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Introduction

Currently available inactivated vaccines, usually whole virus vac-
cines or sub-virion vaccines, such as detergent-disrupted split-
viruses or purified surface glycoprotein vaccines, are injected 
via the non-mucosal route.1 These vaccines induce serum IgG 
antibodies, which are highly protective against homologous virus 
infections but less effective against heterologous virus infec-
tions. However, it has been shown that secretory IgA (S-IgA) 
and IgG antibodies in the respiratory tract largely contribute to 
the protective immunity induced by influenza virus infection.2,3 
Moreover, S-IgA antibodies are more cross-reactive against vari-
ant influenza viruses than serum IgG antibodies and therefore 
provide more effective protection against a heterologous virus.4-9 
Thus, intranasal administration of an inactivated influenza vac-
cine that induces both S-IgA and IgG antibody responses is 
expected to outperform the protective efficacy of intramuscular 
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or subcutaneous vaccines.10 Of note, intranasal vaccination would 
have several additional advantages, since this type of vaccination 
is needle-free which enables easier administration, is more read-
ily accepted by the recipients, reduces the problems associated 
with needle waste and prevents the risk of disease transmission 
through needle reuse.11

Several trials have been conducted to augment the induction 
of both S-IgA and IgG antibodies using intranasal administra-
tion of an inactivated influenza vaccine, either with or without an 
extrinsic adjuvant.12-21 In several clinical trials, antibody responses 
were mainly evaluated based on haemagglutination inhibition 
(HI) titers of the serum and haemagglutinin (HA)-specific IgA 
and IgG antibody titers estimated by enzyme-linked immuno-
sorbent assay (ELISA) in nasal wash samples. Currently, serum 
HI titers are used for the evaluation of the efficacy of the sea-
sonal influenza vaccines,22-24 because levels of protection against 
viruses that are homologous to the vaccine strain, correlate well 
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Inactivated influenza whole virus vaccines are more 
immunogenic than split-product vaccines when adminis-
tered intranasally to mice.33,34 Similar results were found for 
humans in clinical trials showing that intranasally admin-
istered whole virus vaccines cause enhanced production of 
both local HA-specific IgA antibodies and serum HI anti-
bodies.14-16 The higher immunogenicity of the whole virus 
vaccine may be explained by the adjuvant action of single-
stranded viral RNAs that activate toll-like receptor 7. Viral 
RNA is present in the inactivated virus particles, but is 
absent in split-product vaccine formulations.35-38 Together, 
these reports suggest that inactivated whole virus vaccines 
can induce more effective immune responses than split-virus 
vaccines after intranasal vaccination in healthy adults.

In the present study HI and neutralizing antibody 
responses were examined in serum and nasal mucus samples 
from 50 healthy adults after two intranasal vaccinations 
with an inactivated whole virus vaccine derived from A/
Victoria/210/2009 (H3N2) virus (A/Victoria vaccine; 45 
μg HA per dose) with a 3-week interval. Antibody responses 
in nasal mucus were assayed using concentrated nasal wash 
(containing 1 mg/ml total protein).31,32 HA-specific IgA 
and IgG antibodies were also examined to characterize the 
immune response. It was found that two doses of the nasal 
vaccine induced high levels of HI and neutralizing antibody 
responses in both serum and nasal mucus. These responses 
were accompanied by major changes in HA-specific serum 

IgG and nasal IgA antibody responses, respectively. In addition, 
the vaccination with the A/Victoria vaccine resulted in a slight 
increase in HI and NT titers, which were cross-reactive to the A/
Sydney/05/1997 (H3N2) virus.

Results

HI and neutralizing antibody responses in serum. HI anti-
body responses, currently in use as a correlate of protection 
for the evaluation of vaccine efficacy, were examined in serum 
samples from the volunteers aged between 22 and 69 y old who 
received two intranasal vaccinations with an inactivated whole 
virus vaccine derived from A/Victoria virus strain (contain-
ing 45 μg HA) with a 3-week interval. Serum samples were 
obtained both before vaccination (week 0) and 3 weeks after 
primary (week 3) and secondary vaccination (week 6). HI 
titers against A/Victoria virus were increasing after the first 
vaccination and again after the second vaccination (Fig. 1A). 
The serum HI titers were evaluated using the mean geomet-
ric increase between week 0 and 6, the conversion rate as well 
as the protection rate, which are also used by the EMA and 
the FDA to review the efficacy of seasonal influenza vaccines 
(Table 1). After two doses of the intranasal vaccination (week 
6), serum HI titers fulfilled the criteria of the mean geometric 
increase (4.25-fold) and the conversion rate (43.5%), as defined 
by the EMA for the vaccine efficacy in people aged 18–60 y. In 
addition, serum samples also reached protective levels (76.1%), 
which were defined as the protection rate by the EMA (Fig. 1B 

