus c-di-GMP or Cal7-rHA (5 uwg/mouse) plus c-di-GMP. (a to
c) The levels of Cal7-rNA-specific and PR8-rNA-specific (a) IgA in nasal wash fluid, (b) IgG in plasma,
and (c) 1gG in BALF from Cal7-rNA-immunized mice were evaluated by using ELISA at 7 days after
final immunization. (d to f) The levels of Cal7-rHA-specific and PR8-rHA-specific (d) IgA in nasal wash
fluid, (e) 1gG in plasma, and (f) IgG in BALF from Cal7-rHA-immunized mice were evaluated by using
ELISA at 7 days after the final immunization. We used (a and d) 1-fold (@), 2-fold (M), and 4-fold (A)
dilutions of nasal wash samples, (b and e) 160-fold (@), 800-fold (M), and 4,000-fold (A) dilutions of
plasma samples, and (c and f) 5-fold (@), 25-fold (M), and 125-fold (A) dilutions of BALF samples. (a
to f) Data are means = SD. n=5 per group. *, P<0.05; **, P<0.01; ***, P<0.001; and ****,
P <0.0001, as indicated by using Tukey's test.

protection than rHA during lower respiratory tract infection, but the two antigens did
not induce protection during upper respiratory tract infection.

Superiority of NA as an antigen for nasal vaccines. Many studies have instilled
large volumes (i.e., 20 to 30 wl/mouse) of vaccine-containing solution as nasal vaccines.
However, because vaccine solution is transferred not only to the upper respiratory tract
but also to the lower respiratory tract under these conditions, the experimental sce-
nario might not have accurately reflected the actual situation in humans. Therefore, to
compare the potential of rNA and rHA as antigens for nasal vaccines, we intranasally
administered rNA or rHA to each mouse in a total of 5 ul (2.5 ul for each nostril), in a
model of a nasal vaccine. In addition, we used cyclic di-GMP (c-di-GMP), an intracellular
receptor stimulator of interferon genes (STING) agonist, as an adjuvant, because STING
agonists have been used as nasal vaccine adjuvants in many experiments (44-46).

Mice were immunized intranasally with Cal7-rNA plus c-di-GMP (Fig. 3a to c) or Cal7-
rHA plus c-di-GMP (Fig. 3d to f), and the levels of rNA- and rHA-specific IgA in nasal wash
fluid, rNA- and rHA-specific IgG in plasma, and rNA- and rHA-specific IgG in bronchoalveo-
lar lavage fluid (BALF) were analyzed by using ELISA after the last immunization (Fig. 3a to
f). We used Cal7-rNA and PR8-rNA (Fig. 3a to c) and Cal7-rHA and PR8-rHA (Fig. 3d to f) as
coating antigens for ELISA. Immunization with Cal7-rNA induced high levels of Cal7-rNA-
specific antibody responses (Fig. 3a to ¢), and immunization with Cal7-rHA induced high
levels of Cal7-rHA-specific antibodies (Fig. 3d to f). For example, Cal7-specific IgAs were
observed in nasal washes from both Cal7-rNA- and Cal7-rHA-immunized mice (Fig. 3a and
d). In addition, the level of antibodies specific for rNA from the heterologous virus H1N1
A/Puerto Rico/8/34 (PRS; i.e., PR8-rNA) was significantly higher in mice immunized with
Cal7-rNA than in PBS-treated control mice (Fig. 3a to c). In contrast, PBS-treated control
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FIG 4 Protective effects against influenza virus after intranasal immunization with rNA or rHA. Mice
were immunized intranasally with (a, b, e, and f) Cal7-rNA plus c-di-GMP or Cal7-rHA (5 xg/mouse)
plus ¢-di-GMP or (c and d) NC20-rNA plus c-di-GMP or NC20-rHA (5ug/mouse) plus c-di-GMP. At
10days after final immunization, mice were challenged with (a) homologous Cal7, (b) heterologous
PR3, (c) homologous NC20, or (d) heterologous Cal7 to achieve upper respiratory tract infection. (a to
d) At 3days after challenge, virus titers in nasal wash samples were evaluated. (e and f) At 10days
after the final immunization, mice were challenged with Cal7 (homologous virus) to achieve lower
respiratory tract infection. The percentage changes in (e) body weight and (f) survival were monitored
after challenge with virus. n=5 (a to d) or 10 (e and f) per group. (a to e) Data are means = SD. (a to d)
*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001, according to Tukey's test. (e) ***, P<0.001, and
¥ P<0.0001, between Cal7-rNA-immunized mice and Cal7-rHA-immunized mice, as indicated by
using Tukey’s test. (f) *, P<<0.05, and ****, P<0.0001, according to comparison of Kaplan-Meier curves
by using the log-rank test.

