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ABSTRACT

Unlike the current injectable influenza vaccines, intranasally administered influenza vaccines induce
influenza virus-specific IgA antibodies in the local respiratory mucosa as well as IgG antibodies in the
systemic circulation. Our previous study showed that after five volunteers underwent intranasal
administration with inactivated H3N2 or H5N1 vaccines, their IgA antibodies on the upper respiratory tract
were present as monomers, dimers, and multimers (trimers and tetramers). Moreover, the multimers
associated with the highest virus neutralizing activity. However, it has remained elusive whether a more
practical intranasal vaccination strategy could induce the high-performance IgA multimers in the nasal
mucosa. In the present study, volunteers were administered with two doses of the intranasal trivalent
whole-virus inactivated influenza vaccine and showed that in nasal wash samples the amount of
multimeric IgA correlated positively with virus neutralizing titers, indicating that the multimeric IgA
antibodies play an important role in the antiviral activity at the nasal mucosa. Surface plasmon resonance
analysis of the binding dynamics of nasal wash derived IgA monomers, dimers, and multimers against
recombinant trimeric influenza virus HA showed that sample fractions containing IgA multimers
dissociated from HA less well than sample fractions without IgA multimers. Thus, IgA multimers may
“stick” to the antigen more tightly than the other structures. In summary, intranasal administration of two
doses of multivalent inactivated influenza vaccines induced multimeric IgA. Multimerization of mucosal
IgA antibodies conferred higher neutralizing activity against viruses in the nasal mucosa, possibly by
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increasing their cohesion to virus antigens.

Introduction

Seasonal influenza is a significant and ongoing global problem
since it causes approximately 3-5 million severe cases and 1 mil-
lion deaths annually." The influenza virus targets the epithelial
cells that line the respiratory tract. Once it enters the cells, the
innate immune system of the human host becomes activated and
produces local inflammatory responses. These responses eventu-
ally promote the activation of the adaptive immune system, par-
ticularly the humoral arm.” The most important of these humoral
responses are virus-specific secretory IgA antibodies, which are
located on the surface of the local respiratory tract mucosal epi-
thelium, and IgG antibodies, which circulate in the blood.> While
these immune responses are weak and delayed after the first
encounter with the virus, subsequent encounters mobilize a
strong and rapid humoral immune response that quickly elimi-
nates the virus. Since vaccines can mimic the first infection with
the virus and induce robust humoral immune responses when
the actual virus is encountered, they constitute a particularly
potent and cost-effective countermeasure against influenza.

The majority of the current vaccines against influenza are
detergent-disrupted split virus vaccines that are administered

by either intramuscular or subcutaneous injection. However,
these vaccines only induce virus-specific IgG antibodies in the
circulation; they do not produce the secretory IgA antibodies
that coat the upper respiratory tract mucosal surface, which
form the first line of defense against the virus and prevent it
from infecting the respiratory tract epithelial cells.”* This sug-
gests that the protection provided by influenza vaccines could
be improved by ensuring that both systemic IgG and local neu-
tralizing IgA responses are generated. Intranasally administered
inactivated influenza vaccines have been developed to meet this
need”® and in 2002, the Food and Drug Administration (FDA)
approved a live attenuated vaccine (Flumist, MedImmune Vac-
cines, Inc., USA) for intranasal administration.’ This vaccine
confers strong protective efficacy compared to the parenteral
inactivated vaccines. However, due to the safety concerns, it is
not licensed for children under the age of two and adults over
49 years of age. Furthermore, it has been recently reported that
the effectiveness of this vaccine against the HIN1 pandemic
virus strain has fallen significantly.'”'* Thus, an alternative
intranasal vaccine that could induce effective mucosal immu-
nity to a broad range of people is in need. In a previous study,
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it was demonstrated that inactivated whole virus influenza vac-
cines (WIIVs) that were administered via the intranasal route
could induce both sufficient systemic antibody responses (as
defined by the European Medicines Agency) and local antibody
responses in the nasal mucosa.'> Therefore, WIIV has been a
promising candidate of a novel intranasal influenza vaccine.

Recently, we reported the results of our study on the charac-
teristics of the local IgA antibody responses that are induced by
intensive (five vaccinations) intranasal vaccination of volun-
teers with inactivated H3N2 or H5N1 whole-virion influenza
vaccines. We found that the IgA collected from the upper respi-
ratory tract was present in the form of monomers, dimers, and
multimers (trimers and tetramers). Of these structures, the
multimeric IgA structures neutralized the virus most potently.'*
However, it is not yet clear whether other intranasal vaccine
strategies, such as a more practical intranasal vaccination using
multivalent inactivated influenza vaccines can also produce
anti-viral IgA multimers contributing to efficient virus neutrali-
zation on the upper respiratory mucosa. Studies that character-
ize the functions of these IgA multimers in detail are warranted
because they will not only show precisely how intranasally
administered mucosal vaccines lead to protective immunity,
but they will also promote the development of better vaccine
strategies.

In the present study, the structures and functions of the IgA
antibodies on the human upper respiratory tract mucosa that
were induced by two doses of intranasal inactivated influenza
vaccines were determined. Thus, nasal antibodies were col-
lected from 21 healthy adult volunteers who were vaccinated
intranasally with the trivalent whole-virus inactivated influenza
vaccine (WIIV), and the molecular architectures of local IgA,
their antiviral functions were evaluated.