with these serum HI titers.25 However, both serum and nasal 
antibody responses are involved in protection,26,27 and together 
might result in better correlates for protection against heterolo-
gous influenza strains. Therefore, it would be useful to mea-
sure HI titers in both serum and nasal mucus in humans. In 
addition, although neutralizing capacity is considered to be a 
more functional criterion for protection than HI or HA-specific 
binding, neutralizing antibody responses in nasal wash samples 
have rarely been assessed. Previous studies show that HI titers 
may be lower or higher than the corresponding neutralization 
(NT) titers, depending on the strain of influenza A or B virus 
used.28 Other studies show that HI assays using anti-sera failed 
to detect the H5N1 virus.29,30 Thus, the efficacy of antibody 
responses following nasal vaccination should preferentially be 
assessed by characterizing the HI and NT titers in serum and 
nasal mucus.

In a previous study, it was shown that neutralizing antibody 
responses in both serum and nasal mucus were induced in five 
healthy adults after intranasal administration of a split-virus vac-
cine derived from A/Uruguay/716/2007 (H3N2) virus (45 μg HA 
per dose).31 Neutralizing antibody titers were measured in nasal 
wash samples, which typically contain about 1/10 the amount of 
IgA antibody found in natural nasal mucus.31,32 Virus-specific neu-
tralizing antibody responses were detected in nasal mucus samples 
from 4 out of 5 subjects, with a rise in NT titer of ≥ 4-fold after the 
second vaccination.31 Nasal mucus NT titers appeared to reflect 
the absolute titers of nasal mucus antibodies and these titers were 
not affected by the slight variability in the recovery of total anti-
bodies from nasal mucus of different subjects.

Figure 1. HI antibody responses in serum. (A) HI antibody responses before 
and after primary and secondary vaccination are shown for serum. A paired 
t test was performed to compare data from week 0 (pre) and 6 (post). 
Correlation coefficient (r) and p value were calculated. *; p < 0.05. (B) The 
relationship of serum HI antibody responses before and after secondary 
vaccination. The abscissa and ordinate show the pre- and post-vaccination 
HI titers, respectively. Further, it is shown how these relate to conversion 
rate and protection rate, which are on the border or within the area marked 
by the bold line and by the light gray background, respectively. Each circle 
represents an individual and shows the relation between the pre- and post-
vaccination titers. Gray circles indicate subjects between 60 and 69 y-of-age.
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mucus samples from the volunteers who received two intranasal 
vaccinations with the inactivated vaccine. Nasal mucus samples 
(containing 1 mg/ml total protein), prepared by concentrating 
nasal wash samples so that the total amount of IgA was equivalent 
to about 1/10 of that in natural nasal mucus, were obtained both 
before vaccination (week 0) and 3 weeks after primary (week 3) 
and secondary vaccination (week 6). HI and NT titers against 
A/Victoria virus were increasing after the first vaccination and 
again after the second vaccination (Fig. 3A and B). Among 46 
volunteers below 60 y of age, the ratio of GMTs between week 0 
and 6 were 3.13 and 5.88 for HI (Fig. 3A and Table 4) and NT 
(Fig. 3B and Table 4) titers, respectively. These results show that 
NT titers in nasal mucus samples are about 2-fold higher than 
the HI titers (Fig. 3C), similar to the relationship between HI 
and NT titers in serum samples (Fig. 2B). Thus, the volunteers 
who received two doses of intranasal inactivated vaccine induced 
high levels of HI and neutralizing antibody responses both in 
nasal mucus and serum.

HA-specific IgA and IgG ELISA antibody responses in serum 
and nasal mucus. The HA-specific IgA and IgG responses in 
serum from subjects before and after two intranasal vaccinations 
with the A/Victoria vaccine were determined by ELISA (Table 5). 
Serum HA-specific IgG and IgA titers were obtained using serum 
samples starting from a 1:10 dilution. The mean geometric increase 
of IgG and IgA antibodies after two doses of nasal vaccine (week 6) 
was estimated to be 2.96-fold and 2.47-fold, respectively (Fig. S1A 
and B; Table 5). The GMTs of IgG responses in serum samples 
were higher than those of IgA responses at each time point. This 
indicates that HA-specific IgG, rather than IgA, is likely to be the 
major isotype responsible for haemagglutination inhibiting and 
neutralizing activity in serum samples.

and Table 2). The subjects over 60 y old produced only low lev-
els of HI titers. These results show that serum HI titers induced 
by administration of two doses of the nasal A/Victoria vaccine 
exceeded three of the EMA criteria in people aged 18–60 y.

In addition, neutralizing antibody responses were also exam-
ined in the serum samples, since those responses are considered 
to be more functional in the protection against influenza viruses 
than HI antibody responses. NT titers against A/Victoria 
virus were increasing after the first vaccination and again after 
the second vaccination (Fig.  2A). Serum HI titers correlated 
strongly with serum NT titers (r = 0.925, p < 0.0001). Among 
46 volunteers below 60 y of age, the ratio of GMTs between 
week 0 and 6 (the mean geometric increase after two doses 
of the nasal A/Victoria vaccine) in serum NT titers was 8.00 
(Fig. 2A and Table 3), whereas this ratio in serum HI titers was 
4.25 (Table 2). These results show that the increase in NT titers 
is about 2-fold higher than the increase in HI titers (Fig. 2B).