mice and Cal7-rHA-immunized mice had similar levels of PR8-rHA-specific IgA in nasal
wash fluid and PR8-rHA-specific IgG in BALF (Fig. 3d and f), whereas Cal7-rHA-immunized
mice had slightly (yet significantly) higher PR8-rHA-specific IgG in plasma than PBS-treated
control mice (Fig. 3e). These results suggest that the binding capacity for heterologous
antigen is broader for NA-specific antibodies than HA-specific antibodies.

After the final immunization in our nasal vaccine model, we challenged immunized
mice with Cal7 (i.e.,, homologous virus) or PR8 (i.e., heterologous virus) and determined
the virus titers in nasal wash fluid on day 3 after challenge (Fig. 4a and b). The Cal7 vi-
rus titers in the Cal7-rNA- and Cal7-rHA-immunized mice were significantly lower than
those in the PBS-treated control mice, and Cal7 virus titers did not differ between Cal7-
rNA- and Cal7-rHA-immunized mice (Fig. 4a). In contrast, the titer of the heterologous
PR8 virus was significantly lower in the Cal7-rNA-immunized mice than in both the
PBS-treated controls and the Cal7-rHA-immunized mice, which had similar PR8 titers
(Fig. 4b).

Next, to assess the versatility of rNA as an antigen for nasal vaccines, we immunized
mice intranasally with NC20-rNA plus c-di-GMP or NC20-rHA plus c-di-GMP. We then
challenged the immunized mice with homologous NC20 or heterologous Cal7 in our
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upper respiratory infection model and measured the virus titers in nasal wash fluid on
day 3 after challenge (Fig. 4c and d). Consistent with the results in Fig. 4a, homologous
NC20 titers were significantly lower in the NC20-rNA- and NC20-rHA-immunized mice
than in the PBS-treated control mice, with similar NC20 virus titers in NC20-rNA- and
NC20-rHA-immunized mice (Fig. 4c). Furthermore, titers of the heterologous Cal7 virus
were significantly lower in the NC20-rNA-immunized mice than in both the PBS-treated
controls and NC20-rHA-immunized mice, which had similar Cal7 titers (Fig. 4d).
Collectively, these results suggest that rNA has potential superior to that of rHA as an
antigen for nasal vaccines.

We then examined whether intranasal immunization with rNA provides protection
in the lower respiratory tract as it does in the upper respiratory tract. To this end, we
immunized mice intranasally with Cal7-rNA plus c-di-GMP or Cal7-rHA plus c-di-GMP
and then challenged them with homologous Cal7 after the final immunization to
achieve lower respiratory tract infection. The weight loss in the Cal7-rNA-immunized
mice was significantly milder than that in Cal7-rHA-immunized mice, and the survival
rate was significantly higher in Cal7-rNA-immunized mice than in Cal7-rHA-immunized
mice (Fig. 4e and f). These results suggest that rNA-based nasal vaccine provides pro-
tection superior to that of rHA-based nasal vaccine in both the upper and lower respi-
ratory tracts.