Results

Neutralizing titers of serum and nasal wash samples
collected from intranasal vaccine-administered volunteers

In total, 47 healthy adult volunteers (mean age and range, 36.2
and 18-65 years; 22 males and 25 females) participated in the
study. All were immunized intranasally twice at 3 week
intervals with the WIIV that was based on three vaccine
strains, namely, A/Texas/50/2012 (H3N2), A/California/7/2009
(HIN1)pdm09, and B/Massachusetts/2/2012 (Yamagata-line-
age). Serum and nasal wash samples were obtained before the
first vaccination, just before the second vaccination 3 weeks
later, and 3 weeks after the second vaccination. Each sample
was subjected to a neutralization test (NT) assay employing all
three vaccine strains as well as A/Victoria/361/2011 (H3N2),
which was the vaccine strain that had been selected in the pre-
vious season.

Compared to their pre-vaccination serum samples, the vac-
cinated subjects exhibited significantly higher NT activities in
their 6 week serum samples against A/Texas/50/2012 (H3N2),
A/California/7/2009 (HIN1)pdmo09, and A/Victoria/361/2011
(H3N2), but not B/Massachusetts/2/2012 (Yamagata lineage)
(Fig. 1A). By contrast, compared to the pre-vaccination nasal
wash samples, the 6 week nasal wash samples had significantly
higher NT activities against all four strains, including the

influenza B virus (Fig. 1B). The poor serum response to B/Mas-
sachusetts/2/2012 (Yamagata lineage) reflects the poor immu-
nogenicity of influenza B viruses in intranasal influenza
vaccines. The poor antigenicity of these viruses is also a prob-
lem for the current injectable influenza vaccines.'® Notably, the
vaccinations affected the nasal antibody responses more pro-
foundly than the systemic antibody responses. In addition,
these NT activities of the serum and nasal wash samples had
strong positive correlation especially against H3N2 viruses
(Fig. 1C), indicating that the NT assays using nasal wash sam-
ples standardized based on total protein concentration could
fairly evaluate the anti-viral mucosal antibody responses in
upper respiratory tract. This suggests that measuring the anti-
body titers in the upper respiratory mucosa is a sensitive and
informative way to evaluate the immune responses induced by
intranasal vaccination.

Structural characterization of vaccine-induced human
nasal antibodies

The fact that intranasal influenza vaccination had a greater
effect on the local antibody responses than on the systemic
immune responses suggests that it is important to understand
precisely how intranasal influenza vaccines induce protective
immunity. We reported recently that the human nasal IgA anti-
bodies that are generated by intranasal influenza virus vaccina-
tion have at least five quaternary structures, namely,
monomers, dimers, trimers, tetramers, and larger polymeric
structures. We also showed that the trimers and other poly-
meric structures had greater antiviral activity than the mono-
mers and dimers."* However, volunteers who were enrolled in
the previous study were intensely immunized (five doses of
45 g HA/dose vaccine at three week intervals) with a monova-
lent antigen. Therefore, it had remained elusive whether the
induction of nasal IgA multimers in the upper respiratory tract
could also be seen in individuals vaccinated with a more practi-
cal intranasal vaccination protocol (e.g., two doses of multiva-
lent inactivated vaccines). To address the issue, the nasal wash
IgA antibodies from 21 participants who provided large vol-
umes (500 ml/participant) of nasal wash fluid 3 weeks after the
second vaccination were sharply concentrated and purified.
Fig. 2A shows that, on average, 67.5% of the immunoglobulins
in these samples were IgA. Most of the remaining immunoglo-
bulins were IgG. The IgA molecules were then affinity-purified
and separated by size exclusion chromatography. Due to the
limited amount of purified nasal IgA antibodies (100 - 400 g/
participant), fractionation by size exclusion chromatography
was restricted to just three fractions, namely, Frl, Fr2, and Fr3
based on the shape of the chromatogram consisting of one
main peak accompanied by two shoulders (Fig. 2B). Quantifica-
tion of the IgA in these fractions showed that the highest levels
of IgA were in Fr2 (51.6%), followed by Fr3 (36.5%). Frl
(11.8%) had the lowest levels of IgA (Fig. 2C). Since dimeric
IgA is known to be the main population in upper respiratory
tract IgA,'® we assumed that Fr2 mainly contained dimeric IgA.