These data suggest that a titer of 1:80 for neutralizing antibod-
ies would correspond to a titer of 1:40 for HI antibodies, which 
is defined as the minimal HI titer providing protection. Using an 
NT titer of 1:80 temporarily as the lower limit of protection, the 
enhanced sensitivity of neutralization assay could be corrected 
so as to tentatively estimate the vaccine efficacy. As shown in 
Table  3, serum NT titers at week 6 showed a 63.0% conver-
sion rate, and an 87.0% protection rate. These results roughly 
correspond to those obtained in the serum HI titers (Table 2), 
suggesting that NT titers after correcting for the enhanced sen-
sitivity of the NT assay could be used as an indicator to evaluate 
protective efficacy of the vaccines.

HI and neutralizing antibody responses in nasal mucus. HI 
and neutralizing antibody responses were also examined in nasal 

Table 1. Tools currently in use to evaluate vaccine-induced changes in serum HI titer

Name Description EMA criteriaa FDA criteriab

Mean geometric increase Ratio of the geometric mean titer (GMT) post vaccination to that pre-vaccination >2.5 No standard

Conversion rate or signifi-
cant increase in titer [n/N 

(%, 95% CI)] c

Conversion rate: Proportion of subjects showing an increase from a pre-vaccina-
tion titer of < 1:10 (non-immune) to a post-vaccination titer of ≥ 1:40 (designated 

immune state). Significant increase in titer: Proportion of subjects showing a 
4-fold or greater increase from a pre-vaccination titer of ‡ 1:10 (designated as a 

significant increase in titer).

>40% LL of 95% CI > 40%d

Protection rate

[n/N (%, 95% CI)] c

Proportion of subjects showing a post-vaccination titer of ‡ 1:40 >70% LL of 95% CI > 70%e

aEuropean Medicines Agency (EMA) criteria for serum HI antibody responses in people aged 18–60 y. bUS Food and Drug Administration (FDA) criteria 
for serum HI antibody responses in adults < 65 y. cn = the number of subjests who meet a requirement; n = total number of subjects; 95% CI = the 95% 
Confidence Interval. dLower limit (LL) of the 95% CI should exceed 40%. eLower limit (LL) of the 95% CI should exceed 70%.

Table 2. Serum HI antibody responses after two doses of the nasal A/Victoria vaccine

EMA criteria FDA criteria Week Seruma

GMT (mean geometric increase) >2.5 No standard 0 16.2 (1.00)

6 68.8 (4.25b)

Conversion rate or significant increase in titer [n/N (%, 95% CI)] >40% LL of 95% CI > 40% 6 20/46 (43.5, 28.5–58.4)

Protection rate [n/N (%, 95% CI)] >70% LL of 95% CI > 70% 0 13/46 (28.3, 14.7–41.8)

6 35/46 (76.1, 63.2–88.9)
aSerum HI titers of < 1:10 were considered negative and were arbitrarily assigned a titer of 1:5. bIn bold values that exceed EMA criteria as defined for HI titers.
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who received two intranasal doses of an inactivated whole virus 
vaccine derived from A/Victoria/210/2009 (H3N2) virus (45 
μg HA per dose) with an interval of 3 weeks. The two doses of 
nasal vaccine induced serum HI titers, demonstrated by a >4-fold 
mean geometric increase, a > 40% conversion rate or significant 
increase in titer, and a > 70% protection rate in subjects aged 
18–60 y (Table 2 and Fig. 1). When the efficacy of vaccination 
was evaluated using the serum HI antibody responses observed in 
the present experiments, the serum HI titers exceeded three of the 
criteria used by the EMA, however, they did not meet the FDA 
criteria. These results suggest that two intranasal administrations 
of inactivated whole virus vaccine (45 μg HA per dose) could 
be a candidate treatment regimen. This vaccination procedure 
is simple, safe and effective, at least for adults with some immu-
nological memory induced by previous infection or vaccination.

The intranasal A/Victoria vaccination also induced high lev-
els of serum neutralizing antibody responses, measured by the 
microneutralization assay, of which the sensitivity was about 
2-fold higher than that of the HI assay (Table  2 and Fig.  2). 
When the enhanced sensitivity of the NT assays was corrected in 
such a way that it could be compared with the antibody response 
obtained by the HI assays, the neutralizing antibody responses at 
week 6 showed a mean geometric increase, a conversion rate, and 
a protection rate which corresponded to those obtained in the 
serum HI antibody responses in subjects aged 18–60 y (Tables 2 
and 3). These results suggest that serum NT titers could be used 
as an indicator to evaluate protective efficacy of the vaccines.