Nasal vaccine for virus infection-experienced mice by using rNA without adjuvant.
Almost all human adults have preexisting antibodies to influenza viruses owing to pre-
vious exposure to seasonal influenza viruses (11, 30, 47). Therefore, we examined
whether rNA induces antibody responses even in the absence of adjuvants in this sit-
uation. On 30 and 51 days after naive mice had been infected with Cal7 to achieve
upper respiratory tract infection, they were immunized intranasally with Cal7-rNA or
Cal7-rHA without adjuvant. At 58 days after Cal7 infection, the levels of Cal7-rNA-spe-
cific IgA in nasal wash fluid (Fig. 5a) and Cal7-rNA-specific IgG in plasma (Fig. 5b) were
significantly higher in Cal7-infected mice than uninfected control mice, whereas the
levels of Cal7-rHA-specific IgA in nasal wash fluid (Fig. 5¢) and Cal7-rHA-specific IgG in
plasma (Fig. 5d) did not differ between uninfected control mice and Cal7-infected
mice. Subsequent immunization with INA—but not rHA—enhanced these antibody
responses in Cal7-infected mice (Fig. 5a to d). After the Cal7-infected mice were immu-
nized with Cal7-rNA or Cal7-rHA, they were challenged with heterologous PR8 to
achieve upper respiratory tract infection. At day 3 after challenge, PR8 virus titers were
significantly lower in unimmunized preinfected mice than in mice without preinfection
(Fig. 5e). In addition, PR8 virus titers were significantly lower in Cal7-rNA-immunized
preinfected mice than in unimmunized preinfected mice, whereas PR8 virus titers were
similar between Cal7-rHA-immunized preinfected mice and unimmunized preinfected
mice (Fig. 5e). These data suggest that intranasal immunization with rNA, but not rHA,
without adjuvant enhances NA-specific antibody responses and provides cross-protec-
tion in virus-experienced mice.

Broad epitope recognition by NA-specific IgA in nasal wash fluid. To clarify why
intranasal immunization with rNA induces strong cross-protection, we sought to iden-
tify the epitopes recognized by the antibodies induced by rNA immunization. To this
end, we used mutant rNAs based on the Cal7 NA sequence, each of which bore one of
the 26 single-amino-acid escape mutations in common antibody-binding sites on NA
(11). Mutant rNAs were generated in mammalian cells, purified by using immobilized
metal ion and size exclusion chromatography, and used as coating antigens for ELISA.
We confirmed that each mutant rNA had the same elution time as wild-type rNA in
size exclusion chromatography (data not shown), indicating that these mutant rNAs
were tetrameric. By using ELISA, we examined the levels of mutant-rNA-specific IgA
and IgG in samples from mice immunized with wild-type Cal7-rNA (Fig. 6). Mutant
rNAs that reduced the ELISA signal by 50% relative to that for wild-type rNA were
defined as mutant rNAs carrying epitopes recognized by antibodies. The IgG in plasma
from mice subcutaneously immunized with rNA plus alum showed >50% weaker bind-
ing to the Q250A, V264T, N273D, V338M, and V338A mutant rNAs than to wild-type
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FIG 5 Intranasal immunization of preinfected mice by using NA without adjuvant. (a to e) Naive mice
were infected intranasally with Cal7. On days 30 and 51 after exposure, mice were intranasally
immunized with Cal7-rNA or Cal7-rHA (5ug/mouse) without adjuvant. The levels of (a) Cal7-rNA-
specific IgA in nasal wash fluid, (b) Cal7-rNA-specific IgG in plasma, (c) Cal7-rHA-specific IgA in nasal
wash fluid, and (d) Cal7-rHA-specific IgG in plasma were evaluated by using ELISA at 7 days after final
immunization. We used (a and c) 1-fold (@), 2-fold (M), and 4-fold (A) dilutions of nasal wash
samples and (b and d) 160-fold (@), 800-fold (M), and 4,000-fold (A) fold dilutions of plasma samples.
(e) At 10days after final immunization, mice were challenged with heterologous virus (PR8) to
achieve upper respiratory tract infection; virus titers in nasal wash samples were evaluated at 3 days
after challenge. (a to e) Data are means *= SD. n=5 per group. ##, P < 0.01; ###, P < 0.001; and
####, P < 0.0001, versus uninfected control group as indicated by Tukey's test. *, P<<0.05; ***,
P <0.001; and ****, P < 0.0001, according to Tukey’s test.

rNA (Fig. 6a). We observed the same trends for IgG (Fig. 6b) and IgA (Fig. 6¢) in plasma
from mice immunized intranasally with Cal7-rNA plus c-di-GMP. In contrast, IgA in
nasal wash fluid from mice immunized intranasally with Cal7-rNA plus c-di-GMP
showed >50% weaker binding than wild-type rNA, not only to Q250A, V264T, N273D,
V338M, V338A, and S339A mutant rNAs but also to N309S, N341D, P377A, S388A,
1396T, and N397K mutant rNAs (Fig. 6d). These results indicate that NA-specific IgA in
nasal wash fluid recognizes more epitopes than do NA-specific IgG and IgA in plasma.