To determine the molecular architecture(s) of the IgA mole-
cules in the three fractions, we subjected the fractions obtained
from three of the 21 volunteers (subjects #03, #07, and #08) to
blue native-PAGE analysis. This analysis showed that Frl
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Figure 1. Neutralizing test (NT) titers against four influenza virus strains in (A) serum and (B) nasal wash samples collected from 47 healthy adult volunteers before (Pre) and 3
(3W) and 6 weeks (6W) after intranasal vaccination. A/Tx(H3N2): A/Texas/50/2012 (H3N2) (a vaccine strain); A/Vic(H3N2): A/Victoria/361/2011 (H3N2) (the vaccine strain from the
previous year); A/Cal(HIN1): A/California/7/2009 (H1N1)pdm09 (a vaccine strain); B/Mc (Yam): B/Massachusetts/2/2012 (Yamagata-lineage) (a vaccine strain). Each dot represents
the NT titer of the individual volunteer-derived samples. The data are expressed as scatter plots with mean =+ SD. *p < 0.05, “p < 0.01, “**p < 0.0001, as determined by
One-way ANOVA. (C) The correlation between serum and nasal wash neutralizing test (NT) titers at 6 week against various virus strains were examined using Pearson'’s correla-

tion coefficient (r).

contained monomers, dimers, and multimers that were larger
than dimers. By contrast, Fr2 and Fr3 did not contain mono-
mers and were mostly composed of dimers and multimers.
However, the frequency of each IgA structure within each frac-
tion differed depending on the individual (Fig. 2D). Therefore,
for the purpose of evaluating the relative abundance of each
IgA molecular architecture, we here established a LC-MS
method by selecting two tryptic marker peptides for each IgA
subunit so that respective subunits can be separately quantified
even between IgAl and IgA2 heavy chains (Table 1). In addi-
tion, we used stable isotope-labeled peptides corresponding to
the marker peptides as internal standards to achieve highly
accurate quantification. All fractionated IgA samples collected
from the 21 individuals were subjected to IgA subunit quantifi-
cation by LC-MS. Heavy chain (HC) analysis of the IgA sam-
ples showed that Fr3 contained significantly more IgA2
subclass HC than Frl and Fr2 (Fig. 2E). Furthermore, the
mean J chain (JC):HC (total IgA heavy chain) abundance ratio
of Fr2 was approximately 0.25; since that is the theoretical JC:

HC ratio of dimers, it seems that Fr2 largely contained dimers.
Since Frl had a smaller mean ratio (0.19) than Fr2, suggesting
that Frl is a mixture of dimers and monomers not containing
JC. By contrast, the mean JC/HC ratio of Fr3 (0.20) was
between the theoretical JC/HC ratios of dimers (0.25) and
trimers/tetramers (0.125-0.167) (Fig. 2F). This suggests that
Fr3 is a mixture of dimers and multimers. Two additional facts
suggest that Fr3 may be enriched in multimeric IgA compared
to the other two fractions: 1) Fr3 has more IgA2 than the other
two fractions (Fig. 2E), and subclass IgA2 forms multimers
more efficiently than subclass IgA1'’; and 2) Fr3 had a
markedly lower JC/HC ratio than both Frl and Fr2 (Fig. 2F).

Relationship between IgA molecular architecture and
virus-neutralizing activity

Since it has been revealed previously that polymerization of
human mucosal IgA antibodies associates with enhanced anti-
viral activity,'* we hypothesized that the nasal wash samples of
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Figure 2. Biochemical characterization of the human nasal wash-derived IgA samples. (A) Relative proportions of IgA, IgG, and IgM in the total immunoglobulin of the
concentrated nasal washes collected from 21 individuals 3 weeks after the second vaccination. These 21 subjects were selected from the original cohort of 47 because
they provided large amounts of wash samples. Each dot represents an individual volunteer-derived sample. (B) The purified nasal wash IgA samples of the 21 individuals
were subjected to size exclusion chromatography and fractionated into fractions Fr1, Fr2, and Fr3 based on the three peaks on the chromatogram. A representative chro-
matogram is shown. (C) Relative proportions of the total nasal IgA that is contained in the Fr1, Fr2, and Fr3 fractions. (D) Blue native-PAGE analysis of the Fr1, Fr2, and Fr3
fractions from three representative individuals (#03, #07, and #08). Arrowheads indicate monomers and dimers while the square bracket indicates multimers. (E) IgA2/
IgA1 ratio in the Fr1, Fr2, and Fr3 fractions from the 21 individuals, as determined by IgA subunit quantification by LC-MS. (F) J chain (JC)/ IgA heavy chain (HC) ratio of
the Fr1, Fr2, and Fr3 fractions of the 21 volunteers, as determined by IgA subunit quantification by LC-MS. Dotted lines indicate the theoretical JC/HC values of the dimers
(0.25), trimers (0.167), and tetramers (0.125). The data are expressed as scatter plots with the mean # SD. **p < 0.01, ***p < 0.001, ****p < 0.0001, as determined by

One-way ANOVA.

the 21 volunteers that have the largest proportions of multi-
meric IgA relative to total immunoglobulin (i.e., IgA + IgG +
IgM) will also have the highest antiviral activity against at least
some of the four influenza strains. To test this, we performed
various correlation analyses (Table 2). First, there were no sig-
nificant correlations between the nasal IgG proportions in total
nasal immunoglobulin and either the serum NT or nasal wash
NT activities (Fig. 3A). Second, there were no significant corre-
lations between the total IgA proportions in total nasal immu-
noglobulin and either serum NT or nasal wash NT activities
(Fig. 3B). We then assessed the relationship between the pro-
portion of the IgA of the nasal wash samples that is in the Frl,
Fr2, and Fr3 fractions, and the serum and nasal wash NT

activities of each individual in order to reveal which IgA frac-
tion contributed most to virus neutralization activity in nasal
mucosa. The Frl and Fr2 IgA proportions did not correlate
with either serum or nasal wash NT activities (Fig. 3C and D).
The Fr3 proportion (which has abundant multimers) also did
not correlate significantly with serum NT activities (Fig. 3E, left
plot). However, it did correlate positively with nasal wash NT
activities against virus strain A/Victoria/361/2011 (H3N2)
(Fig. 3E, right plot). Thus, a relatively high abundance of Fr3
IgA antibodies associated with enhanced NT activity the total
nasal antibodies. This suggests that IgA multimers play an
important role in the antiviral activity at the human upper
respiratory mucosa.