The present study also examined HI, NT and HA-specific 
antibody titers in nasal mucus samples, prepared by concentrating 
nasal wash samples resulting in a total amount of IgA that was 
equivalent to about 1/10 of that in undiluted nasal mucus. In our 
previous study, the total protein level and the levels of IgA, IgG and 

The HA-specific IgA and IgG responses from subjects 
before and after the two intranasal vaccinations were also 
determined in nasal mucus (Table 5). HA-specific IgG and 
IgA titers in nasal mucus were assayed using concentrated 
nasal wash samples (containing 1 mg/ml total protein) 
which were measured by ELISA starting with a 1:160 dilu-
tion. The GMTs of HA-specific IgA responses were higher 
than those of HA-specific IgG responses at each time point. 
The mean geometric increase of IgA and IgG antibody after 
two doses of nasal vaccine (week 6) was estimated to be 3.88-
fold and 1.37-fold, respectively (Fig. S1C and D; Table 5). 
This indicates that HA-specific IgA antibody is most likely 
the predominant antibody isotype responsible for the hae-
magglutination inhibiting and neutralizing activity in the 
nasal mucus. Thus, predominant changes in HA-specific 
IgA and IgG titers were found in the nasal mucus and serum, 
respectively.

In addition, relationships between NT titer and 
HA-specific antibody titer in serum or nasal wash were eval-
uated. In serum, NT titers correlated well with HA-specific 
IgG titers (r = 0.778, p < 0.0001), but not with IgA titers 
(Fig. S2A and B). Nasal NT titers show a weak correlation 
with HA-specific IgA titers (r = 0.473, p < 0.001), but not 
IgG titers (Fig. S2C and D).

HI and neutralizing antibody responses show cross-
reactivity with the A/Sydney/05/1997 virus. Cross-reactivity 
of HI and neutralizing antibody responses that were induced 
upon vaccination with A/Victoria (H3N2) with the A/
Sydney/05/1997 (A/Sydney, H3N2) virus was examined in 
serum (Table 6). Before vaccination, moderate HI and very high 
neutralizing antibody responses, were found to be cross-reactive 
to A/Sydney virus (week 0, GMTs in Table 6), when compared 
with responses to the homologous A/Victoria virus (Table 2 and 
3). The mean geometric increase in the cross-reactive HI and 
NT titers were very similar and showed a 1.44-fold and a 1.46-
fold, respectively. This increase was lower than that directed 
against the homologous A/Victoria virus (Tables 2, 3, and 6).

The cross-reactive HI and neutralizing antibody responses 
in nasal mucus samples were also examined using concentrated 
nasal wash samples. They showed a 1.63-fold and a 2.12 mean 
geometric increase, respectively. Similar to the responses in 
serum, this increase was lower than that directed against the 
homologous A/Victoria virus (Tables 4 and 6).

Clinical observation for adverse reactions. Before and after 
each vaccination clinical data were compiled from the health 
check records and personal interviews. None of the subjects 
experienced systemic adverse effects after the nasal vaccination. 
Minor complaints included light local reactions (mainly runny 
nose and nasal congestion) that resolved spontaneously within 
a few days (data not shown). Thus, the intranasal vaccine was 
considered to be well tolerated.

Discussion

The present study examined HI antibodies as well as neutral-
izing antibodies in serum and nasal mucus of 50 healthy adults 

Figure 2. Neutralizing antibody responses and correlation between HI and 
NT titers in serum. (A) Neutralizing antibody responses before and after 
primary and secondary vaccination are shown. A paired t test was performed 
to compare data from week 0 (pre) and 6 (post). The correlation coefficient (r) 
and p value were calculated. **; p < 0.01. (B) Correlation between HI and NT ti-
ters in serum 3 weeks after the secondary nasal vaccination. The abscissa and 
ordinate show HI and NT titers, respectively. Pearson r value and p value were 
calculated. Each individual is represented by a circle showing corresponding 
HI and NT titers. Gray circles indicate subjects between 60 and 69 y-of-age.
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1.37-fold mean geometric increase, respectively (Table 5). Thus, 
the nasal inactivated vaccine induced high levels of nasal HI and 
neutralizing antibody responses with dominant HA-specific IgA 
antibody responses, in parallel with high levels of serum HI and 
neutralizing antibody responses dominated by HA-specific IgG 
antibody responses (Table 5; Fig. S2). It is currently unknown 
how long these antibody responses are maintained in nasal mucus. 
Nasal HA-specific IgA and IgG antibody responses induced by 
live attenuated influenza A virus vaccine were shown to persist for 
at least 12 mo after inoculation in children who had not previ-
ously been infected by influenza A virus.2 However, the duration 
of antibody responses in nasal mucus induced by intranasal vac-
cination with an inactivated whole virus vaccine in healthy adults 
remains to be examined.