DISCUSSION

In assessing the potential of NA as an antigen in nasal vaccines to confer broad
cross-protection against influenza viruses, we first showed that monomeric rNA lacks
sialidase activity and the ability to induce NA-specific antibody responses (Fig. 1).
Whether the structure of monomeric rNA is the same as that of the protomer of
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FIG 6 Identification of epitopes recognized by anti-NA antibodies. Levels of mutant rNA-specific (a)
1gG in plasma from mice immunized subcutaneously with Cal7-rNA plus alum and of mutant rNA-
specific (b) 19G in plasma, (c) IgA in plasma, and (d) IgA in nasal wash fluid from mice immunized
intranasally with Cal7-rNA plus c-di-GMP were evaluated by using ELISA. The ELISA signals for mutant
rNAs relative to that for wild-type rNA are shown as percentages. Data are means = SD.

tetrameric rNA is unclear. In addition, compared with monomeric antigen, multimeriza-
tion of antigen generally enhances B-cell-receptor cross-linking, which is followed by
strong B-cell activation and an increased antigen-specific antibody response (48).
Therefore, as we showed, tetramerization of rNA is required to induce appropriate
immune responses.

We also demonstrated that subcutaneous immunization with either rHA or rNA provides
full protection against homologous virus challenge and that rNA induces cross-protection
against heterologous virus in the lower respiratory tract more efficiently than does rHA
(Fig. 2a to f). However, a subcutaneous dose of 10 ug rNA was required to protect against
heterologous virus challenge, although 1 ug rNA achieved complete protection against ho-
mologous virus. In addition, even when high antigen doses were administered subcutane-
ously, the protective efficacy against heterologous virus was lower than that against homol-
ogous virus (Fig. 2c to f). These results are consistent with those of another report, which
showed that challenge with high-titer heterologous virus diminished the protective efficacy
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induced by NA immunization (25). Therefore, it might be difficult to induce full protection
against heterologous virus challenge through subcutaneous immunization with rNA.

Replication of influenza virus in the upper respiratory tract—especially the nasal re-
spiratory epithelium—is crucial for airborne transmission of influenza viruses (35).
Therefore, vaccines that prevent the generation of influenza viruses in the upper respi-
ratory tract and their expulsion from those tissues are essential for reducing the rapid
spread and continued circulation of these viruses in humans. In the current study, we
showed that subcutaneous immunization with rNA or rHA failed to protect against
even homologous virus challenge in the upper respiratory tract (Fig. 2g). In contrast,
unlike intranasal administration of rHA, intranasal immunization with rNA provided
superior cross-protection in the upper respiratory tract by inducing NA-specific IgA
(Fig. 4). In particular, the protection conferred in the upper respiratory tract via intra-
nasal immunization with rNA was as effective as that against homologous virus chal-
lenge (Fig. 4). We showed here that nasal rNA vaccine induced high titers of the NA-
specific IgA in nasal wash fluid to both homologous and heterologous NAs, whereas
titers of HA-specific IgAs to heterologous HA were much lower than those to homolo-
gous HA (Fig. 3a and d). Consequently, we attribute the strong cross-protection in NA-
immunized mice to the broader binding capacity of NA-specific antibodies compared
with HA-specific antibodies. One study showed that, compared with intramuscular im-
munization, nasal immunization with rNA more efficiently prevented the interhost
transmission of influenza B virus from vaccinated guinea pigs to unvaccinated animals
(29). Therefore, as an antigen for nasal vaccines, NA has the potential to confer strong
cross-protection and thus limit influenza virus infection and transmission in the popu-
lation. Previous reports have shown that parenteral immunization of mice with NA con-
fers cross-protection against challenge with heterologous virus but not heterosubtypic
virus (25, 49). Further investigation is needed to establish whether intranasal immuni-
zation with rNA provides cross-protection against heterosubtypic viruses in the upper
respiratory tract.