Table 1. Marker peptides used to quantitate IgA subunits.
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Maker Peptide sequence m/z z
HC (IgA1 specific)_1 NFPPSQDASGDLYTTSSQLTLPATQCLAGK 1056.8360 =+ 0.02 3
HC (IgA1 specific)_1-IS NFPPSQDASGDLYTTSSQLTLPATQCLAGK 1059.5074 + 0.02 3
HC (IgA1 specific)_2 DASGVTFTWTPSSGK - 770.8603 + 0.02 2
HC (IgA1 specific)_2-1S DASGVTFTWTPSSGK 774.8674 + 0.02 2
HC (IgA2 specific)_1 NFPPSQDASGDLYTTSSQLTLPATQCPDGK 1066.1555 =+ 0.02 3
HC (IgA2 specific)_1-IS NFPPSQDASGDLYTTSSQLTLPATQCPDGK 1068.8269 + 0.02 3
HC (IgA2 specific)_2 DASGATFTWTPSSGK 756.8446 + 0.02 2
HC (IgA2 specific)_2-1S DASGATFTWTPSSGK 760.8517 + 0.02 2
HC (IgA common)_1 WLQGSQELPR 607.3126 + 0.02 2
HC (IgA common)_1-IS WLQGSQELPR 612.3167 & 0.02 2
HC (IgA common)_2 YLTWASR 448.7276 £ 0.02 2
HC (IgA common)_2-IS YLTWASR 453.7317 + 0.02 2
J_1 SSEDPNEDIVER 695.3028 + 0.02 2
J_1-IS SSEDPNEDIVER 700.3069 =+ 0.02 2
)2 CYTAVVPLVYGGETK 828.9115 + 0.02 2
J_2-IS CYTAVVPLVYGGETK 832.9185 + 0.02 2

K: *C"*N-lysine. R: °Cs'°N-arginine. C: carbamidomethylated cysteine.

Functional characterization of vaccine-induced human
nasal IgA antibodies

From our previous'* and present study, it can be said that IgA
polymerization is associated with enhancement of anti-viral
activities of IgA antibodies. However, the mechanism underly-
ing this phenomenon remains poorly understood. The question
is, do antibody clones with higher antiviral ability simply tend
to polymerize and thus polymerization itself has no effect on
antibody function? Or does polymerization in fact increase the
antiviral efficacy of the antibody clones? We previously used
virus antigen (hemagglutinin [HA])-specific ELISA to show
that multimeric IgA bound more strongly to virus antigen than
the dimeric and monomeric IgA molecules.'* While ELISA is a
simple and easy way of evaluating the total binding activity of a
sample of interest, it cannot clearly quantitate the antigen-spe-
cific antibody clones in the samples or determine the quality of
their antibody functions. Therefore, we used surface plasmon
resonance (SPR) analysis to characterize the HA-binding of the
IgA molecules in the three fractions in detail. Since SPR assays
using polyclonal antibody samples require substantial amounts
of IgA, we purified the Frl, Fr2, and Fr3 IgA fractions from the
ten volunteers mentioned above who provided large amounts
of nasal IgA (subjects #03, #07, #08, #10, #14, #15, #16, #25,
#26, and #30). Fig. 4A shows their relative levels of monomers,
dimers, and multimers on the basis of their blue native-PAGE
data shown in Fig. 2D. In these three representative subjects
(#03, #07, and #08), Fr2 mainly consisted of dimers (with
some multimers), Fr3 mainly consisted of multimers (with
some dimers), and Frl consisted of dimers (with some mono-
mers and multimers) (Fig. 4A). These fractionated IgA anti-
bodies containing different structures were subjected to SPR
analysis and the binding dynamics against the recombinant tri-
meric HA of A/Victoria/361/2011 (H3N2) were examined. SPR
analysis clearly showed that Fr2 (mainly dimers with some
multimers) and Fr3 (enriched with multimers) dissociated
from HA less well than Fr1 (mainly dimers with some mono-
mers and multimers) (Fig. 4B). For statistical comparison, dis-
sociation efficiency was defined as the reciprocal of the area
under the dissociation curve (AUC) of the SPR sensorgram. As
a result, the dissociation efficiencies of Fr2 and Fr3 were signifi-
cantly lower than that of Frl, indicating that the dissociation

rate of IgA multimers (included in Fr2 and Fr3) was slower
than monomers and dimers (the main components of Frl)
(Fig. 4C). Thus, as the molecular size of IgA increases, the avid-
ity of the IgA molecule for HA improves. This is likely to
enhance overall antibody function.