Regarding antibody responses, Clements et al. compared the 
correlation between antibody responses and the degree of protec-
tion in adults who received a live attenuated intranasal vaccine 
followed by a challenge with wild-type influenza virus with those 
in adults who received an inactivated parenteral vaccine prior to 
challenge.39,40 They found that serum HI titers correlated with 
protection against viral replication after parenteral vaccination, 
but not after intranasal vaccination. In contrast, intranasal vacci-
nation induced nasal HA-specific IgA antibodies that correlated 

IgM and human serum albumin before and after concentration 
of nasal wash samples from several participants were examined.31 
About 70% of the total nasal wash proteins, 67% of IgA and 
26% of IgG were lost during the concentration processes. These 
decreases might be caused by degradation by proteolytic enzymes 
or the aggregation of immunoglobulin complexes with other mate-
rials in the process of concentration. The amount of total IgA and 
total IgG recovered from each participant varied slightly at each 
sampling time; however, the average amount was comparable and 
constant. This means that the concentrated nasal material is suffi-
ciently comparable within different isolations to be used to express 
relative antibody responses in the nasal wash. Under the described 
experimental conditions, allowing for small variations in the recov-
ery of total IgA and IgG from the nasal mucus, the specific anti-
body titers in the nasal wash samples could be considered to be 
suitable to compare absolute antibody titers in the nasal mucus 
before and after vaccination.

The two doses of intranasal vaccine induced both nasal HI 
and NT titers, demonstrated by a 3.13-fold and 5.88-fold mean 
geometric increase (the ratio of GMTs between week 0 and 6 after 
the nasal A/Victoria vaccine), respectively (Fig. 3 and Table 4). 
In addition, the nasal vaccine induced HA-specific IgA and IgG 
antibodies in nasal mucus, demonstrated by a 3.88-fold and 

Table 3. Serum neutralizing antibody responses after two doses of the nasal vaccine

Time after first vaccination (week) Seruma

GMT (mean geometric increase) 0 28.7 (1.00)

6 229.7 (8.00)

Conversion rate or significant increase in titer [n/N (%, 95% CI)]b 6 29/46 (63.0, 48.5–77.6)

Protection rate [n/N (%, 95% CI)]b 0 14/46 (30.4, 16.6–44.3)

6 40/46 (87.0, 76.8–97.1)
aSerum NT titers of < 1:10 were considered negative and were arbitrarily assigned a titer of 1:5. bConversion rate and protection rate were tentatively 
estimated by correcting for the relative ratio between GMT of NT titers and that of HI titers; a serum NT titer of 1:80 was considered to be a 1:40 of the 
lowest protection level in HI titers.

Figure 3. HI and neutralizing antibody responses in nasal mucus. HI (A) and NT (B) titers before and after primary and secondary vaccination. A paired 
t test was performed to compare data from week 0 (pre) and 6 (post). The correlation coefficient (r) and p value were calculated. *; p < 0.05, ***; p < 
0.001. (C) Correlation between HI and NT titers in nasal wash 3 weeks after the secondary nasal vaccination. The abscissa and ordinate show HI and 
NT titers, respectively. Pearson r value and p value were calculated. Each circle represents an individual showing corresponding HI and NT titers. Gray 
circles indicate subjects between 60 and 69 y-of-age.
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advantage of representing not only antibody responses against 
HA like HI and ELISA, but also those against neuraminidase 
(NA), since it was already shown that NA-specific antibody can 
contribute partially to the virus neutralization.43 Therefore, neu-
tralizing antibody might be more useful for the evaluation of pro-
tective antibody response.10 Together with the fact that at present 
there are no guidelines available for the evaluation of antibodies 
in nasal mucus, we chose to focus on the neutralizing antibodies. 
In the present study, HI, neutralizing and HA-specific antibody 
titers in nasal mucus, as well as in serum, showed synchronous 
changes in many of the subjects following nasal vaccination, 
although the degree of the respective responses and the type 
of dominant neutralizing antibody varied slightly from subject 
to subject (data not shown). In addition, antibody responses 
decreased with age; subjects aged > 60 y produced only low levels 
of HI and neutralizing antibodies (Figs. 1, 2, and 3). Thus, as 
reported previously, the magnitude of the antibody response in 
each subject appeared to change depending on parameters that 
affect the immune responses of the host, such as pre-vaccination 
antibody levels, sex and age.34,44

HI and neutralizing antibodies cross-reactive with the A/
Sydney virus were detected in pre-vaccination serum and nasal 
wash, and were enhanced after two doses of the nasal A/Victoria 
vaccine, although the mean geometric increase in the cross-
reactive antibody responses increased only about 1.5- to 2-fold 
(Table  6). These results suggest that cross-protection against 
infection with different strains of influenza virus could be 
enhanced by an intranasal inactivated whole virus vaccine. Since 
this field is relatively unexplored yet, it will be interesting to find 
to which extent this cross-protection can be enhanced by opti-
mizing intranasal vaccination.