In the absence of the sialidase activity of NA, influenza virus tends to aggregate,
and this may decrease transmissibility (7, 50). In addition, inhibition of the sialidase ac-
tivity of NA blocks the transport of the virus through mucus and the release of virus
from the host cell (7, 8). However, the low sensitivity of the ELLA may have prevented
us from observing any NA-inhibitory activity of NA-specific IgA in the upper respiratory
tract. Further investigation is needed to examine the NA-inhibition activity of NA-spe-
cific IgA against both homologous NA and heterologous NA and to assess the involve-
ment of NA-inhibitory activity of NA-specific IgA in cross-protection in the upper respi-
ratory tract.

We wondered why intranasal immunization with rNA induces strong cross-protec-
tion in the upper respiratory tract, whereas subcutaneous immunization with rNA
achieves only weak cross-protection. We found that NA-specific IgA in nasal wash fluid
recognizes more epitopes in NA than do NA-specific IgA and IgG in plasma (Fig. 6).
Therefore, the broad binding capacity of the NA-specific IgA in the upper respiratory
tract might contribute to the extensive cross-protection at this site. Previous studies
have revealed antibody-recognized amino acid residues in NA that are important for
conferring cross-protection (16, 18). For example, by using monoclonal antibodies with
differing reactivity, one group showed that highly cross-reactive antibodies recognized
residues 273, 309, 338, and 339 of HINT NA and that such antibodies conferred cross-
protection against challenge with several types of HIN1 in mice (16). Another report
showed that Cal7-NA-specific antibodies recognized residues 364, 369, and 397, which
are located within a polypeptide chain that encircles the enzyme active-site pocket
(18). Among these previously identified residues, only our NA-specific IgA in nasal
wash fluid recognized residues 309, 396, and 397, whereas residues 273, 338, and 339
were recognized not only by NA-specific IgA in nasal wash fluid but also by NA-specific
IgA and IgG in plasma (Fig. 6). Furthermore, our results showed that NA-specific IgA in
nasal wash fluid also recognized residues 377 and 388, which have not been
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mentioned previously in this regard (Fig. 6). Therefore, further investigation is needed
to elucidate whether residues 309, 377, 388, 396, and 397 contribute to the broad
cross-protective capacity of IgA in the upper respiratory tract.

It is interesting that NA-specific IgA in nasal wash fluid recognized a broader range
of epitopes than did NA-specific IgA in plasma (Fig. 6). Secretory IgA antibodies at mu-
cosal surfaces typically are present in polymeric forms, such as dimers and tetramers,
whereas plasma IgA is primarily present as a monomer (51). The stronger virus-binding
and -neutralizing activities of polymeric IgA compared with monomeric IgA are due to
increased avidity (51-54). In addition, influenza virus-specific polymeric IgA has been
suggested to have stronger cross-protective activity than monomeric IgA and IgG (39,
55-57), although the precise mechanism is unclear. Furthermore, a recent study dem-
onstrated that polymerization of IgA enhances reactivity against viruses when the
monomeric form of the IgA has low affinity (58). Considering these facts, IgA specific
for residues 309, 377, 388, 396, and 397 present in the upper airways might show
enhanced affinity due to polymerization, whereas monomeric plasma IgA specific for
these residues expresses low affinity. Future studies that address the affinity to NA and
cross-reactive activity of IgG, monomeric IgA, and polymeric IgA monoclonal antibod-
ies specific for these residues will be useful for understanding the mechanism underly-
ing the cross-protective capacity of IgA in the upper respiratory tract.