Discussion

This study evaluated the induction of multimeric IgA antibod-
ies in the human upper respiratory mucosa by two doses of the
intranasal trivalent WIIV and its significance in antiviral func-
tion. This is the first study to characterize in detail the nasal
IgA samples from a relatively large group of individuals who
were vaccinated by a practical intranasal vaccine strategy using
multivalent WIIV. We found that multimeric IgA antibodies
play an important role in the antiviral mechanism induced by
just two doses of multivalent WIIV in humans.

Mucosal IgA is a first-line defense against viruses that
blocks infection before it even starts.”* This effect of intrana-
sal vaccines is one of the advantages of these vaccines that
should never be overlooked. However, efficacy evaluation and
approval of vaccines is currently done by hemagglutination
inhibition tests (HAI) using serum collected from vaccinated
individuals."® This method can measure the systemic magni-
tude of antibody response against recent vaccination or infec-
tion history."”” However, the level of antibody response
induced in the local mucosal tissues of the upper respiratory-
tract cannot be evaluated by this method. In the current
study, we found that compared to the systemic antibody
responses, the intranasal trivalent WIIV administration more
profoundly elevated the local mucosal antibody responses
against various influenza virus strains, including an influenza
B virus strain (Fig. 1). This strongly indicates that evaluation
of the mucosal IgA populations in the upper respiratory tract
as well as their antiviral effects is essential in order to develop
new and improved intranasal vaccines.

In our previous study,'* we have shown that intranasal admin-
istration of either H3N2 or H5N1 WIIV generates monomeric,
dimeric, and multimeric IgA antibodies against influenza viruses
at the human upper respiratory tract mucosa. However, volun-
teers who were enrolled in the previous study were intensely
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Table 2. Correlation analyses between the nasal immunoglobulin proportions and the serum NT or nasal wash NT activities.

Correlations between nasal immunoglobulin and serum NT,
Pearson’s correlation coefficient (P value)

Correlations between the immunoglobulin and nasal NT, Pearson’s
correlation coefficient (P value)

Nasal immunoglobulin isotype  A/Cal(HIN1)  A/Tx(H3N2)  A/Vic(H3N2) B/Mc(Yam) A/Cal(HINT)  A/Tx(H3N2) A/Vic(H3N2) B/Mc(Yam)

IgA_Fr3 0.30 (0.18) 0.17 (0.47) 0.20 (0.39) 0.05 (0.84) 0.38 (0.08) 0.34 (0.14) 0.46 (0.03)" 0.08 (0.73)

IgA_Fr2 0.13(0.59) -0.13(0.58) -0.06 (0.79) 0.01 (0.96) 0.23 (0.31) 0.01 (0.96) 0.07 (0.77) 0.29 (0.20)

IgA_Fr1 -0.09 (0.71)  -0.09 (0.69) 0.01 (0.95) 0.05 (0.83) 0.25(0.27) -0.11 (0.64) -0.04 (0.86) 0.10 (0.68)

IgA_total 0.19 (0.41) -0.03 (0.91) 0.04 (0.86) 0.03 (0.89) 0.33(0.14) 0.13 (0.58) 0.22 (0.33) 0.23 (0.31)

IgG -0.20(0.39)  0.00(0.99) -0.07 (0.77) -0.05 (0.84) -0.36 (0.11)  -0.15(0.51) -0.25 (0.28) -0.24 (0.30)
“p < 0.05.

immunized (five doses of 45 g HA/dose vaccine at three week
intervals), and the purified IgA samples were pooled prior to puri-
fication, which made it impossible to evaluate binding kinetics of
IgA antibodies of each individual using SPR. Therefore, it had
been still remained unclear whether the induction of functional
IgA multimers in the upper respiratory mucosa is an universal
phenomenon in individuals vaccinated with more practical doses
and formulations of intranasal inactivated influenza vaccines. In
the current study, volunteers were vaccinated intranasally with
the trivalent WIIV (only two doses of 45 ug HA/dose for each
strain at three week intervals), and nasal wash samples were indi-
vidually processed following collection from volunteers. As a
result, it was confirmed that IgA multimers with high anti-viral
activity were induced in volunteers who were administered with
the intranasal trivalent influenza vaccine, indicating the generality
of this phenomenon (Fig. 4). Furthermore, our analysis of the
nasal wash samples of 21 vaccinated volunteers showed that the
relative abundance of these different architectures of nasal IgA
antibodies in the 21 purified nasal wash samples varied depending
on the individual (Fig. 2D and Fig. 4A). Correlation analyses then
showed that the proportion of multimeric IgA in the 21 nasal
wash samples relative to total immunoglobulin correlated posi-
tively and significantly with their NT activity against one of the
strains being tested in the N'T assay (Fig. 3). This suggests that the
efficient induction of IgA multimers may increase antiviral titers,
thereby leading to higher vaccine efficacy. Moreover, the fre-
quency of IgA multimers on the nasal mucosa could serve as an
index of the immune responses that are induced by intranasal
vaccines.