The present study first demonstrated that intranasal vaccina-
tion with an inactivated whole virus vaccine alone (45 μg HA per 
dose) could induce serum HI antibody responses which exceeded 
the EMA criteria for serum HI antibody titers as well as serum 
neutralizing antibody responses, and that high levels of nasal HI 
and neutralizing antibody responses were detected using con-
centrated nasal wash samples. Thus, at least among adults with 
some immunological memory induced by previous infection or 
vaccination, the intranasal inactivated whole virus vaccine could 
be a promising candidate for a needle-free mucosal vaccine. 
Antibody responses induced by intranasal vaccination in indi-
viduals who are naïve to influenza virus antigens remain to be 
determined. In addition, further studies which compare the HI 
and NT antibody responses between groups treated with intra-
nasal and existing non-mucosal vaccines are needed to gain more 
insight in the possible benefits of intranasal vaccination. Some 
clinical trials have already shown that trivalent inactivated whole 
virus vaccines induce significantly higher vaccine-specific IgA 
antibody responses in intranasally immunized subjects than in 
intramuscularly-immunized elderly subjects, with no significant 
differences in serum HI antibody responses between the groups.16 
A drawback for analyses of nasal antibody responses is that there 
are currently no criteria to evaluate these type of responses. In 
this study it is shown that the measurement of nasal HI and 
NT titers can provide important data in addition to the serum 

with the degree of protection. It was shown that in the upper 
respiratory tract the majority of the protective immunity induced 
by influenza virus infection is mainly due to S-IgA antibodies.2,3 
In this study, the nasal inactivated vaccine induced high levels 
of HI, NT and HA-specific IgA antibody responses in nasal 
mucus (Fig.  3; Table  4, and 5). Althogh several reports show 
a good correlation between HA-specific antibody titers and HI 
or NT titers in serum,41,42 HA-specific antibody responses seem 
to be more sensitive than microneutralization assay in this study 
(Fig.  S2A and D). In addition, NT titers were well correlated 
with HI titers in both serum and nasal wash (Fig. 2B and 3C). 
Among three antibody measurements (HI, microneutraliza-
tion and HA-specific antibody ELISA), ELISA may be the best 
choice for achieving sensitivity, but microneutralization has the 

Table 4. Nasal HI and neutralizing antibody responses after two doses 
of the nasal vaccine

Week HI titersa NT titersa

GMT (Mean geometric increase) 0 12.4 (1.00) 15.4 (1.00)

6 38.8 (3.13) 90.5 (5.88)
aNasal HI and neutralization titers were determined using concentrated 
nasal wash samples containing 1 mg/ml total protein. Nasal HI and neu-
tralization titers of < 1:20 were considered negative and were arbitrarily 
assigned a titer of 1:10.

Table 5. Serum and nasal HA-specific antibody responses after two 
doses of the nasal vaccine

Isotype Week Serum Nasal wash

GMT (Mean geometric 
increase)

IgG 0 83.7 (1.00) 80.0 (1.00)

6 247.7 (2.96) 109.8 (1.37)

IgA 0 14.6 (1.00) 122.0 (1.00)

6 36.0 (2.47) 473.5 (3.88)
aSerum HA-specific antibody titers of <1:10 were considered nega-
tive and arbitrarily assigned a titer of 1:5. bNasal HA-specific antibody 
responses were determined using concentrated nasal wash samples 
containing 1 mg/ml total protein. Nasal HA-specific IgG and IgA titers of 
<1:160 were considered negative and arbitrarily assigned a titer of 1:80.

Table 6. Cross-reactive HI and neutralizing antibody responses to A/
Sydney virus after two doses of the A/Victoria vaccine

Item
Antibody 
responses

Week Seruma Nasal 
washb

GMT (Mean geometric 
increase)

HI antibody
0 21.2 (1.00) 13.6 (1.00)

6 30.5 (1.44) 22.2 (1.63)

Neutralizing 
antibody

0 160.0 (1.00) 23.0 (1.00)

6 233.2 (1.46) 48.7 (2.12)
aSerum HI and neutralization titers of <1:10 were considered negative 
and arbitrarily assigned a titer of 1:5. bNasal wash HI and neutralization 
titers were determined using concentrated nasal wash samples contain-
ing 1 mg/ml total protein. Nasal HI and neutralization titers of <1:20 
were considered negative and arbitrarily assigned a titer of 1:10.
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sedimented through a linear sucrose gradient and treated with 
formalin by the method of Davenport et al.48

Vaccinations and adverse effects. Intranasal vaccination with 
an inactivated whole virus vaccine (45 μg HA/dose) was per-
formed twice, with a 3-week interval (week 0 and 3), by spraying 
0.25 ml of vaccine into each nostril (0.5 ml total) using an atom-
izer (Keytron: Ichikawa, Chiba, Japan). The mean droplet diam-
eter of the mist generated by the atomizer was 56.5 μm (range: 10 
μm to 90 μm). Blood and nasal wash samples were taken from 
each of the subjects prior to vaccination and three weeks after 
each vaccination (week 0, 3, and 6).