We also showed that intranasal immunization with rNA provides protection in the
lower respiratory tract (Fig. 4e and f). However, unlike subcutaneous immunization
(Fig. 2c and d), intranasal immunization with rNA was associated with body weight loss
in mice even after homologous virus challenge (Fig. 4e and f). In our lower respiratory
tract mouse model, viruses disseminate throughout the respiratory tract (including
both upper and lower respiratory tracts); conversely, in humans, viruses are amplified
in the upper respiratory tract and then migrate to the lower respiratory tract.
Therefore, we consider that this lower respiratory tract mouse model is not optimal for
evaluating the efficacy of nasal vaccine in the lower respiratory tract. In addition, H1N1
viruses such as those we used (i.e., Cal7 and PR8) do not disseminate efficiently from
the upper respiratory tract to the lower respiratory tract after infection in mice (59). In
contrast, specific H3N2 strain, X31 strain, efficiently migrates into the lower respiratory
tract of mice after upper respiratory tract infection (60). Therefore, it will be important
in the future to use this H3N2 strain to evaluate the protective efficacy of rNA nasal
vaccine in the lower respiratory tract.

Many split vaccines and inactivated whole-virus vaccines only poorly induce anti-
NA antibodies in humans. In fact, in one study, administering subunit or split vaccines
to humans resulted in antibody responses directed predominantly to HA, although
natural human influenza infection induces a variety of broadly reactive antibodies
directed to NA (11). A predominant immune response in favor of HA over NA might
result from insufficient content or structural integrity of NA when both proteins are in
close association, as is the case in current split vaccines and whole-virion vaccines (7).
Adding rNA to split vaccines or inactivated whole-virion vaccines for intranasal admin-
istration is one potential approach to enhancing NA-specific antibody responses to
these formulations.

In our current study, we used c-di-GMP as an adjuvant for intranasal immunization,
because intranasal inoculation of rNA in the absence of adjuvant did not induce any
antibody responses in naive mice (data not shown). In general, several types of adju-
vants, including c-di-GMP, CpG oligonucleotides, and poly(l-C), have been used in ani-
mal studies of nasal vaccines and induce strong antigen-specific antibody responses,
including IgA, in the upper respiratory tract (61, 62). However, given the lack of adju-
vants approved for nasal vaccines in humans, nasal vaccines that induce sufficient anti-
body responses even in the absence of adjuvants are needed. In this study, we showed
that intranasal inoculation with rNA of mice that had experienced previous influenza
infection efficiently enhanced antibody responses against NA, even in the absence of
adjuvant, and improved cross-protection (Fig. 5). Using antigen only (without adjuvant)

October 2021 Volume 95 Issue 20 e01180-21

Journal of Virology

jvi.asm.org

12


https://jvi.asm.org

Nasal Influenza Vaccine Containing Neuraminidase

can boost B-cell and memory T-cell responses, although it is insufficient to prime naive
mice (63, 64). However, in humans, almost all adults have been infected with, and
mount immune responses to, influenza viruses (11, 30, 47). Therefore, rNA alone (in the
absence of adjuvants) likely can be used as an antigen in nasal vaccines to boost anti-
body responses specific to NA in human adults, who likely have already been primed
through infection or vaccination.

In addition to recombinant protein, several types of NA-based formulations have
been developed as parenteral vaccines to provide cross-protection. For example, virus-
like particles that express NA, NA mRNAs, and virus vectors expressing NA all induce
anti-NA antibodies in mice (24, 65-67). Furthermore, recent reports have demonstrated
the usefulness of a reverse-genetics approach to generating influenza virus carrying a
modified NA (68, 69). For example, one group was able to improve anti-NA immune
responses by using modified influenza virus particles that expressed increased surface
amounts of NA and decreased HA (69). In another study, extending the stalk domain of
the NA protein on the surface of virus particles improved its immunogenicity without
affecting the immunogenicity of HA (68). Applying these NA-associated strategies to
nasal influenza vaccine candidates likely will improve their efficacy.

MATERIALS AND METHODS

Influenza viruses. HIN1 influenza A virus strain A/Puerto Rico/8/34 (PR8) was kindly provided by
Yasuyuki Gomi (Research Foundation for Microbial Diseases, Osaka University, Japan). A/California/7/
2009 (Cal7) was kindly provided Hideki Asanuma (National Institute of Infectious Diseases, Japan), and
A/New Caledonia/20/1999 (NC20) was kindly provided by Ritsuko Kubota-Koketsu (Research Institute for
Microbial Diseases, Osaka University, Japan).