To determine why the multimers associated with better nasal
wash antiviral activities, we assessed the binding dynamics of the
various molecular architectures of the nasal IgA antibodies
against recombinant trimeric influenza virus HA. Since this anal-
ysis required large amounts of IgA, only ten volunteer samples
could be analyzed. Nevertheless, the analysis showed that the Fr2
and F3 fraction that contained IgA multimers were less able to
dissociate from HA than the fractions (Frl) that consisted of
dimers and monomers (Fig. 4B). This is consistent with our
recent study assessing the binding of multimeric IgA to HA by
using atomic force microscopy.'* This study showed that tet-
ramers, for example, have four radial regions protruding from a
central region; consequently, the molecule has a four-leafed clo-
ver shape. When the round HA molecule binds, it associates with
the radial regions of the IgA architecture and is passed continu-
ously, albeit at intervals, from one radial region to the other.
This, together with our current observations, suggests that IgA
multimers “stick” more potently to the antigen than dimers and

monomers, making it harder for the IgA to dissociate from its
antigen after binding. However, since the current assay was con-
ducted with human polyclonal IgA, it remains possible that
higher avidity antibody clones are those that tend to form multi-
mers and that the association between IgA polymerization and
high antiviral activity is merely accidental. To determine the true
impact of IgA polymerization on IgA molecule avidity, it will be
necessary to compare monomer, dimers, and multimers of
monoclonal IgA species that possess identical Fab regions.

In summary, the current study confirmed that although the
efficiency differs by individual, IgA multimers, which possess
high anti-viral activities could be generally induced in the
human upper respiratory mucosa by only two doses of intrana-
sal trivalent WIIV. Analysis of purified nasal IgA samples col-
lected from intranasal trivalent WIIV recipients showed that
polymerization enhances the antiviral activity of IgA on the
human upper respiratory tract mucosa. Our SPR analyses sug-
gest that this is mediated by increased cohesion of the poly-
meric particles to the virus antigen.

Materials and methods
Ethics

The study protocol and other relevant study documentation for
human studies were reviewed and approved by the medical
research ethics committee of the National Institute of Infectious
Diseases for the use of human subjects (UMIN Clinical Trials
Registry (UMIN-CTR) trial ID: UMIN000013013). The study
was conducted during 2013-2014 A(HIN1pdm09) predominant
influenza season at 2 sites in Japan. All participating subjects con-
sented in writing to participate in the study before enrollment
and after being informed of the nature of the study, its risks, and
its benefits. All participants have been fully anonymized.

Human participants and vaccination protocol

In total, 47 healthy adults of both sexes were recruited. The par-
ticipants were vaccinated intranasally with the trivalent whole-
virus inactivated influenza vaccine (WIIV; 45 ug HA/dose for
each strain) twice at 3 week intervals. The vaccines were pre-
pared from purified viruses of the reassortant vaccine candi-
dates X-179A, X-223, and BX-51B, which were derived from
A/Texas/50/2012 (H3N2), A/California/7/2009 (HIN1)pdmO09,
and B/Massachusetts/2/2012 (Yamagata-lineage), respectively.
The vaccine (lot #NIFEN-003) in this study was an experimen-
tal vaccine, and manufactured according to GMP guidelines
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Figure 3. Correlation analyses assessing the relationship between serum and nasal wash neutralizing test (NT) titers against various virus strains and (A) the proportion of
total nasal immunoglobulin (Ig) that is IgG, (B) the proportion of total nasal Ig that is IgA, (C) the proportion of total nasal IgA that is in Fr1, (D) the proportion of total
nasal IgA that is in Fr2, and (E) the proportion of total nasal IgA that is in Fr3. Each dot represents an IgA sample from each of the 21 subjects who provided large amounts
of nasal wash sample. The viruses that were tested were A/California/7/2009 (HIN1)pdm09 (green, A/Cal(H1N1)), A/Victoria/210/2009 (H3N2) (blue, A/Vic(H3N2)), A/
Texas/50/2012 (H3N2) (red, A/Tx(H3N2)), and B/Massachusetts/2/2012 (Yamagata-lineage) (black, B/Mc (Yam)). The only positive correlation was that between the propor-
tion of total nasal IgA that is in Fr3 and the nasal wash NT titers against A/Victoria/361/2011 (H3N2).
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Figure 4. Binding dynamics of human nasal IgA samples to HA. (A) Relative proportions of IgA monomers, dimers, and multimers in the Fr1, Fr2, and Fr3 fractions from
three representative individuals (#03, #07, and #08). These calculations were performed on the basis of density quantification of the bands on blue native-PAGE gels (see
Fig. 2D). (B) These Fr1, Fr2, and Fr3 IgA samples were subjected to surface plasmon resonance analysis of their binding dynamics to the recombinant trimeric hemaggluti-
nin from A/Victoria/361/2011 (H3N2). Sensorgrams were y-axis adjusted (0 = baseline, 100 = binding) to allow comparisons between samples in terms of the dissociation
rate of IgA from HA. (C) Fr1, Fr2 and Fr3 IgA samples derived from 10 volunteers were subjected to SPR analysis. Dissociation efficiency of Fr2 and Fr3, which were defined
as the reciprocal of area under the dissociation curve (AUC) of SPR response, were significantly lower than that of Fr1. The data are expressed as scatter plots with mean +

SD. *p < 0.05, “*p < 0.01, as determined by paired t-test. ns, not significant.

and appropriately released by the Research Foundation for
Microbial Disease of Osaka University (BIKEN, Kanonji,
Kagawa, Japan). The vaccine was prepared from purified
viruses, which were sedimented through a linear sucrose gradi-
ent and treated with formalin by the method of Davenport et
all19, and then mixed with carboxy-vinyl polymer (Toko Phar-
maceutical Industrial Co.,Ltd., Toyama, Japan) as an excipient
to increase viscosity. Intranasal administration was conducted
by spraying 0.25 ml vaccine into each nostril (0.5 ml total) by
using an atomizer (Toko Pharmaceutical Industrial Co.,Ltd,,
Toyama, Japan). The procedure of vaccine administration was
reviewed and approved by the medical research ethics commit-
tee of the National Institute of Infectious Diseases for the use of
human subjects.