A health check sheet was given to each subject to record any 
symptoms after the nasal vaccination as well as their answers to 
questions regarding their medical history. Medical examinations 
were held every 3 weeks after the primary and secondary vac-
cinations to assess their medical condition. Adverse effects were 
evaluated in terms of local reactions (discomfort, pain in the 
nose, sneezing, stuffiness and/or running nose, throat pain, or 
cough) along with systemic reactions, such as malaise, headache, 
fever and abdominal pain, by means of health check sheets and 
personal interviews.

Nasal wash specimens. About 80 ml of nasal wash was col-
lected by washing the nasal cavity several times with a nose irriga-
tion device (Hananoa: Kobayashi Pharmaceutical, Osaka, Japan) 
according to the manufacturer’s instructions.31 The collected 
nasal wash samples were filtered using bottle top filters (Nalgene 
Nunc International, Chiba, Japan) with membranes covered with 
a cotton mat to remove mucopolysaccharides and other debris. 
The pooled cleaned nasal wash samples were then concentrated 
to a final volume of approximately 1 ml using Vivaspin cen-
trifugal concentrators (Vivaspin 20, MWCO 30.000: Sartorius 
Stedim Biotech, Aubagne, France). The concentrated nasal wash 
samples were stored at −80°C until use. The protein concentra-
tion in the concentrated nasal wash was measured using a BCA 
Protein Assay Kit (Thermo Fisher Scientific, Yokohama, Japan) 
according to the manufacturer’s instructions.

Neutralization and haemagglutination inhibition assays. 
NT titers were examined using microneutralization assays as 
previously described with minor modifications.41,46 Briefly, serum 
samples were treated with a receptor-destroying enzyme (RDE: 
Denka Seiken, Niigata, Japan) overnight at 37°C and heat-inacti-
vated for 30 min at 56°C, and then diluted 1:10 before the assay. 
Nasal wash samples were adjusted to 1 mg/ml total protein, and 
the final samples contained about 1/10 of the total IgA found in 
nasal mucus (0.22 mg/ml; original concentration in nasal mucus 
is 2.20 mg/ml).31 These standardized nasal wash samples were 
treated with RDE and heat-inactivated similar to the serum sam-
ples, and then diluted 1:20 for use in the assays.

2-fold serial dilutions of samples were mixed with an equal 
volume of diluent containing influenza virus equivalent to 100 
TCID

50
 and added to the wells of a 96-well plate containing a 

monolayer culture of MDCK cells. Four control wells containing 
virus or diluent alone were included on each plate. The plates were 
incubated for 3 or 4 d at 37°C in a 5% CO

2
 humidified atmo-

sphere. All wells were observed for the presence or absence of 
cytopathic effects and then fixed with 10% formalin phosphate 

antibody titers. Improved knowledge on these different types of 
antibody responses in different types of samples will be useful to 
increase the understanding of immune responses to both vaccina-
tion and infection and will be of help for defining the criteria for 
evaluation of responses in nasal mucus. In order to optimize the 
accuracy of the data acquired from nasal mucus, the techniques 
for recovery of nasal antibodies from nasal wash samples might 
need further improvement.

In conclusion, high levels of serum HI antibody responses, 
which exceeded all criteria used by the EMA for the evaluation 
of vaccine efficacy, could be induced by intranasal administra-
tion of an inactivated whole A/Victoria virus vaccine contain-
ing 45 μg HA in healthy adults. The serum antibody responses 
were accompanied by high levels of HI, NT and HA-specific IgA 
antibodies in nasal mucus. The results show that the intranasal 
vaccination induces both high levels of serum and nasal antibody 
responses that may be involved in mounting effective protective 
responses, including cross-protection, against both upper and 
lower respiratory tract infection by various influenza viruses. The 
inactivated whole virus vaccine therefore appears to be a promis-
ing candidate for intranasal vaccination.

Materials and Methods

Subjects. The study subjects comprised 50 healthy volunteers 
aged between 22 and 69 y (average 36.5 ± 12.8 y); 14 (28%) 
were female and four subjects (8%) were over 60 y of age. None 
of the subjects had to be excluded due a history of allergy to eggs, 
past or current neurological conditions, or respiratory illness or 
fever at the time of vaccination. Based on the answers of the vol-
unteers on questions regarding their history of influenza infec-
tion and vaccination during the past 5 y, almost all subjects were 
considered to have acquired at least some degree of immunity 
to influenza viruses. Written informed consent was obtained 
from each subject before the onset of the trial. The protocol and 
other relevant study documentation were reviewed and approved 
by the Ethics Committee of the National Institute of Infectious 
Diseases (Tokyo, Japan).