Expression and purification of rHAs and rNAs. The sequences for HAs and NAs were derived from
Cal7 (GenBank accession number ACV82259.1 for HA and MN596847.1 for NA) and NC20 (GenBank
accession number AAP34324.1 for HA and AJ518092.1 for NA). The cDNA of the ectodomain of HA
(amino acids 1 to 523) with a C-terminal hexahistidine tag (His tag) or of NA (amino acids 71 to 469)
with an N-terminal His tag was cloned into the pcDNA3.1 expression plasmid (Thermo Fisher Scientific,
Hampton, NH, USA). The sequence of foldon (GYIPEAPRDGQAYVRKDGEWVLLSTFL) from fibritin of
bacteriophage T4 was inserted at the C terminus of HA for generating trimeric rHA. The sequence of the
tetrabranchion tetramerization domain (GSIINETADDIVYRLTVIIDDRYESLKNLITLRADRLEMIINDNVSTILASG)
from the bacterium Staphylothermus marinus was inserted at the N terminus of NA for generating tetra-
meric rNA. All secreted soluble rHAs and rNAs were generated by using the Expi293 expression system
(Thermo Fisher Scientific) as described previously (43, 70, 71). For size exclusion chromatography, the
Akta explorer chromatography system with a Superose 6 Increase 10/300 GL column (GE Healthcare,
Chicago, IL, USA) was used. For SDS-PAGE, purified proteins were mixed 1:1 (vol/vol) in sample buffer so-
lution (Nacalai Tesque, Kyoto, Japan) containing 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA)
and heated at 95°C for 5 min before being loaded onto a 10% Mini-Protean TGX precast protein gel (Bio-
Rad, Hercules, CA, USA). After electrophoresis, gels were stained with Coomassie brilliant blue according
to standard protocols.

ELLA. To determine the sialidase activity of rNAs, ELLA was performed according to previously pub-
lished protocols (43). Briefly, ELISA plates (Corning, Corning, NY, USA) were coated overnight at 4°C with
25 ng/ml fetuin (Sigma-Aldrich, St. Louis, MO, USA) in carbonate buffer. Fetuin-coated plates were
washed by using PBS containing 0.05% Tween 20, after which serial dilutions of each rNA were added to
plate wells. Plates were incubated at 37°C for 16 h and washed by using PBS containing 0.05% Tween
20; 1 ng/ml peanut agglutinin-horseradish peroxidase conjugate (Sigma-Aldrich) was then added. After
incubation of the plates at room temperature for 1 h, the color reaction was developed with tetramethyl
benzidine (Nacalai Tesque), stopped with 2 N H,SO,, and measured as the optical density at 450 (OD,,,)
on a microplate reader (Power Wave HT, BioTek, Winooski, VT, USA).

Mice. C57BL/6J mice were purchased from SLC (Shizuoka, Japan). Mice were housed in a room with
a 12-h/12-h light/dark cycle (lights on, 8:00 a.m.; lights off, 8:00 p.m.) and had unrestricted access to food
and water. All animal experiments were performed in accordance with Osaka University’s institutional
guidelines for the ethical treatment of animals (protocol numbers H26-11-0 and R01-15-0).

Immunization. For subcutaneous immunization, mice were inoculated at the base of the tail on
days 0 and 21 with rHA (1 or 10 wg/mouse) or rNA (1 or 10 wg/mouse) plus Alhydrogel 2% (InvivoGen,
San Diego, CA, USA) as alum adjuvant. For intranasal immunization, anesthetized mice were intranasally
inoculated on days 0 and 21 with rHA (5ug/mouse) plus c-di-GMP (2 wg/mouse; InvivoGen) or rNA
(5 wg/mouse) plus c-di-GMP (2 ug/mouse; InvivoGen) in a total volume of 5 ul (2.5 ul to each nostril). On
day 28, we obtained samples of plasma, nasal wash fluid, and BALF, which were stored at —30°C until
analysis. Nasal washes were collected by gentle flushing of the nasal passage with 400 w| of PBS. BALF
was collected by subjecting the lung to lavage with 1 ml of PBS; BALF was centrifuged at 600 x g for
5min and the supernatant used for ELISA.