Serum and nasal wash sample collection

Serum and nasal wash fluids were collected before vaccination,
before the second intranasal vaccination (i.e., 3 weeks after the

first vaccination), and 3 weeks after the second vaccination (i.
e., 6 weeks after the first vaccination). The nasal wash samples
were collected by washing the nasal cavity several times with
sterile saline (Otsuka Normal Saline, Ref: 1326, NaCl 4.5g/
500ml, pH 6.4, Otsuka Pharmaceutical Co., Ltd., Tokushima,
Japan) by using nose irrigation devices (Nasal Rinser Nasaline,
ENTpro AB, Stockholm, Sweden) according to the manufac-
turer’s instructions. Approximately 100 ml nasal wash fluid
was collected per nasal washing session. In addition, 21 partici-
pants agreed to undergo nasal washing for five consecutive
days starting 3 weeks after the second vaccination (i.e., at the
6 week time point). Thus, 100 ml nasal wash sample was col-
lected each day. All five samples were pooled, yielding a total of
500 ml nasal wash fluid per individual. The protocol for collec-
tion of nasal wash samples was reviewed and approved by the
medical research ethics committee of the National Institute of
Infectious Diseases for the use of human subjects. These nasal
wash samples were filtered and concentrated as described
previously."> The total protein concentrations in these nasal



wash samples were measured by using a BCA Protein Assay Kit
(Thermo Fisher Scientific). The concentration of IgG, IgA, and
IgM in all 21 samples was measured by using AlphaLISA IgG,
IgA, and IgM kits (PerkinElmer Japan), respectively. The pre-
immunization, 3 week, and 6 week serum and nasal wash sam-
ples, and the 21 concentrated nasal wash samples were stored
at -80°C until use.

Neutralization test (NT) assays

The serum and nasal wash NT titers of the samples that were
collected before and after vaccination were examined using
microneutralization assays as described previously'® by using
the wild-type virus strains of A/Texas/50/2012 (H3N2), A/Vic-
toria/361/2011 (H3N2), A/California/7/2009 (HIN1) pdmo09,
and B/Massachusetts/2/2012 (Yamagata-lineage) (a kind gift
from the Influenza Virus Research Center, NIID). The viruses
were propagated in the allantoic cavity of 10-day-old embryo-
nated chicken eggs, and purified from the allantoic fluid. The
TCIDs, (50% infectious dose in tissue culture) of the virus was
estimated using previously described methods."® In brief, 10-
fold serial dilutions of allantoic fluid containing the virus were
inoculated onto Madin-Darby canine kidney cells (MDCK:
ATCC No.CCL-34) in a 96-well culture plate and incubated for
3 days at 37°C in a humidified 5% CO, atmosphere. The cyto-
pathic effect observed in the virus-containing wells was evalu-
ated under a microscope and the TCIDs, calculated. Total
protein concentrations of nasal wash samples were adjusted to
1 mg/ml based on measurements by a BCA Protein Assay Kit
(Thermo Fisher Scientific). These standardized nasal wash sam-
ples were subjected to NT assays. Two-fold serial dilutions of
serum and standardized nasal wash samples were mixed with
an equal volume of diluent containing an influenza virus equiv-
alent of 100 TCIDs, 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 days at 37°C in a
humidified 5% CO, atmosphere. All wells were observed for
the presence or absence of cytopathic effects, and then fixed
with 10% formalin phosphate buffer for more than 5 min at
room temperature and stained with Naphthol blue black. The
titers were recorded as the reciprocal of the highest dilution
without cytopathic effect.

IgA purification and fractionation

IgA was purified from the 21 concentrated nasal wash samples
by affinity chromatography using CaptureSelect IgA Affinity
Matrix (Thermo Fisher Scientific). The purified antibodies
were then filtered with Cosmo spin filter H (Nacalai Tesque,
Inc.) to remove precipitates or debris. The purified IgA samples
(100 - 400 pg/participant) were then fractionated by size exclu-
sion chromatography analysis. Thus, the antibodies were
passed through an Agilent Bio SEC-5 1000 A (7.8 x 300 mm)
column (Agilent Technologies) that was coupled to an Agilent
1260 Infinity Bio-inert HPLC system (Agilent Technologies).
All analyses were performed with a flow rate of 1 ml/min. Phos-
phate-buffered saline (pH 7.4) served as the eluent. The puri-
fied IgA was separated into three fractions, namely, Frl, Fr2,
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and Fr3. These peaks correspond to the three peaks that were
identified in the chromatogram. The amount of IgA in each
fraction was calculated by using the volume and the concentra-
tion of each fraction, as determined by using an AlphalISA
IgA kit (PerkinElmer Japan). Thereafter, each fraction was con-
centrated to a final volume of approximately 50 ul with Ami-
con Ultra-4, 30K Centrifugal Filter Units (Merck Millipore).
These fractionated samples were used in the analyses. Thus,
they were analyzed by blue native-polyacrylamide gel electro-
phoresis (PAGE) by using NativePAGE 4-16% (wt/vol) Bis-
Tris Gels (Thermo Fisher Scientific). NativeMark (Invitrogen)
served as a molecular-weight standard.