Viruses and vaccines. Influenza viruses, A/Victoria/210/2009 
(H3N2; A/Victoria) and A/Sydney/05/1997 (H3N2; A/Sydney) 
strains, were obtained from the National Institute of Infectious 
Diseases (Tokyo, Japan), propagated in the allantoic cavity of 
10-d-old embryonated hen’s eggs, and purified from the allantoic 
fluid. The TCID

50
 (50% infectious dose in tissue culture) of the 

virus was estimated using a previously described method.45,46 In 
brief, 10-fold serial dilutions of allantoic fluid containing the virus 
were inoculated into Madin-Darby canine kidney cells (MDCK: 
ATCC No. CCL-34) in a 96-well culture plate and incubated for 
3 d at 37°C in a 5% CO

2
 humidified atmosphere. The cytopathic 

effect observed in the virus-containing wells was evaluated using 
a microscope and the TCID

50
 was calculated using the Reed-

Muench method.47 An inactivated whole virus vaccine derived 
from A/Victoria/210/2009 (H3N2) virus, containing 45 μg HA 
per dose, was supplied by the Research Foundation for Microbial 
Disease of Osaka University (BIKEN, Kanonji, Kagawa, Japan). 
The vaccine was prepared from the purified viruses, which were 
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enzymatic reaction was started by adding 1 mg/ml of p-nitro-
phenyl-phosphate as the substrate. Color development was mea-
sured at 405 nm using a microplate reader (Model 680: Bio-Rad 
Laboratories, Hercules, CA). The antibody titer for a given sam-
ple was calculated as the reciprocal of the highest dilution of the 
test sample that gave an absorbance read at 405 nm (A

405
) greater 

than a cut-off value equal to the mean A
405

 + 2SD of 11 2-fold 
serial dilutions (starting at 1:10 for serum and at 1:160 for nasal 
sample due to sample limitation) of the negative control samples 
(NT titer, < 10 × 20; HI titer, < 10 × 20; HA-specific antibody 
titer, < 10 × 20 for serum and < 10 × 24 for nasal wash) selected 
from the pre-vaccination serum and nasal wash samples of 50 
subjects.

Statistical analysis. Statistical analysis was performed using 
the GraphPad Prism statistical software package (Version 5.0c: 
Graph Pad Software Inc., CA USA). The threshold of statistical 
significance was set at 5% (p < 0.05).
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buffer for more than 5 min at room temperature and stained 
with Naphthol blue black. After washing and drying, cells were 
solubilized with 0.1 M NaOH and the absorbance (A) was read at 
630 nm. The average A

630
 value was determined from virus-only 

controls (A
virus

) and medium-only controls (A
cell

). All values above 
50% of the specific signal, calculated using the formula X = (A

cell
 

− A
virus

)/2 + A
virus

, were considered positive for neutralization. The 
titers recorded were the reciprocal of the highest dilution, where 
A

630
 was > X.

HI titers were examined using a microtitration method as pre-
viously described.49 Serum and nasal wash samples were prepared 
in the same manner as for the neutralization assay and treated 
with packed red blood cells to remove non-specific haemagglu-
tination-inhibiting materials. The starting dilutions for the HI 
assay were 1:10 and 1:20 for the serum and standardized nasal 
wash samples, respectively.

Evaluation of serum HI titers. Serum HI titers were evaluated 
using the following three parameters: the ratio of the geometric 
mean titer (GMT) in post-vaccination to that in pre-vaccination 
(the mean geometric increase); the percentage of subjects show-
ing an increase from a pre-vaccination titer of < 1:10 to a post-
vaccination titer of ≥ 1:40 (the conversion rate) or showing a ≥ 
4-fold increase from a pre-vaccination titer of ≥ 1:10 (significant 
increase in titer); and the percentage of subjects with a post-vacci-
nation titer of ≥ 1:40 (the protection rate). Hereafter, the conver-
sion rate or significant increase in titer is indicated as conversion 
rate. As shown in Table  1, the parameters for serum HI titers 
after vaccination are currently used as criteria to evaluate the vac-
cine efficacy by the European Medicines Agency (EMA) and the 
US Food and Drug Administration (FDA).22-24

Determination of HA-specific IgA and IgG antibody titers. 
The titers of IgA and IgG antibodies specific for the HA molecule 
of the A/Victoria virus (HA-specific IgA titer and HA-specific 
IgG titer, respectively) in the serum and standardized nasal 
wash samples were determined by ELISA. The ELISA assay was 
performed in microtiter plates (Costar, Cambridge, MA) using 
the following procedure. First, wells of microtiter plates were 
coated with HA molecules purified from the A/Victoria virus 
according to the procedure of Phelan et al.50 Second, the HA 
molecules were incubated with 2-fold serial dilutions of serum 
or standardized nasal wash samples followed by detection with 
goat anti-human IgA (α-chain specific) or goat anti-human 
IgG (γ-chain specific) (BETHYL Laboratories, Montgomery, 
AL) antibodies conjugated to alkaline phosphatase. Third, the 
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