Antibody responses. To detect rHA-, INA-, or Cal7-specific IgG and IgA, ELISA plates were coated
overnight at 4°C with rHA or rNA (1 ug/ml for plasma and BALF; 10 ug/ml for nasal wash fluid) in
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carbonate buffer, or Cal7 (1 uwg/ml) in PBS. Coated plates were then incubated with 1% Block Ace (DS
Pharma Biomedical, Osaka, Japan) for 2 h at room temperature. Plasma, BALF, and nasal wash fluid sam-
ples were diluted serially with 0.4% Block Ace, and these dilutions were added to the antigen-coated
plates. After incubation for 2 h at room temperature, sample-containing plates were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Merck Millipore, Darmstadt, Germany) or
HRP-conjugated goat anti-mouse IgA (SouthernBiotech, Birmingham, AL, USA) for 1 h at room tempera-
ture or with biotin-conjugated goat anti-mouse IgA (SouthernBiotech) for 2 h at room temperature, after
which HRP-conjugated streptavidin (Thermo Fisher Scientific) was added. The color reaction was devel-
oped with tetramethyl benzidine (Nacalai Tesque), stopped with 2 N H,SO,, and measured as the OD,,
to OD,,, on a microplate reader (Power Wave HT, BioTek).

Infection. Immunized mice were challenged with influenza virus on day 31 after the initial immuni-
zation (day 0). For upper respiratory tract infection, anesthetized mice were challenged intranasally with
3.0 x 10%50% tissue culture infective doses (TCID,,) of Cal7, 1.2 x 10% TCID,, of PR8, or 9.6 x 10* TCID,,
of NC20 in 5 ul of PBS (2.5 ul to each nostril). After 3 days, nasal washes were collected by using 400 !
of PBS, and the virus titers in nasal wash fluid were evaluated by using MDCK cells as described previ-
ously (72). For lower respiratory tract infection, anesthetized mice were challenged intranasally with
3.0 x 10*TCID,, of Cal7 or 4.8 x 10° TCID,, of NC20 in 30 ul of PBS (15 ul to each nostril). Body weights
and survival rates of the challenged mice were monitored every 2 or 3 days for a total of 14 days after
challenge. The humane endpoint was set at 25% body weight loss relative to that on day 0. We defined
the day on which the mice weighed less than 75% of their day 0 body weight as the day of death.

Subsequent immunization after Cal7 infection. Anesthetized naive mice were infected intranasally
with 3.0 x 102 TCIDs, of Cal7 in a volume of 5 ul of PBS (2.5 ul to each nostril). On days 30 and 51 postin-
fection, mice were intranasally immunized with Cal7-rHA (5uxg/mouse) or Cal7-rNA (5 wg/mouse)
without c-di-GMP in a total volume of 5 ul (2.5 wl to each nostril) under anesthetic. Ten days after final
immunization, anesthetized mice were challenged intranasally with 1.2 x 10*TCID, of PR8 in a volume
of 5ul of PBS (2.5 ul to each nostril). Three days after PR8 challenge, nasal washes were collected by
using 400 ul of PBS, and the virus titers in nasal wash fluid were evaluated by using MDCK cells as
described previously (72).

Epitope mapping of antibodies by using mutant recombinant NAs. By using the Expi293 expres-
sion system (Thermo Fisher Scientific) as described above, we generated 26 mutant rNAs (P93S, P95N,
R220K, N221K, G249K, Q250A, 1263V, V264T, S266A, N270D, N273D, N309S, V338M, V338A, S339A,
N341D, S364N, N369K, P377A, N386K, S388A, 1389V, 1396T, N397K, N449D, and D451G mutants) as
described previously (43, 70, 71). To detect mutant rNA-specific IgG and IgA through ELISA, we used
1-fold-diluted nasal wash samples for detecting rNA-specific IgA, 5-fold-diluted plasma samples for
detecting rNA-specific IgA, and 800-fold-diluted plasma samples for detecting rNA-specific IgG.

Statistical analyses. Statistical analyses were performed by using Prism (GraphPad Software, San
Diego, CA, USA). All data are presented as means with standard deviations (SD). Significant differences
were determined by using Tukey's test. A P value of 0.05 or less was considered to indicate statistical
significance.
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