Quantification of IgA subunits

To investigate the IgA subtypes in the three IgA fractions,
mass spectrometry (LC-MS) was performed. Thus, stable
isotope-labeled peptides (summarized in Table 1) were cus-
tom synthesized by Anygen. The internal standard peptides
(30 pmol each) were mixed with 2 ug of each IgA sample
dissolved in PBS. After adding Tris-HCl (pH 7.6) and
CaCl, (final concentrations of 100 mM and 1 mM, respec-
tively), the samples were reduced with 5 mM dithiothreitol
(Wako) at 56°C for 30 min. Thereafter, they were alkylated
with 25 mM iodoacetamide (Wako) at room temperature
for 30 min. The samples were then digested with sequenc-
ing-grade modified trypsin (Promega; 1:20 enzyme/substrate
ratio) at 37°C for 16 h. Formic acid was added to a final
concentration of 1%. After filtration through a 0.45 um fil-
ter, the peptide solutions were analyzed by electrospray LC-
MS using an ultra-high resolution quadrupole time-of-flight
mass spectrometer maXis II (Bruker Daltonics) coupled to a
Shimadzu Prominence UFLC-XR system (Shimadzu). Pep-
tide separation was performed by using a BIOshell A160
Peptide C18 HPLC Column (5 pum particle size, L x LD.
150 mm x 2.1 mm; Supelco) at a flow rate of 500 ul/min
and a column temperature of 80°C with a binary gradient
as follows: 98% solvent A (0.1% formic acid) for 2 min, lin-
ear gradient of 2-50% solvent B (100% acetonitrile) for
4 min, 90% solvent B for 2 min, and 98% solvent A for
2 min. The MS scan was performed over an m/z range of
50-2500 with a frequency of 2 Hz by using otofControl ver-
sion 4.0 (Bruker Daltonics). The absolute amounts of the
specific IgA subunits were estimated by comparing the peak
area ratio of selected marker peptides to that of the corre-
sponding internal standard peptides.

Recombinant trimeric HA production

To express trimeric HA proteins, the expression vector that
encodes the extracellular HA domain of A/Victoria/361/2011
(H3N2) with a thrombin site, a T4 fibritin foldon trimeriza-
tion domain, and a hexa-histidine affinity tag fused to the C-
terminus was constructed according to a previous report.*
The trimeric HA proteins were expressed by using the
Expi293 Expression System (ThermoFisher Scientific),
according to the manufacturer’s instructions. Five days post-
transfection, the cell medium was centrifuged at 2,000 X
g, filtered, and purified on a HisTrap excel column (GE
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Healthcare). The purified HA proteins were concentrated by
using Amicon Ultracell (Millipore) centrifugation units with
a cut-off of 30 kDa and the buffer was changed to phosphate-
buffered saline (pH 7.4). The HA proteins were stored at
-80°C until use.

Surface plasmon resonance (SPR) assay

The SPR assay was performed by using Biacore X100
(GE Healthcare Japan). Thus, the recombinant trimeric HA of
A/Victoria/361/2011 (H3N2) with a C-terminal His-tag was
immobilized on the surface of Sensor Chip NTA (GE Health-
care Japan) by using the NTA reagent kit (GE Healthcare
Japan) according to the manufacturer’s instructions. After
trimeric HA immobilization (5 pg/ml for 60 seconds), the
molecular interaction of HA with fractionated IgA (the concen-
tration of IgA was adjusted to 500 pg/ml) was analyzed with a
contact time of 180 seconds and a dissociation time of 1800 sec-
onds. To compare the degree of IgA dissociation from HA of
the three fractions, sensorgrams obtained from the analyses of
the three fractions were y = axis adjusted (0 = baseline, 100 =
binding). Area under the dissociation curve (AUC) of SPR
response (from 181 to 1981 seconds following analyte injec-
tion) was calculated with a baseline y = -1000 using the Prism
statistical software package (version 7.0b; GraphPad Software,
Inc.). The dissociation efficiency was defined as the reciprocal
of the AUC. Paired t-test was used for statistical analysis. The
threshold for statistical significance was set at 5% (p < 0.05).

Statistical analyses

All data analyses, graphical representations, and correlation
and linear regression analyses were performed by using Prism
statistical software package (version 7.0b; GraphPad Software,
Inc.). One-way ANOVA followed by Tukey’s multiple compar-
ison test was used to analyze each dataset except for datasets of
SPR analysis. Correlation analyses were performed by Pearson’s
correlation tests. The threshold for statistical significance was
set at 5% (p < 0.05).
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